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ABSTRACT

This study reports a series of promising and structurally diverse potential HIV-1 protease

inhibitors.

Human Immunodeficiency Virus (HIV) is the causative agent of Acquired Immune Deficiency
Syndrome (AIDS). HIV infection disrupts the immune system and makes the body susceptible to
opportunistic infections. If untreated, AIDS is generally fatal. Today, AIDS has become a long
lasting pandemic. According to the World Health Organization (WHO) and Joint United Nations
Program (UNAIDS-2009) report, it is estimated that 33.3 million men, women and children
worldwide are infected with HIV. This situation is steadily deteriorating in some parts of the
world compared to the previous years. One of the major drawbacks associated with the currently
FDA-approved anti-HIV drugs are severe side effects, toxicities, high dosage and high treatment

cost. Thus, an urgent need for new drugs to combat HIV is apparent.

In the first part of the study, research efforts were focused to synthesize potent
pentacycloundecane (PCU) derived peptide and peptoids as protease inhibitors. It is proposed
that these inhibitors bind to wild type C-South African HIV protease (C-SA) catalytic site via a
non-cleavable or non-hydrolysable cyclic ether bond for the first polycyclic cage compound and
via a dihydroxylethelene type functional group for the second cage compound. The desired

compounds were synthesized by coupling of the peptides and peptoids to the PCU derived cage.

Second part of the study involves, biological evaluation against wild type C-SA enzyme and
characterization of the synthesized compounds by Nuclear Magnetic Resonances (NMR). All
the synthesized novel compounds were evaluated against wild type C-SA enzyme for their
ability to inhibit 50% of the enzyme’s activity (ICsp). Some of the compounds reported herein
showed promising activity by inhibiting the enzyme activity at concentrations of less than 0.6
nM. 2D NMR investigations employing a new Efficient Adiabatic Symmetrized Rotating
Overhauser Effect Spectroscopy (ROESY / NOESY) technique enabled the attainment of vital
information about the 3D structure of these small linear peptides and peptoids in solution. The
activity could be related to conformations induced by the PCU moiety on the coupled peptide
side chain. Further quantum mechanics/molecular mechanics/molecular dynamics

(QM/MM/MD) simulations were carried out to confirm the observed NMR experimental results.
VII



Docking studies were performed for the synthesized compounds. Binding energies obtained
from the docking calculations were then used to further validate the experimental ICs, results.
These experimental and theoretical methods provided valuable insight into the interaction mode

of these cage peptide and peptoids inhibitors with the enzyme.
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CHAPTER 1

1 HIV/AIDS BACKGROUND

One of the greatest threats and challenge ever faced by human kind in the present day is AIDS
(Acquired Immune Deficiency Syndrome) epidemic. The causative organism responsible for
this disease in humans is thehuman immunodeficiency virus (HIV). The first cases of
HIV/AIDS were reported in 1981 in Los Angeles, wherein the patients suffered from rare and
unusual opportunistic infections, such as Pneumocystis carinii pneumonia and Kaposi’s cancer.
These rare diseases were previously seen in patients on immunosuppressant therapy but now
previously healthy homosexual men, intravenous drug abusers, hemophiliacs, infants and blood
transfusion recipients were the main groups affected.” Tn 1983, two researchers (Luc Montagnier
and Francoise Barre-Sinoussi) from the Institute Pasteur in Paris (France) successfully isolated
and identified the infectious virus responsible for causing AIDS, for which they were awarded
the Nobel-Price for Physiology or Medicine in 2008. Initially the virus had been given various

names like lymphadenopathy-associated virus (LAV),4 human T-cell lymphotropic virus type III

(HTLV—HI),5 and AIDS- associated retrovirus (ARV).6 Later the International Committee on the
Taxonomy of Viruses proposed the name presently used as Human Immunodeficiency Virus

HIV).

One of the major problems in the early detection of HIV infection is that the patients do not show
any symptoms of any opportunistic infection even though they might have contacted the virus
years before. Such people can lead a normal life for an extended time.® The primary infection is
characterized by flu-like symptoms (fever, sweats, headaches, sore throat and rashes) which may
last for 3-14 days.9’10 During acute infection the virus levels are extremely high.ll’12 A rapid
fall in virus levels is observed when the immune response sets in. However, the virus levels

soon reach a steady state that can persist for months or years.13 During this stage the virus is still

14,15

active, replicating and infecting new lymphocytes and macrophages, but this activity is

16,17

unnoticed due to the rapid turnover of virions and cells. The estimated life span of an HIV-

infected cell is about two days as compared with about eight hours for a viron."® The infection



progresses to AIDS as the number of lymphocytes decreases and the viral load increases past the

critical level. "2 Today, AIDS has become a long lasting pandemic and is steadily increasing in

some parts of the world compared to the previous years (Figure 1).21

Source: UNAIDS.

No data <. 1% 1%-<5% ] 5%-<1% [ 1%_<5% [l5%-<15% [l=15%_28%

Figure 1. Global prevalence of HIV in 2010- Total 3.3 million.21

According to the World Health Organization (WHO) and Joint United Nations Program
(UNAIDS) report, it is estimated that 33.3 million men, women and children are infected with

HIV. Latest statistics on Global HIV/AIDS 2010 is shown in Table 1.



Table 1. Regional statistics for HIV and AIDS, end of 2009.2!

Region Adults & Adults & Adult AIDS-related
children children prevalence* deaths in
living with newly infected adults & children
HIV/AIDS (2009)
Sub-Saharan Africa 22.5 million 1.8 million 5.0% 1.3 million
North Africa & Middle 460,000 75,000 0.2% 24,000
East
South and South-East 4.1 million 270,000 0.3% 260,000
Asia
East Asia 770,000 82,000 <0.1% 36,000
Oceania 57,000 4,500 0.3% 1,400
Central & South 1.4 million 92,000 0.5% 58,000
America
Caribbean 240,000 17,000 1.0% 12,000
Eastern Europe & 1.4 million 130,000 0.8% 76,000
Central Asia
North America 1.5 million 70,000 0.5% 26,000
Western & Central 820,000 31,000 0.2% 8,500
Europe
Global Total 33.3 million 2.6 million 0.8% 1.8 million

There is no known cure or vaccine for AIDS and HIV, though antiretroviral treatment reduces

both the mortality and morbidity of HIV infection.? High cost and inaccessibility of the
antiretroviral treatment in all developing countries was one of the major drawbacks in the fight
against AIDS.

organization like WHO (World Health Organization), UNAIDS (Joint United Nations

In the past decade as a result of the considerable joint effort by world

Programme on HIV/Acquired Immune Deficiency Syndrome), UNITAID (United States Agency
International Development) and Clinton Foundation (CHAI- Clinton Health Access Initiative)

has led to the drop in the number of people dying from AIDS-related causes in several

21,23,24

countries. According to UNAIDS 2012 annual report the number of people acquiring

HIV infection in 2011 (2.5 million [2.2 million-2.8 million]) was 20% lower than in 2001. The

sharpest decline in new HIV infections was observed in Caribbean (42%) and sub-Saharan
3



Africa (25%) since 2001.%*  This could be mainly attributed to three main factors: a)
Accessibility of anti-retroviral therapy (ART) to the Low- and Middle-Income Countries
(LMICs), b) Low cost of manufacturing anti-retroviral drugs (ARV) and ¢) Promoting greater

awareness towards HIV/AIDS infection, therapy and prevention.

UNITAID in 2010 has spent about $12 billion USD on HIV/AIDS to make the anti-retroviral
therapy (ART) accessible to the Low- and Middle-Income Countries (LMICs).23 At the end of
2012 about 8.5 million people in LMICs will have access to ARTs and this account to
approximately 50% of the patients in need. This was achieved with spend of about $1.5 billion
USD in drug procurements.23 According to Clinton Foundation, the first line ART is now as low
as $75 USD/patient-year. But the second line and salvage therapies that contain protease
inhibitors (PlIs) are available for about $400/paltient—yealr.25 This could be attributed to the low-

cost quality generic medicines manufactured by Indian pharmaceutical companies, which
currently accounts to 80% of these medicines supplied to the majority of developing

21,23,24

countries. Due to the difficulty in treating the HIV infection, preventing infection by

promoting safe sex and needle-exchange programs has become the key aim in controlling the

AIDS pandemic, with the participation of Government / Non-government health organizations

(NGO).

The international organizations (WHO, UNAIDS, UNITAID), NGO'’s together working with the
local governments of the respective countries have been responsible for bringing down the
HIV/AIDS drug prices considerably. But the present cost of the HIV/AIDS drugs currently
marketed are still too high to support access of these drugs for everyone in need. Hence the aim

of this study and the long term goals of our research group are:

» Building potent protease inhibitors (PI) by incorporating an inexpensive scaffold like
PCU cage (Pentacycloundecane cage derivatives) into short inexpensive peptides or

peptoids, which could be less expensive than making the current important PI drugs.

» It is also possible that the PCU cage moieties incorporated into short peptides or peptoids
could have better pharmacokinetic profiles than the existing PI drugs due to its rigid and

hydrophobic carbon skeletons.



» Lastly, prevention of disease progression by providing a very high barrier to genetic

resistance is a key point in designing these new PI drugs.

2 THE HIV VIRUS
HIV is a virus that causes AIDS (acquired immune deficiency syndrome). HIV is a retroactive

virus and belongs to Retroviridae family,26 which means it uses single stranded RNA

(ribonucleic acid) to store its genetic information and replicate.27 AIDS is mainly caused by two

5-7,28,29 30,31

types of human viruses, namely HIV-1 and HIV-2. These two types of viruses

belong to a group of retroviruses called lentiviruses.”> Both these viruses are closely related to
Simian Immunodeficiency Viruses (SIV’s), and are distinguished based on their genomic
organization and their evolutionary relationship to other lentiviruses.™ Among the two human
viruses causing AIDS, HIV-1 is the main causative organism responsible for AIDS pandemic
worldwide compared to HIV-2 which is mostly prevalent in West Africa but has slowly spread to
Asia and Europe.‘?’4 The most likely origin of HIV-1 is due to cross species transmission
(zoonosis) of a Simian Immunodeficiency Virus (SIV) from a subspecies of Chimpanzee (Pan

33,36,37

troglodytes troglodytes)35 but probably from different events for each group. Whereas

HIV-2 is thought to have originated from zoonosis events from sooty mangabeys

(Cercocebusatys).z’8 HIV primarily infects CD4" T lymphocytes which are part of our immune

39-41 . . . -
system. The infection occurs in three phases as shown in Figure 2.
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Figure 2. Graph showing HIV virus and CD4+ levels over the course of an untreated
infection.*?

Phase-I The infection progresses rapidly and exhibits mononucleosis-like symptoms within
weeks. High viron concentration is observed which may exceed million copies per ml of

blood.11

Phase-II The second phase starts when the host immune system decreases the viron
concentration in the blood. This long, asymptomatic period characterizes HIV as a lentivirus

(“slow Virus”).44 During this phase the viral replication is active and healthy cells are being

) 16,17
infected.

Phase-III This is the third and final phase in which the CD4" T count drops drastically as the

CD8 cytotoxic lymphocytes recognizes the infected CD4" T and kills them. As a result the viral

S . 45,46
load exceeds enormously to produce clinical immunodeficiency.



2.1

STRUCTURE OF HIV

The mature HIV virion is an essentially spherical particle with a radius of about 10 nm (Figure

3).
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Figure 3. Schematic of the HIV viron.’

The basic structure of the virus is as follows:

» The viral envelope, the outer coat of the virus is a lipid bilayer. This outer lipid bilayer is

embedded with different cellular membrane proteins such as glycoprotein gp120 which
are adhered to the transmembrane gp41. This lipid layer is borrowed from the host cell
during the budding process. In HIV virus, gp120 is essential for attaching itself to the

host cell and g41 is crucial for the cell fusion process.48’49

The HIV matrix proteins consisting of the p17 protein, which lie between the envelope

and core.

The viral core contains the viral capsule proteinp24which surrounds two single strands of
HIV RNA and the enzymes needed for HIV replication, such as reverse transcriptase,
protease, ribonuclease, and integrase. Out of the nine virus genes, there are three, namely

gag, pol and env that contain the information needed to make structural proteins for new

. . 49
virus particles.



2.2 THE LIFE CYCLE OF THEHIV VIRUS
The gp120 protein on the HIV virus binds to the CD4" T cells of the host. This initiates the

replication cycle (Figure 4). After binding, the HIV viral envelope fuses with the cell membrane
of the host cell and allows the viral RNA and viral enzymes toenter the cytoplasm of the host
cell. This activates the reverse transcriptase (RT)enzyme which acts as a DNA polymerase to

synthesize double stranded DNA from the viral RNA.
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Figure 4. Life Cycle of the HIV virus. ">

transcription; e) integration; f) transcription; g) translation; h) post-translational processing and
assembly; i) budding; j) maturation.

a) attachment; b) fusion; ¢) uncoating; d) reverse



This process is responsible for mutations for each viral generation produced. The virally coded
DNA enters the nucleus of the host cell and integrates with the genetic material of the host cell.
This process is catalyzed by viral enzyme integrase (IN) which results in the synthesis of viral
messenger RNA (mRNA). The viral mRNA leaves the nucleus and utilizes the host cellular
mechanism and is translated into the virus proteins gag and gag-pol polyproteins, which are
multi protein molecules that are further processed into smaller functional proteins during viral
maturation. Polyproteins and the viral RNA are then transported to the cell membrane for
assembly and viral budding. At the host cell membrane the virus buds from the cell surface and
is released with all the viral proteins and RNA needed to form virions. New HIV particles from
the host cell membrane at the budding stage activates the viral protease enzyme (PR) resulting in
the proteolytic cleavage of the polyproteins into various subunits, which leads to the generation
of the mature HIV virus. HIV PR enzyme is essential for the generation of infectious

.. 5253
virions.

3 ANTIRETROVIRAL THERAPY

During 1980s there were no known anti-HIV drugs. Patients treatment was restricted only to the
opportunistic infections experienced due to AIDS. The following decade lead to intense research
worldwide to understand the morphology and life cycle of the HIV virus. As a result various
therapeutic targets were identified to combat the HIV 1 replication cycle. Today, based on the

therapeutic targets the anti-HIV drugs are classified into four main classes, which will be

. . . . . 4 . .
discussed briefly in the following sections.” ™ Anti-HIV agents acting on several new targets are

. . . 56
also under investigation.

3.1 ENTRY INHIBITORS

Entry inhibitors inhibit the transmission of HIV-1 virus to a CD4" human cell.”’ HIV entry into

human cells requires the following steps in sequence:

» The binding of HIV surface protein gp120 to the CD4 receptor.

» A conformational change in gp120, which both increases its affinity for a co-receptor and
exposes gp4l.
» The binding of gp120 to a co-receptoreitherCCRS or CXCR4.



» The penetration of the cell membrane by gp41, which approximates the membrane of

HIV and the T cell and promotes their fusion.
» The entry of the viral core into the cell.
Entry inhibitors work by interfering with one aspect of this process.58 These entry inhibitors

(Figure 5).can be broadly classified into three categories.
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Figure 5. Examples of entry inhibitors which inhibit the attachment of HIV-1 virus to the CD4"
cell membrane proteins.

Attachment inhibitors (AlIs), inhibit the initial binding of gp120 surface protein of HIV-1 virus
to the CD4" cell receptor. Several possible mechanisms have been proposed for the Als, but the
exact mechanism is yet to be confirmed.” Some clinically active Als are BMS-488043 and

BMS-378806 (Figure 5).%

Co-receptor Antagonists(CRAs), bind to either of the two co-receptors, CCRS and CXCR4 of
the CD4" cell membrane and thus prevent HIV-1 from entering the immune cells.™! Examples of
some CCRS co-receptor antagonist are themonoclonal antibody, Pro140 which inhibits HIV-1

infection by binding to the gp120 receptor of the cell and Maraviroc. *"6%%4
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Fusion Inhibitors (FIs), bind to the viral transmembrane protein g41, which undergoes

conformational change that assist in the fusion of the viral membrane to the host cell
membrane.”. Thus disrupting the HIV-1 molecular machinery at the final stage of fusion.
Enfuvirtide (FDA approved in 2003) is the only drug so far used as a fusion inhibitor.*% Itis a
linear peptide consisting of 36 amino acids (Figure 5), which corresponds to residues 127-162 of

the viral glycoprotein gp41.67

3.2 NUCLEOSIDE REVERSE TRANSCRIPTASE INHIBITORS (NRTIS)

Zidovudine (AZT) was the first US Food and Drug Administration (FDA) approved drug for
HIV/AIDS. Itis a nucleoside reverse transcriptase inhibitor (NRTI).68 NRTTIs that are currently
marketed are zidovudine,68 didanosine,69 zalcitabine,70 stavudine,70 lamivudine,71 abacavir,70
emtricitabine,70 and entecavir.”? Apricitabine73 was under phase-IIl evaluation and was
discontinued due to high twice-daily dosing (800 mg). Tenofovir disoproxil fumarate and GS-

,75

7340 are commonly known as tenofovir prodrugs.74 They are structurally different from the

other NRTIS and is a nucleotide. Structures of few NRTIs are shown in Figure 6.
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Figure 6. Examples of nucleoside reverse transcriptase inhibitors affecting the viral DNA
synthesis.
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This class of drugs are analogues to naturally occurring deoxynucleotides needed for viral DNA
synthesis. These analogues lack the 3'-hydroxy group on the deoxyribose moiety, also NRTIs
are phosphorylated in vivo and act as an alternative substrate for RT. Once the phosphorylated
NRTIs are incorporated into the growth of the viral DNA, the chain is terminated as they prevent
further attachment of the nucleosides. The result is that the viral reverse transcription process is

. 62,76,77
prematurely terminated.

3.3 NON-NUCLEOTIDE REVERSE TRANSCRIPTASE INHIBITORS (NNRTIs)
Non-nucleotide reverse transcriptase inhibitors are structurally diverse compounds and have

different mechanism for inhibiting RT from the nucleoside analogs.77'79 FDA approved NNRTIs

9

(Figure 7) currently marketed are efavirenz,7 nevirapine,m’81 delavirdine (discontinued due to

) .. .\ 70,82 e .. 83,84
high toxicity profile), and the latest addition in this class of drugs was etravirine (2008)
e e 85,86
and rilpivirine (2011).
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Figure 7. FDA approved non-nucleoside reverse transcriptase inhibitors (NNRTIs) which
inhibit HIV by binding to an allosteric site on the reverse transcriptase enzyme (RT).

The NNRTIs cause conformational changes at the active site of the enzyme by binding to an
allosteric site on the reverse transcriptase enzyme (RT) of the HIV virus, there by inhibiting its

activity. Hence this class of drugs is known as non-competitive inhibitors of the RT enzyme.
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3.4  HIV INTEGRASE INHIBITORS (INIs)

HIV integrase (IN) is a vital enzyme that catalyzes the insertion of reverse transcribed viral
genome into host chromatin. This enzyme plays a crucial and unique role in viral replication
cycle. In the life cycle of HIV, integrase is responsible for catalyzing two distinct steps, 3'
processing and strand transfer. During 3' processing, integrase excises a dinucleotide from the 3'
terminus of viral cDNA. During strand transfer this 3'-processed viral DNA then covalently

26,87,88

binds to host DNA. This unique process has always been considered a viable drug target,

which several early studies attempted to exploit.89 Early integrase inhibitors (INIs) included

91

peptides,90 nucleotides”> and DNA complexes93 as well as small molecules derived either

1,94

from natural products92 or by rational drug design strategies.9 Major drawbacks of these

early INIs were in vivo toxicity and non-specific off-target effects. In 2000 Merck investigators

identified 4-aryl-2,4-diketobutanoic acid inhibitors containing a distinct diketo acid moiety
(DKA) from a screening of 250,000 compounds.95 The mode of action of these compounds

containing the diketo acid moieties was confirmed by their antiviral activity in cell cultures,

which revealed the development of resistance mutations in the IN protein. These compounds,
exemplified by L-731988 (Figure 8), were found to inhibit strand transfer with much higher
potency (ICsp = 80 nM) than 3' prime processing (6 pM)95, and they were thus known as

integrase strand transfer inhibitors (INSTIs). Like most nucleotidyltransferase enzymes, IN also

requires two divalent cation bound at the active site for activity, for example Mg2+ is likely used
in vivo, although Mn** is used in some in vitro assays.97 Most INSTIs including DKA

compounds inhibit IN by chelation of bound cations in a dose-dependent manner.”

13



Raltegravir (2007)

CH; O OH

Elvitegravir (2012) Dolutegravir (submitted for FDA approval)
Figure 8. Structures of DKA based integrase inhibitors.

Currently marketed FDA approved DKA based integrase inhibitors as shown above in Figure 8

99,

are raltegravir 100 (Merck & Co., October 2007) and elvitegravirwl’102 (Gilead Sciences,

103,104

August 2012). Dolutegravir (GlaxoSmithkline) is a new integrase inhibitor which has

been submitted for FDA approval.

3.5 HIV PROTEASE INHIBITORS

Together with the greater understanding of the HIV-1 virus life cycle, new drug targets in
addition to the first reverse transcriptase drus, soon emerged. In 1986, Kramer et al. suggested
HIV protease as a potential target for AIDS therapy. It was shown that theHIV protease enzyme
was crucial for the maturation of the virion particles to the infectious HIV virus. The mechanism
involved was the frameshift mutation in the protease region of the pol-gene which prevented the
cleavage of the gag polyprotein precursor, which is essential for the maturation of the HIV virus
particles.105 Thus inhibition of the HIV protease enzyme, would result in the formation of
immature non-infectious virions.'*® In the past two decades compounds having the ability to
inhibit the protease enzyme were studied intensively and numerous reports of HIV-1 protease

105-112

inhibitors have been published. The first FDA approved HIV-1 protease inhibitors was

saquinavir in 1995.113 Presently there are ten clinically approved inhibitors namely

14



,11 0,114 0,11 0,116 0,1 70,118

. .7 S e 5 .. . 17 .
saquinavir, rotinavir, indinavir, nelfinavir, ampenavir, lopinavir,

0, 0,12

! and darunavir'* (Figure 9).
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Figure 9. Examples of nine FDA approved HIV-1 protease inhibitors.

These inhibitors have the advantage of being highly selective but nonetheless have some major

123-12

side effects such as lipodystrophy, hyperlipidaemia, and insulin resistance. ? Hence there is
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be a constant demand for new HIV protease inhibitors. In the past two decades many non-

cleavable transition state isostere inhibitors (Figure 10) have been reported.
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Figure 10. Some noncleavable transition-state isostere developed for the synthesis of HIV PR
. 130
inhibitors.

These isosteres bind to the active site of the enzyme with an affinity of greater magnitude of

1

several orders than the natural peptide substrate.”®'  The HIV-1 protease enzyme will be

discussed in detail in later sections.

3.6 HIGHLY ACTIVE ANTIRETROVIRAL THERAPY (HAART)

Antiretroviral drugs (ARVs) are medications for the treatment of HIV Infection. When several
such drugs, typically three or four, are taken in combination, the approach is known as Highly
Active Antiretroviral Therapy or HAART. In early 1980s primarily AZTs were introduced for

combating HIV infection. But within few years, it was observed that AZTs monotherapy

132

showed limited effects against the HIV virus. HIV strains with reduced sensitivity to

zidovudine were isolated from the patients receiving prolonged therapy.133 Zidovudine resistant

4 In order to counter this HIV resistance, combination

16

strains were first reported in 19931



therapy with two NRTIs was introduced, but strains resistance to this form of therapy soon

135
emerged.

With the introduction of first PR inhibitors (saquinavir and indinavir), triple therapy with
zidovudine and zalcitabine *® or lamivudine > was suggested. This combination therapy made

it possible to target two steps in the HIV life cycle and was very effective. The patients

receiving this highly active form of anti-retroviral therapy showed significantly low levels of

135,136

HIV RNA. Thus the hypothesis of triple therapy was proven correct and HAART was

introduced. Mortality was reduced among patients on HAART, particularly if the therapy
included protease inhibitors.">’ Tt was found that after few months of use of this therapy,

patients had almost undetectable levels of HIV RNA. Hence it was speculated that the HIV virus

could be completely eliminated from the body, if HAART was introduced early and continued

for a long enough period, since the virus would be eradicated from the lymphoid tissues. 2018

But this was proved wrong, as it was found that half life of CD4'T cells was 44 months, which
meant it would take approximately 70 years before the virus reservoirs were eradicated.

During the latent period of HIV virus infection, the virus simply exists as integrated DNA,

unaffected by anti-retroviral drugs. The brain can also serve as a sanctuary site for the virus and

. . . 138,140,141
can exist beyond the reach of anti-retroviral drugs. ™

Early introduction of HAART has
benefits such as the preservation of the immune system, decreased risk of HIV transmission,

early suppression of viral replication, and is also associated with severe side effects like

7,142

lipodystropy syndrome,12 resistance to insulin,142 hyperlactemial143 and coronary heart

) 144
disease.

Looking at the advantages and disadvantages of HAART therapy, it should be noted that this
therapy is quite expensive and the vast majority of the patients worldwide, especially from the
developing nations receive little or no treatment at all. Initiations have been taken by many
nations to lower the cost of the drug by 90-99%, so that poor people could afford the treatment.
In addition, many other issues involving logistics, education and complex social factors must be

resolved before HAART can be a treatment for none but the patients of the wealthiest

. 145,146
nations.
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4 THE HIV-1 PROTEASE

Proteases are a class of enzymes that are responsible for catalyzing the cleavage of specific
amide bonds in peptides or proteins.147 Depending on the mechanism of catalysis, the protease

enzyme are classified into four categories: metalloproteases (e.g. carboxypeptidase A and

angiotensin converting enzyme), serine proteases (e.g. trypsin and thrombin), cysteine proteases
(e.g. papain) and aspartyl proteases (e.g. pepsin and renin).148 Certain medical disorders are
required to inhibit a specific protease enzyme as a treatment strategy.28 One of the well known
examples of this strategy is the treatment of hypertension wherein angiotensin converting

enzyme is inhibited (e.g. captopril).149

The HIV-1 protease belongs to the aspartyl protease family of enzymes.150 It is a C,-symmetric

dimer which is made up of two monomers (Figure 10). These monomers are non-covalently

) ) ) . 49,130,151,152
associated to form the C,-symmetric active homo-dimer.
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Figure 11. Dimerization of the HIV protease.153

The compact four- “stranded” interface is the result of the integration of the two C-terminals and
N-terminals of each monomer. These four terminal strands align together like interlocking
fingers.154 Activation of the protease enzyme occurs with dimerization and it is a reversible
process. In concentrated solution the protease is activated (in the budded viral particle), and in a
highly diluted solution the protease is inactivated (in the host cell). This mechanism prevents

premature breakdown of the polyproteins and to minimize damage to the host cellular

. 107,153
proteins.
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4.1 STRUCTURE OF HIV-1 PROTEASE

The X-ray crystallographic structure of HIV-1 Protease enzyme was first reported in 1989,155'160

and since then a large number of crystal structures with inhibitors have been reported. Some
general features of the HIV-1 protease enzyme structure (Figure 11) can be described as below.
Flaps
a”
, — _- i

Beta Shucl\ﬁ
A/ Active site

Figure 12. Structure of HIV protease.161

The HIV-1 Protease enzyme consist of two identical monomers consisting of 99 amino acid

residues each and form a C,-symmetrical elliptical-shaped enzyme.

The dimer is held together by N and C- termini of each monomer and is juxtaposed in a four-
stranded B-sheet (the dimer interface). In the sequence of each monomer, amino acids 1-4 are -

sheet residues, 4-9 are turn encompassing residues and 86-94 are helix residues. This domain is

. e . e . 162,67
quite crucial in dimer formation and stabilization of an active protease.

The active site has a characteristic catalytic triad sequence Asp25-Thr26-Gly27 common to
aspartic proteases which is situated between the identical monomer subunits. Apart from the
four stranded beta-sheet structure it is made up of quite compact residues at positions 10-32 and

63-85 of each monomer. Each of these monomers consists of a hydrophobic core consisting of

the two loops, one of which includes the active site aspartic acid Asp25.162’67

The dimers come together to create an extended substrate-binding cleft capable of interacting

with a minimum of seven consecutive amino acids in the substrate. Each monomer contributes a

19



flexible flap that folds down to make important contacts with the bound substrate. The two flaps

(residues 44-63) enclose the active site and provide important ligand binding

. . 162,67,163
1nteractions.

The 3D structures of the enzyme was taken from the reported X-ray data of subtype B HIV-PR
(PDB accession code IHXW) as well as the C-SA wild type HIV PR strain used in this study are

available in PDB format as part of the supplementary material to this thesis.

4.2 DIMER STABILITY

The dimer is stabilized by many factors such as non-covalent interactions, hydrophobic packing

of side chains and interactions involving the catalytic residues (Figure 12).

Figure 13. The catalytic residues triad Asp25-Thr26—-Gly27 forming a network of hydrogen
67
bonds.

The catalytic residues triad Asp25-Thr26—Gly27 form a network of hydrogen bonds referred to

e .. 50,162
as a “firearm’s grip.

43 SUBSTRATE BINDING

The active site of HIV-1 protease contains a number of well defined subsites where the substrate
or inhibitor side chains can be accommodated on binding. Starting from the aspartates, in the
active site, there are distinct subsites named S;, S;, S3, and S in the first monomer with

corresponding Si', Sy, S3' and S4' subsites in the other monomer. These subsites were coined by

Schecheter and Berger.164 The corresponding side-chains of the substrate or of the inhibitor are
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named P, to P, outwards from the scissile peptide bond towards the amino terminus and P;' to P’

towards carboxyl terminus (Figure 13).

S3 S1 Szl

NN

1

SHES RN NS

H o : ol :. o 3.
S, S S5
Scissile Bond
Figurel4. Standard nomenclature P, _ _ _ P,, Py'_ _ _ _ P, is used to designate amino acid

residues of peptide substrates. The corresponding binding sites on the protease are referred to as
' ' .. 50,151
Si__ _Sn Si'___ _S,"_subsites.

All subsites in the HIV-1 protease are bound by mostly aliphatic side chains and have

hydrophobic character, with the exception of S4/S4', which are exposed to water.153’151’165

44 CATALYTIC MECHANISM

The HIV- protease recognizes and cleaves the amino acid sequences within gag and gag-pol

. . . . . 112,166-170
polyproteins at specific cleavage site as shown in Figure 14.

Py

Gag P17 p24 P1 P9 PG ‘

‘TF‘ PR RT

|
T

5 6

Site Sequence

1. -Ser-Gln-Asn-Tyr*Pro-Ile-Val-Gln-
2. -Ala-Arg-Val-Leu*Ala-Glu-Ala-Met-
3. -Ala-Thr-Ile-Met*Met-Gln-Arg-Gly-
4. -Pro-Gly-Asn-Phe*Leu-Gln-Ser-Arg-
5. -Ser-Phe-Asn-Phe*Pro-Gln-Ile-Thr-
6. -Thr-Leu-Asn-Phe*Pro-Ile-Ser-Pro-
7. -Ala-Glu-Thr-Tyr*Phe-Val-Asp-Gly-
8. -Arg-Lys-lle-Leu*Phe-Leu-Asp-Gly-

Figure 15. Cleavage sites within the gag and gag-pol precursor proteins. The asterisk* indicates
to the position of the scissile bond.
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HIV-1 protease cleaves the gag and gag-pol polyproteins by general acid-base mechanism

(Figure 15).130 The protonation states for the catalytic aspartic acids have been investigated

using different methods.'”"17®

The water molecule located between the two aspartic residues in
the active site is activated by the deprotonated aspartic acid. This activated water molecule acts
as a nucleophile and attacks at the carbonyl carbon in the substrate (a). The protonated aspartic
acid donates a proton to the nitrogen and forms a oxyanion tetrahedral intermediate (b and c) that

collapses into two hydrolyzed products (d): the acid (N-terminal cleavage product) and the amine

(C-terminal cleavage product).28’50’130’177’178
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Figure 16. Cleavage mechanism of HIV-1 protease enzyme.130

The knowledge accumulated through the last two decades about the structure and the mechanism

of HIV PR has paved the way towards the development of new effective drugs to inhibit this

130
enzyme.
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5 TOOLS EMPLOYED FOR CONFORMATIONAL ANALYSIS AND PROTEIN-
DRUG INTERACTIONS IN MEDICINAL CHEMISTRY

This section we will briefly describe the common techniques used for determining the
conformational analysis of the substrates and will involve X-ray crystallography, NMR

spectroscopy, and computational chemistry methods.

5.1 X-RAY CRYSTALLOGRAPHY

Single-crystal X-ray diffraction is a non-destructive analytical technique which provides detailed

information about the internal lattice of crystalline substances, including unit cell dimensions,

bond-lengths, bond-angles, and details of site-Ordering_179-181

Directly related is single-crystal
refinement, where the data generated from the X-ray analysis is interpreted and refined to obtain

the crystal structure. In this method a mounted crystal is bombarded with a beam of X-rays,
resulting in diffraction of the X-rays into many specific directions."®  From the angles and
intensities of the diffracted beams a three dimensional picture of the density of electrons is
generated, which is then used to calculate the mean position of the atoms in the crystal. Thus a

detailed 3D structure is obtained.

X-ray crystallography has become an important tool and plays particularly important role in the
structure-assisted drug design and discovery process.182 The protease targeted drugs against
AIDS was possible with the determination in early 1989 of the structures of retroviral proteases,
first from RSV'*2and subsequently from HIV-1 pR.' Many experimental crystal structures of

native HIV-1 PR for the recombinant and synthetic enzymes were reported by several

155,157,184-186

laboratories. The first fully correct structure of HIV-1 PR and the cocrystal

structure of its complex with an inhibitor (a substrate-derived, reduced isostere hexapeptide
MVT-101) were determined using chemically synthesized protein.187 These studies confirmed

that the HIV-PR is a homodimer and the active site closely resembles the active sites of pepsin

like proteases. In the past two decades many crystal structures of HIV-1 PR complexed with

. 114,191,192 193,194 194,195

C e . . . 188-190 . .. . . .
known inhibitors like saquinavir, ritonavir, indinavir, nelfinavir,

197,198 199,20 201,202

. 196 . ) 0 .. . . 203
ampenavir, lopinavir, atazanavir, tipranavir, and darunavir have been

reported. These X-ray structures of protein-inhibitor complex gave detailed morphology of the
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HIV-1 PR enzyme and its interactions with the drug inside the active site, which further allowed

for the calibration of computational methods and the design of more potent inhibitors.

5.2 NMR STUDIES

Two-dimensional nuclear magnetic resonance (2D NMR) technique has emerged as a powerful

tool in determining the structure of a molecule.?*

2D NMR spectra provide more information
about a molecule than one-dimensional NMR spectra and are especially useful in determining
the structure of a molecule that is too complicated to solve with one dimensional NMR spectra.
Three dimensional (3D) structural determinations can be achieved from Nuclear Overhauser

205,206

Enhancement (NOE) spectroscopy (NOESY). The NOESY spectrum shows cross peaks

between hydrogen atoms and these peaks are observed if the two protons are separated by a

distance shorter than 5.0 A. Since the NOE depends on the through space correlation the two

207,208

interacting protons can be as far apart as 100 residues or more. These NOE interactions

are typically observed for protons which are in relative close proximity (< 5 A) relative stable

. . . . 209211
conformations are required to observe good NOE interactions.

One limitation of NOESY spectrum is that small and medium sized flexible molecules (MW =
1000 gmol'l),212 show little or no NOE phenomenon as a result determining the 3D structures of
such molecules with this method becomes difficult. To resolve this problem rotating-frame
frame Nuclear Overhauser effect spectroscopy (ROESY) is employed.213 However, several

experimental problems namely direct cross-peaks due to J coupling, Hartmann-Hahn matching

(leading to TOCSY, total correlation spectroscopy, cross-peaks) and offset dependence have to

) 214-217
be avoided.

Recently an EASY ROESY technique was developed to obtain a ROESY
spectrum for medium sized flexible molecules without these artifacts. These distances are then
used to obtain valuable information about the 3D structure in solution phalse.212 This method

was used in later chapters.

5.3 COMPUTATIONAL STUDIES
Computational chemistry is a discipline using mathematical methods for the calculations of

molecular properties or for the simulations of molecular behavior.'® This branch of chemistry

24



has become a very important tool to design new molecules of new reactions which are later
investigated experimentally. In other cases it is used to supplement experimental studies by
providing data which are hard to probe experimentally (for example, transition state structures,
energies, protein drug interactions or binding energies). Since its modest beginnings in the
1950’s and 1960’s, advances in theoretical techniques and in computer power have dramatically

increased the usefulness and importance of computational chemistry.

The Schrodinger equation (Hy = Ew) is the basis for the electronic based (quantum mechanical -
QM) computational chemistry methods. Due to the size of the mathematical calculations
involved with QM methods, only small to medium sized molecules can currently be investigated.

Larger systems such as proteins and enzymes are mostly subjected to molecular mechanical
219

(MM) methods. Typical chemical entities that can be calculated are:
electronic structure determinations

geometry optimizations

frequency calculations

transition state structures

protein calculations, i.e. docking and molecular dynamics (MD)
electron and charge distributions

potential energy surfaces (PES)

rate constants for chemical reactions (kinetics)

YV V.V V V V V V V

thermodynamic calculations-heat of reactions, energy of activation

The computational chemistry is divided into two main branches:

Classical Mechanics also called Molecular Mechanics (MM) or “force-field method. All

molecular mechanics methods are empirical that is the parameters in the model are obtained by

fitting to known experimental data.?®® The specifics of each computational method are given

briefly in Table 2.

» Quantum Mechanics (QM) which can be further classified as ab initio or semi-

o221
empirical
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» Density functional theory (DFT)

Table 2. Shows the specifics of each of the methods.??

Method . . .
Type Basis Considerations Best for
uses classical computationally least particular force field large systems
physics intensive - fast and useful applicable only for a (thousands of
. . with limited computer limited class of atoms)
relies on force-field
. resources molecules
with embedded systems or
Molecular - )
Mechanics empirical can be used for molecules does not calculate processes with no
parameters as large as enzymes electronic properties | breaking or forming
. . of bonds
requires experimental
data (or data from ab
initio) for parameters
uses quantum less demanding requires experimental medium-sized
physics computationally than ab data (or data from ab systems (hundreds
. initio methods initio) for parameters of atoms)
. uses experimentally
Semi- . . . . . .
empirical derived empirical capable of calculating less rigorous than ab systems involving
P parameters transition states and initio methods electronic
. . excited states transitions
uses approximation
extensively
uses quantum useful for a broad range of computationally small systems (tens
physics systems expensive of atoms)
mathematically does not depend on systems involving
rigorous, no experimental data electronic
. empirical capable of calculatin transitions
Ab Initio parameters pab’e &
and transition states and molecules or
DFT uses approximation excited states systems without
extensively available
experimental data
(“new” chemistry)
systems requiring
rigorous accuracy

In Quantum mechanics, ab initio, means “from the beginning" and implies an approach which
contains no empirical parameters. This category includes Hartree-Fock (HF), configuration
interaction (CI), many-body perturbation theory (MBPT), coupled-cluster (CC) theory, and other
approaches. The second category, semi-empirical, includes methods which make large
approximations to the quantum mechanical laws and then employ a few empirical parameters to

assist with correcting the result. These methods include the modified neglect of differential
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overlap (MNDO), Austin Model 1 (AM1), Parameterized Model number 3(PM3), Monte Carlo

219,221,223-225

method and many others. Due to the nature of the empirical parameters involved, a

specific method will work better for a certain family of molecules, while it will give unreliable

results for a different family of molecules.

Density functional theory (DFT) methods are quantum mechanical modeling method used in

physics and chemistry to investigate the electronic structure (principally ground state) of many

219,226

body systems, in particular atoms, molecules and the condensed phases. Some DFT

methods are free from empirical parameters, while others rely heavily on calibration with

experiment.227 DFT was originally developed by Hohenberg and Kohn??® and later developed

by Kohn and Sham.?*® For the past 30 years density functional theory has been the dominant
method for the quantum mechanical simulation of periodic systems. In recent years it has also
been adopted by quantum chemists and is now very widely used for the simulation of energy
surfaces in small molecules. ™" A grand challenge in computational chemistry and biology is the
accurate quantum mechanical calculation of interaction energies for biological molecules such as
proteins. Due to a larger number of atoms, standard full quantum mechanical or ab initio

calculation of protein interaction energy with the molecules is beyond computational

231,232

reach. Due to the size of systems involved in this study, MM and MD calculations will be

used.

5.3.1 MOLECULAR MECHANICS (MM)

Molecular mechanics is the more popular of the methods used to obtain molecular models of
very large systems as it requires considerably less computing resources and time. Newtonian
mechanics is applied to model molecular systems. The potential energy of all systems in
molecular mechanics is calculated using force fields and can be expressed mathematically as
shown in Figure 16. MM describes molecules in terms of “bonded atoms” which have been
distorted from some idealized geometry due to non-bonded van der Waals and Coulombic
interactions. The force constant inherently represents the ability of the “spring” connecting to

atoms to strech, bend and rotate. Each family of bond type (alkane, alkene, amide etc.) will have

. e . 219,233
its characteristics incorporated into the force constant.
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Force constants are developed for specific families of molecules (peptides, sugars, metal

complexes etc.). X-ray data and high level ab initio (or DFT) results are used to calibrate the

234,235

forcefield for a specific family of molecules. The success of molecular mechanic model

depends on a high degree on the transferability of geometrical parameters from one molecule to
another, as well as predictable dependence of the parameters on atomic hybridization.zz'5

Therefore researchers should ensure that a specific force field is well calibrated for the molecule

to be investigated.
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Figure 17. General form of the Molecular Mechanics equations.zg""236

The total potential energy (Etoa) Of @ molecule is given by the sum of all the energies of the

219,237,238

attractive and repulsive forces between atoms in the structure Figure 16. Even though

advanced optimization algorithms have been develop to find the lowest energy geometry
molecules, when highly flexible molecules such as peptides and proteins are involved, it is clear
that another approach will have to be followed in order to ensure that a representative ensemble

of low energy conformations are indeed found.

5.3.2 MOLECULAR DYNAMICS

The picture of a molecular system obtained from a molecular mechanics calculation is far from
the true image of the molecule or structure. Apart from the fact that many more low energy
conformations may exist, molecules experience continuous movement. In biological

macromolecules the atoms and groups of molecules are in constant motion and these movements
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are concerted and may be essential for biological function. NMR and X-ray techniques have

. . . . 219,234,239,240
been used to observe this behavior of biological macromolecules.” ™ ’

Thermodynamic properties of molecules, especially when they form a complex or are immersed
in a solvent, cannot be derived from harmonic approximation, which inherently assumes small
amplitude motions around a symmetric minimum. Molecular dynamics simulations are used to

present researchers with a dynamic picture of the movements of atoms and molecules at a certain

241,242

temperature. Molecular mechanics and molecular dynamics share the same potential

energy function but they differ conceptually. In molecular mechanics, the information is derived

from a single geometry of the molecule where as in molecular dynamics simulation methods

. . . 219,240,243,244
thousands to millions of geometries are explored to produce meaningful results.

45-247

MD is classified as a deterministic alpproalch.2 In this thesis we have only applied

deterministic approach so stochastic approach will not be discussed.

Molecular Dynamics (MD) simulates the time evolution of the molecular system and provides us
with the actual trajectory of the system. The information generated from simulation methods can
be in principal used to fully characterize the thermodynamic state of the system. Classical

molecular dynamics (MD) can be used to propagate in time the nuclear coordinates of molecular

. . . . 219,239,248
system using the classical equations of motion.

~L_ e (2)

dg  di

Equation 2 must be solved numerically propagating a trajectory at small time-steps, while a
typical time-step is about one femtosecond (10"second). Most of chemical interesting events
take place at time scales several orders of magnitude higher (micro or millisecond). Therefore
the MD equations should be propagated until 10°-10'? steps to observe a reactive event (rare
event).249 Despite of the recent acceleration techniques this task is yet too expensive to be
performed with current the computational resources. In this thesis MD will be employed as a
237,249,250

of a

technique that may be used to compute equilibrium as well as kinetic properties

many-body system.
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The QM/MM energy and forces can in principle be used within any molecular dynamics (MD)
or Monte Carlo (MC) scheme. The objective of such simulations is the sampling of
configurational space to calculate statistical thermodynamics ensemble averages (Example: Free
energy differences such as reaction, activation or salvation free energies). The computational
demands for these simulations are extremely high as the amount of sampling necessary to obtain
converged averages is considerable. To reduce the computational effort, approximate treatments
have therefore been developed by taking advantage of the QM-MM partitioning. This is

achieved by avoiding the demanding direct sampling of the QM contribution while fully

N early example of this approach253 kept the QM

sampling the MM configurations.
region fixed while sampling the MM region and used ESP (electrostatic potential) derived
charges for the QM atoms to evaluate the electrostatic QM/MM interactions during the MD run.

This was shown to be successful in the context of a QM/MM free energy perturbation treatment

253-255

in which the entropic contributions from the QM region are estimated separately. There

are a number of recent other activities to improve the available QM/MM MD

251,256,257
technology.”™ "™

5.3.3 DOCKING

In molecular modeling, docking is a method, which predicts the preferred orientation of the guest
(drug molecule) to a host (biological system) to form a stable complex. This knowledge of

preferred orientation can be used to predict the strength of association or binding affinity

between the ligand (drug) and the receptor (enzyme).zsg’259

In the process of docking the
conformations of the ligand and specified residues of the protein are adjusted to achieve an

overall “best fit.” This kind of conformational adjustments result the number of overall preferred

binding modes which is referred to as an “induced fit” model, 260261

The aim of molecular docking is therefore to achieve an optimized conformation for both protein
and ligand, and relative orientation with respect to each other so that the free energy of the
overall system is minimized. The low energy conformations found in this way should at least
hypothetically, come close to the actual binding conformations of the ligand to the active site of
the enzyme. In order to obtain meaningful results, it is essential to have a basic understanding of

the mechanism of action in the active site. This can be obtained from a X-ray structure of a
30



known inhibitor inside the active pocket of the enzyme, or from computational results on known
systems.234 It may also be required to refine the crude docking results by doing a MM/MD or
even a QM/MM/MD simulation study on the best docked inhibitor/enzyme structure. Since
Kuntz and colleagues’ pioneering work?%2 significant progress has been made in docking
research to improve the computational speed and accuracy. Among them protein-ligand docking

. . . o .26
is a particularly vibrant research area because of its importance to structure-based drug design. 3

Two essential components of protein-ligand binding are sampling and scoring.ZM’264 Sampling
refers to the generation of putative ligand binding orientations/conformations near a binding site
of protein and can be further divided into two aspects, ligand sampling and protein flexibility.
Scoring is the prediction of the binding tightness for individual ligand orientation/conformation
with a physical or empirical energy function. The top orientation/conformation, one with the

263,265-267

lowest energy score, is predicted as the binding mode. The general classification of the

methods for protein-ligand docking is shown in Figure 17.

N

*Soft docking

Protein *Side-chain flrxibility
(" | flexibility *Molecular relaxation
J

*Ensemble docking

e 7\
- *Shape matching
Protein-ligand < Ligand *Systematic search
Docking sampling St . .
|*Stochastic algorithm )
*Force field

\_| Scoring *Emperical
function *Knowledge-based

*Consensus scoring

Figure 18. Classification of the methods for protein-ligand docking.263

In the past two decades, as many as 60 different docking programs have been proposed for both

commercial and academic use. Some of the most popular docking programs currently in use are

DOCK,268 AutoDock,269 FlexX,270 Surﬂex,”1 GOLD,264 ICM,272 Glide,273 Cdocker,Z74

LigandFit,275 and MCDock.?”® All of these docking software’s exploit different strategies in the

ligand placement. These docking software’s can be categorized into four broad categories:

stochastic Monte Carlo, fragment-based, evolutionary-based, and the shape complementary
31



methods.?”” None of these programs use a systematical search to fully explore all degrees of
freedom in the ligand molecule because of the enormous computational cost of such a

278
procedure.

As mentioned earlier most of the docking programs are composed of two main components,

34,264

search/sampling and scoring.2 Out of the two components, scoring function is most widely

preferred approach to predict the strength of binding the ligand to the protein target. The
advantage of this approach is its speed, due to relative simplicity of the functions.”” However,

when comparing the experimentally derived score (in vitro measured activity of the ligand),

265,279

weak correlations were usually obtained. It is also observed that scoring functions cannot

recreate ligands true binding affinities and cannot be ranked according to the RMSD (root mean

265,280,281

square deviation, usually 21&) to the native structure. This is because all the docking

programs belong to the same class of empirical based scoring functions as they explore similar

parameters, like van der Waals repulsive hydrogen bonds and electrostactic terms.””’

Literature reports suggest that, presently there is no single docking software that consistently
outperforms all others. Nevertheless, popular docking programs give 60-70% docking accuracy
in terms of pose prediction, which is a reasonable number. But in case of docking score and in
vitro binding affinities there is a poor correlation. Hence it is concluded form the literature

reviews that docking program performance is both target- and ligand-dependent and should

always be evaluated and validated for the problem at hand. 263265277

6 NEED FOR NEW HIV-1 PR INHIBITORS

In recent years there is an increase in the number of HIV-1 PR mutant strains, which are showing
resistance to many marketed drugs.282 Currently marketed, FDA approved HIV-1 PR drugs
especially when prescribed through HAART, are associated with severe side effects, toxicities,

high dosage and high treatment cost 283:284

These factors have urged researchers worldwide to
search for new HIV-1 PR drugs which would demonstrate high potency, high genetic barrier,
lack of cross-resistance towards the resistant mutant strains, good tolerability, low toxicity and

low cost of production. In this thesis, due to the long standing interest of our research group in
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285-294

polycyclic cage compounds we have decided to investigate some PCU diol diacid and

PCU hydroxy acid (5-hydroxy-4- 0xahexacyclo[5.4.1.02’6.03’10.05’9.08’1l]dodecane)zgsderived

peptides and peptoids as potential HIV-1 PR inhibitors. This follows the successful study by

Ndlovu™® and Makatini®”**® where a PCU lactam was employed as a HIV PR new transition

state mimic.

6.1 POLYCYCLIC CAGE COMPOUNDS

285-287,299

Polycyclic cages are an interesting and highly promising group of compounds that are

receiving intense scrutiny as potential chemical scaffolds for the development of new

drugs.288’300’301 It is a well know fact that hydrocarbon cage moieties promote the transport of

drugs attached to them across cell membranes including the blood brain barrier (BBB) and

289,290

central nervous system (CNS). Incorporation of polycyclic “cage” compounds have shown

302-305

to increase their affinity for lipophilic regions in the receptor molecules. The rigid carbon

frameworks of the polycyclic “cage” compounds, incorporated into drugs should also have the
added advantage of retarding the metabolic degradation due to the inherent stability and steric

bulk of the cage skeleton, thus prolonging the activity and reducing the frequency of drug

288,289,291

administration. Some examples of polycyclic cage compounds are given below in

¢ 7

Figure 18.

Pentacycloundecane Trishomocubane
3 4 5
Cubane Basketane Adamantane

Figure 19. Examples of some polycyclic compounds.

The potential of polycyclic “cage” compounds as biologically active agents was first realized

06-308

with the discovery by Davis and co-workers® that 1-amino-adamantane (6), better known as

amantadine, did exhibit antiviral activity and was an effective drug against Parkinson’s disease.

Over the years adamantane became the most widely explored polycyclic “cage” compound.
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Various derivatives of adamantane were synthesized in several laboratories and their
pharmacological activities were evaluated. Some adamantane derivatives with their

corresponding pharmacological profiles are presented in Figure 19.
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Figure 20. Examples of biological active adamantane compounds.288

The introduction of the adamantane moiety into medicinal drugs has shown to result in longevity

of drug action, increased drug potency, speed of action and receptor specificity. These were

309,310

) ) ) .. . .31 . ... 312
observed in areas such as antibacterial activity, anabolic action, analgesic activity,

sedative activity,313 anti-tubercular activity,‘,’lél"?’16 antimalarial activity,317 antidepressant

activity,318 anti HIV activity,317 epoxide hydrolase inhibitor,319 steroid inhibitor and antiviral

.. 17,320
act1v1ty.3 A

6.2 PENTACYCLOUNDECANE COMPOUNDS

Since the introduction of amantadine, considerable synthetic research has been carried out on

285-287,299

polycyclic compounds. However pharmacological evaluation and synthesis of
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potential target molecules has been neglected to a large extent. The success of amantadine as a
potential biologically active molecule, led to the investigation for finding other polycyclic lead
compounds. One such polycyclic compound whose derivatives showed promising therapeutic
value was pentacyclic “cage” compounds. Their potential pharmacological applications have

been shown recently in many case studies. These pentacyclic “cage” compounds showed
293,298,323-326 327-329

1,322

promising properties as anti—prakinsonian,32 antiviral, anti-tubercular,
anti-HIV, calcium channel antagonist,330’33l neuroprotective agent,332 anti—bacterial,333 anti-
funga1333 and :anti—inﬂammator3/334 activities which compared favourable with that of
adamantane derivatives. = Some examples of pentacyclic cage compounds and their

pharmacological profiles are given below in Figure 20.

2, 8K 2,

15 16
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Calcium Channel Analgesic and Anti-TB
Antagonism anti-inflammatory
properties

Figure 21. Examples of biological active pentacyclic compounds.288

With pentacycloundecane cage derivatives showing a wide range of pharmacological activities
against various pathogenic organisms, it has become a major interest for many researchers,

especially in the field of medicinal chemistry and drug discovery. The rest of this dissertation
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will focus extensively on the incorporation of the PCU cage (1, Figure 18) into peptides and

peptoids as potential anti HIV-I protease inhibitors.

7

AIMS OF THE PRESENT STUDY

This investigation is part of a research project aimed to develop new non-hydrolysable transition

state isosteres to be used in the simple synthesis of potent and bioavailable PCU incorporated

peptide and peptoid HIV-1 protease inhibitors. The specific objectives of this study have been:

>

To design and synthesise new PCU derived peptide and peptoid compounds as potential

HIV PR inhibitors.

To determine the concentrations of the synthesized inhibitors that are needed to inhibit

50% of the protease catalytic activity.
To explore the Pls structural conformations via NMR and QM/MM/MD simulations.

To understand the interactive mode of the inhibitor with the enzyme using docking.
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ABSTRACT

We have synthesized a series of novel pentacycloundecane cage diol diacid (PCU diol diacid)
incorporated C,-symmetric peptides. Their activity against the resistance-prone wild type C-
South African (C-SA) HIV-protease is reported. These compounds were obtained in moderate
vields of 42-72%. Amongst the nine compounds reported herein only compound 6, 7, 10 and 11
showed moderate ICs values of 5 to 10 uM. Peptides 7 and 10 contain two phenylglycine and
two tryptophan (Figure 3) amino acids respectively as side arms to the cage diol.
Phenylglycine is a non-natural amino acid. Docking and molecular dynamics (MD) studies were
carried out in order to understand the binding mode of the PCU moiety at the active site of the
HIV protease enzyme. The computational results show that the cage diol peptide fits quite
comfortably inside the active site of the enzyme. Not much movement is observed during the MD
simulation and the hydrogen bondings that develop between the inhibitor and the enzyme pocket

suggests that the inhibitor/HIV-PR complex is stable at room temperature.
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1. INTRODUCTION

Acquired Immune Deficiency Syndrome (AIDS) pandemic has become a global health problem.
Causative organism responsible for this disease in humans is the human immunodeficiency virus
type 1 (HIV—l).l'5 According to the World Health Organization (WHO) and Joint United

Nations Program report (UNAIDS, 2010), it is estimated that 33.3 million men, women and

children are infected with HIV and this number is steadily increasing in some parts of the world
compared to the previous yealrs.6 The HIV-1 protease belongs to an aspartyl protease family of
enzymes.7 It is a Cy-symmetric dimer which is made up of two monomers. Each monomer
consists of 99 amino acid residues, which are non-covalently associated to form a C,-symmetric
active homo-dimer.”™! The viral polyproteins p55 gag and p160 gag- pol of the HIV protease
enzyme (HIV PR) play an essential role in the assembly and maturation of the virus."? Inhibition
of HIV protease enzyme leads to the formation of non-infectious virions; hence this enzyme has
become a major target for intervention in HIV infection.>® Presently there are nine clinically
approved HIV PR inhibitors, saquinavir,17 ritonavir,18 indinavir,19 nelfinavir,20 ampenavir,21
lopinavir,22 altalzanavir,23 tipralnalvir,24 and dau’unavir.25 These inhibitors have the advantage of
being highly active against HIV PR but nonetheless exhibit major side effects such as
lipodystrophy, hyperlipidaemia, insulin resistance and toxicity.%'32 Long term use of these
drugs has led to the occurrence of HIV PR inhibitor resistant mutants.> High dosage and high

treatment cost of clinically available HIV PR inhibitors has become another major drawback to
the wide spread implementation of AIDS therapies, especially in developing countries. Thus it
has become very important to develop drugs, which are effective against resistant viruses and at

the same time are available at low cost.34'36

One of the strategies explored for inhibiting the HIV protease has been to synthesize C2-
symmetric, diol-containing inhibitors in the form of peptidomimetics, which mimics the

transition state of amide hydrolysis. This concept has been proved to be efficient for the design
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of potent compounds with desired pharmacological properties. One such family of active

compounds being C2-symmetric 1,2-diol flanked by short peptide units for example Wong’s

38,39

inhibitor (1) developed in 19987 and DMP 450 (Mozinavir, 2) in 1996 have shown potent

anti-HIV PR activity (Figure 1).

Miwv s chntsancl
~ I REe

1 2
Wong's Inhibitor (K;=1.5 nM) Mozinavir (DMP450, K;=0.3 nM)

Figure 1. Examples of two known diol containing HIV PR inhibitors

Mozenavir (DMP 450) was a potent C,-symmetric cyclic urea designed to inhibit HIV protease
enzyme and its human trial ended in 2000 due to safetly concerns.”® DMP450 has pseudo-

diequatorial hydroxyl groups which are 2.8 angstroms apart and forms a hydrogen bond with the

Asp 25/25' residues. The rigid cyclic urea scaffold allows for optimal interactions of the P1/P1'

and P2/P2' residues with their corresponding pockets in the active site. *?

Our group has previously demonstrated the potential of a cage lactam attached to a segment of
the natural HIV-PR substrate to inhibit HIV-PR.*' We have also reported the HIV-PR activity of
a family of cage ether peptides.42 Both these cage peptides had one peptide side arm and the best
cage lactam (PCU-lactam-EAIS, ICso = 0.078 uM) exhibited better HIV-PR activity than the best
cage ether (PCU-ether-VA, ICsp = 0.6 uM) as shown below in Figure 2.
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Figure 2. Structures of PCU cage lactam peptide41 (A) and PCU cage hydroxy ether peptide42
B)

The rationale behind using a PCU cage diol peptide is that the diols could perhaps bind tightly to
the catalytic ASP25/ASP25' in the active site of HIV PR enzyme and serve as a diol transition
state mimic, since it has structural resemblance to a dihydroxyethylene type isostere”™ (Figure
3, structures 3 and 4). Another potential important aspect of PCU cage diol is the distance
between the diols (2.3 A) which is quite close to the calculated diol distance (2.3 A) of the
transition state (R1-NH-C(OH),-CH-NH-R2) resulting from the hydrolysis of the natural HIV-
PR protein substrate. The length of the link between the PCU cage moiety and the peptide side

. 44-46
arms can be easily changed.

S1 S1' S2 St1’
m fo) NH2
P1 @ 62: L r)
j)J\/n )?\/%\/ﬁ\ n\)oj\ \©/\N )
N N OHHO N g -
H z H H z H -
P2 P2’

1,2 diols s s2'
§2 s2 1 1,2 diols

3 4

Figure 3. Structures depicting resemblance to a dihydroxy type isosteres (1,2 diols) with the
potential mode of interaction in the active site of HIV PR enzyme.

This closeness of PCU hydroxyl groups 347 ould play an important role in mimicking the

transition state of HIV protease natural substrate.

53



Incorporation of cage compounds to medicinal drugs introduces a variety of advantages in terms
of drug action and phalrmalcology.48 The lipophilic nature of cage compounds makes them good
candidates for drug delivery. The bulky hydrocarbon framework serves as a transport aid in
carrying drugs attached to them across the cellular membranes including the blood brain barrier

48-56

(BBB) and the central nervous system (CNS). Cage compounds covalently attached to

pharmaceutically active molecules also reduce drug bio-degradation which helps to increase the
half life of such compounds in the biological system, thus reducing the dosage frequency.57’52

This has led to an evolution in drug discovery with the emergence of different classes of

polycyclic “cage” based skeletons being synthesized and tested against a series of diseases.

Keeping in mind the concept of hydroxyl groups and the rigidity of Mozenavir (DMP 450) we
have synthesized a series of pentacycloundecane (PCU) endo-, endo-diol-exo-, exo-amino acids

as potential anti-HIV protease inhibitors (Figure 4).
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Figure 4. PCU-peptide and PCU-peptoid based inhibitors reported in this work.

The amino acids chosen for attachment to the cage diol acid were phenylalanine (F), valine (V),
tryptophan (W), tyrosine (Y), proline (P), and histidine (H) for peptides 5, 6 and 10-13
respectively. The non-natural amino acids phenylglycine and prolinamide (Figure 4 compounds
7 and 9) were also incorporated into cage diol acid. The peptoid analogue of 5, the cage diol di-

N-benzylglycine derivative 8 was also synthesized.
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2. MATERIAL AND METHODS

2.1. EXPERIMENTAL

High Resolution Electron Spray Ionization Mass Spectroscopic analysis was performed for all
compounds on a Bruker MicroTOF QII mass spectrometer in positive mode with an internal
calibration with the exception for compounds 10-14, where data was collated in negative mode
with an internal calibration. Microwave assisted synthesis was performed using CEM Discover
SP microwave oven. Melting point analysis (uncorrected) was performed on a Stuart Scientific
digital melting point apparatus SMP3. IR spectra were obtained from a Perkin Elmer Spectrum
100 instrument with an attenuated total reflectance attachment. Tetrahydrofuran (THF) was
freshly distilled using sodium wire/benzophenone under nitrogen (N;) atmosphere.
Dichloromethane (DCM) was dried using phosphorus pentoxide as drying agent. The NMR data
were recorded on Bruker AVANCE III 400 and 600 MHz instruments; the chemical shifts were
referenced to the solvent peak, namely 6 = 7.24 ppm for CDCl3, 6 = 2.50 ppm for (CD3),SO, and
0 = 3.34 ppm for CD;0OD at ambient temperature. Analytical analysis was performed on an
Agilent 1100 HPLC (Waters Xbridge C18 150 mm x 4.6 mm x 5 microns) coupled to a UV
detector (215 nm) and an Agilent VL ion trap mass spectrophotometer in the positive mode.
Semi-preparative HPLC was carried out on a Shimadzu 8A instrument (Ace C18 150 mm x 21.2
mm X 5 microns) with a UV/VIS detector (215 nm) and automated fraction collector. A two-
mobile phase system was employed, utilizing formic acid as the ion-pairing agent. Mobile phase
A consisted of 0.1% formic acid/HO (v/v) and mobile phase B consisted of 0.1% formic
acid/acetonitrile (v/v). Optical rotations were measured at room temperature in dry methanol
using a Perkin Elmer Polarimeter-Model 341. All the amino acids and coupling reagents are
commercially available and were purchased from GL Biochem (Shanghai) Ltd. Analytical grade
solvents and reagents like allyl magnesium bromide, fert-butyl acetate, DIPEA (N,N-
Diisopropylethylamine), prolinamide for synthesis were procured from Sigma-Aldrich (South

Africa).
Synthesis of the PCU diol diacid (14)

A solution of diene 16%° (15.0 g, 58.0 mmol) in dry methanol (100 mL) was purged with
nitrogen for 6 h while cooling in a dry ice-isopropanol bath (-78 °C). Ozone was bubbled into

56



the reaction mixture until a blue-purple colour persisted indicating the presence of excess of
ozone in the system and hence the completion of the reaction. Excess ozone gas was purged
with nitrogen and the solvent (CH30H) removed in vacuo. Formic acid (100 mL) was added to
the ozonide and the mixture was cooled in an ice bath with stirring. Hydrogen peroxide (150
mL, 30%) was then added drop-wise to the cooled stirred reaction mixture. The reaction was left
to attain ambient temperature for 1 h and then heated to reflux gently for 12 h. The resulting
mixture was concentrated in vacuo to yield crude product. The crude product was purified with
column chromatography on silica gel using CH;COOH: MeOH: EtOAc: hexane (1:2:20:77, Ry =
0.3, 92% yield) to obtain compound 14 as viscous pale yellow oil, which solidified on standing
at room temperature to give white solid. Melting point: 155 — 157 °C, IR vp,x: 3102, 2985, 2864,
1698, 1639, 1451, 1292, 1280, 1181, 1165, 1120, 1068, 1045, 923, 862, 799, 736, 652, 575 and
477 cm™. "H NMR [(CD3),SO, 400 MHz]: 8y 1.02 (AB, Jap = 10.4 Hz, 1H), 1.49 (AB, Jsp =
10.4 Hz, 1H), 2.23 (s, 3H), 2.26 (s, 2H), 2.37 (s, 2H), 2.48-2.50 (m, 3H), 2.57-2.59 (m, 2H), 7.16
(s, 2H), 11.92 (s, 2H). “C NMR [(CD3),SO, 100 MHz]: ¢ 33.4, 38.8, 42.2, 43.8, 44.0, 49.9,
76.4, 172.3. HR ESI m/z: calculated for C;sH 506 [M-H] : 293.1031 found 293.1030.

General procedure for the synthesis of PCU cage diol diamino acids (5-8 and 10-12)

A solution of compound 14 (1 eq, 0.5 g) in 15 mL of dry DCM was stirred at room temperature
for 5 min. To this mixture was added tert-butyl amino acid esters/amino acid methyl esters (4
eq, 1.5 g) while the reaction mixture was cooled in an ice water bath and stirred for 5 min. To
the above cooled mixture was added HATU (5 eq, 3.24 g) followed by DIPEA (8 eq, 1.76 g, 2.4
mL) as a base. The solution was then slowly brought to room temperature and stirred for 6 h.
The crude reaction mixtures was washed with 100 mL water and then with 100 mL of 10% HCI.
The organic layer was dried over anhydrous Na,SO4 and filtered. The crude product was
evaporated to dryness under vacuum at 40 °C to obtain thick yellow oil. The crude fert-butyl
esters of PCU cage diol diamino acids (17 and 18) were further dissolved in 1:1 (v/v) DCM and
TFA solvent mixture and stirred overnight. TFA was removed from the mixture by bubbling air
through the peptide and the remaining DCM was removed under vacuum at 30 °C, to obtain

crude PCU cage diol diamino acids (5 and 6) as pale yellow oils.
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The methyl esters of PCU cage diol diamino acids (19-23) were dissolved in methanol and

0,

excess of 1 N KOH and stirred overnight. It is known from literature' "% that peptides are not
racemized under such basic conditions (1 N KOH) even upon treatment over extended times.
Glacial acetic acid was added until the mixture became neutral and then diluted with chloroform.
The organic solution is extracted once with water and brine. The organic layer is dried over
anhydrous MgSO, and concentrated in vacuo to give crude oily compounds 7, 8 and 10-12. The
crude compounds were then purified by preparative HPLC and solid phase extraction to give

pure PCU cage diol diamino acids (5-8 and 10-12).
General procedure for the synthesis of fert-butyl amino acid esters
Compounds 33 and 34 were synthesized according to the reported method.®

General procedure for the synthesis of amino acid methyl esters

Compounds 35-39 were synthesized according to the reported method. 5%

PCU cage diol diphenylalanine (5)

A white solid (76%). Retention time: 15.23 min (HPLC), Melting point: 231 — 232 °C,
[0 p:+14.29 (¢ 0.14 in MeOD). IR vy 3261, 2957, 1758, 1638, 1522, 1191, 758, 701 and 489
cm™."H NMR [CD;O0D, 400 MHz]: 841.04 (1H, d, J = 10.6 Hz), 1.39 (1H, d, J = 10.5 Hz), 1.67
(1H, d, J = 8.8 Hz), 1.90 (1H, d, J = 8.8 Hz), 2.19-2.34 (7H, m), 2.45-2.47 (2H, m), 2.91-3.01
(2H, m), 3.24-3.31 (2H, m), 4.69-4.73 (1H, q, J = 4.7 Hz), 4.77-4.81 (1H, q, J = 4.6 Hz), 7.13-
7.17 (1H, m), 7.22-7.32 (9H, m). *C NMR [CD;OD, 100 MHz]: 8¢ 33.9, 37.5, 37.6, 39.4, 39.7,
43.2,43.8,43.8,44.5,44.8, 49.1, 49.4, 53.8, 53.9, 77.2, 77.8, 127.1, 127.3, 128.8, 128.9, 129.5,
137.2, 137.5, 173.1, 173.9. HR ESI m/z: calculated for C33H3sN2Og [M+H] *: 589.2544 found
589.2541.

PCU cage diol divaline (6)

A colourless oil (72%). Retention time: 14.61 min (HPLC), [a]zOD:+8.69 (¢ 0.23 in MeOD). IR
Viax: 2960, 2929, 1721, 1621, 1537, 1464, 1392, 1259, 1209, 1064, 986 and 544 cm™. 'H NMR
[CD;0OD, 400 MHz]: oyxl.18 (1H, d, J = 10.8 Hz), 1.60 (1H, d, J = 10.7 Hz), 0.94-1.00 (12H,
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m), 2.19 (2H, q, J = 4.6 Hz), 2.20-2.62 (12H, m), 4.36 (2H, t, 4.8). 3C NMR [CD;OD, 100
MHz]: 6¢c 34.8, 40.6, 40.7, 44.3, 45.2, 45.3, 45.7, 50.7, 50.9, 78.5, 78.6, 174.3, 174.6. HR ESI
m/z: calculated for C,sH3N,Og [M+H] *: 493.2531 found 493.2544.

PCU cage diol di-2-phenylglycine (7)

A colourless oil (58%). Retention time: 15.10 min (HPLC), [0]%°p:-30.00 (¢ 0.10 in MeOD). IR
Vmax: 3060, 2994, 2863, 1723, 1629, 1524, 1452, 1256, 1179, 1133, 1063, 722, 696, 596 and 513
cm’. '"H NMR [CD;OD, 400 MHz]: 841.10 (1H, d, J = 10.8 Hz), 1.50 (1H, d, J = 10.7 Hz),
2.15-2.58 (12H, m) 5.43 (2H, s), 7.30-7.43 (10H, m). ">C NMR [CD;OD, 100 MHz]: 8¢ 34.8,
40.6, 44.4, 45.3, 45.7, 50.8, 58.2, 78.7, 128.7, 129.4, 129.8, 173.8. HR ESI m/z: calculated for
C31H3,N,Og [M+H] ™: 561.2213 found 561.2231.

Synthesis of PCU cage diol di -N-benzylglycine (8)

A pale yellow oil (42%). Retention time: 16.06 min (HPLC), [a]*’p:+7.14 (¢ 0.14 in MeOD). IR
Vmax: 3054, 2981, 1667, 1615, 1475, 1450, 1293, 1182, 1130, 1033, 957, 837, 799, 721 and 598
cm™. 'H NMR [CD;OD, 600 MHz]: 841.07 (1H, d, J = 10.6 Hz), 1.56 (1H, d, J = 10.6 Hz),
2.26-2.69 (12H, m), 4.05-4.21 (4H, m), 4.63-4.75 (4H, m), 7.28-7.37 (10H, m). *C NMR
[CD;0D, 100 MHz]: 8¢ 34.8, 40.6, 44.3, 45.7, 45.8, 48.0, 50.9, 52.6, 58.2, 79.4, 85.2, 101.50,
117.7, 128.8, 129.7, 130.0, 138.1, 169.8. HR ESI m/z: calculated for Ci3HzgN,Og [M+H] *:
589.2535 found 589.2544.

Synthesis of PCU cage diol diprolinamide (9)

A solution of compound 14 (1 eq, 0.5 g) in 15 mL of dry DCM was stirred at room temperature
for 5 min. To this mixture was added prolinamide (4 eq, 0.8 g). The solution was cooled in an
ice water bath and stirred for 5 min. To the above cooled mixture was added HATU (5 eq, 3.24
g) followed by DIPEA (8 eq, 1.76 g, 2.4 mL) as a base. The solution was then slowly brought to
room temperature and stirred for 6 h. The crude reaction mixtures was diluted with DCM and
filtered. The crude product was evaporated to dryness under vacuum using a teflon pump at 40
°C to obtain thick yellow oil which was purified by preparative HPLC and solid phase extraction

to give pure PCU cage diol diprolinamide 9 as pale yellow solid (65%). Melting point: 83 — 85
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°C. Retention time: 13.42 min (HPLC), [a]*p:-37.50 (¢ 0.16 in MeOD). IR vy 3179, 2957,
2872, 1669, 1603, 1448, 1417, 1288, 1191, 1168, 1071, 987, 908, 653, 539 and 421 cm™. 'H
NMR [(CD3),SO, 400 MHz]: éx1.04 (1H, t, J = 10.6 Hz), 1.48 (1H, t, J = 10.5 Hz), 1.74-2.72
(14H, m), 3.50-3.68 (2H, m), 4.16-4.22 (2H, m), 6.92-6.95 (2H, m), 7.08-7.22 (2H, m). *C NMR
[(CD3),SO, 100 MHz]: o8¢ 24.03, 29.3, 33.5, 38.5, 41.3, 42.0, 42.2, 43.9, 47.3, 50.3, 59.3, 77.8,
170.6, 173.8. HR ESI m/z: calculated for CosH34N4Og [M+H] *: 487.2542 found 487.2551.

Synthesis of PCU cage diol ditryptophan (10)

A pale white solid (62%). Retention time: 15.58 min (HPLC), Melting point: 168 — 170 °C,
[a])*p:-30.77 (¢ 0.13 in MeOD). IR v 3307, 2924, 2855 1720, 1624, 1532, 1457, 1429,
1343,1218, 1190, 1099, 1064, 1010, 910, 821, 740, 536 and 424 cm™. 'H NMR [DMSO, 600
MHz]: 610.96 (1H, d, J = 10.3 Hz), 1.23 (1H,s), 1.32 (1H, d, J/ = 10.1 Hz), 1.88 (1H, d, / = 8.9
Hz), 1.95 (1H, d, J = 8.8 Hz), 2.05-2.12 (2H, m), 2.19-2.22 (3H, m), 2.28-2.29 (3H, m), 2.37-
2.43 (2H, m), 3.03-3.08 (2H,m), 3.16-3.28 (2H,m), 4.52-4.60 (2H, m), 6.94-7.06 (4H, m,), 7.12
(2H, q,J=2.1 Hz), 7.32 (2H, t, J = 7.5 Hz), 7.42 (2H, s), 7.52 (2H, q, / = 4.1 Hz), 8.08 (1H, d, J
=7.6 Hz), 8.19 (1H, d, / = 7.6 Hz), 10.81 (1H, d, J = 1.3 Hz), 10.86 (1H, d, J = 1.8 Hz), 12.69
(1H,s). "°C NMR [CD;O0D, 100 MHz]: 8¢ 27.1, 33.3, 38.7, 42.3, 43.6, 43.9, 44.1, 48.7, 48.8,
52.5,64.8,76.6,76.7,109.3, 111.3, 118.1, 118.3, 120.8, 123.5,123.7, 127.1, 127.2, 136.0, 171.1,
171.2, 173.1. HR ESI m/z: calculated for C3;H33N4Og [M-H] : 665.2617 found 665.2497.

Synthesis of PCU cage diol ditryrosine (11)

A white solid (32%). Retention time: 14.23 min (HPLC), Melting point: 199 — 201 °C,
[a]*p:+23.08 (¢ 0.13 in MeOD). IR vy 3232, 2954, 2865 1721, 1614, 1536, 1514, 1441, 1364,
1221, 1105, 1064, 986, 910, 825, 530 and 428 cm™. 'H NMR [CD;0D, 600 MHz]: 841.05 (1H,
d,J =10.6 Hz), 1.47 (1H, d, J = 10.5 Hz), 1.85 (1H, d, J = 8.4 Hz), 2.02 (1H, d, J = 8.7 Hz),
2.10-2.35 (8H, m), 2.49 (2H, s), 2.86-2.92 (2H, m), 3.14-3.18 (2H, m), 3.71 (1H, s) 4.65-4.67
(1H, q, J = 4.5 Hz), 4.72-4.74 (1H, q, , J = 4.5 Hz), 6.69-6.73 (4H, m), 7.01-7.06 (4H, m). "°C
NMR [CD;OD, 100 MHz]: 6c 34.8, 37.8, 40.5, 40.7, 44.2, 44.5, 45.0, 45.6, 45.7, 45.8, 50.3,
50.5, 52.8, 55.0, 78.3, 78.7, 116.4, 116.5, 128.9, 131.5, 131.6, 157.4, 157.5, 174.0, 174.2. HR
ESI m/z: calculated for C33H36N,O;0 [M-H] : 619.2297 found 619.2045.
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Synthesis of PCU cage diol diproline (12)

A white solid (35%). Retention time: 14.34 min (HPLC), Melting point: 170 — 172 °C, [0]*"p:-
63.64 (¢ 0.11 in MeOD). IR vy 3164, 2957, 2875 1720, 1598, 1448, 1423, 1288, 1223, 1188,
1072, 978, 908, 873, 654, 544, and 429 cm™. "H NMR [CD;0D, 600 MHz]: 8y1.16 (1H, d, J =
10.7 Hz), 1.62 (1H, d, J = 11.2 Hz), 1.98-2.01 (5H, m), 2.18-2.31 (5H, m), 2.36-2.40 (1H, m),
2.43-2.62 (8H, m), 2.75-2.83 (1H, m), 3.48-3.56 (1H, m), 3.63-3.73 (3H, m), 4.41-4.44 (1H, m),
4.71-4.77 (1H, m). “C NMR [CD;0D, 100 MHz]: 8¢ 23.6, 23.7, 30.5, 30.6, 32.1, 34.9, 35.0,
40.6, 40.7, 40.8, 40.9, 41.0, 43.1, 43.2, 43.5, 43.7, 44.7, 44.9, 45.8, 45.9, 46.0, 47.5, 51.1, 51 .4,
51.6, 52.9, 53.0, 53.4, 60.3, 61.5, 79.4, 79.5, 79.6, 79.7, 173.4, 175.8, 175.9. HR ESI m/z:
calculated for C,5H3,N,Og [M-H] ": 487.2086 found 487.2025.

Synthesis of PCU cage diol dihistidine (13)

A solution of compound 14 (1 eq, 0.5 g) in 2 mL in dry DMF was stirred in a microwave reactor
vessel. To this above solution was added H-His(trt)-OMe.HCL (2.5 eq, 0.8 g) followed by
HATU (2.5 eq, 3.24 g) and DIPEA (8 eq, 1.76 g, 2.4 mL) as a base. The solution mixture was
then subjected to microwave irradiation at 200 Watt for 20 min at 55 °C and then 300 Watt for 20
min at 60 °C.% The resulting solution was diluted excess of water (50 mL) and extracted twice
with ethyl acetate (2 x 50 mL). The organic layer was then washed with brine (2 x 50 mL), dried
over anhydrous Na,SO, and filtered. The crude product 24 was concentrated in vacuo to obtain
thick colourless oil. This crude product 24 was dissolved in a solution of TFA and water (3:1)
and stirred at 60 °C for 8h. Excess of TFA and water from the crude reaction mixture was
removed in vacuo to give pale yellow oil, which was purified by preparative HPLC to give pure
PCU cage diol dihistidine 13 as colourless oil (58%). Retention time: 09.80 min (HPLC), [a]20D:
=+ 6.25 (¢ 0.12 in MeOD). IR vmax: 3132, 2956, 2862, 1965, 1624, 1577, 1434, 1389, 1289,
1258, 1187, 1133, 1066, 984, 831, 797, 627, 542, and 435 cm™. 'H NMR [(CD;),SO, 600
MHz]: 640.97 (1H, d, J = 10.0 Hz), 1.38 (1H, d, J = 10.1 Hz), 1.90 (1H, d, J = 08.1 Hz), 2.02-
2.04 (2H, m) 2.09-2.11 (1H, m), 2.21-2.26, (2H, m), 2.30-2.37 (4H, m), 2.44 (2H, s), 2.85-2.93
(2H, m), 3.01-3.06 (2H, m), 4.47 (2H, s), 6.97 (2H, d, J = 36.9 Hz), 7.92 (2H, d, J = 39.3 Hz),
8.03 (1H, d, J = 07.3 Hz), 8.15 (2H, s). "°C NMR [(CDs),SO, 100 MHz]: 8¢ 28.0, 28.3, 33.4,
38.8,42.5,42.9,43.8,44.6,44.9, 48.5, 48.6, 48.8, 51.8, 52.4, 64.9, 76.5,76.8,92.9, 117.0, 117.1,
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131.6, 131.9, 132.3, 134.2, 134.4, 1579, 163.2, 170.4, 1709, 172.8, 173.4. HR ESI m/z:
calculated for C,7H3,NgOg [M-H] : 567.2209 found 567.2180.

In vitro HIV-1 protease activity

The catalytic activity of the HIV-1 protease was monitored following the hydrolysis of the

67-69 The

chromogenic peptide substrate Lys-Ala-Arg-Val-Nle-p-nitro-Phe-Glu-Ala-Nle-NH,.
substrate (H-1048) can be obtained from Bachem. This substrate mimics the conserved
KARVL/AEAM cleavage site between the capsid protein and nucleocapsid (CA-p2) in the Gag

polyprotein precursor.

For this study, the chromogenic substrate was synthesized using a Discovery CEM Liberty
microwave peptide synthesizer on Rink amide resin. The substrate was cleaved from the resin
and deprotected using 95:5 (v/v) TFA:TIS for 3 hours. It was then precipitated using cold ether
and purified via reverse phase semi-preparative HPLC (see details provided in Experimental
section 2.1) on a Shimadzu instrument and characterized using the Bruker microTOF-Q II

instrument (see Table 1 in supplementary information).

To determine the concentration of the compounds that resulted in 50% inhibition (ICsg) of HIV-1
protease enzyme activity, the protein (100 nM) and chromogenic substrate (50 uM) were added
into a 120 uLL microcuvette containing increasing concentrations of inhibitor in a pH 5.0 buffer
(50 mM sodium acetate and 0.1 M NaCl). Protease hydrolytic activity was measured by
monitoring the relative decrease in absorbance at 300 nm using an Analytik Jena Specord 210
spectrophotometer. Activity was standardized using commercially available drugs Atazanavir
and Lopinavir. All cage peptides were soluble in the aqueous buffer solution. (pH = 5, 50 mM

sodium acetate and 0.1 M NaCl)

2.2. COMPUTATIONAL SIMULATIONS

Preparation of PCU derived peptide inhibitors

The structures of the cage-peptide/peptoid, 5-13, were constructed and the geometry was

optimized using the MMFF94 force field implemented in the Avogadro software (Avogadro

1.0.0, 2010).70 The minimized structures were then subjected to docking studies.
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C-SA PR enzyme model system

The X-ray structure of the South African HIV-1 protease subtype C (C-SA) has not yet been

reported. The 3D structure of the enzyme was generated as described before. !

Docking of the inhibitors into the C-SA PR model

The energy minimized inhibitors, 5-13 were used in docking simulations. The effect of

ionization states of docked compounds to the binding scores has been discussed in the

literature.”">  We have previously reported that no significant difference was observed for

docking of the cage lactam peptides with the different protonation states of the enzyme.41
Docking of ritonavir (co-crystallized inhibitor) with subtype B HIV-PR (PDB accession code
lHXW)18 was previously performed to evaluate the efficacy of Autodock for its use in docking
experiments with this subtype as a target. Acceptable results were obtained when ritonavir was
docked with the constructed C-SA HIV PR.”* The interacting amino acids in the C-SA starting

structure were conserved in the conformation of the enzyme after docking and the variation in

orientation of these amino acids in the binding cavity was unnoticeable.

Docking studies were performed using the Autodock software.”” Geisteger charges were
computed and the Autodock atom types were defined using the Autodock Tools graphical user

6

interface supplied by MGL Tools.”® The Lamarckian Genetic Algorithm (LGA), which is

considered one of the best docking methods available in Autodock”™"" was employed. This

algorithm yields superior docking performance compared to simulated annealing or the simple
genetic algorithm and the other search algorithms available in Autodock. The docked
conformations of each of the inhibitors were ranked into clusters based on the binding energy.

Top ranked conformations were visually analyzed.
MD simulations of inhibitor-enzyme complex:

MD simulations were performed for the inhibitor- enzyme complex of the most active compound

7. The diastereomer with the best docked binding energy was used. Partial charges and the

force field parameters for the inhibitor were generated using the Antechamber program78 in the
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80,81 All

Amber10 palckalge.79 These were described by the general Amber force field (GAFF).
hydrogen atoms of the proteins were added using the Leap module in Amber10. The standard
AMBER force field for bioorganic systems (ff03)82 was used to describe the HIV PR enzyme
parameters. Counter ions were added to neutralize the complex. Then, the system was solvated

using atomistic TIP3P water™ in a cubic box with 8.0 A distance around the complex.

The molecular dynamics package Amber10” was used for the minimization and equilibration
protocols. Cubic periodic boundary conditions were imposed and the long-range electrostatic
interactions were treated with the particle-mesh Ewald method™ implemented in Amberl0 with
a non-bonding cut-off distance of 10.0 A. The energy minimization was first conducted using
the steepest descent method in Amber10 for 1000 iterations switched to conjugate gradient for
2000 steps with a restraint potential of 2 kcal/mol A applied to the solute. Then the total system
was freely minimized for 1000 iterations. For the equilibration and the subsequent production
run, the SHAKE algorithm85 was employed on all atoms covalently bonded to a hydrogen atom,
allowing for an integration time step of 2 fs. Harmonic restraints with force constants 2.0
kcal/mol A* were applied to all solute atoms. A canonical ensemble (NVT) MD was carried out
for 70 ps, during which the system was gradually annealed from O to 300 K using a Langevin
thermostat with a coupling coefficient of 1.0/ps. Subsequently, the system was equilibrated at
constant volume and temperature (300 K) with a 2 fs time step for 100 ps while maintaining the
force constants on the restrained solute. With no restraints imposed, a production run was
performed for 2 ns in isothermal isobaric (NPT) ensemble using a Berendsen barostat™® with a
target pressure of 1 bar and a pressure coupling constant of 2 ps. The coordinate file was saved

every 1 ps and the trajectory was analyzed at every 1 ps using the Ptraj module implemented in

AmberlO.
3. RESULTS AND DISCUSSION

3.1. CHEMISTRY AND BIOLOGICAL ACTIVITY

Synthesis of PCU cage peptides and peptoid was carried out as described in the experimental
section. The tert-butyl amino acid esters and amino acid methyl esters were synthesized of
sufficient purity to be coupled to the PCU cage diol dicarboxylic acid (14). The PCU cage diol
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dicarboxylic acid 14% was synthesized from Cookson’s dione 15,88’89 which can be easily

obtained from the photocyclisation of the Diels-Alder adduct®™® of cyclopentadiene and p-

benzoquinone. The PCU dione 15 was reacted with freshly prepared allyl magnesium bromide
(Grignard reaction) to obtain endo-8, endo-11 diol 16. Further ozonolysis of the diol 16
followed by an oxidative workup yielded the PCU diol dicarboxylic acid 14 in good yield as

described in Scheme 1.

CH,=CHCH,MgBr _ _O3,MeOH
THF H,0,, HCOOH
/ \
0 ) \ OHHO ) OHHO

15 16

HATU, HATU

DIPEA, DIPEA =~
H-His(trt)-methylester 1::1]1{-‘[1)(:1 ;);lig n;l;%;lcggt/er/
200 W, 20 min, 55 °C | prolinamide

300 W, 20 min, 60 °C | DCM, rt, 6 h

(Comp. 24)

i) TFA and DCM (1:1)
rt,5h

(Comp. 17 & 18)
ii) KOH(1N),MeOH
rt,8h
(Comp. 19-23)
o OHHO o o OHHO o
R R R R’

iii) TFA and H,O (3:1)

60°C,8h i
5: R = Phenylalanine (Comp. 24) 17: R‘ = L-phenylalanine fert-butyl ester
6: R = Valine 18: R = L-valine tert-butyl ester
7: R = 2-phenylglycine 19: R’ = 2-phenylglycine methylester
8: R= N -Benzylglycine (peptoid) 20: R: = N-benzylglycine methylester
10: R = Tryptophan 21: R = L-tryptophan methylester
11: R = Tyrosine 22: R: = L-tyrosine methylester
12: R = Proline 23: R = L-proline methylester
13: R = Histidine 24: R’ = N-IM-trityl-L-histidine methylester

9: R’ = prolinamide

Scheme 1. Synthesis of PCU diol dicarboxylic acid and its derivatives (peptides and peptoid).

The tert-butyl amino acid esters (33 and 34) were synthesized by reacting L-amino acids (25 and
26) with tert-butyl acetate (32) and HClO4.63 Treating L-amino acids with thionyl chloride and

methanol gave the corresponding methyl esters (35 to 39).64’65 Synthesis of fert-butyl and

methyl esters is shown in Scheme 2.
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H o o 0°C,12h Hoo
25:R,R' = Benzyl, H ,
26:R, R' = Isopropyl, H 32 33:R, R’ = Benzyl, H
27:R, R' = Phenyl, H 34:R, R' = Isopropyl, H
28:R, R' = H, Benzyl
29:R, R' = 3-methyl-1H -indole, H
30:R, R' = 4-methylphenol, H
31: = L - proline

SOCl,
MeOH
0°C,4-12h

o
R
HN-R'

35:R, R' = Phenyl, H

36:R, R'= H, Benzyl

37:R, R' = 3-methyl-1H -indole, H
38:R, R' = 4-methylphenol, H

39: = LL - proline methylester

Scheme 2. Synthesis of tert-butyl and methyl ester derivatives of L-amino acids.

The starting material for the synthesis of compounds 5 to 13 is the PCU diol dicarboxylic acid
14. Compound 14 in dry DCM was reacted with fert-butyl amino acid esters 33 and 34 or the
amino acid methyl esters 35 to 39 in the presence of the coupling reagent HATU (2-(1H-7-
azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate methanaminium) and
DIPEA (N,N-Diisopropylethylamine) as a base to give the corresponding compounds 17 to 23
and 9 except in the case of compound 24 microwave synthesizer was used for the synthesis as
shown in Scheme 1.% Deprotection of PCU diol fert-butyl amino acid esters 17 and 18 was
carried out using TFA (trifluoroacetic acid) in DCM (1:1) to yield the corresponding cage amino
acids S and 6 while the deprotection of compound 19 to 23 was achieved using diluted KOH in
methanol to give compounds 7 to 12 (Scheme 1). Compound 24 was treated with a solution
mixture of TFA and water (3:1) and stirred at 60 °C resulting in the removal of both the
protecting group’s (trityl and methyl ester) to give compound 13. Crystallization of compound 5

was carried out by dissolving the pure compound in 3 mL solvent mixture of DCM and TFA

(1:1) and stored at 20 °C to obtained pale white crystals47 (Figure 4).

Isolation and purification of compounds S to 13 (Figure 3) were carried out as described in the

experimental section. The correctness of the cage peptides and peptoids were confirmed with
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standard NMR and MS techniques. The purity of the peptides was determined by HPLC to be >
98%.

The catalytic activity of the HIV-1 protease was monitored by following the hydrolysis of the
chromogenic peptide substrate His-Lys-Ala-Arg-Val-Leu-Phe(p-NO,)-Glu-Ala-Nle-Ser as

previously described.””  The use of chromogenic substrates has been established for the

determination of the HIV-1 protease inhibitors efficacy. The method is used to measure the

protease activity by recording an increase in absorbance as a result of the hydrolysis of a

chromogenic substrate by the protease.68’69

The inhibitory activities of the synthesized
compounds were tested using an UV spectrophotometric assay in order to determine the ICsg
values for each compound. Biological results of the synthesized substrates are presented in

Table 1.

Table 1. Inhibition of wild type C-SA HIV-1 protease by PCU derived peptides (5-13 and 9)
and peptoid (8).

Compound Binding Energy’ | ICs,

Compound (R) | Formula % Yield | LogP?

Kcal/mol (uM)*

5 Phenylalanine C33H3N,Og | 76 1.25 -7.24 >60
6 Valine CysH3N,Og | 72 0.27 -6.78 10
7 2-Phenylglycine C;HpN,O5 | 52 0.83 -8.39 5
8 (Peptoid) | R = Benzyl C33HyN,Og | 42 2.26 -7.02 >60
9 Prolinamide CysHuN,Og | 65 237 712 >60
10 Tryptophan C37H3gN,Og | 62 0.75 -7.18 5
11 Tyrosine C33H36N,04 | 32 0.57 -6.49 10
12 Proline CysHuN,Og | 35 2.19 6.20 >60
13 Histidine Cy;H3NgOg | 58 -3.85 -6.94 >60
Lopinavir 0.025
Atazanavir 0.004

* Calculated with ACD/labs software v11.0.

" Binding energy (kcal/mol), calculated with Autodock. The lowest binding energy of the compounds are reported
here (interestingly, all the lowest binding energies correspond to the conformations that showed interactions with the
Asp residues). The 3D structures of these docked complexes are available as supplementary material.

¢ ICsp = 50% inhibition constant. Standard deviations (SD) for all the compounds were < 2% of the reported
ICsqvalues.
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It was reported in literature that phenylalanine is the preferred substituent (P') at the S' subsite
and it is found in 40% of Gag-Pol gene sequences of the virus.”’ Based on the literature and the
HIV substrate sequence, it was envisaged that different amino acids having aromatic side chain
would be the best starting point in the peptide for binding at the S'/s" subsite.'® This motivated

the commencement of the synthesis of a short cage dipeptide, with phenylalanine as the first

amino acid (P1 substituent), attached to the PCU cage diol.

It was observed that compound 5 where phenylalanine was coupled to PCU cage diol as P'/P"
substituent showed very little inhibition activity (ICso> 60 uM). This could perhaps be attributed
to the benzyl side chain of the phenylalanine shielding the interaction of the PCU cage diols with
the catalytic site (Asp 25/25") of HIV protease enzyme. Interestingly this arrangement of the side
arms in the crystal structure of compound 5 in Figure 5 was observed.”’ An alternative reason is

that the specific sequence does not fit closely into the active site.

Figure 5. Crystal structure of compound 5 (CCDC 797748).91 Hydrogen atoms were ommitted
for clarity.

To validate this observation, valine was incorporated as the P!/P" substituent in compound 6
which resulted in six fold increase in inhibitory activity (ICsp = 10 uM). The increase in
inhibition activity could be due to the shorter (isopropyl) side chain of valine, which could be
altering the conformation of the two arms of the PCU cage diol in such a way that the diols are
free to interact with the catalytic active site of the HIV protease enzyme. Since SY/S" subsite
prefers more hydrophobic aromatic amino acids, the incorporation of 2-phenylglycine as the
P!/P" substituent in compound 7, resulted in a two fold increase of the inhibition activity (ICsy =

5 uM) in comparison to compound 6.
68



Oligomers of N-substituted glycines are known to be resistant to proteolysis.”'94 Keeping this in
mind the peptoid 8, which mimicked the dipeptide sequence of compound § was synthesised.
Compound 8 failed to show any inhibitory activity (ICsop > 60 uM). No inhibition activity was

observed for compound 9 when compared to compound 7.

In order to further investigate, P'/P'" substituents were replaced with amino acids having
heteroaromatic and substituted aromatic groups as their side chains. It was observed that
compound 10 with tryptophan as the potential P'/P" substituent showed similar inhibitory
activity (ICsp = 5 uM) when compared to compound 7. Inhibitory activity for compound 11
(ICso = 10 uM) decreases by twofold when compared to compounds 7 and 10. Compounds 12
and 13 failed to show any inhibitory activity (ICsy > 60 uM).

The LogP values for the most active peptides 6, 7, 10 and 11 were 0.3, 0.8, 0.7 and -0.5
respectively. This is lower than the preferred range95 of between 1.3 and 4.1 for the majority of

orally available drugs.

The relative binding energies (-7.24 and -6.49 Kcal/mol) of compounds § and 11 could be
attributed to the electrostatic interactions, hydrophobicity of the side arms and conserved
hydrogen bonding even though structurally these compounds are similar. Similar explanation
could be given for the relative binding energies (-7.18 and -6.94 Kcal/mol) for compounds 10
and 13. It is also know that binding energies calculated by docking methods are not accurate and

are just approximation of the orientation of the molecules within the active site of the enzyme.

From the results in Table 1 the best inhibition activity was obtained for compound 7 and 10 (ICsg
= 5 uM), which shows potential activity when compared with Lopinavir but almost three orders
of magnitude less active than Atazanavir. To further validate these experimental results, docking

studies were performed. MD simulations were also performed for the most active compound.

3.2. COMPUTATIONAL SIMULATIONS
Docking and MD simulations

First, the PCU-peptides were subjected to docking studies to explore their binding pattern;

second MD simulations of the docked inhibitor enzyme complex were performed to provide a
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molecular view of the dynamic behaviour of such inhibitors inside the enzyme active site over a
suitable time scale. Docking studies are used at different stages in drug discovery such as in the
prediction of ligand-receptor complex structures and also to rank the ligand molecules based
upon the binding energies of the corresponding ligand-enzyme complexes. Docking protocols
aid in elucidation of the most energetically favourable binding mode of the ligand to the receptor.
The objective of our docking study was to elucidate the potential interaction mode of the PCU-
peptide derivatives with C-SA HIV PR and to see if a correlation between the binding energies

and the observed ICs results exists.

Docking routines of the new PCU-peptide inhibitors with the C-SA enzyme were performed.
The binding energies of the docked PCU-peptide inhibitors have been tabulated (Table 1). The

docking results are in reasonable agreement with the measured ICs( values.

The docked binding energies previously calculated for the lactam peptides74 and the cage ether

peptides42 correlate reasonably well to the binding energies calculated in this study for cage diol
peptides with similar ICsy values. The most active lactam peptide (PCU-lactam-EAISa, ICsy =
0.075 uM) gave a stronger calculated binding energy (-10.23 kcal/mol) than all the peptides in
this study. This is expected since the observed HIV-PR activities for the peptides in this study
were at least two orders of magnitude weaker than that of PCU-EAISa. The most active cage
ether peptide (PCU-ether-VA, ICsp = 0.6 uM) gave a docked binding energy of -9 kcal/mol,
which is better than the best cage diol peptide 7 in this study (Fg-PCU-diol-Fg, ICsyp = 5 uM)
with a calculated binding energy of ~ -8.4 kcal/mol. In all our docking studies so far, the cage

heteroatoms form strong hydrogen bonding interaction with the enzymatic aspartic acid

(Asp25/Asp25’) residues.

As previously reported,41 it was demonstrated that the chirality of the PCU cage is important for
enhanced inhibition of the diastereomeric cage peptides. In the present study no diastereomeric
mixtures were obtained. Docking studies have clearly showed that conserved hydrogen bonds
are formed between the cage hydroxyl groups and one of the triad residues, Asp25-Thr26-Gly27
(A/B chains) as shown in Figure 6. Such hydrogen bonds anchor the cage skeleton to the S1/S1'

subsite.
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Even though docking calculations cannot provide insight on the dynamic inhibitor-enzyme
interactions, a general picture was provided of the most energetically favourable binding
orientation of inhibitors to the enzyme. To obtain further insight into the dynamic changes of the
docked inhibitors within the enzyme active site pocket over time, the lowest energy docked

complex of the inhibitor 7 was subjected to unconstrained MD simulations (2 ns).

Figure 6. (A) Lowest energy docked structure for compound 7 with C-SA HIV-PR. The two PR
monomers are coloured as the blue and mauve ribbon. The inhibitor and the two Asp25 residues
presented as coloured sticks. (B) A closer view showing the binding mode of compound 7 inside
the C-SA HIV-PR active site. (The PDB file from which this presentation was made is available
as supplementary material).
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The MD simulations clearly showed that the inhibitor easily fits into the active enzyme pocket.
To assess the quality of these MD simulations, energetic and structural properties are monitored
along the entire 2 ns MD trajectory of the complex. Figure 7A presents the plot of the potential
energy of the system as a function of time. The fluctuation of potential energy is less than 1000

kcal mol™! over the course of the reaction.

The 2 ns averaged backbone RMSDs for the 7 enzyme complex is 1.96 A and this is an
indication that the generated MD trajectory of the complex is quite stable. The overall
orientation of the complex is preserved and very little movement of the PCU cage hydroxyl
groups inside the enzyme pocket is observed during the course of the MD run. However, slight

changes in the orientation in the cage inhibitor peptide side chains were observed.

As evident from the analysis of the hydrogen bonding interactions along the MD trajectories, the
inhibitor is forming hydrogen bonds between the cage hydroxyl groups and at least one of the
two Asp25 carboxyl groups (Figure 7 B and C). The post dynamic monitoring of the overall
hydrogen bond networks and the electrostatic interaction between the PCU diol peptide inhibitor
and nearby residues clearly revealed that these inhibitors settle comfortably inside the C-SA

HIV-PR active site (Figure 8).
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involved in hydrogen bond formation.

(C) Labelling of some atoms
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Figure 8. Modelled interaction of compound 7 with C-SA HIV-PR. Selected electrostatic and
hydrogen bond interactions for the C-SA HIV-PR complex with compound 7 from the MD
simulation (some of the atoms of the molecule have been deleted for clarity). These plots were

created with the Ligplot software.”® The 3D structure of this extraction from the MD simulation
is available as supplementary material.

It is clear from the hydrogen bond interactions that the inhibitor would be fitting quite stable in
the active site. Each hydrogen bond interaction contributes between 3-6 kcal/mol stabilization of

the resulting complex.

4. CONCLUSION

In summary, this study designed and synthesised new HIV-1 protease inhibitors based on the
pentacycloundecane derived diol diacid unit to which amino acids and oligomers of N-
substituted glycine were attached. From the docking and MD simulations studies it was
observed that the HIV-PR enzyme easily accommodates the most active cage diol peptides.
Better ICsq values in the case of PCU cage diol peptides can potentially be achieved by changing
the length of the link between the cage moiety and the side chain peptide. These possibilities
currently form the basis of an extended theoretical investigation in our laboratories. Promising

theoretical results will be scrutinised with a similar experimental approach. Although the
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respective activities are much lower than those of the most potent drugs (Atzanavir and
Lopinavir), the discovery of this new lead structure (the PCU cage diol diacid) opens exciting
possibilities to serve as potential inhibitors to some of the wide variety of protease related

diseases.
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ABSTRACT

Herein we report the synthesis and NMR elucidation of five novel pentacycloundecane (PCU)
derived short peptides as potential HIV protease inhibitors. 'H and Be spectral analysis show
major overlapping of methine resonance of the PCU ‘cage’ thereby making it extremely difficult
to assign the NMR signals. Attachment of short peptides to the cage at position C-8/C-11 results
in conformational differences of the peptide side chains due to diastereomeric interactions
between the cage skeleton and the chiral side chains.  The use of two-dimensional NMR

techniques proved to be highly effective in the elucidation of such systems.

Keywords: "H NMR, °C NMR, 2D NMR, PCU diol diaminoacid, HIV protease inhibitors.

1. INTRODUCTION

The chemistry of polycyclic “cage” compounds such as adamantane,I'Spentacycloundecane

11,17-34

(PCU),9'16 trishomocubane have been extensively studied by organic chemists over the

years. A number of South African scientists have focused particularly on the chemistry and
applications of PCU and trishomocubane polycyclic compounds.8’10’14'18’24’25’27'30’35'52 Our
research group has reported NMR studies in a bid to understand how the ‘cage’ skeleton
interacts/relates to its side ‘arms”." %% Aga part of ongoing research in this field, the NMR

assignments of five PCU derivatives (1-5) are reported (Figure 1). Compounds 1 and 2 have
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been previously reported,m’75 however have never been fully characterized. Compounds 3-5 are

novel PCU derivatives.

Several authors have commented on the challenges encountered with the NMR elucidation of

38,41,64-66

cage compounds, but the availability of 2D NMR techniques has helped to overcome

these former difficulties. The unique features of the cage molecules such as their rigidity and
long-range proton-proton interactions result in broad overlapping resonance and geminal/vicinal

proton-proton couplings. This further complicates the structural elucidation of these compounds.

The incorporation of the cage moiety in medicinal compounds introduces a variety of advantages
in terms of activity and pharmacology.4’11 We have recently reported a family of PCU lactam

peptides as potential South African human immunodeficiency virus type 1 subtype C protease

(CSA-HIV-1 PR) inhibitors, which showed promising in vitro inhibition activity (ICso = 0.78
5,

uM) against the CSA-HIV-1 protease enzyme.1 16 An extension of this study led to the design

of compounds 1-5 (Figure 1).

Figure 2. Structures of compounds 1-5
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The diols in the cage molecule are envisaged to interact with the catalytic ASP25/ASP25'

residues in the active site of the HIV PR enzyme. It could also serve as a transition state mimic,

due to the structural resemblance to a dihydroxyethylene type isostere.%8

2. SYNTHESIS
Cookson’s dione 669, is reacted with freshly prepared allyl magnesium bromide (Grignard
reaction) to obtain the endo-8, endo-11 diol 74670 Ozonolysis of the diol 7 followed by an

oxidative workup yielded the PCU diol dicarboxylic acid 1 in good yields63 (Scheme 1).

CH,=CHCH,MgBr 0,, MeOH
_— D —
THF H,0,, HCOOH
Y N\
o o \ ©OHHO ) o OHHO 0
OH HO
6 7 1

Scheme 1: Synthesis of PCU cage diol dicarboxylic acid (1)

Enantiomerically pure tert-butyl amino acid esters (12 and 13), were synthesized by reacting
amino acids (8 and 9) with terr-butyl acetate (11) and HCIO4.71 2-Phenylglycine (10) was
reacted with thionyl chloride and methanol to yield the corresponding enantiomerically pure

methyl ester 14 (Scheme 2).72

R
HzN/('SE(OH + )OL >< T H N%(O
0 o 0°C,12h =8
8 : R =Benzyl
9 : R =Isopropyl n 12 : R = Benzyl,
10 : R =Phenyl 13 : R = Isopropyl

SOCL,,

0°C, 4h \ o,

Q 7/

o}
(s)
NH,

14
(S) 2-phenylglycine methyl ester

Scheme 2. Synthesis of enantiomerically pure fert-butyl amino acid esters 12 and 13 and amino
acid methyl ester 14
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Compound 1 in dry DCM was reacted with zert-butyl amino acid esters 12 and 13 or the methyl
ester 14 in the presence of the coupling reagent HATU (2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-
tetramethyl  uronium  hexafluorophosphate = methanaminium) and DIPEA  (N,N-
diisopropylethylamine) as a base to give the corresponding compounds S5, 15, 16, and 17
(Scheme 3). Deprotection of PCU diol fert-butyl amino acid esters 15 and 16 was carried out
using TFA (trifluoroacetic acid) in DCM (1:1) to yield the corresponding enantiopure cage
amino acids 2 and 3 while the deprotection of compound 17 was achieved using aqueous KOH in

methanol to yield enantiopure compound 4 (Scheme 3).

HATU, DIPEA, HATU, DIPEA,
(S) amino acid methylester (S) t- butyl amino acid
DCM, rt, 6 h DCMnﬁh
o OHHO (o} OHHO OHHO
R R

15 : R = (S) L-Phenylalanine
t-butyl ester

16 : R=(S) L-Valine ¢-butyl
ester

R = (S) 2-Phenylglycine methylester

INKOH, | 1t,8h DCM, | HATU, DIPEA
MeOH rt, 6 h| (S) Prolinamide TFAand |rt,5h
DCM (1:1)

o OHHO o o OHHO o o OHHO o
R R R R R R

2 : R =(S) L-Phenylalanine
R =(S) 2-Phenylglycine R = (S) Prolinamide 3:R=(S) L-Valine

Scheme 3. Synthesis of PCU derivatives 2-5

3. RESULTS AND DISCUSSION

Compound 1 is mesomeric while compounds 2-5 are optically pure (carbons C-8/C-11 have
opposite chiralities). It is known from literature, that the H-4 cage proton signals appear as a pair
of doublets (geminal protons) one each for H-4a and H-4s with an AB spin resonances at

approximately 1.5 and 1.8 ppm (J ~ 10 Hz) respectively.

For compound 1, the '"H NMR spectrum exhibits the geminal PCU bridge methylene protons
resonances of H-4a and H-4s at 1.02 and 1.49 ppm with a coupling constant of 10.4 Hz. A
correlation was observed in the COSY and NOESY spectra for H-4a and H-4s with a signal at
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2.36 ppm, which was assigned to H-3/H-5. These protons also show COSY correlations with
two other methine protons (H-2/H-6 and H-9/H-10). The H-2/H-6 (2.47 ppm) signal correlates
with that of H-1/H-7 (2.58 ppm) while the other signal (H-9/H-10) exhibits no further
correlations. The NOESY spectrum also shows correlation of H-4a with H-2/H-6, while H-4s
correlates with H-9/H-10. The HMBC and NOESY techniques are vital tools to determine how
the side chains interact with the cage. The HMBC spectrum shows correlation of the C-9/C-10
peak with H-1'" at 2.23 ppm and H-4a at 1.02 ppm. The quaternary carbon signal of C-8/C-11
(76.4 ppm) and the carbonyl carbon C-2' (172.3 ppm) also show HMBC correlations to H-1'
(2.23 ppm), further confirming these assignments. Further verifications were carried out using

the HSQC spectrum. The assignments for compound 1 are presented in Table 1.

Ha, 4 Hs

Table 1. NMR data for Compound 1 in (CD3) ,SO

Compound 1
Atom S'H* J(Hz) st
177 2.58 - 42.2
2/6 2.47 - 38.8
3/5 2.36 - 43.8
4a 1.02 10.4 334
4s 1.49 10.4 334
8/11 - - 76.4
9/10 2.30 - 49.9
1 2.23 - 44.1
2! - - 172.3
3' (OH) 11.92
4' (OH) 7.16

 Solvent (CDj3) ,SO.
® 400 MHz for 'H and 100 MHz for *C.
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A similar methodology was used to assign the NMR signals of the cage protons and carbons for
the remaining compounds. Details of the subsequent NMR assignments of the PCU skeleton

will be omitted in further discussions for the sake of brevity.

All carbon atom signals for compound 2 appear as pairs. It is impossible to distinguish between
split carbon and proton signals. The two quaternary carbons registering at 77.2 and 77.8 ppm
were assigned to C-8/C-11 or C-11/C-8. The C-8 and C-11 signals exhibits a HMBC correlation
with a pair of doublets registering at 2.24 and 2.34 ppm (J = 15 Hz) which were assigned to H-
1'/H-1". The H-1'/H-1" protons are diastereotopic due to the neighbouring chiral carbon (C-8 and
C-11). H-1'/H-1" displays HMBC correlation to two overlapping C-2'/C2" carbonyl carbons at
173.1 — 173.9 ppm. The two multiplets at 4.73 and 4.81 ppm, both integrating to one proton,
were assigned to H-3'/H-3". H-3'/H-3" display both COSY and NOESY correlations with two
methylene signals (multiplets) registering at 2.96 and 3.27 ppm (H-4/H-4"). These two
methylene protons H-4'/H-4" are also diastereotopic. H-3'/H-3" and H-4'/H-4" display HMBC
correlations with a carbonyl carbon at 173.1 — 173.9 ppm, which were assigned to C-9'/C-9" (C-
2'/C-2" and C-9'/C-9" are overlapping). H-3'/H-3" show a HMBC correlation to two quaternary
carbons registering at 137.2 and 137.5 ppm which were assigned to C-5'/C-5". H-4'/H-4" show
HMBC correlations to aromatic carbons registered at 128.8 and 128.9 ppm (C-6'/C-6"). Carbon

signals for C7' (129.5 ppm) and C8'/C8" (127.1/127.3) were alssignf:d73’74 based on the intensity
of the peaks. Peculiarly, C7' (129.5 ppm) did not display any splitting of the aromatic carbon

signal.

We previously reported the X-ray crystal structure of compound 2 (Figure 2).75 It is evident
from the crystal structure that a conformational difference of the “arms” of the cage exists, with
one arm pointing towards the back of the cage while the other is positioned in front of the cage.
We have previously reported several cases where the same observation was made from NMR

15,16,53-55,57,59

experiments in solution. From the NOESY spectrum H-4s, H-9 and H-10 display

weak correlations with the aromatic protons. These assignments are presented in Table 2.
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Figure 3. Crystal structure of compound 273 Hydrogen atoms are ommitted for clarity.

The "H NMR spectrum of compound 3 shows a muliplet (it should be a pair of doublets) for the
chiral protons H-3'/H-3" registering at 4.36 ppm (J = 4.8 Hz) which integrate for two protons.
These chiral methine protons exhibit a COSY correlation to a multiplet registering at 2.19 ppm,
which was assigned to the adjacent proton H4'. This methylene proton (H4' at 2.19 ppm)
displays both NOESY and COSY interactions with two methyl protons at 0.94, 1.00 and a chiral
proton registered at 4.36 ppm (C-3'/C-3"). Based on these correlations, the two methyl protons
were assigned to H-5/H-5" and H-6/H-6". The C-3'/C-3" peaks (58.6/58.7 ppm) also show
HMBC correlations to H-4', H-5" and H-6'. Overlapping carbonyl signals in the region of 174.3
— 174.6 ppm (C-2' and/or C-7') show HMBC correlations to H-3'/H-3", H-4' and H-1/H-1",
hence the carbonyl carbons could not be distinguished. Splitting of some carbon signals are
observed. This has been previously reported for similar compounds and it was attributed to

55.57,59

conformational effects by the side arms. In the case of compound 3 splitting of carbons

for atom H-4' was not observed. These assignments are presented in Table 2.

86



Table 2. NMR data for PCU derivatives 2 and 3 in (CD3;)OD

Compound 2 Compound 3
Atom® 3'H J (Hz) e’ Atom" 3'"H J (Hz) e’
1/7 2.09/2.11 44.5/44.8 1/7 2.55 44.3
2/6 2.48 39.4/39.7 2/6 2.62 40.6/40.7
3/5 2.26/2.30 43.2-43.8 35 2.49/2.55 45.7
4a 1.04 10.6 33.9 4a 1.18 10.8 34.8
ds 1.39 10.5 33.9 ds 1.60 10.7 34.8
8/11 - 77.2/77.8 8/11 - 78.5/78.6
9/10 1.67/1.89 8.8 49.1/49.4 9/10 2.33/2.40 50.7/50.9
11" 2.24/2.34 15 43.2/44.8 11" 2.33/2.47 45.2/45.3
2'2"'/9'19" - 173.1-173.9 27 - 174.3/174.6
33" 4.73/4.81 4.6 53.8/53.9 33" 4.36 4.8 58.6/58.7
4'/4" 2.96/3.27 6.5 37.5/37.6 4' 2.19 4.6 31.7
55" - 137.2/137.5 | 5'/5"/6'/6' | 0.94-1.00 18.0/18.2/19.6/1
' 9.7
6'/6" 7.14-7.32 128.8/128.9
7' 7.14-7.32 129.5 -
8'/8" 7.14-7.32 127.1/127.3
* Solvent CD;0D.

® 400 MHz for 'H and 100 MHz for °C. Compound 2: 600 MHz for 'H and 125 MHz for °C
° It was not possible to distinguish between the atoms on the left and right side of the cage and side arms.

The ">C NMR spectrum of compound 4 shows two overlapping carbonyl peaks registering in the

region of 173.8 ppm. These overlapping signals were assigned to C-2' and C-8'. Interestingly the

majority of the side chain atoms were not split as for compounds 2 and 3.
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C-8' displays a HMBC correlation to a methine proton registering at 5.43 ppm; this methine
proton further exhibits a HMBC correlation to a quaternary carbon at 138.8 ppm and a phenyl
carbon registering at 128.7 ppm. The methine proton was assigned to H-3' (5.43 ppm) while the
quaternary carbon and the phenyl carbon were assigned to C-4' and C-5' respectively. H-3" also
displayed NOESY interaction with the phenyl protons at regions 7.30 — 7.43 ppm. The
remaining phenyl carbons registering at 129.4 and 129.8 ppm were assigned to C-6' and C-7'
based on the integration of the peaks.73 C-2' (173.8 ppm) and C-8/11 (a chiral carbon, 78.7 ppm)
both display HMBC correlations to overlapping proton signals in the region of 2.17 and 2.24
ppm. The HSQC spectrum shows that these two signals correlate to one carbon (45.3 ppm)
suggesting that they are doublets (this observation could not be made exclusively from the 'H
spectrum due to the overlapping in this region). These two signals were assigned to H-1' and
H1". All remaining carbons and protons were assigned using the HSQC spectrum. These

assignments are presented in Table 3.

The "*C NMR spectrum of compound 5 shows two carbonyl signals at 170.6 and 173.8 ppm.
The side chains did not reveal split carbon signals. These signals are due to the C-2'/C-2" or C-
7'/C-7" carbonyl carbons. Only the signal at 173.8 ppm shows HMBC correlation to the H-8'/H-
8" protons at 6.92 and 7.08 ppm respectively; the carbonyl signal at 173.8 ppm was therefore
assigned to C-7' and C-7". The signal at 170.6 ppm was assigned to C-2' and C-2". The carbonyl
carbon (C-7'/ C-7") signal also shows correlation to the chiral methine proton at 4.16 ppm, which
was assigned to H-6' and H-6". The chiral methine proton (H-6'/H-6") shows COSY correlation
to H-5'/H-5" at 1.99 pm. This was further confirmed from the HMBC spectrum since the signal
of the carbonyl carbon C-7'/C-7" shows correlation to H5'/H-5". HS5'/H-5" displays both COSY
and NOESY correlations to a signal at 1.81 ppm, which was assigned to H-4' and H-4". The
methylene protons registered at 3.50 ppm showed COSY correlation to H-4'/H-4" which was
then assigned to H-3' and H-3". In addition, the C-2'/C-2" signal shows a HMBC correlation to
H-3'/ H-3". The carbonyl carbon C-2'/C-2" and the quaternary carbons C-8/C-11 display HMBC
correlations to methylene protons at 2.04 and 2.37 ppm which were assigned to H-1' and H-1".
HMBC and HSQC spectra were further used to confirm the assigned proton and carbon signals.

The signal assignments for compounds 4 and 5 are presented in Table 3.
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Table 3. NMR data for PCU derivatives 4 in (CD3)OD and 5 in (CD3) ,SO

Compound 4 Compound 5
Atom | 3'H"* J (Hz) | 8"C™* | Atom | 3'"H™* J (Hz) | 8"C**
1/7 2.37 45.7 1/7 2.67 42.0
2/6 | 2.51 40.6 2/6 | 2.52 38.5
3/5 | 243 44 .4 3/5 | 242 43.9
4a 1.10 10.8 34.8 4a 1.04 10.6 33.5
4s 1.50 10.7 34.8 4s 1.48 10.5 33.5
8/11 78.7 8/11 | - 77.8
9/10 | 2.15 50.8 9/10 | 2.10 50.3
1'/1" | 2.17/2.24 45.3 1'/1" | 2.04/2.37 41.3/42.2
2'/8' 173.8 2! - 170.6
3 5.43 58.2 3 3.50 47.3
4' 138.8 4' 1.81 24.0
5' 7.30-7.43 128.7 5' 1.99 29.3
6' 7.30-7.43 1294 6' 4.16 5.59 59.3
7 7.30-7.43 129.8 7 - 173.8
8'/8" | 6.92/7.08 -

“Solvent (CDs) »,SO.
®Solvent (CD5)OD.
€400 MHz for 'H and 100 MHz for *C.

4. EXPERIMENTAL SECTION

IR spectra were obtained from a Perkin Elmer Spectrum 100 instrument with an attenuated total
reflectance attachment. High Resolution Electron Spray lonization Mass Spectroscopic analysis
was performed for all compounds on a Bruker MicroTOF QII mass spectrometer in positive

mode with the exception of compound 1 in which data was collected in the negative mode. All
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MS samples were analysed with an internal calibration. Melting point analysis (uncorrected)
was performed on a Stuart Scientific digital melting point apparatus SMP3. Tetrahydrofuran
(THF) was freshly distilled using sodium wire/benzophenone under nitrogen (N,) atmosphere.
Dichloromethane (DCM) was dried using phosphorus pentoxide as drying agent. The NMR data
were recorded on Bruker AVANCE III 400 and 600 MHz instruments; the chemical shifts were
referenced to the solvent peak, namely 6 = 7.24 ppm for CDCl;, 6 = 2.50 ppm for (CD3),SO, and
0 = 3.34 ppm for CD;OD at ambient temperature. Analytical analysis was performed on an
Agilent 1100 HPLC (Waters Xbridge C18 150 mm x 4.6 mm x 5 microns) coupled to a UV
detector (215 nm) and an Agilent VL ion trap mass spectrophotometer in the positive mode.
Semi-preparative HPLC was carried out on a Shimadzu 8A instrument (Ace C18 150 mm x 21.2
mm X 5 microns) with a UV/VIS detector (215 nm) and an automated fraction collector. A two-
buffer system was employed, utilizing formic acid as the ion-pairing agent. Mobile phase A
consisted of 0.1% formic acid/H,O (v/v) and mobile phase B consisted of 0.1% formic
acid/acetonitrile (v/v). All the enantiopure (S) amino acids and coupling reagents were
purchased from GL Biochem (Shanghai) Ltd. Analytical grade solvents and reagents such as
allyl magnesium bromide, tert-butyl acetate, DIPEA, prolinamide for synthesis were procured

from Sigma-Aldrich (South Africa).

Synthesis of exo0-8-exo-11-diallylcarboxilic acid pentacyclo[5.4.0.02’6.03’10.05’9]undecane-

endo-8-endo-11-diol (1)

A solution of diene 74670 (15.0 g, 58.0 mmol) in dry methanol (100 mL) was cooled in an
external dry ice-isopropanol bath (-78 °C). Ozone was bubbled into the reaction mixture until a
blue-purple colour persisted indicating the presence of excess ozone in the system and hence the
completion of the reaction. The excess ozone gas was flushed from the reaction vessel with a
stream of nitrogen and the solvent (CH30H) removed in vacuo. Formic acid (100 mL) was
added to the ozonide and the mixture was cooled in a ice bath with stirring. Hydrogen peroxide
(150 mL, 30%) was then added drop-wise to the stirred cooled reaction mixture. The reaction
was left to attain ambient temperature for 1 h and then gently refluxed for 12 h, the resulting
mixture was concentrated in vacuo to yield crude product. The crude product was purified via
column chromatography on silica gel using CH;COOH: MeOH: EtOAc: Hexane (1:2:20:77, Ry

= 0.3, 92% yield) to obtain compound 1 as a viscous pale yellow oil, which solidified on
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standing at room temperature to give a white solid. Melting point: 155 — 157 °C, IR vpax: 3102,
2985, 2864, 1698, 1639, 1451, 1292, 1280, 1181, 1165, 1120, 1068, 1045, 923, 862, 799, 736,
652, 575 and 477 cm™. '"H NMR [(CD;),SO, 400 MHz]: 5y 1.02 (AB, Jap = 10.4 Hz, 1H), 1.49
(AB, Jag = 10.4 Hy, 1H), 2.23 (s, 3H), 2.26 (s, 2H), 2.37 (s, 2H), 2.48-2.50 (m, 3H), 2.57-2.59
(m, 2H), 7.16 (s, 2H), 11.92 (s, 2H). °C NMR [(CDs),SO, 100 MHz]: 8¢ 33.4 (CH,), 38.8 (CH),
42.2 (CH), 43.8 (CH), 44.0 (CH,), 49.9 (CH), 76.4 (C), 172.3 (C). HR ESI m/z: calculated for
Ci5sH;306 [M-H] : 293.1031 found 293.1030.

General procedure for the synthesis of exo-8-exo-11-di-(S)-amino acid
pentacyclo[5.4.0.02’6.03’10.05’9]undecane-endo-S-endo-ll-diol (2,3 and 4)

A solution of compound 1 (1.0 eq., 0.5 g) in dry DCM (15 mL) was stirred at room temperature
for 5 min. To this mixture was added enantiomerically pure tert-butyl amino acid esters/(S)-
amino acid methyl esters (4.0 eq). The reaction mixture was cooled in an ice water bath and
stirred for 5 min. This was followed by the addition of HATU (5.0 eq., 3.24 g) and DIPEA (8.0
eq., 1.76 g, 2.4 mL, a base). The solution was then slowly brought to room temperature and
stirred for 6 h. The crude reaction mixture was washed with water (100 mL) and then with of
10% HCI1 (100 mL). The organic layer was dried over anhydrous Na,SO, and filtered. The
crude product was evaporated at 40 °C to dryness under vacuum to obtain thick yellow oil. The
crude tert-butyl esters of the PCU cage diol diamino acids (15and 16, = 0.8 — 1.0 g) were further
dissolved in 8 mL of 1:1 (v/v) DCM and TFA solvent mixture and stirred overnight. TFA was
removed from the mixture by bubbling air through the peptide and the remaining DCM was
removed under vacuum at 30 °C, to obtaincrude PCU cage diol diamino acids (2 and 3) as pale

yellow oils.

The methyl esters of PCU cage diol di-(S)-amino acids (17, = 0.9 g) were dissolved in methanol
(3 mL) and excess of 1 N KOH (5 mL) and stirred overnight. Glacial acetic acid was added until
the mixture was neutral and then diluted with chloroform. The organic solution was washed
once with water and brine. The organic layer was dried over anhydrous MgSO, and
concentrated in vacuo to give a crude oily compound 4. These crude compounds were then
purified by using preparative HPLC to give enantiomerically pure PCU cage diol diamino acids

(2,3 and 4).
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Data for exo-8-exo-11-diphenyl-(S)-alaninepentacyclo[5.4.0.02’6.03’10.05’9]undecane-endo-S-

endo-11-diol (2)

A white solid (67%). Melting point: 231 — 232 °C, [0]*’p:+14.29 (¢ 0.14 in MeOH). IR Vpay:
3261, 2957, 1758, 1638, 1522, 1191, 758, 701 and 489 cm™. 'H NMR [CD;OD, 400 MHz]:
8ul1.04 (1H, d, J = 10.6 Hz), 1.39 (1H, d, J = 10.5 Hz), 1.67 (1H, d, J = 8.8 Hz), 1.90 (1H, d, J =
8.8 Hz), 2.09-2.34 (8H, m), 2.45-2.47 (2H, m), 2.91-3.01 (2H, m), 3.24-3.31 (2H, m), 4.69-4.73
(1H, q, J = 4.7 Hz ), 4.77-4.81 (1H, q, , J = 4.6 Hz), 7.13-7.17 (1H, m), 7.22-7.32 (9H, m). "*C
NMR [CD;0D, 100 MHz]: 8¢ 33.9 (CH,), 37.5 (CH,), 37.6 (CH,), 39.4 (CH), 39.7 (CH), 43.2
(CH, CH,), 43.8 (CH), 43.8 (CH), 44.5 (CH), 44.8 (CH, CH,) 49.1 (CH), 49.4 (CH), 53.8 (CH),
53.9 (CH), 77.2 (C), 77.8 (C), 127.1 (CH), 127.3 (CH), 128.8 (CH), 128.9 (CH), 129.5 (CH),
137.2 (C), 137.5 (C), 173.1 (C), 173.9 (C). HR ESI m/z: calculated for C33H3gN,Og [M+H] *:
589.2544 found 589.2541.

Data for exo-8-exo-11-di-(S)-Valinepentacyclo[5.4.0.02’6.03’10.05’9]undecane-endo-S-endo-l1-

diol (3)

A colourless 0il (72%). [a]*°p:+8.69 (¢ 0.23 in MeOH). IR vy 2960, 2929, 1721, 1621, 1537,
1464, 1392, 1259, 1209, 1064, 986 and 544 cm™. 'H NMR [CD;OD, 400 MHz]: y41.18 (1H, d,
J = 10.8 Hz), 1.60 (1H, d, J = 10.7 Hz), 0.94-1.00 (12H, m), 2.19 (2H, q, J = 4.6 Hz), 2.20-2.62
(12H, m), 4.36 (2H, t, 4.8). *C NMR [CD;0D, 100 MHz]: ¢ 34.8 (CH), 40.6 (CH), 40.7 (CH),
44.3 (CH), 45.2 (CH,), 45.3 (CH,), 45.7 (CH), 50.7 (CH), 50.9 (CH), 78.5 (C), 78.6 (C), 174.3
(C), 174.6 (C). HR ESI m/z: calculated for C>sH3sN,Og [M+H] *: 493.2531 found 493.2544.

Data for exo-8-exo-11-di-(S)-2-phenylglycinepentacyclo[5.4.0.02’6.03’10.05’9]undecane-endo-S-
endo-11-diol (4)

A colourless oil (58%). [a]*°p:-30.00 (c 0.1 in MeOH). IR vpax: 3060, 2994, 2863, 1723, 1629,
1524, 1452, 1256, 1179, 1133, 1063, 722, 696, 596 and 513 cm™. "H NMR [CD;0OD, 400 MHz]:
oul.10 (1H, d, J = 10.8 Hz), 1.50 (1H, d, J = 10.7 Hz), 2.15-2.58 (12H, m) 5.43 (2H, s), 7.30-
7.43 (10H, m). 3C NMR [CD;0D, 100 MHz]: ¢ 34.8 (CH,), 40.6 (CH), 44.4 (CH), 45.3 (CH,),
45.7 (CH), 50.8 (CH), 58.2 (CH), 78.7 (C), 128.7 (CH), 129.4 (CH), 129.8 (CH), 173.8 (C). HR
ESI m/z: calculated for C3;H3,N>Og [M+H] *: 561.2213 found 561.2231.
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Synthesis of exo-8-exo-11-di-(S)-prolinamidepentacyclo[5.4.0.02’6.03’10.05’9]undecane-endo-8-

endo-11-diol (5)

A solution of compound 1 (1.0 eq., 0.5 g) in dry DCM (15 mL) was stirred at room temperature
for 5 min. To this mixture was added enantiopure (S)-prolinamide (4.0 eq., 0.8 g) whilst it was
cooled in an ice water bath with stirring for 5 min. To the above cooled mixture was added
HATU (5.0 eq., 3.24 g) followed by DIPEA (8.0 eq., 1.76 g, 2.4 mL). This reaction mixture was
then slowly brought to room temperature and stirred for 6 h. The crude reaction mixtures was
diluted with DCM and filtered. The crude product was evaporated to dryness at 40 °C under
vacuum using a teflon pump to obtain a thick yellow oil. The product was purified with
preparative HPLC to give enantiopure PCU cage diol diprolinamide as a pale yellow solid
(82%). Melting point: 83 — 85 °C. [a]2OD:—37.50 (¢ 0.16 in MeOH). IR vy 3179, 2957, 2872,
1669, 1603, 1448, 1417, 1288, 1191, 1168, 1071, 987, 908, 653, 539 and 421 cm™. 'H NMR
[(CD3),S0O, 400 MHz]: 641.04 (1H, t, J = 10.6 Hz), 1.48 (1H, t, J = 10.5 Hz), 1.74-2.72 (18H,
m), 3.50-3.68 (2H, m), 4.16-4.22 (2H, m), 6.92-6.95 (2H, m), 7.08-7.22 (2H, m). °C NMR
[(CD3),SO, 100 MHz]: 8¢ 24.03 (CH>), 29.3 (CH»), 33.5 (CH,), 38.5 (CH), 41.3 (CH»), 42.0
(CH), 42.2 (CH») 43.9 (CH), 47.3 (CH»), 50.3 (CH), 59.3 (CH), 77.8 (C), 170.6 (C), 173.8 (C).
HR ESI m/z: calculated for CosH34N4Og [M+H] *: 487.2542 found 487.2551.

5. CONCLUSION

The full NMR elucidation of five novel PCU cage derivatives was successfully achieved.
Considerable overlapping of proton and carbon signals was observed, however this was
overcome by using 2D NMR techniques. This technique proved to be a vital and convenient tool
in elucidating PCU cage short peptides derivatives. These compounds are currently being
evaluated as potential HIV protease inhibitors. It is unclear why some of the compounds give

split side chain signals and others not.

6. SUPPORTING INFORMATION

All the spectra mentioned in the text are available as supporting information (Appendix.1).
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CHAPTER 4

PENTACYCLOUNDECANE DERIVED HYDROXY ACID PEPTIDES: A
NEW CLASS OF IRREVERSIBLE NON-SCISSILE ETHER BRIDGED
TYPE ISOSTERE AS POTENTIAL HIV-1 WILD TYPE C-SA PROTEASE
INHIBITORS
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ABSTRACT

Novel peptides incorporating the PCU derived hydroxy acid (5-Hydroxy-4-
oxahexacyclo[ 5.4.1.0°5.07°.0°°.0%" Jdodecane) were synthesized and their activity against the
resistance-prone wild type C-South African (C-SA) HIV-protease is reported. The attachment of
peptides and peptoids to the PCU derived hydroxy acid resulted in a series of structurally
diverse promising HIV-1 protease inhibitors. Amongst the nine novel compounds, 16, 17, 20 and
23 gave ICsy values ranging from 0.6-5.0 uM against the wild type C-SA HIV-1 protease enzyme.
Docking studies and molecular dynamic (MD) simulations have been carried out in order to
understand the binding mode of the PCU moiety at the active site of the HIV protease enzyme. A
conserved hydrogen bonding pattern between the PCU derived hydroxy ether and theactive site

residues, ASP25/ASP25', was observed in all active compounds.

Keywords: Transition state analogs, 5-Hydroxy-4 oxahexa1cyclo[5.4.1.02’6.03 100> 0*!'"1dodecane
peptides, HIV-1 wild type C-SA protease, PCU derivedpeptides, HIV protease inhibitor,

inhibitory concentration (ICsp), Docking, Molecular dynamics.

98



1. INTRODUCTION

HIV is a global health problem and has become a major threat to the existence of the human
race. It has already caused an estimated of more than 25 million deaths worldwide and has
generated profound demographic changes in the most heavily affected countries. Globally in
2012 alone there are 34.0 million people living with HIV and 2.5 million new HIV infections
worldwide." The human immunodeficiency virus (HIV) encodes an aspartic protease (PR) that

2,

1s essential for the formation of mature and infectious virions. 3 The HIV-PR is an established

target in the chemotherapy of acquired immunodeficiency syndrome (AIDS) and intensive

efforts have been directed to develop potent, orally available, peptidomimetic inhibitors for this

(3nzyme:.3"6 At present, the FDA has approved nine PR inhibitors, and several others are now in

clinical trials.%® However, long-term anti-retroviral therapy for HIV infected patients promotes
the emergence of resistance mutations of the HIV-PR, and consequently reduces the clinical
efficacy of these a1gents.9’10 Thus, there is a continuing demand for newer mutant-resistant HIV-
PR inhibitors. Fortunately, HIV-PR variants expressing resistance to inhibitors have also been
derived in cell culture and therefore new classes of potential inhibitors can be evaluated against

drug-resistant HIV strains. ™!

Difficulties associated with drug-delivery have been observed mostly in peptide-based drugs due
to their highly hydrophilic nature, which results in poor membrane permeability.g”“’12 A second

limitation of peptide drugs is their susceptibility to in-vivo degradation.

Over the past few years it was reported that the incorporation of polycyclic cage frameworks into

biologically active molecules often improves the activity due to enhanced transport across

cellular membranes.” """ The lipophilic nature of the cage skeleton also enables the molecules to

14,18-20

cross the blood-brain barrier as well as the central nervous system (CNS). A second

advantage of incorporating the cage skeleton into such compounds is an increased resistance to

21-34 -41

biodegradability.13 The computational design, NMR elucidation™ "' and biological

studies ™ of several types of polycyclic cage molecules were previously reported in our group.
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We have recently reported a family of PCU lactam peptides as potential HIV-PR inhibitors. >

EASY-ROESY NMR experiments were used to determine crucial information about the 3D
structure of these peptides in solution. The active inhibitors exhibited a turn of the peptide side
chain that interacts with the cage protons. Docking of the cage peptides with the C-SA PR was
also performed and a correlation of the binding energies with the ICsy inhibition results was
evident. It was also demonstrated for the first time that the chirality of the PCU moiety was
important for inhibition activity. Although the inhibitors approached activities in the nano molar
range, it was clear that the need for better cage derived inhibitors should be explored. We
decided to investigate a different PCU derivative as a potential transition state analogue as well
as to assess whether the introduction of peptoids may have a positive effect on the inhibition

activity.

Considerable effort has been invested to improve the pharmacological properties of peptides,
mainly by increasing their enzymatic stability while preserving the chemical moieties required

A7

for functional alctivity.46 Peptoids represent a class of oligomeric compounds that closely
mimic the natural structure of peptides and possess increased enzymatic stability as compared
with homologous peptides. Peptoids are composed of N-substituted glycine (NSG) residues.
The advances in the synthetic strategies used to prepare peptoid oligomers make them an

attractive class of peptidomimetics.48'51

Herein we report the synthesis and efficacy of peptide and peptoid based PCU hydroxy ether
derived compounds as potential HIV-1 protease inhibitors. The strategy used for designing HIV
protease inhibitors is to mimic the transition state analogue of the Asp-induced enzyme cleavage

thereby increasing the enzyme’s affinity for the inhibitor over the peptide substrate.

Literature reports indicate that phenylalanine is the most common substituent at the S! subsite
and it is found in 40% of Gag-Pol gene sequences of the virus.>? According to literature, the

S'/S" subsites accommodate hydrophobic substituents.”> S%S* and S*/S” subsites accommodate

less hydrophobic substituents such as valine and alanine. It is postulated that inhibitors must

have peptidic character with the scissile bond of the substrate being replaced by a non-cleavable

54,55

bond. The substrate specificity is determined by subsites located closely to the scissile bond.
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Primarily the S'/S" and S*/S? subsites being responsible for substrate recognition.56 Based on
this concept, we have designed and synthesized nine novel PCU derived hydroxy acid peptides
and peptoid analogs. Variations of the amino acid sequence in the peptide chain were

introduced. It was shown that the cage ether type bond of 2 is virtually non-hydrolysable under

conditions that were harsher than physiological conditions.”’

Amprenavir (Figure 1) is protease inhibitor and was first developed by GlaxoSmithKline. This
drug was approved by the Food and Drug Administration in 1995. Darunavir (Figure 1a) a
second generation protease inhibitor named after A. K. Ghosh. He was mainly responsible for
developing nonpeptidyl ligands (Figure 1) that displayed enhanced activity when cyclic ethers
were incorporated into the structures. > The rationale behind using the cage ether is that when
it is incorporated into a short peptide, this cyclic hydroxy ether moiety could perhaps serve as a
cyclic ethertransition state analogue under protease conditions. The structural resemblance
between the non-scissile cyclic ether and the cage ether is presented in Figure 1, (structures 1a,

1b and 2). If this proposed interaction between the cage-peptide and the PR is possible, then it

should result in effective inactivation of the PR.53

&

i
szO -N OHOQ
H2N\©\/g oH o H o Yo H
_N N - NH
S \/\‘/ \[( b (ﬁ
O o lo}
Spr0 ﬂ o},
Amprenavir non-scissile conformationally Darunavir
1a constrained cyclic ether bond 1b

N \%2 N stable peptide “non-scissile
bond conformationally
constrained cyclic

2 ether bridge

Figure 1. Structure of the proposed 5-Hydroxy-4-oxahexacyclo[5.4.1.0%°.0%!°.0>?.0%!"1dodecane
peptide showing structural resemblance to the constrained cyclic ether bond of Amprenavir and
Darunavir

This approach is a supplement to our recent report about the first family of PCU-lactam peptide

HIV-PR inhibitors.‘?"?”34 In that study, information about the 3D solution structure obtained from
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EASY-ROESY NMR techniques of the cage peptide could be correlated to the inhibitory activity
of the peptide. A docking study followed by a QM/MM/MD study of the inhibitor/HIV-PR
complex suggestedthat, the hydroxy lactam function of the PCU interacts with the Asp25/Asp25'

residues of the protease enzyme.
2. MATERIAL AND METHODS

2.1. EXPERIMENTAL
Analytical analysis was performed on an Agilent 1100 HPLC (Waters Xbridge C18 150 mm x

4.6 mm x 5 microns) coupled to a UV detector (215 nm) and an Agilent VL ion trap mass
spectrophotometer in the positive mode. Semi-preparative HPLC was carried out on a Shimadzu
8A instrument (Ace C18 150 mm x 21.2 mm x 5 microns) with a UV/VIS detector (215 nm) and
automated fraction collector. A two-mobile phase system was employed, utilizing formic acid as
the ion-pairing agent. Mobile phase A consisted of 0.1% formic acid/H,O (v/v) and mobile
phase B consisted of 0.1% formic acid/acetonitrile (v/v). High Resolution Electron Spray
Ionization Mass Spectroscopic (HRESIMS) analysis was performed on a Bruker MicroTOF QII
mass spectrometer in positive mode with an internal calibration. Microwave couplings were
conducted on a Discovery CEM Liberty microwave peptide synthesizer. The coupling
conditions of the peptide synthesizer were adapted from literature.>* The *C NMR and 'H
NMR data were recorded on a Bruker AVANCE III 400 MHz spectrometer. Some samples were
analyzed using a Bruker AVANCE III 600MHz when higher sensitivity was required. Protease
hydrolytic activity was measured by monitoring the relative decrease in absorbance at 300 nm
using an Analytik Jena Specord 210 spectrophotometer. Optical rotations were measured at
room temperature in dry methanol using a Perkin Elmer Polarimeter-Model 341.All IR spectra
were recorded on a Perkin Elmer Spectrum 100 instrument with a universal ATR attachment.
All the amino acids, resins and coupling reagents are commercially available and were purchased
from GL Biochem (Shanghai) Ltd. Analytical grade solvents for synthesis were procured from

Sigma-Aldrich (South Africa).
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In vitro HIV-1 protease activity

4,61

The catalytic activity of the HIV-1 protease3 was monitored following the hydrolysis of the

chromogenic peptide substrate Lys-Ala-Arg-Val-Nle-p-nitro-Phe-Glu-Ala-Nle-NH,.  This
substrate mimics the conserved KARVL/AEAM cleavage site between the capsid protein and

nucleocapsid (CA-p2) in the Gag polyprotein precursor.

For this study, the chromogenic substrate was synthesized using a Discovery CEM Liberty
microwave peptide synthesizer on Rink amide resin. The substrate was cleaved from the resin
and deprotected using 95:5 (v/v) TFA:TIS for 3 hours. It was then precipitated using cold ether
and purified viareverse phase semi-preparative HPLC on a Shimadzu instrument and
characterized using the Bruker microTOF-Q II instrument (Table 1 in supplementary

information).

To determine the concentration of the compounds that resulted in 50% inhibition (ICsg) of HIV-1
protease enzyme activity, the protein (100 nM) and chromogenic substrate (50 uM) were added
into a 120 pLL microcuvette containing increasing concentrations of inhibitor in a pH 5.0 buffer
(50 mM sodium acetate and 0.1 M NaCl). Protease hydrolytic activity was measured by
monitoring the relative decrease in absorbance at 300 nm using an Analytik Jena Specord 210
spectrophotometer. Activity was standardized using commercially available drugs Atazanavir
and Lopinavir. All cage peptides were soluble in the aqueous buffer solution. (pH = 5, 50 mM

sodium acetate and 0.1 M NaCl)

General Procedure for the synthesis of 5-Hydroxy-4-oxahexacyclododecane -3-carboxylic

acid, compound 15
Compound 15 was synthesized according to the previously reported method.”’

General procedure for manual SPPS loading of first amino acid to 2-chlorotrityl chloride

. 33,34
resin

Activated 2-chlorotrityl chloride resin (1 g, 1.33 mmol) was swelled in dry DCM (10 mL) for 10
minutes in a sintered glass reaction vessel. Fmoc-Amino acid-OH (3.99 mmol) in DCM (10 mL)

and N,N-diisopropylethylamine (DIPEA) (6.65 mmol), was added to the resin and was mixed for
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2 hrs with a stream of nitrogen bubbles. The solvent was removed by filtration and the resin was
washed with DCM (3 x 10 mL). A few resin beads (~5 mg) were removed from the reaction
vessel and dried under vacuum for an hour. A solution of 20% piperidine in DMF was added to
the dried resin beads (1 mg) and left to stand for 20 min. General washing procedure for manual
SPPS: After each step of SPPS the resin was washed with DCM (3 x 10 mL), DMF (3 x 10 mL)
and DCM (3 x 10 mL).

General procedure for the synthesis of peptides using microwave power

Stock solutions of amino acids (0.2 mM), DIPEA (1 mM) and O-benzotriazole-N,N,N’,N’-
tetramethyl-uronium-hexafluoro-phosphate(HBTU) (2 mM) were prepared and inserted to their
appropriate reaction vessels on the peptide synthesizer. All peptides were synthesized on a 0.5
mmol scale using microwave power. The washing procedure was similar to the one used for
manual SPPS. The standard coupling method for Arginine (Arg) was used for attachment of the
second amino acid to the resin (1 g) preloaded with the first amino acid. The standard coupling

33,34,62

method was used for subsequent reactions and for Fmoc deprotection. The washing

procedures were similar to those used for manual SPPS.

Final cleavage from the resin was performed manually. The resin bound peptide was washed
with DCM (3 x 10 mL) in a reaction vessel while nitrogen was bubbled through the solution. A
cleavage mixture of 0.5% (v/v) TFA and 95% (v/v) DCM was added to the dried resin while
nitrogen was bubbled through the solution for 10 minutes. The resin was washed three times
with the cleavage mixture and the cleaved peptide was removed by filtration and collected in a
flask containing water (100 mL). The filtrate was extracted several times with DCM so as to
remove the peptide from the water layer. DCM was removed under reduced pressure using a

Teflon pump at 40 °C and affording the peptide as a white powder.

General procedure for the synthesis of peptoids48'51

Activated 2-chlorotrityl chloride resin (1.0 g, 1.33 mmol) was swelled in dry DCM (10 mL) for
10 minutes in a sintered glass reaction vessel. Bromoacetic acid (1.6 g, 11.51 mmol) and DIPEA
(2 mL) were added to the resin and the mixture was bubbled for 2 hrs via a stream of nitrogen.

The solvent was removed by filtration and the resin was washed with DCM (3 x 10 mL) and
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DMEF (3 x 10 mL). A solution of the amine in DMF (1 M) was added to the reaction vessel and
bubbled for 1 hr with nitrogen. The solvent was removed by filtration and the resin was washed
with DCM (3 x 10 mL) and DMF (3 x 10 mL). Bromoacetic acid (1.6 g, 11.51 mmol) and N,N'"-
diisopropylcarbodiimide (DIC) (2 mL) was then added and the mixture was added to the reaction
vessel and bubbled for 2 hrs using nitrogen. The resin was washed as described previously
followed by the addition of a solution of the amine (1 M), bromoacetic acid (1.6 g, 11.51 mmol)
in DMF and DIC (2 mL). Final cleavage of the peptoid from the resin was carried out similarly

as that of thepeptides described previously.

General procedure for coupling of peptides and peptoids to 5-Hydroxy-4-

oxahexacyclododecane-3-carboxylic acid, compounds 16-24

The cleaved peptide (1.2 eq.) was dissolved in DCM (3 mL) followed by the addition of 5-
Hydroxy-4-oxahexacyclododecane-3-carboxylic acid®’ (1 equiv), HATU (2.5 equiv) in DMF (7
mL) and DIPEA (3 equiv) as a base. The mixture was left to stir at room temperature for 24 hrs.
The product was evaporated to dryness under vacuum using a teflon pump at 40 °C. A cleavage
mixture (10 mL) of 95% (v/v) TFA and 5% (v/v) DCM was added to the coupled peptide and
stirred for 24 hrs at room temperature to remove the N-Boc protecting group. The TFA was
removed from the mixture by bubbling air through the peptide and the remaining DCM was
removed under vacuum at 30°C. The product was obtained as yellow oil which was purified by

preparative HPLC.
Compound 16

[a])*p = -23.81 (¢ 0.21 in MeOD); '"H NMR (400 MHz, DMSO, 100 °C): §8.36 (t, J = 6.40 Hz,
1H), 7.99 (d, J = 9.12 Hz, 1H), 7.44 (m, 1H), 7.23-7.09 (m, 5H), 4.59 (m, 1H), 4.24-4.15 (m,
2H), 3.05-2.89 (m, 2H), 2.73-2.56 (m, 3H), 2.45-2.43 (m, 6H) 1.97-1.92 (m, 1H), 1.79-1.76 (m,
1H),1.43 (d, J = 10.16 Hz, 1H), 1.27 (d, J = 7.32 Hz, 3H), 0.89-0.83 (m, 6H). °C NMR (100
MHz, DMSO, 100 °C): 6170.8, 170.5, 170.4, 137.3, 129.3, 127.8, 126.2, 118.1, 89.5, 58.2, 57.9,
57.0, 56.1, 53.0, 48.4, 48.1, 47.4, 46.2, 46.0, 45.9, 42.7, 42.1, 40.9, 37.3, 31.1, 19.0, 18.1, 16.9,
IR (neat): 3277.7, 2966.7, 1721.5, 1637.6, 1528.4, 1454.6, 1350.3, 1226.6, 1141.49, 911.2,
743.8, 698.9 cm'l; HRESIMS (m/z): calculated for C,9H35sN3;NaO7 ([M + Nal]23 ™) 560.2367 found

560.2351.
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Compound 17

[a)®p = -27.27 (¢ 0.22 in MeOD); '"H NMR (400 MHz, DMSO, 100 °C): §8.38 (m,1H), 8.04 (d,
J =9.06, 1H), 7.41 (m, 1H), 7.25-7.10 (m, 5H), 4.62 (m, 1H), 4.24 (m, 1H), 3.84-3.71 (m, 2H),
3.36 (m, 1H), 3.06-2.92 (m, 2H), 2.73-2.57 (m, 3H), 2.45 (m, 5H), 1.97-1.95 (m, 1H), 1.80-1.77
(m, 1H),1.44 (d, J = 10.12 Hz, 1H), 0.89-0.84 (m, 6H). °C NMR (100 MHz, DMSO, 100 °C): &
171.0, 170.5, 170.3, 137.3, 129.2, 127.9, 126.1, 118.1, 89.5, 79.1, 64.8, 58.2, 57.9, 57.2, 56.1,
53.0, 48.5, 48.1, 46.2, 46.0, 42.7, 42.1, 40.5, 37.3, 30.9, 19.0, 18.0, 15.1, IR (neat): 3288.5,
2965.7, 1728.2, 1638.4, 1524.0, 1327.6, 1206.3, 1138.62, 949.5, 905.3, 699.0 cm™'; HRESIMS
(m/7): calculated for C,gH33N3NaO7 ([M + Na]23+) 546.2110 found 546.2190.

Compound 19

[a]®p = -33.33 (¢ 0.21 in MeOD); "H NMR (400 MHz, DMSO, 100 °C): §8.54 (d, J = 7.26 Hz,
1H), 8.02 (d, J = 9.08, Hz, 1H), 7.44 (m, 1H), 7.39-7.28 (m, 5H), 7.26-7.06 (m, 5H), 5.11 (s,
2H), 4.62 (m, 1H), 4.36 (m, 1H), 4.24 (m, 1H); 3.082-2.88 (m, 2H), 2.76-2.53 (m, 3H), 2.53-2.39
(m, 5H) 1.92 (m, 1H), 1.79 (d, J = 10.28 Hz, 1H), 1.43 (d, J/ = 10.16 Hz, 1H), 1.32 (d, J = 7.32
Hz, 3H), 0.89-0.78 (m, 6H) °*C NMR (100 MHz, DMSO, 100 °C): §172.2, 170.7, 170.6, 170.5,
170.3, 137.4, 135.9, 129.3, 128.4, 128.0, 127.9, 127.8, 126.2, 118.2, 89.6, 65.9, 58.3, 57.9, 57.0,
56.2, 53.1, 48.5, 48.2, 47.6, 46.3, 46.1, 45.9, 42.1, 41.0, 40.1, 37.4, 31.1, 19.0, 18.1, 16.7, IR
(neat): 3287.8, 2964.4, 1714.9, 1640.5, 1524.1, 1327.2, 12052, 1138.4, 737.7, 697.0 cm";
HRESIMS (m/z): calculated for C3gH4 N3NaO; ([M + Na]***) 650.2837 found 650.2828.

Compound 20

[a]*p = -20.00 (¢ 0.20 in MeOD); 'H NMR (400 MHz, DMSO, 100 °C): §8.43 (m, 1H), 6.91 (d,
J = 3.1 Hz, 1H), 4.26-4.15 (m, 2H), 2.75-2.66 (m, 4H), 2.51 (m, 2H), 2.47 (m, 2H), 1.97-1.94
(m, 1H), 1.82 (g, J = 9.98, 3.14 Hz, 1H), 1.46 (d, J = 10.16 Hz, 1H), 1.27-1.24 (m, 3H), 0.87-
0.77 (m, 6H). *C NMR (100 MHz, DMSO, 100 °C): & 173.8, 170.4, 118.1, 89.6, 58.6, 57.9,
56.2, 55.9, 48.8, 48.1, 47.4, 46.3, 42.7, 42.1, 41.0, 40.0, 31.5, 19.0, 17.7, 16.9, 15.1, IR (neat):
3288.6, 2970.5, 1726.1, 1638.0, 1529.2, 1454.7, 1326.9, 1292.2, 1204.7, 1137.1, 992.5, 950.2,
906.4, 868.8, 641.7, 521.5 cm™'; HRESIMS (m/z): calculated for Co0Hy¢NoNaOg ([M + Na]***)
413.1683 found 413.1687.
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Compound 22

[a]*b = -30.00 (¢ 0.21 in MeOD); 'H NMR (400 MHz, DMSO, 100 °C): §8.14 (t, J = 7.98 Hz,
1H), 8.01 (d, J = 6.72 Hz, 1H), 7.84 (d, J = 3.82, 1H), 7.36 (d, J = 2.32, 1H), 4.39-4.21 (m, 4H),
3.70 (m, 4H), 2.78-2.60 (m, 4H), 2.49-2.47 (m, 2H), 2.18 (q, J = 17.02, 8.25, 2H), 1.92-1.69 (m,
4H), 1.46 (d, J = 10.16 Hz, 1H), 1.43-1.48 (m, 1H), 1.19-1.16 (m, 3H), 1.10-1.02(m, 1H), 0.84-
0.77 (m, 6H). >*C NMR (100 MHz, DMSO, 100 °C): §173.9, 171.8, 170.9, 170.8, 170.4, 118.2,
89.6, 61.3, 58.4, 58.2, 56.6, 56.3, 54.6, 51.1, 48.6, 48.4, 48.0, 46.4, 46.1, 42.8, 42.2, 41.1, 37.0,
29.9, 27.7, 24.1, 18.1, 15.2, 11.1. IR (neat): 3281.1, 2967.6, 1717.7, 1633.9, 1525.4, 1452.1,
1330.4, 1205.7, 1138.8, 1056.7, 993.7, 950.4, 904.2, 868.6, 789.4, 640.8, 616.9 cm™'. HRESIMS
(m/z): calculated for CooHsoN4NaO,; (IM + Na]***) 643.2586 found 643.2579.

Compound 23

'H NMR (400 MHz, DMSO, 100 °C): & 4.75-4.69 (m, 1H), 4.45-4.35 (m, 1H), 4.15 (s, 1H),
3.97-3.95 (m, 2H), 3.84 (d, J = 4.32 Hz, 1H), 3.01 (d, J = 16.76 Hz, 2H), 2.96-2.89 (m, 2H), 2.79
(d, J = 9.56 Hz, 1H), 2.68-2.56 (m, 2H), 2.47-2.34 (m, 4H), 1.83(d, J = 10.08 Hz, 1H), 1.45(d, J
= 10.52 Hz 1H), 1.05-0.99 (m, 6H). ?C NMR (100 MHz, DMSO, 100 °C): J 170.7, 168.2,
118.6, 90.5, 58.3, 55.2, 49.1, 48.3, 46.7, 45.6, 42.9, 41.0, 41.6, 41.0, 40.8, 37.8, 35.2, 34.5, 20.7,
19.3, 18.7. IR (neat): 3358.2, 2968.3, 2866.4, 1728.1, 1603.1, 1460.6, 1405.6, 1335.5, 1290.9,
1195.7, 1134.4, 1068.2, 1002.7, 904.5, 868.5, 827.9, 741.8, 645.7, 538.9 cm™'; HRESIMS (m/7):
calculated for CooHasN2NaOg ([M + Na]**) 413.1683 found 413.1682.

Compound 24

'H NMR (400 MHz, DMSO, 100 °C): §7.35-7.14 (m, 5H), 4.69-4.35 (m, 3H), 4.18-4.05 (m,
3H), 3.99-3.89 (m, 4H), 3.05-2.97 (m, 5H), 2.81-2.72 (m, 1H), 2.66-2.65 (m, 2H), 2.47 (s, 2H),
1.87-1.82 (m, 1H), 1.49-1.45 (m, 1H), 1.05-0.91 (m, 6H). *C NMR (100 MHz, DMSO, 100 °C):
5170.6, 170.2, 169.0, 137.3, 128.4, 127.4, 118.7, 90.5, 58.7, 55.3, 48.6, 47.9, 45.6, 44.5, 42.9,
42.6,41.8,40.9, 35.2, 35.1, 20.33, 19.4, 19.2. IR (neat): 3332.8, 2971.8, 1731.5, 1629.7, 1453.7,
1405.5, 1343.5, 1291.8, 1197.6, 1135.9, 1075.7, 1007.0, 904.9, 868.7, 741.1, 630.7 cm™;
HRESIMS (m/z): calculated for Co0H3sN3NaO7 ([M + Na]***) 560.2367 found 560.2358.
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3

General procedure™ for the synthesis of Benzyl protected 5-Hydroxy-4-

oxahexacyclododecane peptides, 18 and 21

5-Hydroxy-4-oxahexacyclododecane peptide (1 eq) and benzybromide (2.5 eq) were dissolved in
DMF (8 mL). Cesium carbonate (2 eq) was added to the solution at ambient temperature. After
stirring for 2 h, saturated aqueous sodium bicarbonate (100 mL) was added to the solution and
extracted with ethyl acetate (3 x 100 mL). The combined organic phases were washed with 5%
aqueous citrate and saturated aqueous sodium chloride (100 mL) and dried over sodium sulphate.
The solvent was evaporated, and the crude peptide was precipitated in cold ether and dried under

reduced pressure. This crude product was further purified by preparative HPLC.
Compound 18

[a]®p = -19.05 (¢ 0.21 in MeOD); "H NMR (400 MHz, DMSO, 100 °C): §8.32 (d, J = 7.36 Hz,
1H), 7.95 (d, J = 9.06 Hz, 1H), 7.39 (m, 1H), 7.27-7.09 (m, 10H), 4.63 (m, 1H), 4.58 (m, 1H),
4.48-4.43 (m, 1H), 4.28-4.23(m, 1H), 3.55 (s, 1H), 3.36 (m, 1H), 3.09-2.89 (m, 4H), 2.71-2.55
(m, 3H), 2.45 (m, 4H), 1.97-1.93 (m, 1H), 1.78 (d, J = 10.32 Hz, 1H),1.43 (d, J = 10.12 Hz, 1H),
0.85-0.80 (m, 6H). *C NMR (100 MHz, DMSO, 100 °C): §172.7, 170.7, 170.4, 170.2, 137.4,
137.3, 129.2, 128.9, 128.1, 127.8, 126.3, 118.1, 89.5, 64.8, 58.2, 57.9, 56.9, 56.1, 53.3, 52.9,
48.5,48.1,46.2,45.9,42.7,42.1, 40.9, 37.4, 37.3, 36.5, 31.1, 19.0, 17.8, 15.1, IR (neat): 3289.0,
2965.3, 1720.5, 1641.6, 1523.6, 1326.3, 1206.3, 1138.5, 906.4, 698.1 cm™'; HRESIMS (m/z):
calculated for C35sH39N3NaO; ([M + Na]***) 636.2719 found 636.2680.

Compound 21

[a]®p = -33.33 (¢ 0.21 in MeOD); 'H NMR (400 MHz, DMSO, 100 °C): §8.59 (t, J = 6.82 Hz,
1H), 7.38-7.30 (m, 5H), 7.13 (d, J = 1.40 Hz, 1H), 6.88 (q, J = 9.26, 3.78 Hz, 1H), 5.10 (s, 1H),
4.36-4.31 (m, 1H), 4.27-4.22 (m, 1H), 2.77-2.63 (m, 4H), 2.56-2.51 (m, 2H), 2.47 (m, 1H), 1.96-
1.90 (m, 1H), 1.82 (q, J = 10.20, 5.60 Hz, 1H), 1.47 (d, J = 9.96 Hz, 1H), 1.31-1.29 (m, 3H),
0.85-0.81 (m, 3H), 0.77-0.73 (m, 3H). *C NMR (100 MHz, DMSO, 100 °C): § 172.1, 170.4,
170.3, 135.8, 128.3, 128.0, 127.7, 118.1, 89.6, 65.9, 58.6, 57.9, 56.2,55.9, 55.8, 48.8, 48.1, 47.5,
46.3, 46.0, 42.7, 42.1, 31.5, 19.0, 17.6, 16.7. IR (neat): 3286.7, 2966.8, 1742.8, 1643.5, 1524 .4,
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1455.5, 1347.2, 1203.2, 1160.4, 1138.8, 1052.4, 991.3, 949.3, 904.7, 738.0, 697.3, 640.9 cm™;
HRESIMS (m/z): calculated for Co7H3,N,NaOg ([M + Na]***) 503.2153 found 503.2150.

2.2. COMPUTATIONAL SIMULATIONS

Preparation of PCU derivedpeptide inhibitors

The structures of the cage-peptide/peptoid, 16-24, were constructed and the geometry was
optimized using the MMFF94 force field implemented in the Avogadro software.** Both

diastereomers of the cage peptides were investigated. The minimized structures were then

subjected to docking studies.
C-SA PR enzyme model system

Since the X-ray structure of the South African HIV-1 protease subtype C (C-SA) has not yet

been reported, the initial 3D structure of the enzyme was taken from the reported X-ray data of
subtype B HIV-PR (PDB accession code 1HXW).10 C-SA HIV-PR differs from subtype B at
eight positions; T12S, I15V, L19I, M36I, R41K, H69K, L8YM and I93L.*' The X-ray

crystallographic coordinates of IHXW were modified as follows:

The original substrate included in the crystal structure, Ritonavir, and the crystallographic water
molecules were removed and hydrogens were added to the system. Ionization states for
ionizable amino acid residues were determined according to their standard pKa values.
Mutations at eight positions, T12S, 115V, L191, M36I, R41K, H69K, L8IM and I93L were
manually induced. Throughout this work, the modeled C-SA HIV-PR was used for docking and
MD simulations. This constructed enzyme was successfully used in our previous study on cage

lactam peptides.z'z"z’4

Docking of the inhibitors into the C-SA PR model

The energy minimized inhibitors, 16-24 were used in docking simulations. The effect of

ionization states of docked compounds to the binding scores has been discussed in the
literature.®®” The ionization states of the cage-peptide inhibitors have not yet been determined

experimentally. During docking, the neutral and ionized states (aliphatic amine and carboxylic
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acid groups of compounds to be docked were protonated and deprotonated, respectively) were
considered and compared, separately. The simulations were performed under physiological pH
conditions, which require the correct protonation state of ionizable groups. In particular, one of
the aspartates (Asp25) of the catalytic site exhibits an increased pKa value of 5.2 in the inhibitor-

bound proteaseS3 while no increased pKa was reported for the free form of the protease (pKa =

4.5).68 Therefore, a monoprotonated active site should be prevalent at physiological pH, and
thus this protonation state was used throughout these docking studies. However, to ensure that
the results of the simulations do not critically depend on the protonation state, a control
simulation of a cage-bound CSA-HIV-1 protease with a deprotonated carboxylate oxygen of the
Asp25/Asp25' residues was also performed. We have previously reported that no significant
difference was observed for docking of the cage lactam peptides with the different protonation

states of the enzyme."’?”g’4

Docking studies were performed using the Autodock software.®’ Geisteger charges were
computed and the Autodock atom types were defined using theAutodock Tools graphical user

interface supplied by MGL Tools.”® The Lamarckian Genetic Algorithm (LGA), which is

considered one of the best docking methods available in Autodock®! was employed. This
algorithm yields superior docking performance compared to simulated annealing or the simple
genetic algorithm and the other search algorithms available in Autodock. The docked
conformations of each of diastereomeric ligands were ranked into clusters based on the binding
energy. The top ranked conformations was visually analyzed. The suitability of the constructed
C-SA PR for docking experiments was tested with a control experiment in which Ritonavir, was
docked into active site of the modeled enzyme and compared to the X-ray crystal structure™" of

the Ritonavir-protease complex.
MD simulations of inhibitor-enzyme complex:

MD simulations were performed for the inhibitor- enzyme complex of the most active compound

20. The diastereomer with the best docked binding energy was used. Partial charges and the
force field parameters for the inhibitor weregenerated using the Antechamber program72 in the

Amber10 package.73 These were described by the general Amber force field (GAFF).74 All
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hydrogen atoms of the proteins were added using the Leap module in Amber10. The standard
AMBER force field for bioorganic systems (ff03)75 was used to describe the HIV PR enzyme
parameters. Counter ions were added to neutralize the complex. Then, the system was solvated

using atomistic TIP3P water ® in a cubic box with 8.0 A distance around the complex.

The molecular dynamics package Amber10”> was used for the minimization and equilibration
protocols. Cubic periodic boundary conditions were imposed and the long-range electrostatic
interactions were treated with the particle-mesh Ewald method’’ implemented in Amberl0 with
a non-bonding cutoff distance of 10.0 A. The energy minimization was first conducted using the
steepest descent method in Amber10 for 1000 iterations switched to conjugate gradient for 2000
steps with a restraint potential of 2 kcal/mol A? applied to the solute. Then the total system was
freely minimized for 1000 iterations. For the equilibration and subsequent production run, the
SHAKE a11gorithm78 was employed on all atoms covalently bonded to a hydrogen atom, allowing
for an integration time step of 2 fs. Harmonic restraints with force constants 2.0 kcal/mol A?
were applied to all solute atoms. A canonical ensemble (NVT) MD was carried out for 70 ps,
during which the system was gradually annealed from 0 to 300 K using a Langevin thermostat
with a coupling coefficient of 1.0/ps. Subsequently, the system was equilibrated at constant
volume and temperature (300 K) with a 2 fs time step for 100 ps while maintaining the force
constants on the restrained solute. With no restraints imposed, a production run was performed
for 2 ns in isothermal isobaric (NPT) ensemble using a Berendsen barostat’ with a target
pressure of 1 bar and a pressure coupling constant of 2 ps. The coordinate file was saved every 1

ps and the trajectory was analyzed at every 1 ps using the Ptraj module implemented in

AmberlO.
3. RESULTS AND DISCUSSION

3.1. SYNTHESIS, SPECTRAL CHARACTERIZATION AND BIOLOGICAL ACTIVITY.

The cage peptides and peptoids were synthesized as described in the experimental section. In
most cases, the peptides/peptoids were of sufficient purity to be coupled to the PCU derived
hydroxy acid after lyophilisation. The peptoid oligomers were synthesized via solid phase

synthesis on activated 2-chlorotrityl chloride resin 3 by attaching bromoacetic acid in the
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presence of DIPEA in dry dichloromethane (DCM) affording compound 4. Upon filtration, the
amine solution in DMF was added and mixed under a stream of nitrogen bubbles to give
compound 5. The chain was elongated by coupling bromoacetic acid in the presence of N,N'-
diisopropylcarbodiimide (DIC). Similarly the corresponding amines were coupled to the
extended chain followed by bromoacetic acid to give compounds 6-10. The completed peptoids
were cleaved from the resin using 5% trifluoroacetic acid (TFA) in DCM as illustrated in

Scheme 1.
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Scheme 1. General synthesis of peptoids; i = bromoacetic acid, DIPEA, dry DCM, ii = amine,
DMF, iii = bromoacetic acid, DIC, DMF, iv = 5% TFA, DCM.

The cage hydroxy acid 15 was synthesized from pentacycloundecane-8, 11-dione 11%% which
can be easily obtained from the photocyclisation of the Diels-Alder adduct of cyclopentadiene
and p-benzoquinone. A solution of the dione 11 in a mixture of water and acetic acid stirred in

an ice bath is treated with an aqueous solution of sodium cyanide to form a mixture of the
cyanohydrin (12 and 13).57 This cyanohydrin mixture when treated with concentrated

hydrochloric acid gives the tri-hydroxy carboxylic acid 147 It should be noted that this cage
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acid is synthesised as a racemate. The resulting cage peptides are therefore a mixture of two
diastereomers.tri-hydroxy carboxylic acid 14 was heated to reflux in 1,4-dioxane to give the
desired hydroxy acid 15. The peptides and peptoids obtained were coupled to 15 with HATU,
DIPEA in DMF at ambient temperature as shown in Scheme 2.

Ho L //% &m
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iii
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o]
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Scheme 2. Synthesis of 5-Hydroxy-4-oxahexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecane
peptide and peptoid analogs. 2; i = NaCN, CH;COOH, H,0, 0 °C, ii = conc. HCL, reflux, iii =
1,4-dioxane, reflux, iv= HATU, DIPEA, DMF, RT.

The products 16 to 24 (Figure 2) were isolated and purified as described in the experimental
section. It was not possible to separate the diastereomeric mixtures by preparative HPLC. The
correctness of the cage peptides and peptoids were confirmed with standard NMR and MS

techniques. The purity of the peptides were determined with HPLC and were > 98%.
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Figure 2. PCU-peptide and PCU-peptoid based inhibitors reported in this work.

The catalytic activity of the HIV-1 protease was monitored by following the hydrolysis of the
chromogenic peptide substrate His-Lys-Ala-Arg-Val-Leu-Phe(p-NO,)-Glu-Ala-Nle-Ser as
described before.61 The use of chromogenic substrates has been established for the

determination of the HIV-1 protease inhibitors efficacy. The method is used to measure the

protease activity by recording an decrease in absorbance as a result of the hydrolysis of a

chromogenic substrate by the protease.83 The inhibitory activities of the synthesized compounds
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were tested using an UV spectrophotometric assay in order to determine the ICs, values for each

compound. Biological results of the synthesized substrates are presented in Table 1.

Table 1. Inhibition of wild type C-SA HIV-1 protease by PCU derived peptides (16-22) and

peptoids (23-24).

Y e No. Compound (R) MF YZ:’I 4 Clogp g;‘;gigf;é (:S\:/i())b
1 16 HO-Ala-Val-Phe- CaoHysN;O, 42 0.792 -7.01 2
2 17 HO-Gly-Val-Phe- CsHyN;O; 54 0.483 1.74 1
3 18 Bn-O-Ala-Val-Phe- CyHyN;0, 46 2.623 -5.53 >60
4 19 HO-Phe-Val-Phe- C3sHyN;0, 38 2210 -5.02 >60
5 20 HO-Ala-Val- CooHyeN,Og 68 -0.367 -8.98 0.6
6 21 Bn-O-Ala-Val- CyHpN,Og 51 1.462 -6.54 60
7 22 HO-Ser-Ilu-Ala-Glu- CHy N0, 62 22.310 -4.62 >60
8 (Pe f)f’oi Q) R'=Isopropyl R’=Methyl CooHp6N,04 57 0.138 -7.21 5
9 (Pe Iijoi a R'=Benzyl R’=Isopropyl R’=Methyl C,H3sN;O; 43 1.795 -6.75 >60
10 Lopinavir 0.025
11 Atazanavir 0.004

*Calculated with Autodock. The diastereomer with the lowest binding energy is reported here. The 3D structures of
these docked complexes are available as supplementary material.

bICso = 50% inhibition constant. Standard deviations (SD) for all the compounds were < 2% of the reported 1Cs
values.

As we have previously reported,g’4 it appears in general that the cage peptides exhibit very little

cytotoxicity towards human cells.

According to previous literature reports, phenylalanine is the preferred substituent (P') at the S'
subsite and it is found in 40% of Gag-Pol gene sequences of the virus.>2 Thus, we decided to
synthesize sequences, with phenylalanine as the first amino acid (P' substituent), attached to the
PCU cage. Even though the S%/S* and S*/S* pockets are also of a hydrophobic nature, both
hydrophilic and hydrophobic side chains from the Gag and Gag-Pol polyproteins can occupy
these sites. Based on literature and the HIV substrate sequence, we envisaged that either valine

or alanine would be the best starting point in the peptide chain for binding at the S*/S* and S*/S*

. 33,34
subsites.
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It was observed that compound 16 (entry 1) showed a moderate inhibition of 2 uM (ICs).
Compound 17 (entry 2), the activity increased by one-fold, where alanine was replaced by
glycine at the proposed p’/p* position. When more hydrophobic bulky groups were incorporated
as the P*/P* substituent, little or no inhibition activity was observed (compound 18, entry 3 and
19, entry 4). The reduced potency of these compounds could be as a result of the bulky
hydrophobic residues occupying the S°/S® subsite. Since the S'/S' and S*/S” positions are
located adjacent to one another in the cis configuration, incorporation of bulky substituents in
both the subsites could alter the conformational arrangements, which consequently reduces their

6,53,56

binding affinity. This possibility will be discussed with the presentation of the docking

results.

To investigate if the PCU-cage is competing with phenylalanine for the S! subsite, phenylalanine
was removed from peptide 16 (entry 1), to give compound 20 (entry 5). This resulted in a higher
binding affinity and preference for the active site with an inhibitory activity of 0.6 uM (ICs).
This is a 2 to 4 fold greater activity than compounds 16 (entry 1) and 17 (entry 2), which gave
evidence that PCU cage is indeed occupying the S! subsite. To examine the role of a
hydrophobic group at S? subsite we synthesized compound 21 (entry 6) containing a benzyl
protecting group on the C terminal of the peptide sequence. This reduced binding affinity to the

active site and had no inhibitory affect. This result is similar to that of compound 18 (entry 3).

Compounds 22 (entry 7) containing PCU cage with the natural HIV protease substrate (PCU-
EAIS) showed inhibition activity greater than 60 uM (ICsp). Oligomers of N-substituted
glycines are known to be resistant to proteolysis.‘lg'51 Keeping this in mind compounds 23 (entry
8) and 24 (entry 9) were synthesized to mimic the peptide sequence of compound 20 (entry 5)
and 16 (entry 1) respectively. Compound 23 (entry 8) showed inhibition activity of 5 uM (ICsy),
which is approximately 10-fold less active, when compared to 20 (ICsp, 0.6 uM). No inhibition

activity was observed for compound 24 (entry 9) as compared to compound 16 (entry 1).

From the compounds in Table 1 the best inhibition activity was obtained for compound 20 (entry
5), which has potential activity when compared with Lopinavir (entry 10) but almost two orders
of magnitude less active than Atazanavir (entry 11). To further validate these experimental

results, docking studies and MD simulations were performed on the most active compound.
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3.2. COMPUTATIONAL SIMULATIONS

Docking and MD simulations

To obtain a better understanding of the molecular and biological behavior of the synthesized
PCU-peptide inhibitors, we embarked on a computational investigation involving docking and
MD simulations. First, the PCU-peptides were subjected to docking studies to explore their
binding pattern; second MD simulations of the docked inhibitor enzyme complex were
performed to provide a molecular view of the dynamic behavior of such inhibitors inside the
enzyme active site over a suitable time scale. Docking studies are used at different stages in drug
discovery such as in the prediction of ligand-receptor complex structures and also to rank the
ligand molecules based upon the binding energies of the corresponding ligand-enzyme
complexes. Docking protocols aid in elucidation of the most energetically favourable binding
mode of the ligand to the receptor. The objective of our docking study was to elucidate the
potential interaction mode of the PCU-peptide derivatives with C-SA HIV PR and to see if a

correlation between the binding energies and the observed ICs, results exists.

Docking of Ritonavir (co-crystallized inhibitor) with subtype B HIV-PR (PDB accession code
lHXW)10 was previously performed‘?"?”?’4 to evaluate the efficacy of Autodock for its use in
docking experiments with this subtype as a target. Acceptable results were obtained. The
interacting amino acids in the C-SA starting structure were conserved in the conformation of the
enzyme after docking and the variation in orientation of these amino acids in the binding cavity
was unnoticeable. Diastereomers of PCU peptides and peptoids were obtained from the coupling
of the enantiopure short peptide or peptoids to the racemic PCU hydroxyl alcid,z'z"z""y’84

(a) and (b).

Figure 3

Docking routines of the new PCU-peptide inhibitors with the C-SA enzyme were performed.
The binding energies of the docked diastereomeric PCU-peptide inhibitors have been tabulated

(Table 2). The docking results are in reasonable agreement with the measured ICsg values.
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Figure 3. Stereochemistry of the generic cage diastereomers (a) and (b).

Table 2. Selected automated docking results for the synthesized PCU derived hydroxy ether
peptide and peptoid inhibitors and comparison to the experimental HIV-PR inhibition results.
(All of the docked inhibitor-enzyme complex results are available in PDB format and are
provided with the supplementary material).

Compound® Binding energy” ICso / pM
(kcal/mol)

16-a -6.95 )
16-b° -7.01

17-a° -7.10 1
17-b¢ -1.74

20-a -8.98 0.6
20-b° -8.01

21-a -6.54 60
21-b° -5.92

d

23-a -7.21 5
23-b¢ -6.61

*The stereochemistry for the cage peptide is 8-(R)-11-(R)-PCU-peptide for the “a” diastereomer and 8-(S)-11-(S)-
PCU-peptide for the “b” diastereomer.

"Energy calculated from Autodock. The 3D structures of the docked complexes are available as supplementary
material.

“These two diastereomers were not separated and the ICs, values are for the mixture.

“These two enantiomers were not separated and the ICs, values are for the mixture.
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b

In our previous reports33 3 it was demonstrated that the chirality of the PCU cage is important

for enhanced inhibition. The docking results in this study again confirm this observation. =4

This suggests that the diastereomers should ideally be separated when more promising cage

peptide inhibitors are discovered.

Docking studies have clearly showed that conserved hydrogen bonds formed between the cage
hydroxy ether moiety and Asp25/Asp25' of the dimeric catalytic triad residues, Asp25-Thr26-
Gly27 (A/B chains) (Figure 3 and the supplementary information). Such hydrogen bonds anchor
the cage skeleton to the S'/S" subsite causing the adjacent amino acids to shift to the S*%/S*and
S*S*. This could explain the finding that less hydrophobic amino acids, such as valine, directly

attached to the cage exhibited higher activity.

a) b)
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Figure 3. (a) Lowest energy docked structure for compound 20 with C-SA HIV-PR. (b) A
closer view showing the binding mode of compound 20 inside the C-SA HIV-PR active site.
Some atoms are deleted for clarity. The two PR monomers are coloured as the yellow and green
ribbon. The inhibitor and the two Asp25 residues presented as coloured sticks. (c) Electrostatic
and hydrogen bonding interaction between 20 and the nearby residues of C-SA HIV-PR active

site. This plot was created with the Ligplot software.®> The 3D presentations for computational
results are available as PDB files with the supporting information.

Even though docking calculations cannot provide insight on the dynamic inhibitor-enzyme
interactions, they provided us with a general picture of the most energetically favourable binding
orientation of inhibitors to the enzyme. To obtain further insight into the dynamic changes of the
docked inhibitors within the enzyme active site pocket over time, the lowest energy docked

complex of the inhibitor 20 was subjected to unconstrained MD simulations (2 ns).

The MD simulations clearly showed that the inhibitor easily fits into the active enzyme pocket.
To assess the quality of our MD simulations, energetic and structural properties are monitored
along the entire 2 ns MD trajectory of the complex. Figure 4A presents the plot of the potential
energy of the system as a function of time. The fluctuation of potential energy is less than 1000

kcal mol™! over the course of the reaction.
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The 2 ns averaged backbone RMSDs for the 20 enzyme complex is 1.16 A and this is an
indication that the generated MD trajectory of the complex is quite stable. The overall
orientation of the complex is preserved and very little movement of the PCU cage hydroxy ether
inside the enzyme pocket is observed during the course of the MD run. However, slight changes
in the orientation in the cage inhibitor peptide side chain were observed. As evident from the
analysis of the hydrogen bond interactions along the MD trajectories, the inhibitor is forming
hydrogen bonds between the cage hydroxy ether moiety and at least one of the two Asp25
carboxyl groups (Figure 4C).
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Figure 4. (A) The potential energy of 20 C-SA HIV-PR complex observed in MD simulation as
a function of time. (B) Selected distances obtained from MD simulations: (1) cage(O4)-
Asp25(HD2), (2) cage(O3)-Asp25(HD2) and (3) cage(H3)-Asp25'(OD2). (C) Labeling of some
atoms involved in hydrogen bond formation.

4. CONCLUSION

Pentacycloundecane derived hydroxy acid peptides have emerged as a new class of irreversible
non-scissile ether bridge type isosters. The results demonstrate the possibility of employing the
cage peptides as potential protease inhibitors. Docking and MD simulations suggest that the

cage or part thereof occupies the S'/S' subsite. The incorporation of bulky substituents such as
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phenylalanine at the S%/S* and S*/S° subsites can alter the conformational arrangement of the

inhibitor, which consequently reduces their binding affinity.

Further optimizations as well as in-depth structural and biological studies of the selected PCU

derived-peptide/peptoid based protease inhibitors are the subject of ongoing investigations.

5. SUPPORTING INFORMATION:

All the spectra mentioned in the text are available as supporting information (Appendix 4).
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ABTRACT

The synthesis and NMR elucidation of eight novel peptides incorporating the
pentacycloundecane (PCU) derived hydroxy acid are reported. The PCU cage amino acids were
synthesized as racemates and the incorporation of the PCU derived hydroxy acid with natural
(S)-amino acids produced inseparable diastereomeric peptides. A series of overlapping signals
from the cage and that of the peptide side chain was observed in the '"H and >C NMR spectra,
complicating the elucidation thereof. Two-dimensional NMR techniques proved to be a very
useful tool in overcoming these difficulties. These compounds are potential HIV protease

inhibitors.
Keywords: 2D NMR, Pentacyclo undecane, PCU cage peptides.

1. INTRODUCTION

Polycyclic cage compounds have been studied extensively over the past few decades."* South

African authors have contributed considerably towards utilizing NMR spectroscopy as a tool to

127



determine the structures of these cage compounds, several of which have found application in

10,15,19,24-44

medicinal chemistry. The assignments of 'H spectra of the cage compounds becomes

more challenging due to broad unresolved overlapping resonances as a result of through-space
effects, geminal and vicinal proton-proton coupling and long range proton-proton interactions.

Our research group has extensively used two-dimensional (2D) NMR spectroscopic techniques

to study the structure of the cage skeleton in relation to its side ‘arms”. M A part of our

ongoing research program the synthesis of eight PCU derived hydroxy acid peptides (1-8) was
attempted (Figure 1).

The use of cage compounds in drug design has found several applications in the pharmaceutical

11,15,16,19-24,43-47

drug discovery research. Cage based compounds have been reported to improve

drug lipophilicity; it also serves as a transport medium in facilitating drug delivery through cell

membranes such as the blood brain barrier (BBB) and the central nervous system (CNS).2’4’23’48

The cage compounds increase the duration of drug action by retarding the action of drug

. 1349
metabolism.
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Figure 1. Structures of compounds 1-8

In this study the PCU hydroxy acid> incorporated into short peptides was used to mimic an
irreversible non-scissile ether bridged type isostere as potential HIV-1 protease inhibitors
analogues to a non-cage ether reported by Ghosh et. al> Compounds 1, § and 6 (Fig.1) gave
promising in vitro activity against HIV-1 wild type C-SA protease enzyme with 1Csy values

ranging from 0.6 — 2 pM.ZZ

2. SYNTHESIS
The pentacycloundecane peptide derivatives 1-8 were synthesized from the cage ether 13, with

Cookson’s dione 9! as the starting material. The latter can be easily obtained from the
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photocyclisation of the Diels-Alder adduct of cyclopentadiene and p-benzoquinone. Treatment

of the dione 9 with aqueous sodium cyanide stirred in a mixture of water and acetic acid resulted
in a mixture of cyanohydrins (10 and 11).32 This cyanohydrin mixture, when treated with
concentrated hydrochloric acid, gave the tri-hydroxy carboxylic acid 122 The resulting tri-

hydroxy carboxylic acid 12 was heated to reflux in 1,4-dioxane to give the desired hydroxy acid

13 as aracemate. These reactions are outlined in Scheme 1.

i ii
- . .
/ \ HO CN / CN HO COOH
o o) o O HO
10 1

OHHO
12

\ ii

(0]
13

9

HO
OH

Scheme 1. Synthesis of 5—Hydr0xy—4—oxahexacyc10[5.4.1.02’6.03’10.05’9.08’1l]dodecane -3-
carboxylic acid 13; i = NaCN, CH3COOH, H;O0, 0 °C, ii = conc. HCL, reflux, iii = 1,4-dioxane,
reflux.

Compounds 1-8 were obtained by coupling the corresponding short peptides to 13 in the
presence of coupling reagents HATU, DIPEA in DMF at ambient temperatures as shown in
Scheme 2. It should be noted that the resulting cage peptides are mixtures of two diastereomers

since the PCU hydroxy cage acid was synthesized as a racemate.

HO P P
HO
o
OH o R
13 1-8 R =Peptide

Scheme 2. Synthesis of 5-Hydroxy-4- oxahexacyclo[5.4.1.02’6.03’10.05’9.08’1l]dodecane peptide
analogs. i = HATU, DIPEA, DMF, rt.

The products 1 to 8 (Figure 1) were isolated and purified as described in experimental section. It

was not possible to separate the diastereomeric mixtures by preparative HPLC. The correctness
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of the cage peptides were confirmed with standard NMR and MS techniques. The synthesized
cage peptides were obtained in high purity (> 98%), which was determined with HPLC.

3. RESULTS AND DISCUSSION

The PCU cage structures show complex overlapping of the protons as the PCU cage derivatives
(1-8) are diastereomeric, asymmetric and non-meso compounds which further complicates the
structural elucidation of these compounds. Due to the diastereomeric nature of these compounds,
all the ’C NMR signals of these compounds (1-8) are split. It is known from the literature that
the proton NMR spectrum of PCU cage compounds usually show a pair of doublets (geminal
protons) with an AB spin resonance at approximately 1.5 and 1.8 ppm, having a coupling
constant of about = 10 Hz. The assignments for all PCU cage compounds 1-8 are presented in

Tables 1 and 2.

The geminal bridge methylene proton (H-4a) for the PCU hydroxy peptide 1 register as a doublet
(AB system) at 1.47 ppm (H-4a) with a coupling constant of 10.4 Hz, but in the case of H-4s a
pair of doublets is observed resonating at 1.82 ppm and 1.84 ppm with a J value of 6.0 Hz.
Similar observations are recorded for compounds 5 and 6, which can perhaps be attributed to a
side chain conformational effect. For compound 3 the H-4s signal at 1.83 ppm (J = 9.4 Hz)
appears as a triplet due to coalescence of the pair of doublets. In PCU cage compounds proton
H-4a (H-4s) normally exhibits COSY and NOESY/ROESY interactions with H-3/5 and H-2/6
(H-3/5 and H-9/10) respectively, which has proven to be a convenient handle in solving the
NMR spectra of these compounds. A similar interaction is also observed between H-2/6 and H-
1/7. HMBC, NOESY and ROESY techniques are useful methods to determine the position of

the “arms” /substituents in relation to the cage moiety especially when the cage is asymmetric.

In particular both H-4a (1.47 ppm) and H-4s (1.83 ppm) of 1 display COSY correlations to the
resonances at 2.52 ppm and 2.46 ppm. These resonances were assigned to H-3/H-5. Since the
molecule is asymmetric, the specific assignment is still pending. In addition the H-4a resonance
shows a NOESY correlation to 2.66 ppm and 2.68 ppm (H-2/H-6) and the H-4s resonance to
2.52 ppm and 2.71 ppm (H-9/H-10). In order to distinguish between the proton resonances of H-
9 and H-10, a HMBC correlation between carbonyl resonance C-12 (170.5 ppm) and the protons

resonance at 2.71 ppm indicated that this resonance is associated to H-10. The position of H-10
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was further confirmed as it displayed COSY correlation to a proton signal at 2.52 ppm, which
was assigned to H-9. The carbonyl resonance of C-12 also displays a HMBC correlation to H-10
and H-1 (2.75 ppm). The latter in turn showed a COSY correlation to H-2 (2.66 ppm). A COSY
correlation between the resonance at 2.52 ppm (also H-9) and the signal of H-10 as well as H-2
was observed, indicating that the proton signal of H-3 and H-9 are overlapping. This was further
confirmed by the HMBC spectrum, wherein the carbon peaks of C-3 (46.1 ppm) and C-9 (56.2
ppm) displayed correlation to the same proton signal resonating at 2.52 ppm (H-3). Since now
the position of H-3 (2.52 ppm) is confirmed, therefore the resonance at 2.46 ppm was attributed
to H-5. In addition to the COSY correlation between H-1 and H-2, a further correlation between
H-1 and 2.48 ppm allowed this resonance to be assigned to H-7. In the *C NMR spectrum the
quaternary carbon signals appearing at 118.2 ppm and 89.75 ppm were assigned to C-8 and C-11
based on their deshielding effect and chemical environment. All the remaining cage carbon

signals were obtained from the HSQC spectrum.

The next section describes the NMR correlations for the rest of the peptide sequence attached to
the PCU cage. The methyl (alanine) and isopropyl methyl (valine) carbons register at 17.1 ppm,
17.8 ppm and 19.1 ppm and were identified from the APT *C NMR spectrum. The carbon
signal at 17.1 pm show HSQC correlations to the "H NMR signals appearing as a pair doublets at
1.26 ppm and 1.27 ppm (J = 5.20 Hz), similarly the isopropyl methyl carbon signals 17.8 ppm
and 19.1 ppm display correlations to a two pairs of doublets at 0.79 / 0.81 ppm and 0.86 / 0.88
ppm with a coupling constant approximately = 6.7 Hz. The isopropyl methyl groups are also
split due to the asymmetric nature of the environment close by. Hence these side chain methyl
protons were assigned to H-21 (1.26 ppm / 1.27 ppm), H-16 (0.79 ppm / 0.81 ppm) and H-17
(0.86 ppm / 0.88 ppm) respectively. The H-15 methine signal at 1.97 ppm was identified by a
COSY correlation to the isopropyl methyl protons H-16 and H-17. This H-15 resonance in turn
shows a COSY interaction with the chiral H-14 methine proton signal appearing as a multiplet at
4.25 ppm. The chiral H-14 proton further displays COSY correlation to H-13 (NH) a doublet
signal resonating at 6.91 ppm (J = 4.1 Hz). For this resonance a pair of doublets is seen because
of the diastereomeric nature of the compound, which is further validated by the APT *C NMR

spectrum where the carbonyl carbon (C-12) is registered as a split signal. The H-15 resonance
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shows a HMBC correlation to a carbonyl carbon registered at 170.2 ppm. This was then assigned

to C-18.

The H-21 methyl signal shows a correlation with the chiral methine proton H-20 appearing as a
quartet signal at 4.19 ppm (J = 7.40 Hz). H-20 further shows a COSY correlation to a triplet
proton signal at 8.44 ppm (H-19, J = 8.04 Hz). This pair of doublets coalesces into a triplet
signal at 8.44 ppm. All the compounds 1-8 give perfect pairs of doublets for the corresponding
NH proton signals. From literature it is known that NH proton signals in linear peptides usually
appear as doublets.”? Since these PCU cage peptides are a mixture of diastereomers, the amide
protons appear as a pair of doublets. The remaining carbonyl peak registers at 173.8 ppm in the
3C NMR spectrum and was assigned to C-22. This was further confirmed by HMBC spectra
wherein H-21 displays correlation to the terminal carbonyl carbon C-22. All other assignments
were further verified utilizing HSQC and HMBC spectra. ROESY correlations were observed
between H-13 of the peptide chain and the PCU cage protons (H-1, H-2 and H-10). Further to
this, the isopropyl methyl protons H-16/H-17 displayed ROESY correlations to H-1, H-4a and
H-4s. ROESY experiments were carried out for compounds 1, 4, 5, 6 and 7 to obtain better
through space correlations between the PCU cage protons and the peptide chain since normal
NOESY experiments did not display clear correlations. For the remainder of the compounds 2-8,
the same procedure was used for the elucidation of the cage signals. This discussion for the
remaining compounds will be omitted for the sake of brevity. For the peptide side chains only
differences to previous compounds will be highlighted. The assignments for compound 1 are

summarized in Tables 1 and 2.
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Table 1. '"H NMR data for PCU hydroxy peptides 1-8.

Atom 1 2 3 4 5 6 7 8
61Hi, 61HT, 61Hi, 61HT, 61H-’F, 61H-’F, SIHT, 61HT,
1 2.75 277 272 2.76 2.73 2.73 271 272
2 2.66 2.65 2.58 2.63 2.59 2.59 2.57 2.58
3 2.52 251 245 2.47 2.44 2.46 2.43 2.45
4a 1.47 d, 1.47 d, 1.47 d, 1.48d, 1.44 d, 1454, 1.44 d, 1.44 4,
J=104Hz | J=10.1Hz | J=9.3Hz J=102Hz | J=102Hz | J=10.1Hz | J=10.1 Hz J=10.1 Hz
1.82/1.84 d, 1834, 1.821t, 183d, 1.79/1.80 | 1.79/1.80 1784 179d
4s J=6.0Hz, |, joopy, | /=4HL 6o, d, d, J=103Hz | J=102Hz
©H-4s/4sb | 7T ©H-4s — J=6.0Hz, | J=6.1Hz, - -
5 2.46 2.49 2.44 2.47 2.45 2.45 2.43 2.44
6 2.68 2.66 2.64 2.67 2.65 2.67 2.66 2.64
7 2.48 251 2.47 2.50 2.44 242 2.46 2.45
8 - - - - - - - -
9 2.52 2.55 2.49 2.51 2.47 2.48 2.45 2.50
10 271 2.69 2.66 2.68 2.65 2.65 2.66 2.64
11 - - - - - - - -
12 - - - - - - - -
6.91/6.93 d, 6.88/6.90d, | 7.48/7.50d, 7401 74t 7.38/7.41d, | 7.44/7.46 d,
13 J=3.1 Hz, 6.95d, J=5.7 Hz, J=32Hz, | O Hy J=5.5 Hz, J=6.3 Hz,
NH- J=9.3 Hz ©NH- ©NH- ©ONH13 | ONH.13 ©NH- ©NH-
13a/13b 13a/13b 13a/13b 13a/13b 13a/13b
14 4.25 4.16 424 437 4.62 4.60 4.61 4.60
15 1.97 1.92 1.93 1.22 2.99 2.99 2.90/2.98 2.97
400 MHz
600 MHz
Solvent (CDj3),SO

® Two separate resonances potentially due to a side chain conformational effect.

© Due to coalescence of the pair of doublets, the signal appears as a triplet.
For compound 2, the aromatic protons in the 'H NMR spectra are not well resolved but the
carbons for aromatic region in the °C NMR spectra are very well separated. In the HMBC
spectrum, the chiral methine proton H-20 (4.44 ppm) displays a correlation to the quaternary
carbon C-22° (137.4 ppm) of the phenyl ring and the diastereomeric methylene protons H-21% /
H-21" (2.85 ppm / 3.07 ppm) show correlations to the aromatic carbon C-22° (128.9 ppm).
Carbon signals for C-22° (128.1 ppm) and C-22¢ (126.3) were assigned53’54 based on the

intensity of the peaks.
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Table 1. Continued.

Atom 1 2 3 4 5 6 7 8
61Hi, 61HT, 61Hi, SIHT, 61H-’F, 61Hi, 61HT, 61HT,
0.79/0.81 d 0.74/0.77 d
b-d gl 3
16/16 J=6.7 Hz, 0.73-0.77 =67 Hz, - 7.08-7.23 7.11-7.24 7.08-7.16- 7.10-7.22
0.86/0.88 d, i 0.82/0.84 d, | 7.81/7.87d, i ) i i
17 J=6.7 Hz, 0.73-0.77 J=6.7 Hz, J=9.0 Hz,
18 ) i ) 421 8.01/8.05d, | 7.97d/8.02, | 7.93/7.98d, | 8.01/8.06 d,
’ J=9.0Hz, J=9.0 Hz, J=9.1 Hz, J=9.0 Hz,
8.44 t, 8.40 t, 8.60/8.61 d,
19 128.0 Hz 11 e 6.8 Hz, 1.94 424 4.23 425 423
4.19q, 0.82/0.84 d,
20 127 4 Hy 4.44 4.33 1=3.9 Ha, 1.97 1.96 1.96 1.92
1.26/1.27 d, 1.30/1.31d, | 0.87/0.88 d, 0.86t,
21 J=5.2 Hz, 2.85/3.07 J=5.2 Hz, J=3.4 Hz, 0.87 J=6.0 Hz, 0.83 0.83
b-d ) ] ) ) 0.89/0.90 d,
22/22 7.17-1.27 0.87 4.6 Ha, 0.83 0.83
8.25/8.27 d,
23 i ) i J=3.4 Hz, ) i ) )
5.10 d, 8.36 t, 8.33 d, 8.55/8.57 d,
2 ) ) J=13Hz 421 8.36 J=6.3 Hz J=12 Hz J=4.6 Hz,
25/25P4 - - 7.30-7.37 1.25 3.78 4.20 4.45 435
1.29d, 1.32d,
26 ) ) ) ) ) J=12Hz 2.92/3.05 J=12Hz
27/27>4¢ - - - - - 7.17-7.25 -
28 - - - - - - -
29 - - - - - - 5.11
30/30>¢ - - - - - - 7.33-7.37
400 MHz
*600 MHz
Solvent (CD;),SO

® Two separate resonances potentially due to a side chain conformational effect.
© Due to coalescence of the pair of doublets, the signal appears as a triplet.
“Y The methyl protons appear as a pair of doublets of doublets.

The carbonyl signal at 170.4 ppm for compound 2 shows HMBC correlations to various proton

signals (H-20, H-19, H-15, H-14, H-13, H-10 and H-1), which confirms the overlapping of the

carbonyl carbon signals of C-18 and C-12. The methodology to elucidate the remaining signals

of the peptide side chain was similar to that described for compound 1. NOESY correlations

were observed between H-13 and H-1. The aromatic protons (H-22) displayed through space

correlations to H-9 and H-6 of the cage protons. The assignments of the peaks were further

confirmed by HMBC and HSQC spectra. These assignments are presented in Tables 1 and 2.

In the "H NMR spectra of compound 3, a doublet (diastereomeric) methylene proton signal (H-

24) resonating at 5.10 ppm (J = 1.38 Hz) and integrating to two protons shows HMBC

correlation to C-22 (172.1 ppm). H-24 further shows HMBC correlations to a quaternary and
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aromatic carbon signals registered at 138.8 ppm and 127.8 ppm, which were assigned to C-25°

and C-25" respectively. These assignments were further confirmed from the *C-APT spectra.

Based on the intensity of the peaks53’54 the carbon signals registered at 128.0 ppm and 128.4

ppm were assigned to C-25° and C-25°. Through space interactions were observed in the
NOESY spectrum between the PCU cage protons (H-4a, H-1, H-2 and H-10) and the methyl
protons of the peptide chain (H-16 and H-17). The 'H and BC NMR assignments are shown in
Tables 1 and 2.

Table 2. *C NMR chemical shifts of compounds 1-8.

Atom 6131C:I:,* 6132CT,* 6133Ci,* 6134éT,* 6135Ci,* 6136C:I:,* 6137CT,* 6138CT,*
1 489 (CH) | 48.7(CH) | 482(CH) | 484 (CH) | 48.1(CH) | 482(CH) | 48.1(CH) | 482 (CH)
2 422(CH) | 42.1(CH) | 422(CH) | 422(CH) | 42.1(CH) | 42.1(CH) | 42.0(CH) | 42.1(CH)
3 46.1 (CH) | 46.0(CH) | 462 (CH) | 46.1 (CH) | 46.2(CH) | 46.1(CH) | 46.0(CH) | 46.1 (CH)
4a 42.8 (CH,) | 42.8(CH,) | 42.8 (CH,) | 42.8 (CH,) | 42.8 (CH,) | 42.8 (CH,) | 42.8 (CH,) | 42.8 (CH,)
4s 42.8 (CH,) | 42.8(CH,) | 42.8 (CH,) | 42.8 (CH,) | 42.8 (CH,) | 42.8 (CH,) | 42.8 (CH,) | 42.8 (CH,)
5 42.7(CH) | 42.7(CH) | 428 (CH) | 42.7(CH) | 42.7(CH) | 42.7(CH) | 42.7(CH) | 42.8 (CH)
6 41.1(CH) | 409(CH) | 41.0(CH) | 41.0(CH) | 409 (CH) | 40.9(CH) | 41.0(CH) | 41.0(CH)
7 463 (CH) | 462(CH) | 464 (CH) | 463 (CH) | 46.2(CH) | 463 (CH) | 463 (CH) | 46.4 (CH)
8 1182(C) | 118.1(C) | 1182(C) | 1182(C) | 118.1(C) | 1182(C) | 118.1(C) | 1182(C)
9 562 (CH) | 564 (CH) | 562(CH) | 562 (CH) | 56.1(CH) | 56.1(CH) | 56.1(CH) | 56.2(CH)
10 58.6 (CH) | 585(CH) | 57.9(CH) | 582(CH) | 57.9(CH) | 57.9(CH) | 582(CH) | 57.9 (CH)
11 89.8 (C) 89.6 (C) 89.7 (C) 89.5 (C) 89.6 (C) 89.5 (C) 89.5 (C) 89.6 (C)
12 170.5(C) | 1704(C) | 1705(C) | 1703(C) | 1705(C) | 1704(C) | 170.7(C) | 170.5(C)
13 - - - - -

14 56.4 (CH) | 56.5(CH) | 559(CH) | 478 (CH) | 52.9(CH) | 53.1(CH) | 52.9(CH) | 53.1(CH)
15 315(CH) | 314(CH) | 31.5(CH) | 18.6(CH;) | 37.3(CH,) | 37.4(CH,) | 37.4(CH,) | 37.3(CH,)

16/16* 17('241139)'1 17('241139)'0 17('(734{139)'0 171.8(C) | 1373(C) | 1373(C) | 1374(C) | 1374(C)
16 - - - 129.3 (CH) | 129.2 (CH) | 129.2(CH) | 129.2 (CH)
16° - - - 127.9 (CH) | 127.9 (CH) | 128.1 (CH) | 128.0 (CH)
16° - - - - 1262 (CH) | 1262 (CH) | 126.3 (CH) | 126.2 (CH)
17 17('(2?;{139)'1 17('(2?;{139)'0 17('(7:{{139)'0 - 1703(C) | 1702(C) | 1703(C) | 170.3(C)
18 170.1(C) | 170.4(C) 170.4 56.8 (CH) - -

100 MHz for *C
flso MHz for BC
Solvent (CDj3),SO
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Table 2. Continued

Atom 1% 123 1:; 1‘5! g g 1Z 1§
6°C 6°C 6°C 6°C 6°C 6°C 6°C 6°C

19 31.1(CH) | 572(CH) | 57.0(CH) | 57.0(CH) | 56.9 (CH)
20 472 (CH) | 533(CH) | 47.6(CH) 17('3339)'1 309 (CH) | 31.1(CH) | 31.1(CH) | 31.1(CH)
21 17.1 (CH3) | 36.6 (CHy) | 16.7 (CH5) 17('3339)'1 1?8339)'0 1%;{139).0 17(3339)'1 1%;{139).0
22/22* | 173.9(C) 137.4 (C) 172.1 (C) 170.3 (C) 1?8{{139)'0 1%;{139).0 17('3;{139)'1 1%;{139).0
22° 128.9 (CH) - - -
22¢ 128.1 (CH) - - -
224 126.3 (CH) - - -

23 1727 (C) 171.0 (C) 170.5 (C) 170.5 (C) 170.6 (C)
24 66.0 (CH,) | 47.4(CH) - - -
25/25° 138.8(C) | 17.0(CH3) | 40.5(CH,) | 474 (CH) | 534 (CH) | 47.6(CH)
25" 127.8 (CH) - - -
25° 128.0 (CH) - - -
254 128.4 (CH) - - -

26 173.9 (C) 171.1(C) | 16.9 (CH3) | 36.5(CH,) | 16.7 (CHj)
27/27° 173.9 (C) 137.4 (C) 1722 (C)
27" - 128.9 (CH) -
27° - 127.8 (CH) -
274 - 126.2 (CH) -

28 - 1727 (C) -

29 - - 65.9 (CH,)
30° - - 135.9 (C)
30° - - 127.8 (CH)
30° - - 128.4 (CH)
30¢ - - 127.9 (CH)

100 MHz for C
flso MHz for C
Solvent (CD3),SO

For compound 4 no ROESY correlations were observed between the PCU cage protons and the

peptide chain.

In ROESY spectrum of compound S, the aromatic protons H-16 displayed

through space correlation with the PCU cage protons H-5, H-7, and H-9 where as in compound

6, H-13 displays ROESY correlations to the proton signals H-3, H-10, H-21/22 and H-26. For

compound 7, the aromatic protons H-16 and H-27 display ROESY correlations to the isopropyl

methyl protons H-21/22.

Similarly in compound 8, the isopropyl protons H-21/22 display

137




NOESY correlations to the aromatic protons H-30 and the cage proton H-1. The 'H and "*C

NMR peak assignments of compounds 4-8 are given in Table 1 and 2.

4. EXPERIMENTAL SECTION

Analysis was performed on an Agilent 1100 HPLC (Waters Xbridge C18 150 mm x 4.6 mm x 5
us) coupled to a UV detector (215 nm) and an Agilent VL ion trap mass spectrophotometer in the
positive mode. Semi-preparative HPLC was carried out on a Shimadzu 8A instrument (Ace C18
150 mm x 21.2 mm x 5 ps) with a UV/VIS detector (215 nm) and automated fraction collector.
A two-mobile phase system was employed, utilizing formic acid as the ion-pairing agent.
Mobile phase A consisted of 0.1% formic acid/H,O (v/v) and mobile phase B consisted of 0.1%
formic acid/acetonitrile (v/v). High Resolution Electron Spray lonization Mass Spectroscopic
(HR-ESI-MS) analysis was performed on a Bruker MicroTOF QII mass spectrometer in positive
mode with an internal calibration. Microwave couplings were conducted on a Discovery CEM

Liberty microwave peptide synthesizer. The coupling conditions of the peptide synthesizer were

19,20 The >C NMR and '"H NMR data were recorded on a Bruker

adapted from literature.
AVANCE III 400 MHz spectrometer. Some samples were analyzed using a Bruker AVANCE
IIT 600MHz when higher sensitivity was required. Optical rotations were measured at room
temperature in dry methanol using a Perkin Elmer Polarimeter-Model 341. All IR spectra were
recorded on a Perkin Elmer Spectrum 100 instrument with a universal ATR attachment. All the
amino acids, resins and coupling reagents are commercially available and were purchased from

GL Biochem (Shanghai) Ltd. Analytical grade solvents for synthesis were procured from

Sigma-Aldrich (South Africa)

General Procedure for the synthesis of 5-Hydroxy-4-oxahexacyclododecane-3-carboxylic

acid, compound 13
Compound 13 was synthesized according to the previously reported method.

General procedure for manual SPPS loading of first amino acid to the 2-chlorotrityl

. . 19,20
chloride resin

Activated 2-chlorotrityl chloride resin (1 g, 1.33 mmol) was swelled in dry DCM (10 mL) for 10

minutes in a sintered glass reaction vessel. Fmoc-Amino acid-OH (3.99 mmol) in DCM (10 mL)
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and N,N-diisopropylethylamine (DIPEA) (6.65 mmol), was added to the resin and was mixed for
2 hrs with a stream of nitrogen bubbles. The solvent was removed by filtration and the resin was
washed with DCM (3 x 10 mL). A few resin beads (~5 mg) were removed from the reaction
vessel and dried under vacuum for an hour. A solution of 20% piperidine in DMF was added to
the dried resin beads (1 mg) and left to stand for 20 min. General washing procedure for manual
SPPS: After each step of SPPS the resin was washed with DCM (3 x 10 mL), DMF (3 x 10 mL)
and DCM (3 x 10 mL).

General procedure for the synthesis of peptides using microwave power

Stock solutions of amino acids (0.2 mM), DIPEA (1 mM) and O-benzotriazole-1-yl-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HBTU) (2 mM) were prepared and inserted into their
appropriate reaction vessels on the peptide synthesizer. All peptides were synthesized on a 0.5
mmol scale using microwave power (see Table 1 of the supplimentary information). The
standard coupling method for arginine (Arg)55 was used for attachment of the second amino acid
to the resin (1 g) preloaded with the first amino acid. The standard coupling method was used

. . 19,20,56
for subsequent reactions and for Fmoc deprotection.

The washing procedures were similar
to those used for manual SPPS. Final cleavage from the resin was performed manually. The
resin bound peptide was washed with DCM (3 x 10 mL) in a reaction vessel while nitrogen was
bubbled through the solution. A cleavage mixture of 0.5% (v/v) TFA and 95% (v/v) DCM was
added to the dried resin while nitrogen was bubbled through the solution for 10 minutes. The
resin was washed three times with the cleavage mixture and the cleaved peptide in solution was
seperated from the resin by filtration and collected in a flask containing water (100 mL). The
filtrate was extracted several times with DCM to remove the peptide from the water layer. DCM

was removed under reduced pressure using a teflon pump at 40 °C and affording the peptide as a

white powder.

General procedure for coupling of peptides to 5-Hydroxy-4-oxahexacyclododecane-3-

carboxylic acid to yield compounds 1-8

The cleaved peptide (1.2 eq.) was dissolved in DCM (3 mL) followed by the addition of 5-

Hydroxy-4-oxahexacyclododecane-3-carboxylic acid™ (1 equiv), HATU (2.5 equiv) in DMF (7
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mL) and DIPEA (3 equiv) as a base. The mixture was left to stir at room temperature for 24 hrs.
The product was evaporated to dryness under vacuum using a teflon pump attached to the Buchi
rotary evaporator, which was maintained at 40 °C. A cleavage mixture (10 mL) of 95% (v/v)
TFA and 5% (v/v) DCM was added to the coupled peptide and stirred for 24 hrs at room
temperature to remove the N-Boc protecting group. The TFA was removed from the mixture by
bubbling air through the peptide and the remaining DCM was removed under vacuum at 30°C.
The product was obtained as yellow oil which was purified by preparative HPLC [Mobile phase
solution A: 0.1% formic acid/HO (v/v) and mobile phase solution B: 0.1% formic

acid/acetonitrile (v/v)].
Compound 1

A colourless oil (76%). Retention time: 14.13 min (HPLC),[a]ZOD =-20.00 (¢ 0.20 in MeOD); IR
(neat): 3288.6, 2970.5, 1726.1, 1638.0, 1529.2, 1454.7, 1326.9, 1292.2, 1204.7, 1137.1, 992.5,
950.2, 906.4, 868.8, 641.7, 521.5 cm™; HR-ESI-MS (m/z): calculated for CooHy6N,NaOg ([M +
Na]***) 413.1683 found 413.1687. The NMR data for 1 are presented in Tables 1 and 2.

Compound 2

A white solid (62%). Retention time: 15.23 min (HPLC), Melting point: 129 — 130 °C, [a)®p = -
11.76 (c 0.17 in MeOD); IR (neat): 3300.5, 2967.2, 2868.8, 1725.5, 1640.5, 1527.3, 14554,
1326.0, 1292.2, 1204.9, 1138.1, 1105.6, 991.9, 949.5, 905.6, 868.6, 740.6, 698.9, 521.6, 495.4
cm™; HR-ESI-MS (m/z): calculated for CosH3oN,Og ([M + H]") 467.2177 found 467.2156. The
NMR data for 2 are listed in Tables 1 and 2.

Compound 4

A pale white solid (48%). Retention time: 14.28 min (HPLC), Melting point: 159 — 160 °C,
[a]®p = -41.67 (c 0.12 in MeOD); IR (neat): 3293.0, 2969.8, 1725.6, 1639.4, 1527.3, 1454.4,
1330.9, 1292.1, 1206.3, 1138.7, 993.7, 951.8, 905.6, 868.9, 789.5, 641.5, 521.7 cm™'; HR-ESI-
MS (m/z): calculated for Co3H3 N30 ([M + H]) 462.2235 found 462.2269. The NMR data for 4

are presented in Tables 1 and 2.
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Compound 5

A pale yellow oil (54%). Retention time: 15.28 min (HPLC), [a]®p = -27.27 (¢ 0.22 in MeOD);
IR (neat): 3288.5, 2965.7, 1728.2, 1638.4, 1524.0, 1327.6, 1206.3, 1138.62, 949.5, 905.3, 699.0
cm'l; HR-ESI-MS (m/z): calculated for C,sH33N3NaO7 (M + Na]23+) 546.2110 found 546.2190.
The NMR data for S are listed in Tables 1 and 2.

Compound 6

A pale yellow oil (42%). Retention time: 15.35 min (HPLC), [a]zoD =-23.81 (¢ 0.21 in MeOD);
IR (neat): 3277.7, 2966.7, 1721.5, 1637.6, 1528.4, 1454.6, 1350.3, 1226.6, 1141.49, 911.2,
743.8, 698.9 cm’'; HR-ESI-MS (m/z): calculated for CooH3sN3NaO; (M + Na]**) 560.2367
found 560.2351. The NMR data for § are given in Tables 1 and 2.

Compound 7

A yellow oil (42%). Retention time: 15.62 min (HPLC), [a]®p = -33.33 (c 0.21 in MeOD); IR
(neat): 3287.8, 2964.4, 1714.9, 1640.5, 1524.1, 1327.2, 1205.2, 1138.4, 737.7, 697.0 cm’. HR-
ESI-MS (m/z): calculated for C35H39N3NaO; ([M + Nal]23 ™) 636.2719 found 636.2680. The NMR

data are presented in Tables 1 and 2.

General procedure57 for the synthesis of benzyl protected 5S-Hydroxy-4-

oxahexacyclododecane peptides, 3 and 8

5-Hydroxy-4-oxahexacyclododecane peptide (1 eq) and benzylbromide (2.5 eq) were dissolved
in DMF (8 mL). Cesium carbonate (2 eq) was added to the solution at ambient temperature.
After stirring for 2 h, saturated aqueous sodium bicarbonate (100 mL) was added to the solution
and extracted with ethyl acetate (3 x 100 mL). The combined organic phases were washed with
5% aqueous citrate and saturated aqueous sodium chloride (100 mL) and dried over sodium
sulphate. The solvent was evaporated, and the crude peptide was precipitated in cold ether and
dried under reduced pressure. This crude product was further purified by preparative HPLC
[Mobile phase solution A: 0.1% formic acid/H,O (v/v) and mobile phase solution B: 0.1%

formic acid/acetonitrile (v/v)].
141



Compound 3

A pale yellow oil (51%). Retention time: 15.90 min (HPLC), [0]®p = -13.33 (¢ 0.21 in MeOD);
IR (neat): 3286.7, 2966.8, 1742.8, 1643.5, 1524.4, 1455.5, 1347.2, 1203.2, 1160.4, 1138.8,
1052.4, 991.3, 949.3, 904.7, 738.0, 697.3, 640.9 cm’; HR-ESI-MS (m/7): calculated for
Cy7H3,N;NaOg ([M + Nal]23 ™) 503.2153 found 503.2150. The NMR data for 3 are listed in Tables
1 and 2.

Compound 8

A yellow oil (46%). Retention time: 15.68 min (HPLC), [o]*’p = -19.05 (¢ 0.21 in MeOD); IR
(neat): 3289.0, 2965.3, 1720.5, 1641.6, 1523.6, 1326.3, 1206.3, 1138.5, 906.4, 698.1 cm™; HR-
ESI-MS (m/z): calculated for C3sHs N3NaO; (IM + Na]**) 650.2837 found 650.2828. The NMR
data for 8 are listed in Tables 1 and 2.

5. CONCLUSION

The synthesis and complete NMR elucidation of eight novel PCU cage peptides were
successfully carried out. The synthesis was achieved utilizing known protocols from the
literature. The NOESY and ROESY experiments showed interesting through space correlations
between the cage side chain and the PCU cage protons. Compounds 1-8 are all non-separable
diastereomers and are unsymmetrical in nature, which complicated the assignments of PCU cage
protons. However 2D NMR spectroscopy proved to be a crucial tool for effective structural
elucidation of these compounds in spite of major overlapping of proton signals. All the "*C
carbon signals for these compounds are split. Incorporation of the PCU hydroxy cage acid 13

into the peptides as potential HIV-1 protease inhibitors was successful.

6. SUPPORTING INFORMATION:

All the spectra mentioned in the text are available as supporting information (Appendix 2).
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CHAPTER 6

SUMMARY AND CONCLUSION

Acquired Immune Deficiency Syndrome (AIDS) continues to be a major epidemic and challenge
in the world. Currently, the most effective course of treatment consists of a combination therapy
of HIV protease and reverse transcriptase inhibitors. Due to their severe side effects, toxicities,
high dosage and high treatment cost, there is an urgent and constant demand for the development
of new anti HIV drugs. The proteolytic HIV protease enzyme is still the most sought after target

for AIDS chemotherapy by researchers in all continents.

In this study, peptides and peptoids incorporated into the PCU cage moieties were designed and
synthesized to potentially improve the pharmacokinetic and pharmacodynamic properties of the
molecules. The rigid carbon skeleton of the polycyclic cages have shown inherent chemical and
biochemical properties such as retarding metabolic degradation, stability, receptor site specificity
and enhancing the ability of the drugs to cross the blood-brain barrier of the central nervous
system (CNS). Two different polycyclic cage molecules namely, the PCU diol diacid and PCU
hydroxy acid were used as scaffolds for the attachment to different short peptide/peptoid chain
sequences. The sequences were chosen to fit the protease subsites and the synthesized
compounds resulted in novel HIV protease inhibitors. This research project has resulted in the

synthesis of 30 intermediates and 22 novel compounds in total.

1. PCU-DIOL INHIBITORS

The symmetric and mesomeric PCU diol diacids (1 and 14) in Chapter 2 and Chapter 1
respectively were successfully synthesized, isolated, characterized and reported for the first time
in this project. The PCU diol diacid moiety resembles a dihydroxyethylene type isostere which
was previously utilized as a HIV protease inhibitor. Nine novel PCU diol peptides/peptoids were
synthesized as HIV-PR inhibitors. It was observed from the crystal structure of PCU diol
diphenylalanine (5), in Chapter 1 (CCDC 797748), that the distance between the diols (2.3 A)
was quite close to the calculated diol distance (= 2.3 A) of the transition state (R1-NH-C(OH);-

CH—NH—R2)1’2 resulting from the hydrolysis of the natural HIV-PR protein substrate. Peptides 7
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and 10, in Chapter 1, contain two phenylglycine and two tryptophan amino acids respectively as
side arms to the cage, displayed moderate inhibitory activity with ICsy values of 5 uM. From the

docking and molecular dynamic (MD) studies it was observed that the cage diol peptides fit
Ha, JHs

Ha, Hs
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N H
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Figure 1. Structure of PCU diol diacid 14 and the most active derivatives 7 and 10 (Chapter 2).

The hetero-atoms displayed strong hydrogen bonding interactions with the enzymatic aspartic
acid (Asp25/Asp25') residues and very little movement of the PCU cage hydroxyl groups inside
the enzyme pocket was observed during the course of the MD simulations. The NMR
elucidation of these novel pentacycloundecane (PCU) derived short peptides (Chapter 2) was
also presented. Major overlapping of the methine resonances of the PCU ‘cage’ in the 'H and
3C NMR spectra was observed. Conformational differences of the peptide side chains due to
diastereomeric interactions between the cage skeleton and the chiral side chains were also
observed. The side arms displayed weak NOESY/ROESY interactions with the cage protons,
which enabled us to deduce the orientation of the side arms with respect to the PCU cage

skeleton.

2. PCU HYDROXY ACID INHIBITORS

A series of novel structurally diverse diastereomeric PCU derived hydroxy acid peptide and
peptoid analogs were synthesized and tested against the resistant prone wild type C-South
African (C-SA) HIV-protease enzyme. The rationale behind using the cage ether
peptide/peptoid was that the cyclic PCU hydroxy ether moiety would perhaps serve as a cyclic
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ether transition state™ analogue under protease conditions. Amongst these novel compounds
16, 17, 20 and 23 (Figure 2) gave ICsy values ranging from 0.6 to 5.0 uM against the wild type
C-SA HIV-1 protease enzyme. The binding energies of the docked diastereomeric PCU-peptide

inhibitors were in reasonable agreement with the measured ICs, values.

Ha, ,Hs Ha, ,Hs
o o)
HO HO
o NH O 0 NH O
N J\”/OH N OH
N N
o o o o
ICgp = 2.0 M ICgp = 1.0 uM
16 17
Ha, Hs Ha, ,Hs
o)
o)
HO HO™4 N4<
o NH o}

Figure 2. PCU hydroxy acid derived peptides/peptoids 16, 17, 20 and 23 (Chapter 4).

The docked structures displayed a conserved hydrogen-bonding pattern between the cage
hydroxy ether and the active site residues (Asp25/Asp25') confirming the proposed transition
state role played by the cage ether. This was further evident from the analysis of the hydrogen

bond interactions along the MD trajectories.

2D NMR techniques proved to be very important tools in elucidating the structures of the
diastereomeric PCU hydroxy peptides (Chapter 5). It was observed from the °C NMR spectra
that all the carbon signals of the cage and their side chains were split, confirming that the

compounds were diastereomeric mixtures. Through space NOESY/ROESY correlations were
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also observed between the cage protons and the side chains, which also enabled us to have a

probable 3D view of these peptides.

3. CONCLUSION

A series of two different PCU derived peptide/peptoid analogues were synthesized and evaluated
as potential HIV-1 protease inhibitors. In the case of PCU cage diol peptide/peptoid, the best
ICsq value observed was 5 uM for the cage diol peptides having amino acids 2-phenylglycine (7)
and tryptophan (10) as side arms, as shown in Figure 1. Enhanced ICsy values can perhaps be

achieved by changing the length of the link between cage moiety and side chain peptide.

The PCU hydroxy acid derived peptides and peptoids have emerged as a new class of
irreversible non-scissile ether bridge type isosters. Promising ICsy values of 0.6 uM were
obtained from this peptide/peptoid series for cage peptides (20) and 1 uM (17) (Figure 2).
Variation of the amino acid sequence and protection of the C-terminal of the cage
peptide/peptoid enabled us to determine a structure activity relationship for these inhibitors.
Substitution of bulky hydrophobic groups for the S '/S" and S*/S” resulted in considerable loss
of inhibitory activity. From docking and MD simulations it was observed that the bulky cage or

part thereof occupies the S'/S' subsite.

The 2D NMR techniques especially NOESY/ROESY experiments have proved to be extremely
important tools in elucidating these complex PCU cage compounds with overlapping signals.
The binding energies calculated from the docking studies were in reasonable agreement with the
measured ICsy values. Conserved hydrogen bonds were clearly observed between the cage
hetero-atoms and one of the triad residues, Asp25-Thr26-Gly27 (A/B chains) which in turn
helped in anchoring the cage skeleton to the S'/S' subsite of the C-SA HIV-PR. The MD
trajectories revealed that the enzyme complex was stable and the cage inhibitors easily fit into
the enzyme pocket/active site. These computational techniques allowed us to rationalize the
observed HIV protease inhibition for different cage peptides and peptoids. Future studies should

explore the activity of these cage peptide/peptoids against other protease related diseases.
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APPENDIX 1
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Novel PCU cage diol peptides as potential targets against wild type CSA HIV-
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Over-expression, extraction and purification of the C-SA protease (Chapter 1)
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Plasmid encoding HIV-1 subtype C protease (containing the mutation Q7K designed to reduce
the hypersensitive autolytic site) is expressed as inclusion bodies (Ido et al., 1991) in Escherichia
coli BL21 (DE3) pLysS cells. Briefly, Escherichia coli cells harboring the plasmid DNA were
grown at 37 °C in LB medium supplemented with 100 pg/m€ of ampicillin and 35 pg/mf of
chloramphenicol. The overnight culture was diluted 100-fold into fresh 2 x YT medium
supplemented with ampicillin (100 pg/m€) and chloramphenicol (35 pg/mf) and grown at 37 °C.
When the optical density (ODggp) of the culture reached 0.4 to 0.5, over-expression of the HIV-1
C-SA protease was induced by adding IPTG. IPTG was added to final concentrations of 0.4

mM. Over-expression of the protease was allowed to continue for four hours.

The cells were pelleted after growth and resuspended in ice-cold extraction buffer [10 mM Tris,
I mM EDTA, and 1 mM PMSF (added only fresh before use), pH 8] and disrupted using an
ultra-sonicator. Following the addition of MgCl, and DNase I to final concentrations of 10 mM
and 10 U/pl, respectively, the culture medium was stirred on ice until the viscosity of the
mixture decreased. The cells were then ruptured by sonication and centrifuged at 15 000 x g for
30 minutes at 4 °C. The pellet was resuspended in ice-cold extraction buffer containing 1% (v/v)
of Triton X-100. Cell debris and protease-containing inclusion bodies were pelleted by
centrifugation at 15 000 x g for 30 minutes at 4 °C. The pellet was then resuspended in a freshly
prepared solubilization buffer containing 10 mM Tris, 2 mM DTT, 8 M urea, pH 8.0, at room

temperature, and centrifuged at 15 000 x g for 30 minutes at 20 °C.

The protease, in the supernatant, was purified by passing through an anion exchange (DEAE)
column previously equilibrated with solubilization buffer. Upon elution from the column, the
protease was acidified by adding formic acid to a final concentration of 25 mM. Precipitation of
significant amount of contaminating proteins occurred upon acidification. Following an
overnight incubation, the precipitated contaminants were removed by centrifugation at 15 000 x

g for 30 minutes at 4 °C.

HIV-1 protease was refolded by dialysis into 10 mM formic acid at 4 °C. Subsequently, the
protease was dialyzed into storage buffer containing 10 mM sodium acetate, | mM NaCl and 1
mM DTT, pH 5.0. The folded protease was concentrated to a final volume of ~5 m{ and stored at

-20 °C.
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"H NMR Spectrum of Compound 14 (Chapter 1) and Compound 1 (Chapter 2)
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13C NMR Spectrum of Compound 14 (Chapter 1) and Compound 1 (Chapter 2)
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COSY NMR Spectrum of Compound 1 (Chapter 2)
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'"H NMR Spectrum of Compound 5 (Chapter 1) and Compound 2 (Chapter 2)
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160.000 usec
6.50 usec

296.4 K

145.0000000
0.00000300 sec
1.43200600 sec
0.00172414 sec
0.03000000 sec
0.00000400 sec
0.00020000 sec
0.00003000 sec

15.48668575 W
400.2216946 MHz

garp
13C
9.00 usec
18.00 usec
70.00 usec
-2.00 dB
15.60 dB
54.14257431 W
0.94089001 W
100.6429049 MHz

GPNAM1 SINE.100
GPNAM2 SINE.100
GPZ1 80.00 %
GPZ2 20.10 %
P16 1000.00 usec
Fl - Acquisition parameters
NDO

TD 256
SFO1 100.6429 MHz
FIDRES 65.118813 Hz
sSw 165.639 ppm
FnMODE Echo-Antiecho

F2 - Processing parameters

SI

SF 400.2200050 MHz
WDW QSINE

SSB 2

LB 0.00 Hz
GB 0

PC 1.40

Fl - Processing parameters
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Current Data Parameters

NAME Nov06-2008-GK-Nizam
EXPNO 43
PROCNO 1

F2 - Acquisition Parameters

Date_ 20081106
Time 18.17
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hmbcgpndgf
TD 4096
SOLVENT MeOD
NS 8
DS 16
SWH 3125.000 Hz
FIDRES 0.762939 Hz
AQ 0.6554100 sec
RG 2050
DW 160.000 usec
DE 6.50 usec
TE 296.3 K
CNST13 8.0000000
DO 0.00000300 sec
D1 1.22884500 sec
D6 0.06250000 sec
D16 0.00020000 sec
INO 0.00002235 sec
== CHANNEL fl ==
1H
10.00 usec
20.00 usec
-3.00 dB

15.48668575 W
MHz

400.2216946

CHANNEL f2

NUC2 13C
P3 9.00 usec
PL2 -2.00 dB
PL2W 54.14257431 W
SFO2 100.6454466 MHz
GRADIENT CHANNEL
GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100
GPz1 50.00 %
GPZ2 30.00 %
GPZ3 40.10 %
Pl6 1000.00 usec

Fl - Acquisition parameters
NDO 2

TD 128
SFO1 100.6454 MHz
FIDRES 174.631683 Hz
SW 222.095 ppm
FnMODE QF
F2 - Processing parameters
SI 1024
SF 400.2200000 MHz
WDW SINE
SSB 0
LB 0.00 Hz
GB 0
PC 1.40
F1l - Processing parameters
SI 1024
MC2 QF
SF 100.6353190 MHz
WDW SINE
SSB 0
LB 0.00 Hz
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Display Report

Acquisition Date

17142010 5:40:47 PM

Analysis Info
Analysis Name  DX\Data\Ra\ACA-Phe-OH2.d
Method tune_wide_expert.m Operator BDAL@DE
Sample Name ACA-Phe-OH2 Instrument micrOTOF- 10139
Comment 58825
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Mot active Set Capillary 4500V Set Dry Heater 200°C
Scan Begin 100 miz Set End Plate Offset -B00 v Set Dry Gas 4.0 Iimin
Scan End 3000 mfz Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
Intens.
w108
Ha Hs \
1.0
o OHHO a N f
0.6 HH HH ; I.'
HO OH \\\
0.6 . '
...1 ..'I s — \-.,\.\
0'4- -\'\ H‘.-""-\_\_
'\__ o __________/ ———
0.25 050 075 1.00 1.25 1.50 1.75 2,00 225 Time [min]
[—TIC +aAI MS |
Intens. +MS, 2 Omin #119
w104
588 2541
B_
[+
4.
2 499 0479 1199.4909
0 hl kit ; N ke “J. ; |. LI_. : 181079861 S .
500 1000 1500 2000 miz
Intens. +MS, 2.0min #1159
x10% 5892541
a }
6.
4.
2_
327 0479 1199.4909
o o bl L e | . 1810.7961 . .
500 1000 1500 2000 2500 miz
printed: 1172010 5:47:57 PM Page 1 of 1

Bruker Compass DataAnalysis 4.0
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Current Data Parameters

NAME
EXPNO
PROCNO

20
1

Nov06-2008-GK-Nizam

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT

20081106

spect

5 mm PABBO BB-
zg30

65536

MeOD

16

2

8223.685

0.125483
3.9846387

Hz

Pl 10.00 usec
PL1 -3.00 dB
PL1W 15.48668575 W
SFO1 400.2224715 MHz
F2 - Processing parameters
SI 32768

SF 400.2200057 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

PC 1.00

'"H NMR Spectrum of Compound 6 (Chapter 1) and Compound 3 (Chapter 2)



~ o Mmoo (@]
O < M N FANMNOOWOTOoOOOLTATNO AN F TN MO N Current Data Parameters
LI O AT OO OTFT M ANOVOM>OMANM™MO ™ WAN M~ NAME Nov07-2008-GK-Raj
<t <t <? N N ¢ o o o+ & & & s+ s & s s+ e & & & & & & s+ & & & s s & . EXPNO 21
o~~~ ML VOOMWMOVDOONONNDNOHNOHWOMWOWOWOWLWOFHINO OO PROCNO 1
— L O W iV ToNTo N ToITORRS U SIS U S UM S U U U U U S U U R G 48
F2 - Acquisition Parameters
Date_ 20081107
Time 23.59
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zgpg30
TD 65536
SOLVENT MeOD
NS 3000
DS 4
SWH 24038.461 Hz
Ha/’. s FIDRES 0.366798 Hz
AQ 1.3631988 sec
RG 1150
DW 20.800 usec
DE 6.50 usec
TE 295.8 K
D1 2.00000000 sec
D11 0.03000000 sec
OHHO v )
o 0 == CHANNEL fl ========
NH HN NUC1 13C
Pl 8.40 usec
s PL1 -2.00 dB
PL1W 54.14257431 W
(o) (0] sFol 100.6454626 MHz
Ho OH == CHANNEL f2 ========
CPDPRG2 waltzl6
NUC2 1H
PCPD2 90.00 usec
PL2 -3.00 dB
PL12 15.60 dB
PL13 18.00 dB
PL2W 15.48668575 W
PL12W 0.21377575 W
PL13W 0.12301511 W
SFO2 400.2216009 MHz
F2 - Processing parameters
SI 32768
SF 100.6352561 MHz
wDw EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
A N ’ »
I ) I ) I ) I ) I ) I I ) I ) I ) I ) I )
200 180 160 140 120 100 80 60 40 20 0 ppm

691

BC NMR Spectrum of Compound 6 (Chapter 1) and Compound 3 (Chapter 2)
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COSY NMR Spectrum of Compound 3 (Chapter 2)

Current Data Parameters

NAME Nov06-2008-GK-Nizam
EXPNO 21
PROCNO 1

F2 - Acquisition Parameters

Date_ 20081106
Time 9.30
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG cosygpgf
TD 2048
SOLVENT MeOD
NS 2
DS 8
SWH 2403.846 Hz
FIDRES 1.173753 Hz
AQ 0.4260340 sec
RG 64
DW 208.000 usec
DE 6.50 usec
TE 295.7 K
DO 0.00000300 sec
D1 1.25260103 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00041600 sec
=== CHANNEL f1l ==
1H
10.00 usec
10.00 usec
-3.00 dB

15.48668575 W
400.2211617 MHz

== = GRADIENT CHANNEL =====
GPNAM1 SINE.100

GPZ1 10.00 %
P16 1000.00 usec

Fl - Acquisition parameters
NDO 1

TD 128
SFO1 400.2212 MHz
FIDRES 18.780048 Hz
SW 6.006 ppm
FnMODE OF
F2 - Processing parameters
SI 1024
SF 400.2200050 MHz
WDW SINE
SSB 0
LB 0.00 Hz
GB 0
PC 1.40

Fl - Processing parameters
SI 1024

MC2 QF
SF 400.2200050 MHz
WDW SINE
SSB 0



Current Data Parameters

ILT

NAME Nov06-2008-GK-Nizam
EXPNO 22
PROCNO 1
F2 - Acquisition Parameters
Date_ 20081106
Time 9.39
INSTRUM spect
rpm PROBHD 5 mm PABBO BB-
PULPROG noesyph
G 0.0 ™ 2048
L * SOLVENT MeOD
NS 16
DS 4
r SWH 2403.846 Hz
—0.5 Fipres 1.173753 Hz
B AQ 0.4260340 sec
i RG 64
| DW 208.000 usec
DE 6.50 usec
L 1.0 TE 295.7 K
F DO 0.00019527 sec
F D1 1.82469106 sec
r D8 0.30000001 sec
—1.5 1o 0.00041600 sec
i == CHANNEL fl ==
0 i NUC1 1H
¢ OH L 2.0 E! 10.00 usec
L M PL1 -3.00 dB
L PL1W 15.48668575 W
L SFO1 400.2211617 MHz
— 2 . 5 F1 - Acquisition parameters
I NDO 1
[ TD 256
0 i SFO1 400.2212 MHz
[ 3.0 FIDRES 9.390024 Hz
L M SW 6.006 ppm
L FnMODE States-TPPI
—_— +
F F2 - Processing parameters
—3.5 st
r SF 400.2200050 MHz
f F WDW QSINE
. [ SSB 2
LB 0.00 Hz
; 4.0 & :
N L PC 1.00
<N & + F1l - Processing parameters
4.5 SI 1024
“ 3 MC2 States-TPPI
. r SF 400.2200050 MHz
\é{ ) I WDW QOSINE
. i SSB 2
. N 5.0 ¢ 0.00 Hz
h [ GB 0
» L
!
. , , ! 5.5
H L
0 '.‘
n 'y o Q. |
-6.0
_—_
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

NOESY NMR Spectrum of Compound 3 (Chapter 2)
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Current Data Parameters

NAME Nov06-2008-GK-Nizam
EXPNO 24
PROCNO 1

F2 - Acquisition Parameters
Date_ 20081106
Time 14.27
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hsgcetgp

TD 1024
SOLVENT MeOD

NS 4

Ds 16

SWH 2403.846 Hz
FIDRES 2.347506 Hz
AQ 0.2130420 sec
RG 2050

DW 208.000 usec
DE 6.50 usec
TE 296.7 K
CNST2 145.0000000

DO 0.00000300 sec
D1 1.38285398 sec
D4 0.00172414 sec
D11 0.03000000 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00003000 sec
ZGOPTNS

=== CHANNEL fl =
NUC1
Pl 10
P2 20
P28 1000
PL1 -3
PL1W 15.48668575 W
SFOL1 400.2211617 MHz

=== CHANNEL f2 =
garp
13C
9.00 usec
18.00 usec
70.00 usec
-2.00 dB
15.60 dB
54.14257431 W
0.94089001 W
100.6429049 MHz

= GRADIENT CHANNEL

GPNAM1 SINE.100
GPNAM2 SINE.100

GPz1 80.00 %
GPZ2 20.10 %
Pl6 1000.00 usec

Fl - Acquisition parameters

NDO 2
TD 256
SFO1 100.6429 MHz
FIDRES 65.118813 Hz
SW 165.639 ppm
FnMODE Echo-Antiecho
F2 - Processing parameters
SI 1024
SF 400.2200040 MHz
WDW QSINE
SSR 2
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Current Data Parameters

NAME Nov06-2008-GK-Nizam
EXPNO 23
PROCNO 1

F2 - Acquisition Parameters
Date_ 20081106

Time 13.19
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hmbcgpndgf

TD 4096
SOLVENT MeOD

NS 16

DS 16

SWH 2403.846 Hz
FIDRES 0.586877 Hz
AQ 0.8520180 sec
RG 2050

DW 208.000 usec
DE 6.50 usec
TE 296.4 K
CNST13 8.0000000

DO 0.00000300 sec
D1 1.03223705 sec
D6 0.06250000 sec
D16 0.00020000 sec
INO 0.00002235 sec
======== CHANNEL fl ========
NUC1 1H

Pl 10.00 usec
P2 20.00 usec
PL1 -3.00 dB
PL1W 15.48668575 W
SFO1 400.2211617 MHz
======== CHANNEL f2 ========
NUC2 13C

P3 9.00 usec
PL2 -2.00 dB
PL2W 54.14257431 W
SFO02 100.6454466 MHz
====== GRADIENT CHANNEL =====
GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100

GPz1 50.00 %
GPZ2 30.00 %
GPz3 40.10 %
P16 1000.00 usec

Fl - Acquisition parameters
2

NDO

TD 128
SFO1 100.6454 MHz
FIDRES 174.631683 Hz
SW 222.095 ppm
FnMODE OF

F2 - Processing parameters
ST 1024

SF 400.2200040 MHz
WDW SINE

SSB 0

LB 0.00 Hz
GB 0

PC 1.40

Fl - Processing parameters
ST 1024

MC2 OF

cw

£28010n0
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Display Report

Analysis Info
Analysis Name
Method
Sample Name
Comment

D:\Data\Raj\ACA-Val-OH1.d

tune_wide_expert.m
ACA-Val-OH1
492 25

Acquisition Date

Operator
Instrument

1/1/2010 5:49:25 PM

BDAL@DE
micrOTOF-Q

10139

Acquisition Parameter

Source Type
Focus

Scan Begin
Scan End

ESI

Not active
100 miz
3000 m/z

lon Polarity

Set Capillary

Set End Plate Offset
Set Collision Cell RF

FPositive
4500V
-500v
500.0 Vpp

Set Nebulizer
Set Dry Heater
Set Dry Gas
Set Divert Valve

0.4 Bar
200 °*C
4.0 lI/min
Source

Intens. |
x106
1.44

1.29
o OHHO o

HH HH
S

HO OH

1.0
0.8

0.6

i

0.4+ "\H

e —

0.5

25  Time [min]

[— TIC +AlIMS

Intens.
x10%7

: 493.2536
1.25°
1.00]
0759
0,50

0257

1007.4798

+MS, 2.2min #130

000' sukiy

Ao 14997273
00 " 1500

" 1000

.2000.

" 2500

miz

Intens. |

3
x10°3 493.2536

1.252
1.00%
0.755
o.soé

0.254

hll

Ll

1007.4798

. 1499.7273

+MS, 2.2min #130

0.00-

1000 1500 2000

2500

Bruker Compass DataAnalysis 4.0

printed:

1/1/2010 5:57:18 PM

Page 1 af 1
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7.332
7.325
7.313
7.308
7.287
7.284
7.267
7.248
7.244
7.239

ANNITLTOONTNAOHANONMIONAON WL OO HMWO NWOWO O LW Current Data Parameters

NN —TAONHT A AOONNOWMWOWOAN—THONSTFTANNONDM>-NOHONWMO NAME Nov06-2008-GK-Nizam
NANANANNOOANNANANNAATOOOITILILTO OO ANNNANNAAOILIFTNAAOO Exggoo 3f1>

e e 4 e e e e 4 e e e 4w 4 e e e 4 4 e 4 4 4 e e 4 4 4 e 4 & & e s + + PROCN

DO OOMOMMNOOOMOMOOMOONNNNNNNNNNNNNAAAAAAA

F2 - Acquisition Parameters

Date_ 20081106
Time 14.59
INSTRUM spect
PROBHD 5 mm PABBO BB-

PULPROG zg30
TD 65536
SOLVENT MeOD
Ha, Hs NS 16
- DS 2
SWH 8223.685 Hz
FIDRES 0.125483 Hz
AQ 3.9846387 sec
RG 181
DW 60.800 usec
DE 6.50 usec
TE 296.7 K
D1 1.00000000 sec
(0] OHHO (o] TDO 1
NH HN
i
PLL ~3.00 dB
o o PL1W 15.48668575 W
Ho OH SFO1 400.2224715 MHz
F2 - Processing parameters
SI 32768
SF 400.2200058 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
J J . JL_JU\_,
11 10 9 8 7 6 5 4 3 2 1 0 -1 ppm
~ [e)} [e)) o~ O
[} (o)) LN (O [e)) o 1O
N — — — ||
—

'"H NMR Spectrum of Compound 7 (Chapter 1) and Compound 4 (Chapter 2)
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) <t O T O Oy O~
~ w0 o HOLT MO ONOONWOVMTOILTMANOONHNVOAMM>O™O NN L A Current Data Parameters
e e s s s L DLV LOVWANOOMTVOLTNOVWOWMOVDWOLTOHONTMAN N ™ WO NAME Nov07-2008-GK-Raj
o lsalNss) O OO OYOYOYOD CO ¢ o o o o o o o o & o o e 4 e e e e e e e e e e e . EXPNO 30
[ M MOANNNNNWDVWOWOWWOOVDOONANANNONOHNOVOVWESOWHWLW IO OO PROCNO 1
— A A A A A A0 W00 <<
F2 - Acquisition Parameters
Date_ 20081108
Time 2.53
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zgpg30
TD 65536
SOLVENT MeOD
NS 3000
Ha/’. S DS 4
SWH 24038.461 Hz
FIDRES 0.366798 Hz
AQ 1.3631988 sec
RG 1290
bW 20.800 usec
DE 6.50 usec
TE 295.5 K
D1 2.00000000 sec
0 OHHO fo) D11 0.03000000 sec
NH HN TDO ]
======== CHANNEL fl ====
o NUC1 13C
Pl 8.40 usec
(0] o PL1 -2.00 aB
Ho OH PL1W 54.14257431 W
SFO1 100.6454626 MHz
== CHANNEL f2 ====
CPDPRG2 waltzl6é
NUC2 1H
PCPD2 90.00 usec
PL2 -3.00 dB
PL12 15.60 dB
PL13 18.00 dB
PL2W 15.48668575 W
PL12W 0.21377575 W
PL13W 0.12301511 W
SFO2 400.2216009 MHz
F2 - Processing parameters
SI 32768
SF 100.6352487 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
| e a1 |
I ) I ) I ) I ) I ) I ) I ) I ) I ) I ) I )
200 180 160 140 120 100 80 60 40 20 0 ppm

BC NMR Spectrum of Compound 7 (Chapter 1) and Compound 4 (Chapter 2)
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COSY NMR Spectrum of Compound 4 (Chapter 2)

ppm

Current Data P
NAME Nov06
EXPNO
PROCNO

F2 - Acquisiti

arameters
-2008-GK-Nizam

31

1

on Parameters

Date_ 20081106

Time 15.00
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG cosygpgf

TD 2048
SOLVENT MeOD

NS 2

DS 8

SWH 3125.000 Hz
FIDRES 1.525879 Hz
AQ 0.3277300 sec
RG 64

DW 160.000 usec
DE 6.50 usec
TE 296.6 K

DO 0.00000300 sec
D1 1.35090494 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00032000 sec
======== CHANNEL fl ========
NUC1 1H

PO 10.00 usec
Pl 10.00 usec
PL1 -3.00 dB
PLIW 15.48668575 W
SFO1 400.2216991 MHz
====== GRADIENT CHANNEL =====
GPNAM1 SINE.100

GPZ1 10.00 %
P16 1000.00 usec

F1l - Acquisiti
NDO

TD

SFO1

FIDRES

SW

FnMODE

F2 - Processin
ST

SF 40
WDW

SSB

LB

GB

PC

F1 - Processin
SI

MC2

SF 40
WDW

SSB

LB

on parameters

128
400.2217 MHz
24.414063 Hz
7.808 ppm
QF

g parameters
024
0.2200050 MHz
SINE
0
0.00 Hz
0

1.40

g parameters
1024

QF
0.2200050 MHz
SINE
0
0.00 Hz
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NOESY NMR Spectrum of Compound 4 (Chapter 2)
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Current Data Parameters

NAME Nov06-2008-GK-Nizam
EXPNO 32
PROCNO 1

F2 - Acquisition Parameters
Date_ 20081106
Time 15.09
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG noesyph

TD 2048
SOLVENT MeOD

NS 4

DS 4

SWH 3125.000 Hz
FIDRES 1.525879 Hz
AQ 0.3277300 sec
RG 64

DW 160.000 usec
DE 6.50 usec
TE 296.6 K
DO 0.00014727 sec
D1 1.92299497 sec
D8 0.30000001 sec
INO 0.00032000 sec

=; == CHANNEL fl ==

NUC1 1H

Pl 10.00 usec
PL1 -3.00 dB
PL1W 15.48668575 W
SFO1 400.2216991 MHz
F1l - Acquisition parameters
NDO

TD 256
SFO1 400.2217 MHz
FIDRES 12.207031 Hz
SW 7.808 ppm
FnMODE States-TPPI

F2 - Processing parameters

SI 1024
SF 400.2200050 MHz
WDW QSINE
SSB 2
LB 0.00 Hz
GB 0
PC 1.00
Fl - Processing parameters
SI 1024
MC2 States-TPPIL
SF 400.2200050 MHz
WDW QSINE
SSB 2
LB 0.00 Hz
GB 0
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Current Data Parameters

NAME Nov06-2008-GK-Nizam
EXPNO 34
PROCNO 1
F2 - Acquisition Parameters
Date_ 20081106
Time 17.03
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hsqcetgp
D 1024
SOLVENT MeOD
NS 2
DS 16
SWH 3125.000 Hz
FIDRES 3.051758 Hz
AQ 0.1638900 sec
RG 2050
DW 160.000 usec
DE 6.50 usec
TE 296.7 K
CNST2 145.0000000
DO 0.00000300 sec
D1 1.43200600 sec
D4 0.00172414 sec
D11 0.03000000 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00003000 sec
ZGOPTNS

== CHANNEL f1
NUC1
Pl 10.
P2 20
P28 1000
PL1 -3.

PL1W 15.48668575 W
SFO1 400.2216991 MHz
== CHANNEL f2 ==

garp
13C
9.00 usec
18.00 usec
70.00 usec
-2.00 dB
15.60 dB
54.14257431 W
0.94089001 W
100.6429049 MHz

GRADIENT CHANNEL

GPNAM1 SINE.100
GPNAM2 SINE.100

GPZ1 80.00 %
GPZ2 20.10 %
P16 1000.00 usec
F1 - Acquisition parameters
NDO

TD 256

SFO1 100.6429 MHz
FIDRES 65.118813 Hz
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Current Data Parameters

NAME Nov06-2008-GK-Nizam
EXPNO 33
PROCNO 1
F2 - Acquisition Parameters
Date_ 20081106
Time 15.55
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hmbcgpndgf
TD 4096
SOLVENT MeOD
NS 16
DS 16
SWH 3125.000 Hz
FIDRES 0.762939 Hz
AQ 0.6554100 sec
RG 2050
DW 160.000 usec
DE 6.50 usec
TE 296.6 K
CNST13 8.0000000
DO 0.00000300 sec
D1 1.22884500 sec
D6 0.06250000 sec
D16 0.00020000 sec
INO 0.00002235 sec
CHANNEL f1 ==
1H
10.00 usec
20.00 usec
-3.00 dB

15.48668575 W
400.2216991 MHz

CHANNEL f

54.14257431 W
100.6454466 MHz

GRADIENT CHANNEL =====

GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100

GPZ1 50.00 %
GPZ2 30.00 %
GPZ3 40.10 %
Plé6 1000.00 usec

Fl - Acquisition parameters
NDO 2

TD 128
SFO1 100.6454 MHz
FIDRES 174.631683 Hz
SW 222.095 ppm
FnMODE OF

F2 - Processing parameters
SI 1024

SF 400.2200050 MHz
WDW SINE
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Display Report

1/1/2010 6:03:32 PM

Acquisition Date

Analysis Info
Analysis Name  D:\Data\RajACA-2-Phe-Gly-OH1.d
Method tune_wide_expert.m Operator BDAL@DE
Sample Name ACA-2-Phe-Gly-OH1 Instrument micrOTOF-Q 10139
Comment 560.22
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Mot active Set Capillary 4500V Set Dry Heater 200°C
Scan Beqgin 100 miz Set End Plate Offset 500V Set Dry Gas 4.0 Umin
Scan End 3000 mfz Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
Intens.
x108
s
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Current Data Parameters

NAME Raj
EXPNO 33
PROCNO 1
F2 - Acquisition Parameters
Date_ 20080528
Time 16.48
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG 2930
TD 32768
SOLVENT MeOD
NS 16
DS 2
SWH 12335.526
FIDRES 0.376450
AQ 1.3282462
RG 228
DW 40.533
DE 6.50
TE 295.2
D1 1.00000000
TDO 1

Pl 15.10 usec
PL1 0.00 dB
SFO1 600.1037059 MHz
F2 - Processing parameters
SI 16384

SF 600.1000086 MHz
WDW no
SSB 0

LB 0.00 Hz
GB 0

PC 1.00
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Current Data Parameters

NAME Raj
EXPNO 36
PROCNO 1
F2 - Acquisition Parameters
Date_ 20080528
Time 22.56
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG jmod
D 65536
SOLVENT MeOD
NS 5000
DS 4
SWH 36057.691 Hz
FIDRES 0.550197 Hz
AQ 0.9088159 sec
RG 16400
DW 13.867 usec
DE 6.50 usec
TE 297.8 K
CNST11 1.0000000
CNST2 145.0000000
D1 2.00000000 sec
dz20 0.00689655 sec
DELTA 0.00001146 sec
TDO 1
== CHANNEL fl ========
13C
9.00 usec
18.00 usec
1.50 dB
150.9103545 MHz
CPDPRG2 waltzl6
NUC2 1H
PCPD2 96.00 usec
PL12 15.40 dB
PL2 -0.50 dB
SFO2 600.1024004 MHz
F2 - Processing parameters
SI 32768
SF 150.8950372 MHz
WDW no
SSB 0
LB 0.00 Hz
GB 0
PC 1.40
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Display Report

Acquisition Date

1/1/2010 6:14:58 PM

Analysis Info
Analysis Mame  Di\Data\RapACA-N-Bz-Gly-OH1.d
Method fune_wide_expert.m Operator BDAL@DE
Sample Name ACA-N-Bz-Gly-OH1 Instrument micrOTOF-Q 10139
Comment 588.25
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Mot active Set Capillary 4500 v Set Dry Heater 200 °C
Scan Begin 100 miz Set End Plate Offset 500V Set Dry Gas 4.0 Fmin
Scan End 3000 miz Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
Intens.
¥105] i
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Intens. ] +M3, 1.8min #107]
x10%
589.2531
4
3.
2
322.0476
1
T747.2084
1199.4784
o _” | |-|.I-I.1 “L [ [T . . '
500 1000 1500 2000 2500 miz
printed: 1172010 6:20:14 PM Page 1 of 1

Bruker Compass Datafnalysis 4.0
HRESIMS (m/z) of Compound 8 (Chapter 1)

187



881

NAME
EXPNO
PROCNO

F2 - Acquisition Parameters
Date_
Time
— INSTRUM
= PROBHD
PULPROG zg30
D

SOLVENT
NS
DS
SWH
Ha/’, S FIDRES
AQ
RG
DW
DE
TE
D1
TDO

[o) OHHO le)
N

N P1
(0] o] PL1
) e rily

CHANNEL f1 ==

Current Data Parameters
Apr06-2011-GK-Raj

10
1

20110407
7.48
spect

5 mm PABBO BB-

32768
DMSO
16

2
8223.685 Hz
0.250967 Hz
1.9923444 sec
128
60.800 usec
6.50 usec
298.2 K
1.00000000 sec
1

-3.00 dB
15.48668575 W
400.2224715 MHz

H2N NH2 F2 - Processing parameters
SI 16384
SF 400.2200034 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
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'"H NMR Spectrum of Compound 9 (Chapter 1) and Compound 5 (Chapter 2)
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Current Data Parameters

NAME Apr06-2011-GK-Raj
EXPNO 11
PROCNO 1

2 - Acquisition Parameters
Date_ 20110407

Time 8.36
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG jmod

D 65536
SOLVENT DMSO

NS 1024

DS 4

SWH 24038.461 Hz
FIDRES 0.366798 Hz
AQ 1.3631988 sec
RG 2050

DW 20.800 usec
DE 6.50 usec
TE 298.2 K
CNST2 145.0000000
CNST11 1.0000000

D1 2.00000000 sec
D20 0.00689655 sec
TDO 1

CHANNEL f1l ===

NUC1 13C
Pl 8.40 usec
P2 16.80 usec
PL1 -2.00 dB
PL1W 54.14257431 W
SFO1 100.6454626 MHz
== = CHANNEL f2 ===
CPDPRG2 waltzl6
NUC2 1H
PCPD2 90.00 usec
PL2 -3.00 dB
PL12 15.60 dB
PL2W 15.48668575 W
PL12W 0.21377575 W
SFO2 400.2216009 MHz
F2 - Processing parameters
SI 32768

SF 100.6354474 MHz
WDW EM

SSB 0

LB 1.00 Hz
GB 0
PC 1.40

BC NMR Spectrum of Compound 9 (Chapter 1) and Compound 5 (Chapter 2)
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Current Data Parameters

NAME Apr06-2011-GK-Raj
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date_ 20110407
Time 22.17
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG cosygpqf
TD 2048
SOLVENT DMSO
NS 2
Ds 8
SWH 5494.505 Hz
FIDRES 2.682864 Hz
AQ 0.1864180 sec
RG 64
DW 91.000 usec
DE 6.50 usec
TE 298.2 K
DO 0.00000300 sec
D1 1.49221694 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00018200 sec
=== CHANNEL fl ========
1H
10.00 usec
10.00 usec
-3.00 dB

GRADIENT CHANNEL

15.48668575 W
400.2227763 MHz

SINE.100
10.00 %
1000.00 usec
F1l - Acquisition parameters
NDO 1
TD 128
SFO1 400.2228 MHz

FIDRES 42.925823 Hz
SW 13.729 ppm
FnMODE QF
F2 - Processing parameters
SI 1024
SF 400.2200050 MHz
WDW SINE
SSB 0
LB 0.00 Hz
GB 0
PC 1.40
F1l - Processing parameters
SI 1024
MC2 QF
SF 400.2200080 MHz
WDW SINE
SSB 0
LB 0.00 Hz

COSY NMR Spectrum of Compound 9 (Chapter 1) and Compound S (Chapter 2)
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Current Data Parameters

NAME Apr06-2011-GK-Raj
EXPNO 14
PROCNO 1

F2 - Acquisition Parameters

Date_ 20110407
Time 22.26
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG noesyph

TD 2048
SOLVENT DMSO

NS 4

DS 4

SWH 5494.505 Hz
FIDRES 2.682864 Hz
AQ 0.1864180 sec
RG 64

DW 91.000 usec
DE 6.50 usec
TE 298.2 K
DO 0.00007827 sec
D1 2.06430697 sec
D8 0.30000001 sec
INO 0.00018200 sec

==== CHANNEL fl ========
NUC1 1H
Pl 10.00 usec
PL1 -3.00 dB
PL1W 15.48668575 W
SFO1 400.2227763 MHz
F1l - Acquisition parameters
NDO
D 256
SFO1 400.2228 MHz
FIDRES 21.462912 Hz
SW 13.729 ppm
FnMODE States-TPPI
F2 - Processing parameters
SI 1024
SF 400.2200020 MHz
WDW QSINE
SSB 2
LB 0.00 Hz
GB 0
PC 1.00
F1l - Processing parameters
SI 1024
MC2 States-TPPI
SF 400.2200030 MHz
WDW QSINE
SSB 2
LB 0.00 Hz
GB 0

NOESY NMR Spectrum of Compound 9 (Chapter 1) and Compound 5 (Chapter 2)
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Current Data Parameters

NAME Apr06-2011-GK-Raj
EXPNO 15
PROCNO 1

F2 - Acquisition Parameters
Date_ 20110407
Time 23.11
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hsgcedetgp

TD 1024
SOLVENT DMSO

NS 4

DS 16

SWH 5494.505 Hz
FIDRES 5.365728 Hz
AQ 0.0932340 sec
RG 2050

DW 91.000 usec
DE 6.50 usec
TE 298.2 K
CNST2 145.0000000

DO 0.00000300 sec
D1 1.50266194 sec
D4 0.00172414 sec
D11 0.03000000 sec
D13 0.00000400 sec
D16 0.00020000 sec
D21 0.00345000 sec
INO 0.00003000 sec
ZGOPTNS

==== CHANNEL fl ========
NUC1 1H
Pl 10.00 usec
P2 20.00 usec
P28 1000.00 usec
PL1 -3.00 dB
PL1W 15.48668575 W
SFO1 400.2227763 MHz

======== CHANNEL f2 ========
CPDPRG2 garp

NUC2 13C
P3 9.00 usec
P4 18.00 usec
PCPD2 70.00 usec
PL2 -2.00 dB
PL12 15.60 dB
PL2W 54.14257431 W
PL12W 0.94089001 W
SFO2 100.6429049 MHz
== GRADIENT CHANNEL
GPNAM1 SINE.100
GPNAM2 SINE.100
GPz1 80.00 %
GPZ2 20.10 %
Plé 1000.00 usec

Fl - Acquisition parameters
NDO 2
TD 256
SFO1 100.6429 MHz

HSQC NMR Spectrum of Compound 9 (Chapter 1) and Compound 5 (Chapter 2)
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Current Data Parameters

NAME Apr06-2011-GK-Raj
EXPNO 16
PROCNO 1
F2 - Acquisition Parameters
Date_ 20110407
Time 23.41
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hmbcgpndgf
TD 4096
SOLVENT DMSO
NS 16
DS 16
SWH 5494.505 Hz
FIDRES 1.341432 Hz
AQ 0.3727860 sec
RG 2050
DW 91.000 usec
DE 6.50 usec
TE 298.2 K
CNST13 8.0000000
DO 0.00000300 sec
D1 1.51146901 sec
D6 0.06250000 sec
D16 0.00020000 sec
INO 0.00002235 sec
CHANNEL f1l ========
1H
10.00 usec
20.00 usec
-3.00 dB
15.48668575 W
400.2227763 MHz
CHANNEL £f2 ========
13C
9.00 usec
-2.00 dB
54.14257431 W
100.6454466 MHz

= GRADIENT CHANNEL

GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100
GPZ1 50.00 %
GPZ2 30.00 %
GPZ3 40.10 %
Plé6 1000.00 usec
Fl - Acquisition parameters
NDO 2

TD 128
SFO1 100.6454 MHz
FIDRES 174.631683 Hz
SW 222.095 ppm
FnMODE QF

F2 - Processing parameters
SI 1024

SF 400.2200020 MHz
WDW SINE

HMBC NMR Spectrum of Compound 9 (Chapter 1) and Compound 5 (Chapter 2)
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Display Report

Acquisition Date  1/1/2010 6:23:03 PM

Analysis Info
Analysis Name  D)\Data\Ra)ACA-Pro1.d
Method fune_wide_expert.m Operator BDAL@DE
Sample Name ACA-Proil Instrument micrOTOF-Q 10139
Comment 486.25
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Mot active Set Capillary 4500V Set Dry Heater 200 °C
Scan Begin 100 miz Set End Plate Offset -500 v Set Dry Gas 4.0 l'min
Scan End 3000 mfz Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
Intens.
x106 -
2.0 N
Ha Hs I."
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M M i
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Bruker Compass DataAnalysis 4.0 printed: 1172010 6227:28 PM Page 1 of 1
HRESIMS (m/z) of Compound 9 (Chapter 1) and Compound 5 (Chapter 2)
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F2 - Acquisition Parameters
Date_

Time

INSTRUM

PROBHD

PULPROG zg30

TD

SOLVENT

NS
Ha, S SWH

o OHHO o

NH HN p et
\ PL1
Ho $ OH SFO1

F2 - Processing parameters

SI
SF
HN NH wow
SSB
LB
GB
PC

15 14 13 12 11 10 9 8 7

~ O N[O ||~ |©
o N|OY AN |OY [~ [y |OY
— oo O\ |||

'"H NMR Spectrum of Compound 10 (Chapter 1)
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CHANNEL f1 ==

Current Data Parameters

Raj
201
1

20120212
20.01
spect

5 mm PABBO BB-

32768
DMSO
16
2
12335.526 Hz
0.376450 Hz
1.3282462 sec
114
40.533 usec
6.50 usec
298.4 K
1.00000000 sec
1

16.62868881 W
600.1037059 MHz

16384

600.1000061 MHz

no
0

0.00 Hz
0

1.00
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1 o O O 00O WM~ 0WWWWwWwmMmm
— O A= 1MNnHooMmM—omm O N WO IO 00O WO~ Current Data Parameters
LI L T e e I ] oo do O~ mM A A NAME Raj
o o oMM O 0 o o L L T e N T T B} EXPNO 202
~ ~ o~ M ANANNNN A A O O WL NN MMNHANOM > PROCNO 1
— R B I T B T O B s IO B | C O ITITON NN
F2 - Acquisition Parameters
Date_ 20120213
Time 13.46
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG jmod
TD 65536
SOLVENT DMSO
NS 3072
Ha, Hs b 4
‘- SWH 36057.691 Hz
FIDRES 0.550197 Hz
AQ 0.9088159 sec
RG 16400
DW 13.867 usec
DE 6.50 usec
TE 300.9 K
CNST2 145.0000000
CNST11 1.0000000
0 OHHO lo) D1 2.00000000 sec
D20 0.00689655 sec
(o] NH HN TDO 1
R CHANNEL f1
Ho < OH 13C
9.00 usec
18.00 usec
- I 1.50 dB
59.57236099 W
HN NH 150.9103545 MHz
CPDPRG2 waltz16
NUC2 1H
PCPD2 96.00 usec
PL2 -0.50 dB
PL12 15.40 dB
PL2W 18.65769577 W
PL12W 0.47957665 W
SFO02 600.1024004 MHz
F2 - Processing parameters
ST 32768
SF 150.8953395 MHz
WDW EM
. o Ll w— SSB 0
4 d ' N o - u LB 1.00 Hz
GB 0
‘ . ” PC 1.40
I ) I ) I ) I ) I ) I ) I ) I ) I ) I ) I )
200 180 160 140 120 100 80 60 40 20 0 ppm

BC NMR Spectrum of Compound 10 (Chapter 1)
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Analysis Info Acquisition Date 2/28/2012 2:00:53 PM
Analyss Name  Do\DataiRajd-3.d
Method tune_wide_expert_lactamEAIS . m Oiperalor BOALEDE
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APPENDIX 2

SUPPLEMENTARY INFORMATION FOR CHAPTER 4 AND §
Chapter 4

Pentacycloundecane derived hydroxyl acid peptides: A new class of
irreversible non-scissile bridgedethertype isoster as potential HIV-1 wild type

C-SA protease inhibitors
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Chapter 5

Synthesis and NMR elucidation of Pentacycloundecane derived hydroxy acid

peptides as potential anti-HIV-1 agents

Rajshekhar Karpoormath,*® Fernando Albericio,“*¢ Thavendran Govender,” Glenn E. M.

Maguire,* and Hendrik G. Kruger™

?School of Chemistry, University of KwaZulu-Natal, Durban 4001, South Africa
PSchool of Pharmaceutical Sciences, University of KwaZulu-Natal, Durban 4001, South
Africa
“Institute for research in Biomedicine, Barcelona Science Park, Baldiri Reixac 10, 08028-
Barcelona, Spain

212



ICIBER-BBN, Networking Centre on Bioengineering, Biomaterials and Nanomedicine,
Barcelona Science Park, Baldiri Reixac 10, 08028-Barcelona, Spain
*Department of Organic Chemistry, University of Barcelona, Marti i Franque's 1-11,
08028-Barcelona, Spain
Corresponding author: *Email: kruger @ukzn.ac.za, Fax: +27-31-2603091

Supporting Information
Materials and methods

Analytical analysis was performed on an Agilent 1100 HPLC (Waters Xbridge C18 150 mm x
4.6 mm x 5 microns) coupled to a UV detector (215 nm) and an Agilent VL ion trap mass
spectrophotometer in the positive mode. Semi-preparative HPLC was carried out on a Shimadzu
Instrument (Ace C18 150 mm x 21.2 mm X 5 microns) with a UV/VIS detector (215 nm) and
automated fraction collector. A two- mobile phase system was employed, utilizing formic acid
as the ion-pairing agent. Mobile phase A consisted of 0.1% formic acid/H,O (v/v) and mobile
phase B consisted of 0.1% formic acid/acetonitrile (v/v). High Resolution Mass Spectroscopic
analysis was performed on a Bruker MicroTOF QII mass spectrometer in positive mode with an
internal calibration. Microwave couplings were conducted on a Discovery CEM Liberty
microwave peptide synthesizer (see table 1 for conditions, not same as supplier). The ?C NMR
and '"H NMR data were recorded on a Bruker AVANCE III 400 MHz spectrometer. Some
samples were analyzed using a Bruker AVANCE III 600MHz when higher sensitivity was

required.
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Supplementary table 1: Microwave conditions for coupling and deprotection

Microwave  Temperature Time
power
(°C) (sec)
(Watts)
Single coupling
30 minute 0 25 900
s 35 73 900
Deprotection 40 73 180

Over-expression, extraction and purification of the C-SA protease (Chapter 4)

Plasmid encoding HIV-1 subtype C protease (containing the mutation Q7K designed to reduce
the hypersensitive autolytic site) is expressed as inclusion bodies (Ido et al., 1991) in Escherichia
coli BL21 (DE3) pLysS cells. Briefly, Escherichia coli cells harboring the plasmid DNA were
grown at 37 °C in LB medium supplemented with 100 pug/mf of ampicillin and 35 pg/mf of
chloramphenicol. The overnight culture was diluted 100-fold into fresh 2 x YT medium
supplemented with ampicillin (100 pg/m{) and chloramphenicol (35 pg/mf) and grown at 37 °C.
When the optical density (ODgqp) of the culture reached 0.4 to 0.5, over-expression of the HIV-1
C-SA protease was induced by adding IPTG. IPTG was added to final concentrations of 0.4 mM.

Over-expression of the protease was allowed to continue for four hours.

The cells were pelleted after growth and resuspended in ice-cold extraction buffer [10 mM Tris,
I mM EDTA, and 1 mM PMSF (added only fresh before use), pH 8] and disrupted using an
ultra-sonicator. Following the addition of MgCl, and DNase I to final concentrations of 10 mM
and 10 U/pl, respectively, the culture medium was stirred on ice until the viscosity of the
mixture decreased. The cells were then ruptured by sonication and centrifuged at 15 000 x g for
30 minutes at 4 °C. The pellet was resuspended in ice-cold extraction buffer containing 1% (v/v)
of Triton X-100. Cell debris and protease-containing inclusion bodies were pelleted by

centrifugation at 15 000 x g for 30 minutes at 4 °C. The pellet was then resuspended in a freshly
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prepared solubilization buffer containing 10 mM Tris, 2 mM DTT, 8 M urea, pH 8.0, at room
temperature, and centrifuged at 15 000 x g for 30 minutes at 20 °C.

The protease, in the supernatant, was purified by passing through an anion exchange (DEAE)
column previously equilibrated with solubilization buffer. Upon elution from the column, the
protease was acidified by adding formic acid to a final concentration of 25 mM. Precipitation of
significant amount of contaminating proteins occurred upon acidification. Following an
overnight incubation, the precipitated contaminants were removed by centrifugation at 15 000 x

g for 30 minutes at 4 °C.

HIV-1 protease was refolded by dialysis into 10 mM formic acid at 4 °C. Subsequently, the
protease was dialyzed into storage buffer containing 10 mM sodium acetate, | mM NaCl and 1
mM DTT, pH 5.0. The folded protease was concentrated to a final volume of ~5 m{ and stored at
-20 °C.
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F2 - Acquisition Parameters

Date_ 20101109
Time 16.53
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zg30

TD 32768
SOLVENT DMSO

NS 16

DS 2

SWH 12335.526 Hz
FIDRES 0.376450 Hz
AQ 1.3282462 sec
RG 161

bW 40.533 usec
DE 6.50 usec
TE 298.1 K
D1 1.00000000 sec
TDO 1

= CHANNEL f1

NUC1 1H

Pl 13.57 usec
PL1 0.00 dB
PL1IW 16.62868881 W
SFO1 600.1037059 MHz
F2 - Processing parameters
SI 16384

SF 600.1000053 MHz
WDW no

SSB 0

LB 0.00 Hz
GB 0

PC 1.00

"H NMR Spectrum of Compound 16 (Chapter 4) and Compound 6 (Chapter 5)
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F2 - Acquisition Parameters
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Time 6.00
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zgpg30
TD 65536
SOLVENT DMSO
NS 4800
Ha, ,Hs DS 4
i SWH 36057.691 Hz
FIDRES 0.550197 Hz
AQ 0.9088159 sec
RG 2050
bW 13.867 usec
0 DE 6.50 usec
TE 298.2 K
HO D1 2.00000000 sec
o D11 0.03000000 sec
NH H TDO 1
N H = CHANNEL f1
N
H
o o PL1W 59.57236099 W
SFO1 150.9103545 MHz
== = CHANNEL f2 ===
CPDPRG2 waltzl6
NUC2 1H
PCPD2 96.00 usec
PL2 -0.50 dB
PL12 15.40 dB
PL13 18.00 dB
PL2W 18.65769577 W
PL12W 0.47957665 W
PL13W 0.26354694 W
SFO2 600.1024004 MHz
F2 - Processing parameters
SI 32768
SF 150.8953370 MHz
wDw EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
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Current Data Parameters

NAME Raj 2
EXPNO 115
PROCNO 1
F2 - Acquisition Parameters
Date_ 20101109
Time 19.28
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG cosygpgf
TD 2048
SOLVENT DMSO
NS 2
DS 8
SWH 12335.526 Hz
FIDRES 6.023206 Hz
AQ 0.0830623 sec
RG 64
DW 40.533 usec
DE 6.50 usec
TE 298.0 K
DO 0.00000300 sec
D1 3.00000000 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00008120 sec
CHANNEL f1 =
1H
13.56 usec
13.57 usec
0.00 dB

16.62868881 W
600.1037059 MHz

GRADIENT CHANNEL
SINE.100

10.00 %
1000.00 usec

Fl - Acquisition parameters
NDO 1

TD 512
SFO1 600.1037 MHz
FIDRES 24.053263 Hz
SW 20.522 ppm
FnMODE QF

F2 - Processing parameters
SI 1024

SF 600.0999970 MHz
WDW SINE

SSB 0

LB 0.00 Hz
GB 0

PC 1.00

Fl - Processing parameters
SI

MC2 QF

SF 600.0999950 MHz
WDW SINE

SSB 0

LB 0.00 Hz
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Current Data Parameters
NAME Raj 2
EXPNO 114
PROCNO 1

F2 - Acquisition Parameters

Date_ 20101109
Time 16.58
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG kproesy
D 2048
SOLVENT DMSO
NS 8
DS 64
SWH 7211.539 Hz
FIDRES 3.521259 Hz
AQ 0.1420447 sec
RG 22.6
DW 69.333 usec
DE 6.00 usec
TE 298.3 K
CNST2 6849.0000000
DO 0.00005206 sec
D1 1.50000000 sec
D11 0.03000000 sec
D12 0.00002000 sec
D13 0.00000400 sec
D16 0.00030000 sec
INO 0.00013865 sec
== CHANNEL fl ==
0.0000000
3954.3879395
-3954.3879395
1H
13.57 usec
250000.00 usec
1000.00 usec
0.00 dB
70.00 dB
16.62868881 W
0.00000166 W
600.1030005 MHz
13.00 dB
13.00 dB
13.00 dB
13.00 dB
13.00 dB
13.00 dB

SPNAM1 gaussramp-down
SPNAM2 square.100
SPNAM3 gaussramp-up
SPNAM4 gaussramp+down
SPNAMS square.100
SPNAM6 gaussramp+up
SPOAL1 1.000
SPOAL2 0.500
SPOAL3 0.000
SPOAL4 1.000
SPOALS 0.500
SPOAL6 0.000
SPOFFS1 0.00 Hz
SPOFFS2 0.00 Hz
SPOFFS3 0.00 Hz
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1

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT

D16
INO
ZGOPTNS

20101109

20.23

spect

5 mm PABBO BB-
hsgcetgp

2048

DMSO

8

16

12335.526
6.023206
0.0830623

2050

40.533

6.50

298.3
145.0000000
.00000300
.00000000
.00172414
.03000000
.00000400
.00020000
.00001385

coocooro

Hz

sec

usec
usec

sec
sec
sec
sec
sec
sec
sec

PL1W 16.62868881 W
SFO1 600.1037059 MHz
== === CHANNEL f2 ==
CPDPRG2 garp

NUC2 13C

P3 9.00 usec
P4 18.00 usec
PCPD2 60.00 usec
PL2 1.50 dB
PL12 17.98 dB
PL2W 59.57236099 W
PL12W 1.33981502 W
SF02 150.9103545 MHz
== = GRADIENT CHANNEL =====
GPNAM1 SINE.100
GPNAM2 SINE.100

GPZ1 80.00 %
GPZ2 20.12 %
Pl6 1000.00 usec
Fl - Acquisition parameters
NDO 2

TD 512

SFO1 150.9104 MHz
FIDRES 70.426971 Hz
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Current Data Parameters

NAME Raj 2
EXPNO 121
PROCNO 1

F2 - Acquisition Parameters
Date_ 20101109
Time 21.39
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hmbcgplpndgf

TD 4096
SOLVENT DMSO

NS 16

DS 16

SWH 9615.385 Hz
FIDRES 2.347506 Hz
AQ 0.2130420 sec
RG 2050

bW 52.000 usec
DE 6.50 usec
TE 298.1 K
CNST2 145.0000000
CNST13 10.0000000

Do 0.00000300 sec
D1 3.00000000 sec
D2 0.00344828 sec
D6 0.05000000 sec
D16 0.00020000 sec
INO 0.00001385 sec
NUC1

Pl 13.57 usec
P2 27.14 usec
PL1 0.00 dB
PL1W 16.62868881 W
SFO1 600.1036006 MHz
======== CHANNEL f2 ==

NUC2 13C

P3 9.00 usec
PL2 1.50 dB
PL2W 59.57236099 W
SFO2 150.9103545 MHz
====== GRADIENT CHANNEL =====
GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100

GPZ1 60.00 %
GPz2 20.00 %
GPZ3 60.12 %
P16 1000.00 usec
F1l - Acquisition parameters
NDO

TD 256

SFO1 150.9104 MHz
FIDRES 140.850357 Hz
SW 238.935 ppm
FnMODE QF

F2 - Processing parameters

SI

2048
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Analysis Info
Analysis Name  Di\Data\Raj\OH-PCU-PHE-VAL-ALA-OH2.d
Method tune_wide_expert.m Operator BDAL@DE
Sample Name OH-PCU-PHE-VAL-ALA-OH2 Instrument micrOTOF-Q 10139
Comment 537.25
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Not active Set Capillary 4500 Y Set Dry Heater 200 *C
Scan Begin 100 mfz Set End Plate Offset =500V Set Dry Gas 4.0 lmin
Scan End 3000 miz Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
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oI I IO OO N ANANNANNAAAAAO OO O OO
F2 - Acquisition Parameters
Date_ 20101110
Time 14.38
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zg30
D 32768
SOLVENT DMSO
NS 16
DS 2
SWH 12335.526 Hz
Ha/,, Hs FIDRES 0.376450 Hz
AQ 1.3282462 sec
RG 80.6
DW 40.533 usec
DE 6.50 usec
o) TE 298.3 K
D1 1.00000000 sec
HO TDO 1
o NH o CHANNEL f1 = =
H 1H
N H 13.75 usec
N 0.00 dB
H 16.62868881 W
lo) lo) 600.1037059 MHz
F2 - Processing parameters
SI 16384
SF 600.1000053 MHz
WDW no
SSB 0
LB 0.00 Hz
GB 0
PC 1.00
e
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Current Data Parameters
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1
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5.35

spect

5 mm PABBO BB-
z2gpg30

65536

DMSO

4800

4
36057.691 Hz
0.550197 Hz
0.9088159 sec
2050
13.867 usec
6.50 usec
298.2 K
2.00000000 sec
0.03000000 sec
1

CHANNEL fl ========

59.57236099 W
150.9103545 MHz

CHANNEL f2 =
waltzlé

96.00 usec
-0.50 dB

18.00 dB
18.65769577 W
0.47957665 W
0.26354694 W
600.1024004 MHz

F2 - Processing parameters
32768

150.8953385 MHz
no
0

0.00 Hz
0

1.40
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Cur
NAM
EXP
PRO

F2

Dat
Tim
INS
PRO.
PUL
TD

SOL

GPNAM1

rent Data Parameters
E Raj 2
NO 126
CNO 1

- Acquisition Parameters
e_ 20101110
e 19.43
TRUM spect
BHD 5 mm PABBO BB-
PROG cosygpgf
2048
VENT DMSO
2

8
12335.526 Hz
RES 6.023206 Hz
0.0830623 sec
64
40.533 usec
6.50 usec
298.0 K
0.00000300 sec
3.00000000 sec
0.00000400 sec
0.00020000 sec
0.00008120 sec

CHANNEL f1 =

1H
13.56 usec
13.75 usec
0.00 dB
16.62868881 W
600.1037059 MHz

== GRADIENT CHANNEL =====

SINE.100
GPZ1 10.00 %
Pl6 1000.00 usec
Fl - Acquisition parameters
NDO 1
TD 512
SFO1 600.1037 MHz
FIDRES 24.053263 Hz
SW 20.522 ppm
FnMODE QF
F2 - Processing parameters
ST
SF 600.1000000 MHz
WDW SINE
SSB 0
LB 0.00 Hz
GB 0
PC 1.00
Fl - Processing parameters
SI 1024
MC2 QF
SF 600.1000000 MHz
WDW SINE
SSB 0
LB 0.00 Hz
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F2 - Acquisition Parameters
20101110

17.13

spect

5 mm PABBO BB-
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Current Data Parameters

NAME Raj 2
EXPNO 127
PROCNO 1
F2 - Acquisition Parameters
Date_ 20101110
Time 20.38
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hsgcetgp
TD 2048
SOLVENT DMSO
NS 8
Ds 16
SWH 12335.526 Hz
FIDRES 6.023206 Hz
AQ 0.0830623 sec
RG 2050
bW 40.533 usec
DE 6.50 usec
TE 298.3 K
CNST2 145.0000000
DO 0.00000300 sec
D1 1.00000000 sec
D4 0.00172414 sec
D11 0.03000000 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00001385 sec
ZGOPTNS
=== CHANNEL f1
NUC1 1H
Pl 13.75 usec
P2 27.50 usec
P28 1000.00 usec
PL1 0.00 dB
PL1W 16.62868881 W
SFO1 600.1037059 MHz
=== CHANNEL f2 =
CPDPRG2 garp
NUC2 13C
P3 9.00 usec
P4 18.00 usec
PCPD2 60.00 usec
PL2 1.50 dB
PL12 17.98 dB
PL2W 59.57236099 W
PL12W 1.33981502 W
SFO02 150.9103545 MHz

GRADIENT CHANNEL
SINE.100
SINE.100

80.00
20.12
1000.00 usec

Fl - Acquisition parameters
NDO 2

TD 512
SFO1 150.9104 MHz
FIDRES 70.426971 Hz
SW 238.941 ppm

FnMODE Echo-Antiecho

F2 - Processing parameters
SI 1024

SF 600.0999965 MHz
WDW QSINE

SSB 2
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GPZ3
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Fl - Ac
NDO
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FIDRES
SW
FnMODE

F2 - Pr
SI

SF
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SSB

LB

GB

PC

Fl - Pr

Data Parameters
Raj 2
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1

quisition Parameters
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spect
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.00000000
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Hz

0
3
0
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0
0
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600.1036006

= CHANNEL f2 =
13C

9.00

.50 dB

59.57236099 W
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GRADIENT CHANNEL
SINE.100
SINE.100
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60.00 %
20.00 %
60.12 %
1000.00

quisition parameters
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150.9104 MHz
199.213760 Hz
238.935 ppm
QF

ocessing parameters
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0
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ocessing parameters
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Acquisition Date

Analysis Info
Analysis Name  D\Data\Raj\OH-PCU-PHE-VAL-GLY-0OH1.d
Method tune_wide_expert.m Operator BDAL@DE
Sample Name  OH-PCU-PHE-VAL-GLY-OH1 Instrument micrOTOF-Q 10139
Comment 52323
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Mot active Set Capillary 4500 v Set Dry Heater 200 *C
Scan Begin 100 mfz Set End Plate Offset -R00 W Set Dry Gas 4.0 Umin
Scan End 3000 miz Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
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Current Data Parameters

NAME 0ct09-2009-GK-RAJ
EXPNO 20
PROCNO 1
F2 - Acquisition Parameters
Date_ 20091009
Time 19.54
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zg30
TD 32768
SOLVENT DMSO
NS 16
DS 2
SWH 8223.685 Hz
FIDRES 0.250967 Hz
AQ 1.9923444 sec
RG 101
DW 60.800 usec
DE 6.50 usec
TE 295.8 K
D1 1.00000000 sec
TDO 1
CHANNEL f1
1H
10.00 usec
-3.00 dB

15.48668575 W
400.2224715 MHz

F2 - Processing parameters
SI 16384
SF 400.2199996 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00

"H NMR Spectrum of Compound 18 (Chapter 4) and Compound 8 (Chapter 5)
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N OO NNMDMOHOONA AT ANTOANAAITIONOOONMTNONOWMMOOWOWOCEOVL HITITMNHOHOM Current Data Parameters
s s e e e e e e e e DO NODODODOODD AT O A ONNONANTITdHOOHNOWWOWILHTNOWOWMIL MO O NAME 0Oct09-2009-GK-RAJ
NOOOoOooOoOr-r-unwo EXPNO 22
M m o AN A PROCNO 1
L e B e TR TR e IO e B e B B e B
F2 - Acquisition Parameters
Date_ 20091011
Time 18.38
= INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG jmod
TD 65536
SOLVENT DMSO
NS 1024
DS 4
SWH 24038.461 Hz
Ha,, Hs FIDRES 0.366798 Hz
- AQ 1.3631988 sec
RG 2050
bW 20.800 usec
DE 6.50 usec
TE 297.4 K
(0] CNST2 145.0000000
Ho CNST11 1.0000000
D1 2.00000000 sec
(o] NH D20 0.00689655 sec
H TDO 1
N O ==== CHANNEL fl ==
N NUC1 13C
H Pl 8.40 usec
O O P2 16.80 usec
PL1 -2.00 dB
PL1W 54.14257431 W
SFO1 100.6454626 MHz
======== CHANNEL f2 ==
CPDPRG2 waltzl6
NUC2 1H
PCPD2 90.00 usec
PL2 -3.00 dB
PL12 15.60 dB
PL2W 15.48668575 W
PL12W 0.21377575 W
| ’ SFO2 400.2216009 MHz
" -l F2 - Processing parameters
| SI 32768
SF 100.6354435 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
T T T T T T T T T T T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

3C NMR Spectrum of Compound 18 (Chapter 4) and Compound 8 (Chapter 5)
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COSY NMR Spectrum of Compound 8 (Chapter 5)

Current Data Parameters

NAME 0ct09-2009-GK-RAJ
EXPNO 26
PROCNO 1

F2 - Acquisition Parameters
Date_ 20091011
Time 20.42
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG cosygpgf

TD 2048
SOLVENT DMSO

NS 2

DS 8

SWH 3703.704 Hz
FIDRES 1.808449 Hz
AQ 0.2765300 sec
RG 64

DW 135.000 usec
DE 6.50 usec
TE 296.4 K
DO 0.00000300 sec
D1 1.40210497 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00027000 sec
NUC1

PO

Pl

PL1

PL1W 15.48668575 W
SFO1 400.2218145 MHz
====== GRADIENT CHANNEL
GPNAM1 SINE.100
GPz1 10.00 %
P16 1000.00 usec
F1 - Acquisition parameters
NDO

TD 128
SFO1 400.2218 MHz
FIDRES 28.935184 Hz
Sw 9.254 ppm
FnMODE QF

F2 - Processing parameters
SI 1024

SF 400.2199980 MHz
wDw SINE

SSB 0

LB 0.00 Hz
GB 0

PC 1.40

Fl1 - Processing parameters
SI 1024

MC2 QF

SF 400.2199980 MHz
wDw SINE

SSB 0

LB 0.00 Hz
GB 0
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NOESY NMR Spectrum of Compound 8 (Chapter 5)

Current Data Parameters

NAME 0Oct09-2009-GK-RAJ
EXPNO 27
PROCNO 1

F2 - Acquisition Parameters

Date_ 20091011

Time 20.50
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG noesyph

TD 2048
SOLVENT DMSO

NS 8

DS 4

SWH 3703.704 Hz
FIDRES 1.808449 Hz
AQ 0.2765300 sec
RG 64

DW 135.000 usec
DE 6.50 usec
TE 296.4 K
DO .00012227 sec

0

1.97419500 sec
D8 0.30000001 sec

0.00027000 sec

======== CHANNEL fl ==

NUC1 1H

Pl 10.00 usec
PL1 -3.00 dB
PL1W 15.48668575 W
SFO1 400.2218145 MHz
F1 - Acquisition parameters
NDO

TD 256
SFO1 400.2218 MHz
FIDRES 14.467592 Hz
SW 9.254 ppm
FnMODE States-TPPI

F2 - Processing parameters
02

SI 1024
SF 400.2199980 MHz
WDW QSINE
SSB 2
LB 0.00 Hz
GB 0
PC 1.00
Fl - Processing parameters
ST 1024
MC2 States-TPPI
SF 400.2200000 MHz
WDW QSINE
SSB 2
LB 0.00 Hz
GB 0



Current Data Parameters

NAME 0ct09-2009-GK-RAJ
EXPNO 28
PROCNO 1
F2 - Acquisition Parameters
Date_ 20091011
Time 22.20
INSTRUM spect
ppm PROBHD 5 mm PABBO BB-
PULPROG hsqcedetgp
bl TD 1024
l SOLVENT DMSO
NS 4
- 0 DS 16
SWH 3703.704 Hz
FIDRES 3.616898 Hz
L AQ 0.1382900 sec
RG 2050
bW 135.000 usec
o * DE 6.50 usec
= 20 TE 296.4 K
CNST2 145.0000000
DO 0.00000300 sec
o | D1 1.45760596 sec
S D4 0.00172414 sec
D11 0.03000000 sec
D13 0.00000400 sec
= 40 D16 0.00020000 sec
] ® D21 0.00345000 sec
INO 0.00003000 sec
© ZGOPTNS
CHANNEL f1 ==
° 1H
e : - 60 10.00 usec
20.00 usec
° 1000.00 usec
-3.00 dB
r 15.48668575 W
400.2218145 MHz
| 80 == = CHANNEL f2
CPDPRG2 garp
NUC2 13C
P3 9.00 usec
F P4 18.00 usec
PCPD2 70.00 usec
PL2 -2.00 dB
PL12 15.60 dB
I 1 OO PL2W 54.14257431 W
PL12W 0.94089001 W
SFO2 100.6429049 MHz
== GRADIENT CHANNEL
GPNAM1 SINE.100
GPNAM2 SINE.100
—120 GPz1 80.00 %
GPZ2 20.10 %
& P16 1000.00 usec
Fl - Acquisition parameters
! NDO 2
TD 256
=140 SFO1 100.6429 MHz
B
B B I T I I B B L
9 8 7 6 5 4 3 2 1 0 ppm
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HSQC NMR Spectrum of Compound 8 (Chapter 5)
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HMBC NMR Spectrum of Compound 8 (Chapter 5)

Current Data Parameters

NAME 0ct09-2009-GK-RAJ
EXPNO 29
PROCNO 1
F2 - Acquisition Parameters
Date_ 20091011
Time 22.50
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hmbcgpndgf
D 4096
SOLVENT DMSO
NS 8
DS 16
SWH 3703.704 Hz
FIDRES 0.904225 Hz
AQ 0.5530100 sec
RG 2050
DW 135.000 usec
DE 6.50 usec
TE 296.4 K
CNST13 8.0000000
DO 0.00000300 sec
D1 1.33124495 sec
D6 0.06250000 sec
D16 0.00020000 sec
INO 0.00002235 sec
== CHANNEL f1l =
1H
10.00 usec
20.00 usec
-3.00 dB
15.48668575 W
400.2218145 MHz
== CHANNEL f2 =
NUC2 13C
P3 9.00 usec
PL2 -2.00 dB
PL2W 54.14257431 W
SFO02 100.6454466 MHz

= GRADIENT CHANNEL

GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100
GPZ1 50.00 %
GPZ2 30.00 %
GPZ3 40.10 %
P16 1000.00 usec
F1l - Acquisition parameters
NDO

D 128
SFO1 100.6454 MHz
FIDRES 174.631683 Hz
SW 222.095 ppm
FnMODE QF

F2 - Processing parameters
1024

SI
SF 400.2199980 MHz
WDW SINE
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Display Report

12/30/2009 5:57:33 PM

Acquisition Date

Analysis Info
Analysis Name  D)\Data\Ra)jOH-PCU-PHE-VAL-ALABZ d
Method tune_wide_expert.m Operator BDAL@DE
Sample Name OH-PCU-PHE-VAL-ALABZ Instrument micrOTOF-Q 10139
Comment 62729
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Mot active Set Capillary 4500V Set Dry Heater 200 °C
Scan Begin 100 miz Set End Plate Offset -500 W Set Dry Gas 4.0 Umin
Scan End 3000 miz Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
Intens. |
w108
20 Ha, Hs ."r‘
o} ." \
1 HO o K@ II "-.
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1 .
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o | — - . S 1 . . .
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Bruker Compass DataAnalysis 4.0 printed: 12/30/2009 6:07:37 PM Page 1 0f 1
HRESIMS (m/z) of Compound 18 (Chapter 4) and Compound 8 (Chapter 5)
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Current Data Parameters

NAME Jul08-2011-GK-Raj
EXPNO 10
PROCNO 1

F2 - Acquisition Parameters

Date_ 20110708
Time 14.49
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zg30
TD 32768
SOLVENT DMSO
NS 16
DS 2
SWH 8223.685 Hz
FIDRES 0.250967 Hz
AQ 1.9923444 sec
RG 128
DW 60.800 usec
DE 6.50 usec
TE 298.2 K
D1 1.00000000 sec
TDO 1

== CHANNEL fl ===
NUC1 1H
Pl 10.00 usec
PL1 -3.00 dB
PL1W 15.48668575 W
SFO1 400.2224715 MHz
F2 - Processing parameters
SI 16384
SF 400.2200001 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00

"H NMR Spectrum of Compound 19 (Chapter 4) and Compound 7 (Chapter 5)
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Current Data Parameters

NAME Jul08-2011-GK-Raj
EXPNO 11
PROCNO 1
F2 - Acquisition Parameters
Date_ 20110708
Time 15.48
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG jmod
D 65536
SOLVENT DMSO
NS 512
DS 4
SWH 24038.461 Hz
FIDRES 0.366798 Hz
AQ 1.3631988 sec
RG 2050
DW 20.800 usec
DE 6.50 usec
TE 298.2 K
CNST2 145.0000000
CNST11 1.0000000
D1 2.00000000 sec
D20 0.00689655 sec
TDO 1
== CHANNEL fl ===
13C
8.40 usec
16.80 usec
-2.00 dB

54.14257431 W
100.6454626 MHz

== CHANNEL f2 ===
CPDPRG2 waltz16
NUC2 1H
PCPD2 90.00 usec
PL2 -3.00 dB
PL12 15.60 dB
PL2W 15.48668575 W
PL12W 0.21377575 W
SFO2 400.2216009 MHz
F2 - Processing parameters
SI 32768
SF 100.6354466 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40

3C NMR Spectrum of Compound 19 (Chapter 4) and Compound 7 (Chapter 5)
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COSY NMR Spectrum of Compound 7 (Chapter 5)

Cur

rent Data Parameters

NAME Jul08-2011-GK-Raj
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date_ 20110708
Time 15.49
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG cosygpgf
TD 2048
SOLVENT DMSO
NS 4
DS 8
SWH 5747.126 Hz
FIDRES 2.806214 Hz
AQ 0.1782260 sec
RG 64
bW 87.000 usec
DE 6.50 usec
TE 298.2 K
DO 0.00000300 sec
D1 1.50040901 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00017400 sec
CHANNEL fl ========
1H
10.00 usec
10.00 usec
-3.00 dB

15.48668575 W
400.2226883 MHz

GRADIENT CHANNEL

GPNAM1 SINE.100
GPZ1 10.00 %
P16 1000.00 usec
F1l - Acquisition parameters
NDO 1

TD 128
SFO1 400.2227 MHz
FIDRES 44.899426 Hz
SW 14.360 ppm
FnMODE QF

F2 - Processing parameters
SI 1024

SF 400.2199980 MHz
WDW SINE

SSB 0

LB 0.00 Hz
GB 0

PC 1.40

F1l - Processing parameters
SI 1024

MC2 OF

SF 400.2199990 MHz
wDw SINE

SSB 0

LB 0.00 Hz
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ROESY NMR Spectrum of Compound 7 (Chapter 5)

Current Data Parameters
NAME Jul08-2011-GK-Raj
EXPNO 15
PROCNO 1
F2 - Acquisition Parameters
Date_ 20110708
Time 17.33
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG roesyph
TD 2048
SOLVENT DMSO
NS 4
DS 4
SWH 5747.126 Hz
FIDRES 2.806214 Hz
AQ 0.1782260 sec
RG 64
DW 87.000 usec
DE 6.50 usec
TE 298.2 K
DO 0.00007663 sec
D1 2.07208896 sec
D12 0.00002000 sec
INO 0.00017400 sec
= CHANNEL f1 ==
1H
10.00 usec
200000.00 usec
-3.00 dB
24.00 dB

15.48668575 W
0.03090000 W
400.2226883 MHz

F1l - Acquisition parameters
NDO

D 256
SFO1 400.2227 MHz
FIDRES 22.449713 Hz
SW 14.360 ppm
FnMODE States-TPPI

F2 - Processing parameters
SI 1024

SF 400.2199980 MHz
WDW QSINE

SSB 2

LB 0.00 Hz
GB 0

PC 1.00

F1l - Processing parameters
SI 1024

MC2 States-TPPI

SF 400.2199980 MHz
WDW QSINE

SSB 2

LB 0.00 Hz
GB 0
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HSQC NMR Spectrum of Compound 7 (Chapter 5)

Current Data Parameters

NAME Jul08-2011-GK-Raj
EXPNO 16
PROCNO 1

F2 - Acquisition Parameters
Date_ 20110708
Time 18.17
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hsqgcedetgp

TD 1024
SOLVENT DMSO

NS 6

DS 16

SWH 5747.126 Hz
FIDRES 5.612428 Hz
AQ 0.0891380 sec
RG 2050

bW 87.000 usec
DE 6.50 usec
TE 298.2 K
CNST2 145.0000000

Do 0.00000300 sec
D1 1.50675797 sec
D4 0.00172414 sec
D11 0.03000000 sec
D13 0.00000400 sec
D16 0.00020000 sec
D21 0.00345000 sec
INO 0.00003000 sec
ZGOPTNS

= == CHANNEL fl =

NUC1

Pl 10

P2 20

P28 1000

PL1 -3.

PL1W 15.48668575 W
SFO1 400.2226883 MHz
== CHANNEL f2 =

CPDPRG2 garp
NUC2 13C
P3 9.00 usec
P4 18.00 usec
PCPD2 70.00 usec
PL2 -2.00 dB
PL12 15.60 dB
PL2W 54.14257431 W
PL12W 0.94089001 W
SFO2 100.6429049 MHz
GRADIENT CHANNEL =====
GPNAM1 SINE.100
GPNAM2 SINE.100
GPZ1 80.00 %
GPZ2 20.10 %
P16 1000.00 usec
F1l - Acquisition parameters
NDO
TD 256
SFO1 100.6429 MHz
FIDRES 65.118813 Hz
SW 165.639 ppm
FnMODE Echo-Antiecho

F2 - Processing parameters
SI

SF 400.2199980 MHz
WDW QSINE



Current Data Parameters
NAME Jul08-2011-GK-Raj
EXPNO 17
PROCNO 1

F2 - Acquisition Parameters
Date_ 20110708
Time 19.01
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hmbcgpndgf

TD 4096
SOLVENT DMSO

NS 16

DS 16

SWH 5747.126 Hz
FIDRES 1.403107 Hz
AQ 0.3564020 sec
RG 2050

DW 87.000 usec
DE 6.50 usec
TE 298.2 K
CNST13 8.0000000

DO 0.00000300 sec
D1 1.52785301 sec
D6 0.06250000 sec
D16 0.00020000 sec
INO 0.00002235 sec

CHANNEL f1

1H
10.00 usec
20.00 usec

-3.00 dB
15.48668575 W
400.2226883 MHz
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HMBC NMR Spectrum of Compound 7 (Chapter 5)

== CHANNEL f2 ========
NUC2 13C
P3 9.00 usec
PL2 -2.00 dB
PL2W 54.14257431 W
SFO2 100.6454466 MHz
====== GRADIENT CHANNEL
GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100
GPZ1 50.00 %
GPZ2 30.00 %
GPZ3 40.10 %
P16 1000.00 usec

F1 - Acquisiti
NDO

on parameters

D 128
SFO1 100.6454 MHz
FIDRES 174.631683 Hz
SW 222.095 ppm
FnMODE QF

F2 - Processing parameters
SI 1024

SF 400.2199970 MHz
WDW SINE

SSB 0

LB 0.00 Hz
GB 0

PC 1.40

Fl - Processing parameters
SI 1024

MC2 QF
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Analysis Info

Analysis Name  D:\Data\Raj\OHpcupvp000001.d

Acquisition Date  8/31/2010 11:55:48 AM

Method tune_high_expert.m Operator BDAL@DE
Sample Name OHpcupvp Instrument/ Ser# micrOTOF-Q 10139
Comment mass = 630
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Not active Set Capillary 4500 v Set Dry Heater 200°C
Scan Begin 120 miz Set End Plate Offset -500V Set Dry Gas 4.0 Vmin
Scan End 3000 m/z Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
ns.J
105] Ha, Hs
I\
157 o]
1N HO
10N 0 NH 0
1.0 h N H
] . N
] ) H o
154 .
02 04 06 08 10 12 14 16 1.8 Time [min]
—TIC +AllMS |
l'l54: +MS, 0.1min #8|
104 636.2680
3
2]
1
] 322.1452 t 1249.5382
ol il — e . — . —— —
500 1000 1500 2000 2500 m/z
ns. 636.2680 +MS, 0.1min #8|
104] |
|
2 H 6372715
D U A G .~ N . (- S
634 635 636 637 638 639 640 641 miz
104 636 2680 +MS, 0.1min #8|
2,
0 1 322.1452 N 1249.5382
e T T T wwo . w . AT T R ——
Meas. # Formula mz er Me rdb N- e mSig Std | Std Std | Std Std
m/z [pp an R Conf ma Mean VarNo m/iz  Comb
m] e ul miz rm Diff Dev
[Pp e
m]
636.2680
1 C33H43Na308 6362646 55 55 110 ok odd 239 00032 00035 00012 00005 07330
2 C32H41N2NaO10 6362653 43 43 130 ok odd 282 00050 00027 00018 00005 07073
3 C31H3BNGENa206 6362643 59 59 150 ok odd 371 00054 00038 00025 00005 07859
Bruker Compass DataAnalysis 4.0 printed: 10/8/2010 5:41:49 PM Page 10of2
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Current Data Parameters

NAME Raj
EXPNO 105
PROCNO 1

F2 - Acquisition Parameters
Date_ 20101104
Time 16.39
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG 2g30

TD 32768
SOLVENT DMSO

NS 16

DS 2

SWH 12335.526 Hz
FIDRES 0.376450 Hz
AQ 1.3282462 sec
RG 161

bW 40.533 usec
DE 6.50 usec
TE 298.1 K
D1 1.00000000 sec
TDO 1

==== CHANNEL fl ===
NUC1 1H
Pl 13.57 usec
PL1 0.00 dB
PL1W 16.62868881 W
SFO1 600.1037059 MHz
F2 - Processing parameters
SI 16384
SF 600.1000060 MHz
WDW no
SSB 0
LB 0.00 Hz
GB 0
PC 1.00

"H NMR Spectrum of Compound 20 (Chapter 4) and Compound 1 (Chapter 5)
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0 — O - O [@Xe))
O O O N NN AT HOMWMNMONOHALU MOHOM AT O WO O LN Current Data Parameters
L s T OO MM ANOOOO A HIFITNOWMONNOOOTrSTI™ NAME Raj
MnNoooo CO 00 o o o o o & 4 e e e a4 4 e e e e e e e e e EXPNO 112
[ H A OO0 0 WO WWOWWOWOUANNNNAHAO I PROCNO 1
o HA O OWOLWWOLWLWLW S IO A A A
F2 - Acquisition Parameters
Date_ 20101105
Time 8.42
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG jmod
TD 65536
SOLVENT DMSO
NS 8160
DS 4
SWH 36057.691 Hz
FIDRES 0.550197 Hz
Ha, Hs a0 0.9088159 sec
- RG 2050
bW 13.867 usec
DE 6.50 usec
TE 298.2 K
CNST2 145.0000000
CNST11 1.0000000
HO D1 2.00000000 sec
D20 0.00689655 sec
(0] NH DO 1
H
N 13
OH Pl 9.00 usec
P2 18.00 usec
O PL1 1.50 dB
PL1W 59.57236099 W
SFO1 150.9103545 MHz
== CHANNEL f2 ===
CPDPRG2 waltzl6
NUC2 1H
PCPD2 96.00 usec
PL2 -0.50 dB
PL12 15.40 dB
PL2W 18.65769577 W
PL12W 0.47957665 W
SFO2 600.1024004 MHz
F2 - Processing parameters
SI 32768
SF 150.8953375 MHz
WDW no
| SSB 0
LB 0.00 Hz
M GB 0
\ I I‘l e 1,40
I ) I ) I ) I ) I ) I ) I ) I ) I ) I ) I )
200 180 160 140 120 100 80 60 40 20 0 ppm

3C NMR Spectrum of Compound 20 (Chapter 4) and Compound 1 (Chapter 5)
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Current Data Parameters

NAME Raj
EXPNO 108
PROCNO 1

F2 - Acquisition Parameters
Date_ 20101104
Time 19.25
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG cosygpgf

D 2048
SOLVENT DMSO

NS 2

DS 8

SWH 12335.526 Hz
FIDRES 6.023206 Hz
AQ 0.0830623 sec
RG 64

DW 40.533 usec
DE 6.50 usec
TE 298.1 K
DO 0.00000300 sec
D1 3.00000000 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00008120 sec
NUCL

PO

Pl

PL1

PL1W 16.62868881 W
SFO1 600.1037059 MHz
= = GRADIENT CHANNEL
GPNAM1 SINE.100
GPZ1 10.00 %
P16 1000.00 usec
F1l - Acquisition parameters
NDO

TD 512
SFO1 600.1037 MHz
FIDRES 24.053263 Hz
SW 20.522 ppm
FnMODE QF

F2 - Processing parameters
SI 1024

SF 600.1000000 MHz
WDW SINE

SSB 0

LB 0.00 Hz
GB 0

PC 1.00

Fl - Processing parameters

ST
MC2
SF
WDW
SSB
LB

SINE
0
0.00

QF
600.1000000 MHz

Hz
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ROESY NMR Spectrum of Compound 1 (Chapter 5)

ppm

Current Data Parameters

NAME Raj
EXPNO 107
PROCNO 1

F2 - Acquisition Parameters

Date_ 20101110
Time 9.58
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG kproesy
TD 2048
SOLVENT DMSO
NS 8
DS 64
SWH 7211.539
FIDRES 3.521259
AQ 0.1420447
RG 22.6
DW 69.333
DE 6.00
TE 298.3
CNST2 6849.0000000
DO 0.00005206
D1 1.50000000
D11 0.03000000
D12 0.00002000
D13 0.00000400
D16 0.00030000
INO 0.00013865
CHANNEL f1 ==
0.0000000
3954.3879395
-3954.3879395
1H
13.57
250000.00
1000.00
0.00
70.00
PL1W 16.62868881
PLOW 0.00000166
SFO1 600.1030005
SP1 13.0
SP2 13.00
SP3 13.00
SP4 13.00
SP5 13.00
SP6 13.00
SPNAM1 gaussramp-down
SPNAM2 square.100
SPNAM3 gaussramp-up
SPNAM4 gaussramp+down
SPNAMS square.100
SPNAM6 gaussramp+up
SPOAL1 000
SPOAL2 0.500
SPOAL3 0.000
SPOAL4 1.000
SPOALS 0.500
SPOAL6 0.000
SPOFFS1 0.00
SPOFFS2 0.00
SPOFFS3 0.00

Hz
Hz
Hz
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HSQC NMR Spectrum of Compound 1 (Chapter 5)

Current Data Parameters

NAME Raj
EXPNO 109
PROCNO 1

F2 - Acquisition Parameters
Date_ 20101104
Time 20.20
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hsgcetgp

TD 2048
SOLVENT DMSO

NS 8

DS 16

SWH 12335.526 Hz
FIDRES 6.023206 Hz
AQ 0.0830623 sec
RG 2050

DW 40.533 usec
DE 6.50 usec
TE 298.3 K
CNST2 145.0000000

DO 0.00000300 sec
D1 1.00000000 sec
D4 0.00172414 sec
D11 0.03000000 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00001385 sec
ZGOPTNS

==== CHANNEL fl ==
NUC1 1H
Pl 13.57
P2 27.14
P28 1000.00
PL1 0.00
PL1W 16.62868881
SFO1 600.1037059

usec

usec

MHz

NUC2 13C
P3 9.00
P4 18.00
PCPD2 60.00
PL2 1.50
PL12 17.98
PL2W 59.57236099
PL12W 1.33981502
SFO02 150.9103545
GRADIENT CHANNEL
GPNAM1 SINE.100
GPNAM2 SINE.100
GPZ1 80.00
GPZ2 20.12
Pl6 1000.00
Fl - Acquisition parameters
NDO 2
TD 512
SFO1 150.9104
FIDRES 70.426971

Hz
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HMBC NMR Spectrum of Compound 1 (Chapter 5)

Current
NAME
EXPNO
PROCNO

Data Parameters
Raj

110

1

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS

20101104

21.37

spect

5 mm PABBO BB-
hmbcgplpndgf
4096

9615.385
2.347506
0.2130420
2050

52.000

6.50

298.1
145.0000000
10.0000000
.00000300
.00000000
.00344828
.05000000
.00020000
.00001385

cooowo

= CHANNEL f1l ==

16.62868881
600.1036006

usec
usec
dB

MHz

13C
P3 9.00 usec
PL2 1.50 dB
PL2W 59.57236099 W
SFO2 150.9103545 MHz

== GRADIENT CHANNEL =====

GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100
GPz1 60.00 %
GPZ2 20.00 %
GPZ3 60.12 %
P16 1000.00 usec
Fl - Acquisition parameters
NDO
TD 256
SFO1 150.9104 MHz
FIDRES 140.850357 Hz
SwW 238.935 ppm
FnMODE QF
F2 - Processing parameters
SI 2048
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Display Report

02009 6:10:56 PM

Analysis Info Acquisition Date  12/3
Analysis Name  D\Data\Raj\OH-PCU-VAL-ALA-OH.d
Method tune_wide_expert.m Operator BDAL@DE
Sample Name  OH-PCU-VAL-ALA-CH Instrument micrOTOF-Q 10139
Comment 390.18
Acquisition Parameter
Source Type ESI lon Polarity Paositive Set Nebulizer 0.4 Bar
Focus Mot active Set Capillary 4500 v Set Dry Heater 200°C
Scan Begin 100 miz SetEnd Plate Offset 500V Set Dry Gas 4.0 Iimin
Scan End 3000 m/z Set Collision CellRF 500.0 Vpp Set Divert Valve Source
Intens.,
x106] ~
Ha, Hs .'II.
151
4 Ho II
0 NH O |
_ P on |
1.0 ) i
1 __.f \ II|
. i Y
05 N |
.\‘__ B v, -— S J S, —_—
05 10 15 20 25 “Time [min]
[—TIC +All MS |
Intens, | +MS, 2.2min #132
x105]
3] 803.3463
2] 4131667
N
] 12155059
G‘ Lll T = II llh T i T ;IG[ESBGD T T T T T
500 1000 1500 2000 2500 mz
Intens. | +MS, 2.2min #132
#103]
3] 803.3468
2] 4131687
14
1 12155059
o | . L . i 16055860 . . .
500 1000 1500 2000 2500 miz
printed: 12/30/2009 6:17:24 PM Page 1 0of 1

Bruker Compass DataAnalysis 4.0

HRESIMS (m/z) of Compound 20 (Chapter 4) and Compound 1 (Chapter 5)
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EEEESSS T )
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1.82
1.48
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Current Data Parameters

NAME Raj
EXPNO 170
PROCNO 1

F2 - Acquisition Parameters
Date_ 20101217
Time 9.40
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zg30

TD 32768
SOLVENT DMSO

NS 16

DS 4
SWH 12335.526 Hz
FIDRES 0.376450 Hz
AQ 1.3282462 sec
RG 57

DW 40.533 usec
DE 6.50 usec
TE 298.3 K
D1 1.00000000 sec
TDO 1

=: == CHANNEL f1 ==

NUC1 1H

Pl 13.75 usec
PL1 0.00 dB
PL1W 16.62868881 W
SFO1 600.1037059 MHz
F2 - Processing parameters
SI 16384

SF 600.1000060 MHz
WDW no
SSB 0

LB 0.00 Hz
GB 0

PC 1.00

'"H NMR Spectrum of Compound 21 (Chapter 4) and Compound 3 (Chapter 5)
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Current Data Parameters

NAME Raj
EXPNO 171
PROCNO 1

F2 - Acquisition Parameters
Date_ 20101217
Time 11.07
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG Jjmod

TD 65536
SOLVENT DMSO

NS 1600

DS 4

SWH 36057.691 Hz
FIDRES 0.550197 Hz
AQ 0.9088159 sec
RG 2050

bW 13.867 usec
DE 6.50 usec
TE 298.2 K
CNST2 145.0000000
CNST11 1.0000000

D1 2.00000000 sec
D20 0.00689655 sec
TDO 1

P2 18.00 usec
PL1 1.50 dB
PL1W 59.57236099 W
SFO1 150.9103545 MHz

NUC2 1H
PCPD2 96.00 usec
PL2 -0.50 dB
PL12 15.40 dB
PL2W 18.65769577 W
PL12W 0.47957665 W
SFO2 600.1024004 MHz
F2 - Processing parameters
SI 32768

SF 150.8953320 MHz
wWDW EM
SSB 0

LB 1.00 Hz
GB 0

PC 1.40

13C NMR Spectrum of Compound 21 (Chapter 4) and Compound 3 (Chapter 5)
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COSY NMR Spectrum of Compound 3 (Chapter 5)

Current Data Parameters

NAME
EXPNO
PROCNO

Raj
172
1

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
D
SOLVENT
NS

DS

SWH
FIDRES
AQ

RG

DW

DE

TE

DO

GPNAM1

5 mm

coowo

20101217
11.07
spect

PABBO BB-
cosygpqf
2048

DMSO

2

8
12335.526 Hz
6.023206 Hz
0.0830623 sec
64
40.533 usec
6.50 usec
297.6 K
.00000300 sec
.00000000 sec
.00000400 sec
.00020000 sec
.00008120 sec

CHANNEL f1l ========

16
60

13.56 usec

13.75 usec

0.00 dB
.62868881 W
0.1037059 MHz

== GRADIENT CHANNEL =====

SINE.100
GPZ1 10.00 %
P16 1000.00 usec
Fl - Acquisition parameters
NDO 1
TD 512
SFO1 600.1037 MHz
FIDRES 24.053263 Hz
SW 20.522 ppm
FnMODE QF
F2 - Processing parameters
ST
SF 600.1000000 MHz
WDW SINE
SSB 0
LB 0.00 Hz
GB 0
PC 1.00
Fl - Processing parameters
SI 1024
MC2 QF
SF 600.1000000 MHz
WDW SINE
SSB 0
LB 0.00 Hz
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Current Data P
NAME

EXPNO

PROCNO

F2 - Acquisiti
Date_

Time

INSTRUM

PROBHD 5 mm
PULPROG

TD

SOLVENT

[s}
o
coro

== CHANN
NUC1
Pl
PL1
PL1W 16
SFO1 60

Fl - Acquisiti
NDO

TD

SFO1

FIDRES

SW

FnMODE St

F2 - Processin
SI

SF 60
wDw

SSB

LB

GB

PC

Fl - Processin
SI

MC2 St
SF 60
wDw

SSB

LB

GB

arameters
Raj

175

1

on Parameters
20101217
16.14
spect
PABBO BB-
noesyph
2048
DMSO
4
4
7075.472 Hz
3.454820 Hz
0.1447753 sec
64
70.667 usec
6.50 usec
298.2 K
.00005329 sec
.00000000 sec
.30000001 sec
.00014160 sec

EL fl ==

0.00 dB
.62868881 W
0.1028162 MHz

on parameters
1

512
600.1028 MHz
13.793256 Hz
11.768 ppm
ates-TPPI

g parameters
1024
0.1000000 MHz
QSINE
2
0.00 Hz
0

1.00

g parameters
1024
ates-TPPI
0.1000000 MHz
QSINE
2
0.00 Hz
0

1 | ppm
g ' -1
Ha, ,Hs , 3 g
3 , d ;
- 0
HO ' S
o . . :
NH n o :
‘ o L2
o ‘
- 3
- 4
° ! 4 E
-] . L5
0 3
G
. , 0 ;7 7
oo ’ ;
: - 8
- & . -
- 9
) i
- 10
A I S R LR AARS RS RARARRARES RERRRAARY ARARARN N D R F
10 9 8 7 6 5 4 3 2 1 0 -1 ppm

NOESY NMR Spectrum of Compound 3 (Chapter 5)
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HSQC NMR Spectrum of Compound 3 (Chapter 5)

Current Data Parameters

NAME
EXPNO
PROCNO

Raj
173
1

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
D
SOLVENT
NS

DS

SWH
FIDRES
AQ

RG

DW

DE

TE
CNST2
DO

D1

D4

D11

D13

D16

INO
ZGOPTNS

CPDPRG2
NUC2

P3

P4
PCPD2
PL2
PL12
PL2W
PL12W
SFO2

20101217

12.02

spect

5 mm PABBO BB-
hsqcetgp

2048

DMSO

4

16

12335.526
6.023206
0.0830623

2050

40.533

6.50

298.3
145.0000000
.00000300
.00000000
.00172414
.03000000
.00000400
.00020000
.00001385

o

1
0
0
0
0
0

16.62868881
600.1037059

CHANNEL f2 ==
garp

13C

9.00

18.00

60.00

1.50

17.98
59.57236099
1.33981502
150.9103545

====== GRADIENT CHANNEL

NDO

TD
SFO1
FIDRES

SINE.100
SINE.100
80.00
20.12
1000.00

512
150.9104
70.426971

Fl - Acquisition parameters
2

MHz
Hz
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HMBC NMR Spectrum of Compound 3 (Chapter 5)

Current
NAME
EXPNO
PROCNO

Data Parameters
Raj

174

1

F2 - Acquisition Parameters

Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS

20101217

12.40

spect

5 mm PABBO BB-
hmbcgplpndgf
4096

9615.385
2.347506
0.2130420
2050

52.000

6.50

298.0
145.0000000
10.0000000
.00000300
.00000000
.00344828
.05000000
.00020000
.00001385

cooonOo

= CHANNEL f1 ==

16.62868881
600.1036006

Hz
Hz
sec

usec
usec

sec
sec
sec
sec
sec
sec

usec
usec
dB

MHz

PL2W 59.57236099 W
SFO02 150.9103545 MHz
= GRADIENT CHANNEL

GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100
GPz1 60.00 %
GPZ2 20.00 %
GPZ3 60.12 %
Pl6 1000.00 usec
F1l - Acquisition parameters
NDO

D 256
SFO1 150.9104 MHz
FIDRES 140.850357 Hz
SW 238.935 ppm
FnMODE QF

F2 - Processing parameters
SI 2048



9¢

%T

99.2 _

95 |

90 |

85 |

80

75 |

70 4

65 |

60 |

554

50 4

43.8 ]

2868.63

3287.42
2966.71

1743.22
Ha, ,Hs

HO

ZT

1454.33

1527.06

1344.66

1322.6

810.30

789.52

868.26

990.63
739.66

948.73
1105.6

904.61
1052.52

1297.23

1161.10

1138.82

4000.0

3600 3200 2800 2400 2000 1800

1600

1400

1200 1000 800 600 380.0

cm-1

IR Spectrum of Compound 21 (Chapter 4) and Compound 3 (Chapter 5)
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Display Repo

12/30/2009 620517 PM

Acquisition Date

Analysis Info
Analysis Name  D/\Data\Raj\OH-PCU-VAL-ALABZ d
Method tune_wide_expert.m Operator BDAL@DE
Sample Name  OH-PCU-VAL-ALABZ Instrument micrOTOF-Q 10139
Comment 480.23
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Mot active Set Capillary 4500V Set Dry Heater 200 °C
Scan Begin 100 mfz Set End Plate Offset =500V Set Dry Gas 4.0 Umin
Scan End 3000 miz Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
Intens, |
%108
2_0: Ha, Hs /
4 0 |I
1 5_ HO (o) |
1 Mo g
1 o {
1.0-
i . { AN
4 __.r' e .'I \\-.
059 . .
b, — S
- S — [ S
D25 0.50 075 1.00 1,25 1,50 175 200 225 Time [min]
[—TIC +All MS ]
Intens.: +M3, 1.5min #88,
x105]
2l 503.2150
] 983 4331
4]
11
1] 14636703
1 3021376
o S VAR | PPN | N : . — — —
500 1000 1500 2000 2500 miz
Intens, | +MS, 1,5min #38,
x109]
2] 503.2150
l 983,431
2 -
14
1 1463.6703
1 3021376
o s U .. — . . .
500 1000 1500 2000 2500 miz
printed: 12/30/2009 6:10:47 PM Page 1 of 1

Bruker Compass DataAnalysis 4.0

HRESIMS (m/z) of Compound 20 (Chapter 4) and Compound 1 (Chapter 5)
263
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Current Data Parameters

NAME 0ct09-2009-GK-RAJ
EXPNO 65
PROCNO 1

F2 - Acquisition Parameters

Date_ 20091011
Time 7.10
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zg30
TD 65536
SOLVENT DMSO
NS 16
DS 2
Ha, ,Hs SWH 8223.685 Hz
. FIDRES 0.125483 Hz
AQ 3.9846387 sec
RG 114
DW 60.800 usec
DE 6.50 usec
0] TE 295.5 K
HO D1 1.00000000 sec
O TDO 1
NH (0] (o]
H H
OY\)\H/N N
N OH
H PL1W 15.48668575 W
OH (o] (0] SFO1 400.2224715 MHz
OH F2 - Processing parameters
SI 32768
SF 400.2200248 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
T T T T T T T T T T T T [
11 10 9 8 7 6 5 4 3 2 1 0 ppm
M| | OO OO |[H[>[N[H[O|L [ M| | |O|O |
N[O [OY| |OY|CO Ol N|IO|H OO [O[D|OM|O|O|O|O|N|O
OO |O] |00 < ||| A |[H|[H| || H]|H]|O| M || O

"H NMR Spectrum of Compound 22 (Chapter 4)
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W I~ o0 O N H L0
0 O I™~wWor-m —HOO VOO HOMWOITMHMMIETMONHWVWLLO OOV NN A WO Current Data Parameters
O NM AN ANOON MO MMOOMETIT OO WO NO OO NAME 0ct09-2009-GK-RAJ
NN HHO OO QO o o o 4 e e e e e e e e e e e e e e e e e e e e e EXPNO 62
[ e e T i —H O 00O WWOWLHOOSWWOWONNNOOO OO O O 0 WO PROCNO 1
L B e B B B B | HO OO WOOWOWOFTFII I I IITONONODNDN™M
F2 - Acquisition Parameters
Date_ 20091011
Time 5.08
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG jmod
TD 65536
SOLVENT DMSO
NS 1024
DS 4
SWH 24038.461 Hz
Ha, ,Hs FIDRES 0.366798 Hz
i AQ 1.3631988 sec
RG 2050
bW 20.800 usec
DE 6.50 usec
TE 296.5 K
(o) CNST2 145.0000000
CNST11 1.0000000
HO 1 2.00000000 sec
o D20 0.00689655 sec
NH H (o] H (0] DO 1
0 N N === CHANNEL fl ========
N OH 13c
H 8.40 usec
OH (o) (o] P2 16.80 usec
OH PL1 -2.00 dB
PL1W 54.14257431 W
SFO1 100.6454626 MHz
== === CHANNEL f2 ========
CPDPRG2 waltzl6
NUC2 1H
PCPD2 90.00 usec
PL2 -3.00 dB
PL12 15.60 dB
PL2W 15.48668575 W
PL12W 0.21377575 W
SFO2 400.2216009 MHz
F2 - Processing parameters
SI 32768
SF 100.6354493 MHz
wDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
I ) I ) I ) I ) I ) I ) I ) I ) I ) I ) I
200 180 160 140 120 100 80 60 40 20 ppm

13C NMR Spectrum of Compound 22 (Chapter 4)
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Display Report

12/30/2009 6:42:52 PM

Acquisition Date

Analysis Info
Analysis Name  Di\Data\Ra)OH-PCU-GLU-ALA-ILU-SER.d
Method tune_wide_expert.m Operator BDAL@DE
Sample Name  OH-PCU-GLU-ALA-ILU-SER Instrument micrOTOF-Q 10139
Comment 619
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Mot active Set Capillary 4500 v Set Dry Heater 200 °C
Scan Beqgin 100 mfz Set End Plate Offset =500 W Set Dry Gas 4.0 imin
Scan End 3000 miz Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
In‘rensé‘
"1100“ Ha, Hs ~
0.8 Sl [
k \___\ o NH n o n o .'I
] W)LH fLOH f \
“,_ OH o o | \
0.6+ \ OH | Y
f " f \
| | \
f \ f Y
0.4+ [ . [ Ay
\ . f \
4 II"'L\ ."'I x‘-i‘ e / \“*\
S ./ e -
0.2 T
05 10 15 20 25 Time [min]
[—TIC +Al MS |
Intens, | +MS. 2. 1min #127|
x10%
1 6432578
0.84
0.6
0.44
an 1263 5243
] 3301178 | 975.6784
00— S , L . — —
500 1000 1500 2000 2500 miz
Intens. +MS, 2. 1min #127
x10%
1 6432579
0.8+
0.6
0.44
0.21 1263.5243
3301178 975,784
0.0 b - S ' : ' .
500 1000 1500 2000 2500 mz
printed: 12/30/2009 6:47:23 PM Page 1 0f 1
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O A AL AFTNOONNOIOTTMANONNMOULNNTFHFOOATT MONHLD A OOMOTWOWOLW WO Current Data Parameters
OO ANFHOONNWDHNOMOOVOT O FIFLITNOTNTTTONONAOTITMOANOWOHO OO W WL ™M NAME Oct12-2009-GK-Raj
VLW AT ANOOONNVOVWOVOVWWOTTOWOIIIIIIITOONODNITTFTN OO OO OO EXPNO 13
L PROCNO 1
F2 - Acquisition Parameters
Date_ 20091013
Time 12.25
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zg30
TD 65536
SOLVENT DMSO
NS 16
DS 2
SWH 8223.685 Hz
FIDRES 0.125483 Hz
AQ 3.9846387 sec
(o) RG 114
bW 60.800 usec
Ho DE 6.50 usec
(o] TE 296.8 K
N D1 1.00000000 sec
TDO 1
o === CHANNEL f1l =
NUC1 1H
—N P1 10.00 usec
PL1 -3.00 dB
PL1W 15.48668575 W
SFO1 400.2224715 MHz
Ho F2 - Processing parameters
(o] ST 32768
SF 400.2200255 MHz
wWDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
11 10 9 8 7 6 5 4 3 2 1 0 ppm
L0 O [(N[H O[O [O|O|OV || |O|N[O|[
[ee] S| H[O[OH|O|WO[N[WO|N[N[O|—|O[D||M
(@] OO|H|O|N|O|1O[N|N|H ||| |O ||~

"H NMR Spectrum of Compound 23 (Chapter 4)
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O NI IONI — WO LW LW
NOTMHONATOOWMNMOAOATTOOMOONOAFIT A1OVWOWNIHTOOMOAOWEI~OVWLWIHT NS OO Current Data Parameters
s s s e e e e e st ONVVUOVWNOAAT AT OMAODDOVONHNONOOSWHNOOWOWWMIS LW NAME 0Oct12-2009-GK-Raj-1
OO OO OO L) OO O + o s o o o o s o & s & & o & o o s o & & & = e 4 e e e e e e e e e . EXPNO 10
T 0OV OVWOA AT OOWMOVONOONNONNWOVOVOWOWIFTMMANNNNHOO OO O OO I~ oY 0 PROCNO 1
A A A A A A A A A AT OO I I I I I I IO OO A
F2 - Acquisition Parameters
Date_ 20091013
Time 10.23
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG jmod
TD 65536
SOLVENT DMSO
NS 1024
DS 4
SWH 24038.461 Hz
Ha, ,Hs FIDRES 0.366798 Hz
. AQ 1.3631988 sec
RG 2050
DW 20.800 usec
DE 6.50 usec
TE 297.6 K
(o] CNST2 145.0000000
CNST11 1.0000000
HO D1 2.00000000 sec
o D20 0.00689655 sec
N— DO 1
0 Pl 8.40 usec
_N P2 16.80 usec
PL1 -2.00 dB
PL1W 54.14257431 W
SFO1 100.6454626 MHz
HO CHANNEL £2
o CPDPRG2 waltzl6
NUC2 1H
PCPD2 90.00 usec
PL2 -3.00 dB
PL12 15.60 dB
PL2W 15.48668575 W
PL12W 0.21377575 W
SFO2 400.2216009 MHz
F2 - Processing parameters
SI 32768
SF 100.6354493 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
T T T T T T T T T T T T T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

13C NMR Spectrum of Compound 23 (Chapter 4)
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Display Report

Acquisition Date  12/30/2009 7:02:01 PM

Analysis Info
Analysis Name  DX\Data\Raj\OH-PCU-VAL-ALA-PEPTOID1d
Method tune_wide_expert.m Operator BDAL@DE
Sample Mame OH-PCU-VAL-ALA-PEPTOID1 Instrument micrOTOF-Q 10139
Comment 390
Ar.:quisiticn Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Mot active Set Capillary 4500 v Set Dry Heater 200 °C
Scan Begin 100 mfz Set End Plate Offset =500 W Set Dry Gas 4.0 imin
Scan End 3000 miz Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
Intens.
w1091 R
I .
1 [ F Y
1 Ha, Hs {0
71 - I / \
1 ! I". |I Il
] | \ f Y
] o] [ \ |
67 HoO [ i /
] [o) N4< I|I \ II ]
B o |I \\ .'I \
1 N | \ /
| | 5
| , | b
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T [e) | ™, i )
1\ f \\ / \
37 / e f A
1% T R
N
27 : - : '
05 1.0 1.5 2.0 25 Time [min]
[—TIC +AlIlMS |
Intens, { +MS, 2. 1min #124
x104
6 413.1682
44
24 B03.3442
Hl [ l L 12155059
o] B s e e T T T ! — —
500 1000 1500 2000 2500 mz
Intens. | +MS, 2. 1min #124]
k104
54 413.1682
44
27 803.3442
Hl l .L L“ 12155059
i} d bbb s : A, - T T T
500 1000 1500 2000 2500 mz
printed: 12/30/2009 7:06:39 PM Page 1 0of 1
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Current Data Parameters

NAME Oct12-2009-GK-Raj-1
EXPNO 23
PROCNO 1
F2 - Acquisition Parameters
Date_ 20091014
Time 4.29
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zg30
TD 65536
SOLVENT DMSO
NS 16
DS 2
SWH 8223.685 Hz
FIDRES 0.125483 Hz
AQ 3.9846387 sec
RG 101
DW 60.800 usec
DE 6.50 usec
TE 295.4 K
D1 1.00000000 sec
TDO 1
== CHANNEL f1l =
1H
10.00 usec
-3.00 dB

15.48668575 W
400.2224715 MHz

F2 - Processing parameters

SI 32768
SF 400.2200266 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
10 9 38 7 6 5 4 3 2 1 0 Ppem

(] — [ee] AN|O|OY| M|~ ~ —

(@} [0} (@] DO |0 |D|00| OV [OY NeJ

Nej o O MO|O|N|N| O] O L0

'"H NMR Spectrum of Compound 24 (Chapter 4)
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NOOHOMCTNOIFITNOMNMAIFTNOOMESMLW N A
DOWUMHMMOHNOOO AdOIHTFOTIOANLITNO AT OFTOND AN OWVOMOOVIM>TOWHDMS>WOWWOWL TN Current Data Parameters
Ce e e e e e e e e e e e e e e e e e e e DO ANONINMAAO WO O WO NO 0 NAME 0ct12-2009-GK-Raj-1
OO O OO0 T~OEI-T- WO OOO ¢« ¢« ¢ o o s & & & & o &+ & o & & o o & & o o o o EXPNO 20
T T 00OV OVOVOVOVOVOWMMMM A TOOOOOOONOHOOWOL N—HOO OO Oy O I PROCNO 1
A A A A A A A A A A A A A A A A A A A AT FIIILIIIIIITIITIOONODONDND DM
F2 - Acquisition Parameters
Date_ 20091014
Time 2.27
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG jmod
TD 65536
SOLVENT DMSO
NS 1024
DS 4
SWH 24038.461 Hz
Ha, ,Hs FIDRES 0.366798 Hz
, AQ 1.3631988 sec
RG 2050
DW 20.800 usec
DE 6.50 usec
TE 296.6 K
(o] CNST2 145.0000000
CNST11 1.0000000
HO D1 2.00000000 sec
o D20 0.00689655 sec
N TDO 1
CHANNEL f1 =
o 13C
8.40 usec
16.80 usec
-2.00 dB
o 54.14257431 W
100.6454626 MHz
o }OH CHANNEL f£2
N CPDPRG2 waltz16
/ NUC2 1H
PCPD2 90.00 usec
PL2 -3.00 dB
PL12 15.60 dB
PL2W 15.48668575 W
PL12W 0.21377575 W
SFO2 400.2216009 MHz
F2 - Processing parameters
ST 32768
SF 100.6354493 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
T T T T T T T T T T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 ppm

13C NMR Spectrum of Compound 24 (Chapter 4)
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Display Report

1213072009 5:46:41 PM

Acquisition Date

Analysis Info
Analysis Name  Do\Data\Raj\OH-PCU-PHE-VAL-ALA, 537 PEFTOID d
Method tune_wide_expert.m Operator BDAL@DE
Sample Name  OH-PCU-PHE-VAL-ALA,537,PEPTOID Instrument micrOTOF-Q@ 10139
Comment 537.25
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.4 Bar
Focus Mot active Set Capillary 4500V Set Dry Heater 200 °C
Scan Begin 100 miz Set End Plate Offset -500 Vv Set Dry Gas 4.0 l/min
Scan End 3000 m/z Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
Intens. |
w1061 -
| Ha, Hs ,-" \
1.254
1 o I
] HO I
1.004 o N |
1 | 1
] >_ S=O s |I \
0.757 _ﬂ) o /\ I
1 o OH f , |
] /N—>_ / \\\ I,' ‘
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i / . / \
1\ J T —— \'--_
025j \-. — — — —— A - T
05 10 15 20 25 30 Time [min]
[—TIC +AllMS |
Intens.] +MS, 2 8min #170
109+
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1 .5—_
101
057 350.1382 1007.4804
0.0] i I“ , il . . , — —
500 1000 1500 2000 2500 miz
Intens. { +MS, 2.9min #170
®10%7]
1 5602358
1 .5:
101
0.5j 350.1382 1097.4504
G-G- _11 i L - L.— A - L‘ 7 - 7 :
500 1000 1500 2000 2500 miz
Bruker Compass DataAnalysis 4.0 printed: 12/30/2009 5:54:51 PM Page 1 of 1
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N<TFTO AN NOOD AT OO AOFITAALITOANT O OILTOONTTTONNSTTANLWOWO N

OO WOWOITMH ANOOHNDDWOWMIPIOVOOWOLILTITOLONHOOOTTOLMLENAITAHO OS> ITM Current Data Parameters

FONANANANNANAN AT A A A A A OO0 ITWOWWOWWOWWOWWOWWOWOHONNOWOo H I~ NAME Sep04-2010-GK-Raj-1
10

S Y EXPNO

A A A A A A O O O OO PROCNO 1

N
F2 - Acquisition Parameters
Date_ 20100904
Time 18.17
INSTRUM spect

PROBHD 5 mm PABBO BB-

PULPROG zg30
D 32768
SOLVENT DMSO
Ha, ,Hs NS 16
s DS 2
SWH 8223.685 Hz
FIDRES 0.250967 Hz
AQ 1.9923444 sec
RG 128
0 DW 60.800 usec
HO DE 6.50 usec
TE 298.2 K
(0] NH fo) D1 1.00000000 sec
H TDO 1
N -
OH
W Pl 10.00 usec
(0] PL1 -3.00 dB
PL1W 15.48668575 W
SFO1 400.2224715 MHz
F2 - Processing parameters
SI 16384
SF 400.2199996 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00

10 9 8 7 6 5 4 3 2 1 0 ppm
o |~ O (@) le} | O[H|O[H[O|O]|O (@]
o w|o|— Al AalAalAls ol alolal e

'"H NMR Spectrum of Compound 2 (Chapter 5)

9LC
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13C NMR Spectrum of Compound 2 (Chapter 5)
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Current Data Parameters

NAME Sep04-2010-GK-Raj-1
EXPNO 14
PROCNO 1
F2 - Acquisition Parameters
Date_ 20100904
Time 22.16
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG jmod
TD 65536
SOLVENT DMSO
NS 1024
DS 4
SWH 24038.461 Hz
FIDRES 0.366798 Hz
AQ 1.3631988 sec
RG 2050
bW 20.800 usec
DE 6.50 usec
TE 298.2 K
CNST2 145.0000000
CNST11 1.0000000
D1 2.00000000 sec
D20 0.00689655 sec
TDO 1
== CHANNEL f1
8.40 usec
16.80 usec
-2.00 dB

54.14257431 W
100.6454626 MHz

= CHANNEL £2 =
CPDPRG2 waltzl6
NUC2 1H
PCPD2 90.00 usec
PL2 -3.00 dB
PL12 15.60 dB
PL2W 15.48668575 W
PL12W 0.21377575 W
SFO2 400.2216009 MHz
F2 - Processing parameters
SI 32768

SF 100.6354493 MHz
wDw EM

SSB 0

LB 1.00 Hz
GB 0

PC 1.40
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COSY NMR Spectrum of Compound 2 (Chapter 5)

Current Data Parameters

NAME Sep04-2010-GK-Raj-1
EXPNO 16
PROCNO 1

F2 - Acquisition Parameters

Date_ 20100904
Time 22.20
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG cosygpmfqgf

TD 2048
SOLVENT DMSO

NS 4

DS 8
SWH 5813.954 Hz
FIDRES 2.838845 Hz
AQ 0.1761780 sec
RG 2050

DW 86.000 usec
DE 6.50 usec
TE 298.2 K
DO 0.00000300 sec
D1 2.01556492 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00017200 sec

PL1W 15.48668575 W
SFO1 400.2227616 MHz
= GRADIENT CHANNEL =====
GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100
GPZ1 16.00 %
GPZ2 12.00 %
GPZ3 40.00 %
P16 1000.00 usec

Fl - Acquisition parameters

NDO 1
TD 256
SFO1 400.2228 MHz
FIDRES 22.710756 Hz
SW 14.527 ppm
FnMODE OF
F2 - Processing parameters
SI 1024
SF 400.2199980 MHz
WDW SINE
SSB 0
LB 0.00 Hz
GB 0
PC 1.40

Fl - Processing parameters

SI 1024
MC2 OF
SF 400.2200020 MHz
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6LC

Current Data Parameters

NAME Sep04-2010-GK-Raj-1

EXPNO 17

PROCNO 1

F2 - Acquisition Parameters

Date_ 20100904

Time 23.00

INSTRUM spect

PROBHD 5 mm PABBO BB-

PULPROG noesyph

D 2048

SOLVENT DMSO

NS 16

DS 4

SWH 5813.954 Hz

FIDRES 2.838845 Hz

AQ 0.1761780 sec

RG 64

DW 86.000 usec

DE 6.50 usec

TE 298.2 K

DO 0.00007327 sec

D1 2.07454705 sec

D8 0.30000001 sec

INO 0.00017200 sec
== CHANNEL fl ==

NUC1 1H

Pl 10.00 usec

PL1 -3.00 dB

PL1W 15.48668575 W

SFO1 400.2227616 MHz

F1l - Acquisition parameters

NDO

D 256

SFO1 400.2228 MHz

FIDRES 22.710756 Hz

SW 14.527 ppm

FnMODE States—-TPPI

F2 - Processing parameters

SI 1024

SF 400.2199980 MHz

WDW QSINE

SSB 2

LB 0.00 Hz

GB 0

PC 1.00

F1l - Processing parameters

SI 1024

MC2 States-TPPI

SF 400.2200010 MHz

WDW QSINE

SSB 2

LB 0.00 Hz

GB 0
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HSQC NMR Spectrum of Compound 2 (Chapter 5)

Current Data Parameters

NAME Sep04-2010-GK-Raj-1
EXPNO 18
PROCNO 1

F2 - Acquisition Parameters
Date_ 20100905

Time 1.56
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hsgcedetgp

D 1024
SOLVENT DMSO

NS 8

DS 16

SWH 5813.954 Hz
FIDRES 5.677689 Hz
AQ 0.0881140 sec
RG 2050

DW 86.000 usec
DE 6.50 usec
TE 298.2 K
CNST2 145.0000000

DO 0.00000300 sec
D1 1.50778198 sec
D4 0.00172414 sec
D11 0.03000000 sec
D13 0.00000400 sec
D16 0.00020000 sec
D21 0.00345000 sec
INO 0.00003000 sec
ZGOPTNS

CPDPRG2
NUC2

P3

P4
PCPD2
PL2
PL12
PL2W
PL12W
SFO2

TD
SFO1

CHANNEL f2 =

15.48668575
400.2227616

garp
13C

9.00

18.00

70.00

-2.00

15.60
54.14257431
0.94089001
100.6429049

GRADIENT CHANNEL

SINE.100
SINE.100
80.00
20.10
1000.00

256
100.6429

usec
usec
usec
dB

MHz

Fl - Acquisition parameters
0 2

MHz
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HMBC NMR Spectrum of Compound 2 (Chapter 5)

Current Data Parameters
NAME Sep04-2010-GK-Raj—1
EXPNO 19
PROCNO 1
F2 - Acquisition Parameters
Date_ 20100905
Time 2.54
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hmbcgpndgf
TD 4096
SOLVENT DMSO
NS 16
DS 16
SWH 5813.954 Hz
FIDRES 1.419422 Hz
AQ 0.3523060 sec
RG 2050
DW 86.000 usec
DE 6.50 usec
TE 298.2 K
CNST13 8.0000000
DO 0.00000300 sec
D1 1.53194904 sec
D6 0.06250000 sec
D16 0.00020000 sec
INO 0.00002235 sec
== CHANNEL f1l ========
1H
10.00 usec
20.00 usec
-3.00 dB
15.48668575 W
400.2227616 MHz
== CHANNEL f2 ========
NUC2 13C
P3 9.00 usec
PL2 -2.00 dB
PL2W 54.14257431 W
SFO2 100.6454466 MHz
== GRADIENT CHANNEL =====
GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100
GPZ1 50.00 %
GPZ2 30.00 %
GPZ3 40.10 %
Pl6 1000.00 usec
Fl - Acquisition parameters
NDO 2
TD 256
SFO1 100.6454 MHz
FIDRES 87.315842 Hz
SW 222.095 ppm
FnMODE OF
F2 - Processing parameters
SI 1024
SF 400.2199980 MHz
WDW SINE
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Analysis Info
Analysis Name  D\Data\Raj\5.d

Acquisition Date  2/24/2012 7:21:39 PM

Method tune_wide_expert.m Operator BDAL@DE
Sample Name 5 Instrument / Ser# micrOTOF-Q 10139
Comment
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 14.5 psi
Focus Not active Set Capillary 4500V Set Dry Heater 200°C
Scan Begin 100 miz Set End Plate Offset  -500 V Set Dry Gas 4.0 Umin
Scan End 3000 miz Set Collision CellRF  500.0 Vpp Set Divert Valve Source
Intens. 1 Ha, ,Hs
w104 .,
1 ~
1 0
3 ~ J HO
1 f/ - ";'J"'M\f"a-v\ .,—'-,J’\-—"H"HMJ II'. ° NH H
] e e A |
2 1 v —\"., e Y Y N OH
4 __r\_-( , _ kY o
9 I\ P Vi N \\‘H
4 T— — -
A
0 r T T T -
1 2 3 4 3 Time [min]
— TIC +All M3 |
Intens. { +MS, 0.8min|
] 9220098
3000 22,0299
2000
1 3220482
10007
1 l l 1521.9726
0 L ' J 4 ; ; , ;
500 1000 1500 2000 2500 miz
Intens. +M5, 3.8min|
x104) 467.2156
1.01
0.8
0.6+
0.4
0.24 3021327 9504453 14166589
00 P . : . . —A ——r . .
500 1000 1500 2000 2500 m(z
Meas. # Formula miz e Mea rdb N- e msSig Std | Std Std | Std Std
m/z [pp n Ru Conf ma Mean WVarNo miz  Comb
m] e le miz m Diff Dev
[pp
m]
467.2156
1 C22H2TNS8O4 4672150 13 -12 135 ok even 398 00064 0.0006 00043 00002 05891
2 C21H31N408 4672136 42 41 85 ok even 1115 0.0200 0.0019 0.0066 0.0003 O0.7818
3 C26H31N2086 4672177 44 45 125 ok even 1477 00221 00021 00097 00003 08347
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Current Data Parameters
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OO TN A ATONOMOOOOOHOWOWOWOWOLWH I FTOOITITNNNNNAOOOOWOO O O O 0

Aug30-2010-GK-Raj

EXPNO 22
F T T PROCNO 1
~
F2 - Acquisition Parameters
Date_ 20100902
Time 13.03
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zg30
TD 65536
SOLVENT DMSO
NS 16
DS 2
Ha, ,Hs SwWH 8223.685 Hz
b FIDRES 0.125483 Hz
AQ 3.9846387 sec
RG 128
DW 60.800 usec
DE 6.50 usec
(0] TE 298.2 K
HO D1 1.00000000 sec
O TDO 1
NH H (o) CHANNEL f1l ====
1H
N H 10.00 usec
N ~3.00 aB
H 15.48668575 W
(o) (o] 400.2224715 MHz
F2 - Processing parameters
SI 32768
SF 400.2199985 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
L B L B B B B B ) L L I
10 9 8 7 6 5 4 3 2 1 0 ppm
o [QVARE=R IS || OMN|[O|O|OT|O|O
S| O] |0 [ O [ |OY N[ ||| O|O|O[M|N|"O
(@] ol |Oo] |O OO < A | H [ H [ H ][O MM

"H NMR Spectrum of Compound 4 (Chapter 5)
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13C NMR Spectrum of Compound 4 (Chapter 5)

Current Data Parameters
Aug30-2010-GK-Raj

27
1

20100902

22.04

spect

5 mm PABBO BB-
Jjmod

65536

DMSO

1024

F2 - Acquisition Parameters
Date_

Time

INSTRUM

PROBHD

PULPROG

TD

4
24038.461
0.366798
1.3631988
2050
20.800
6.50

298.2
145.0000000
1.0000000
2.00000000
0.00689655
1

CHANNEL fl ==
13C

8.40

16.80

-2.00
54.14257431
100.6454626

Hz

sec

usec
usec

sec
sec

usec
usec
dB

W
MHz

= CHANNEL f2

CPDPRG2 waltzl6
NUC2 1H
PCPD2 90.00 usec
PL2 -3.00 dB
PL12 15.60 dB
PL2W 15.48668575 W
PL12W 0.21377575 W
SFO2 400.2216009 MHz
F2 - Processing parameters
SI 32768

SF 100.6354471 MHz
WDwW EM

SSB 0

LB 1.00 Hz
GB 0

PC 1.40
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COSY NMR Spectrum of Compound 4 (Chapter 5)

Current Data Parameters

NAME Aug30-2010-GK-Raj
EXPNO 23
PROCNO 1
F2 - Acquisition Parameters
Date_ 20100902
Time 13.05
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG cosygpgf
TD 2048
SOLVENT DMSO
NS 2
DS 8
SWH 5952.381 Hz
FIDRES 2.906436 Hz
AQ 0.1720820 sec
RG 64
DW 84.000 usec
DE 6.50 usec
TE 298.2 K
DO 0.00000300 sec
D1 1.50655305 sec
D13 0.00000400 sec
D16 0.00020000 sec
INO 0.00016800 sec
=== CHANNEL f1l ==
NUC1 1H
PO 10.00 usec
Pl 10.00 usec
PL1 -3.00 dB
PL1W 15.48668575 W
SFO1 400.2226137 MHz
GRADIENT CHANNEL =====
SINE.100
10.00 %
1000.00 usec
Fl - Acquisition parameters
NDO 1
TD 256
SFO1 400.2226 MHz
FIDRES 23.251488 Hz
sSw 14.873 ppm
FnMODE QF
F2 - Processing parameters
SI 1024
SF 400.2199985 MHz
WDW SINE
SSB 0
LB 0.00 Hz
GB 0
PC 1.40
Fl1 - Processing parameters
SI
MC2 QF
SF 400.2199985 MHz
WDW SINE
SSB 0
LB 0.00 Hz
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NOESY NMR Spectrum of Compound 4 (Chapter 5)

Current Data Parameters

NAME Aug30-2010-GK-Raj
EXPNO 24
PROCNO 1

F2 - Acquisition Parameters
Date_ 20100902
Time 13.21
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG noesyph

D 2048
SOLVENT DMSO

NS 8

DS 4

SWH 5952.381 Hz
FIDRES 2.906436 Hz
AQ 0.1720820 sec
RG 64

DW 84.000 usec
DE 6.50 usec
TE 298.2 K
DO 0.00007127 sec
D1 2.07864308 sec
D8 0.30000001 sec
INO 0.00016800 sec
NUC1

Pl

PL1

PL1W 15.48668575 W
SFO1 400.2226137 MHz
Fl - Acquisition parameters
NDO

TD 256
SFO1 400.2226 MHz
FIDRES 23.251488 Hz
SW 14.873 ppm
FnMODE States-TPPIL

F2 - Processing parameters
ST 1024

SF 400.2199985 MHz
WDW QSINE

SSB 2

LB 0.00 Hz
GB 0

PC 1.00

F1l - Processing parameters
SI 1024

MC2 States-TPPI

SF 400.2199985 MHz
WDW QSINE

SSB 2

LB 0.00 Hz
GB 0
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HSQC NMR Spectrum of Compound 4 (Chapter 5)

Current Data Parameters

NAME Aug30-2010-GK-Raj
EXPNO 25
PROCNO 1

F2 - Acquisition Parameters
Date_ 20100902
Time 14.50
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hsqgcedetgp

TD 1024
SOLVENT DMSO

NS 4

DS 16

SWH 5952.381 Hz
FIDRES 5.812872 Hz
AQ 0.0860660 sec
RG 2050

DW 84.000 usec
DE 6.50 usec
TE 298.2 K
CNST2 145.0000000

DO 0.00000300 sec
D1 1.50983000 sec
D4 0.00172414 sec
D11 0.03000000 sec
D13 0.00000400 sec
D16 0.00020000 sec
D21 0.00345000 sec
INO 0.00003000 sec
ZGOPTNS

=== CHANNEL f1l ==
NUCL 1H
Pl 10.00 usec
P2 20.00 usec
P28 1000.00 usec
PL1 -3.00 dB
PL1W 15.48668575 W
SFO1 400.2226137 MHz
== === CHANNEL f2 ==
CPDPRG2 garp
NUC2 13C
P3 9.00 usec
P4 18.00 usec
PCPD2 70.00 usec
PL2 -2.00 dB
PL12 15.60 dB
PL2W 54.14257431 W
PL12W 0.94089001 W
SFO2 100.6429049 MHz

= GRADIENT CHANNEL =====

GPNAM1 SINE.100
GPNAM2 SINE.100

GPZ1 80.00 %
GPZ2 20.10 %
P16 1000.00 usec
Fl - Acquisition parameters
NDO

TD 256

SFO1 100.6429 MHz
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HMBC NMR Spectrum of Compound 4 (Chapter 5)

Current Data Parameters

NAME
EXPNO
PROCNO

Aug30-2010-GK-Raj
26
1

F2 - Acquisition Parameters

Date_ 20100902
Time 17.24
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG hmbcgpndgf

TD 4096
SOLVENT DMSO

NS 16

DS 16

SWH 5952.381 Hz
FIDRES 1.453218 Hz
AQ 0.3441140 sec
RG 2050

DW 84.000 usec
DE 6.50 usec
TE 298.2 K
CNST13 8.0000000

DO 0.00000300 sec
D1 1.54014099 sec
D6 0.06250000 sec
D16 0.00020000 sec
INO 0.00002235 sec
NUC1

Pl

P2

PL1

PL1W 15.48668575 W
SFO1 400.2226137 MHz
======== CHANNEL f2 ==
NUC2 13C

P3 9.00 usec
PL2 -2.00 dB
PL2W 54.14257431 W
SFO02 100.6454466 MHz
====== GRADIENT CHANNEL =====
GPNAM1 SINE.100
GPNAM2 SINE.100
GPNAM3 SINE.100
GPZ1 50.00 %
GPZ2 30.00 %
GPZ3 40.10 %
Pl6 1000.00 usec
F1l - Acquisition parameters
NDO

TD 256
SFO1 100.6454 MHz
FIDRES 87.315842 Hz
SwW 222.095 ppm
FnMODE QF

F2 - Processing parameters
SI 1024

SF 400.2199950 MHz
WDW SINE
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Analysis Info

Analysis Name  D:\Data\Raj\6.d

Method tune wide expert.m
Sample Name 5]
Comment

Acquisition Date

Operator

BDAL@DE

Instrument / Ser# micrOTOF-Q 1

2/24/2012 7:32:09 PM

0139

Acquisition Parameter

Source Type ESI lon Polanty Positive Set Nebulizer 145 psi
Focus Not active Set Capillary 4500 vV Set Dry Heater 200°C
Scan Begin 100 m/z Set End Plate Offset -500 v Set Dry Gas 4.0 l/min
Scan End 3000 m/z Set Collision Cell RF 500.0 Vpp Set Divert Valve Source
Intens.
X104 Ha, Hs
6_
| 0
| HO
adl ° NH
N\ )\n/N NJ\H/or_[ o~
AN o H N 7
24 — [ T e
T | T e -
\ | . L =
"\ . |I
0 T e T ‘ : :
1 2 3 4 5 3] Time [min]
TIC +AI MS |
Intens. +MS, 6,0min
3000 391.2787
4000
3000 922.0112
1 622.0294
2000
10004 [ 15219717
ol Wil J ‘ , : : .
500 1000 1500 2000 2500 miz
Intens. +M$S, 3.6min
b 462 2269
3000
2000
1000
1 uL 711.8000 945.4267
o S 1 ! VO S , i i ,
500 1000 1500 2000 2500 m/z
Meas. # Formula m/z err Mea rdb N- e msig Std | Std Std | Std Sid
/Z lpp n Ru Conf ma Mean VarNo miz  Comb
m] err le m/z m Diff Dev
[pp
m]
462 2269
1 C23H32N307 4622235 -5 70 95 ok even 6.29 0.0109 0.0033 0.0039 0.0016 07779
2 C24H2BN7O3 462 2248 46 42 145 ok even 19 46 00279 0.0020 00124 0.0005 0.8060
3 CI1TH32N7O8 4622307 8.1 8.3 55 ok even 2268 00375 00039 0.0162 00005 0.9016
Bruker Compass DataAnalysis 4.0 printed: 2/24/2012 9:17:53 PM Page 1 of 2
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