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ABSTRACT
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NORSPERMIDINE BASED PEPTIDIC INHIBITORS OF TRYPANOTHIONE
REDUCTASE
By Mark Joseph Dixon

Infection by Trypanosoma and Leishmania parasites cause several diseases of
major importance to third world health. These parasites are highly susceptible to
oxidative stress, but help to maintain their intra-cellular redox balance by utilising the
enzyme trypanothione reductase (TR) and the metabolite trypanothione disulfide, rather
than the analogous glutathione reductase (GR) and glutathione found in mammalian cells.
Despite sharing many similarities, TR and GR exhibit a high degree of selectivity for
their respective substrates and thus TR has emerged as a highly promising target for the
development of anti-parasitic drugs.

This thesis describes an investigation into the mechanism of action of a previously
identified class of trypanothione reductase inhibitors by a variety of techniques including
kinetic analysis, analytical ultracentrifugation, gel filtration chromatography and protein
crystallography, leading to the identification of an allosteric mode of inhibition.

A library of simplified structural analogues of the lead compounds were screened
and active compounds subjected to full kinetic analysis, to establish structure activity
relationships (SAR) where subtle structural changes were found to cause changes in
inhibition mechanism.

These findings give a better understanding of the enzymes mode of action and this
class of inhibitors and will aid the development of more effective enzyme inhibitors in

the future.
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CHAPTER 1

INTRODUCTION

1.1 Kinetoplastida Derived Disease

The causative agents of several medically and veterinary important tropical
diseases are parasitic protozoa of the Kinetoplastida order. These diseases almost
exclusively affect the developing world, and as a result there is little financial incentive

for the pharmaceutical industry to develop effective treatments.

1.1.1 African Trvpanosomiasis

African trypanosomiasis (also known as African sleeping sickness) is widespread
in sub-Saharan Africa and is caused by two parasites: 7rypanosoma brucei rhodesiense
(east and southern Africa) and 7rypanosoma. brucei gambiense (west and central
Africa)." A third sub-species, Trypanosoma. brucei brucei, is harmless to humans but
causes the devastating disease, Nagana, in cattle. The decimation of cattle caused by
Nagana 1S a major barrier to the development of otherwise fertile land where the disease
is rife, with an estimated 3 million cattle deaths attributed to the disease each year.”

African trypanosomiasis is an old disease, having been known to the slave traders
who would reject Africans bearing the swollen cervical glands that are characteristic of
the disease. Infection occurs primarily through the bite of the infected tsetse fly, although
today infection is also possible through transfusion of infected blood. Early symptoms
include fever and enlarged lymph glands and spleen, and as the parasites invade the
ceniral nervous system, mental deterioration begins leading to coma and death. 7. 5.
rhodesiense infection is severe and usually leads to death within days or weeks. 7. b.
gambiense infection is less aggressive and disease progression often lasts several years.

There have been three severe epidemics of the disease, the first occurred between
1896 and 1906; the second in 1920 and the third began in 1970. Over sixty million people
are at risk from the disease and fifty thousand cases are reported each year, although the

World Health Organization estimates that the true number of cases 1s 10 times greater.




1.1.2 Chagas’ Disease

Chagas® disease (or South American trypanosomiasis) is found exclusively in
Latin America and is named after Carlos Chagas, the Brazilian doctor who first described
the disease in 1909. The disease is widespread, spanning from Mexico in the north of the
continent to the south of Argentina. At present, the disease is endemic in 21 countries;
with sixteen to eighteen million people infected and over one hundred million people at
risk, with approximately thirteen thousand deaths per year attributed to the disease. The
causative agent is Trypanosoma cruzi, which is transmitted to humans by triatomine
insects. A small sore usually develops at the site of infection and fever and swollen
lymph glands can develop within a few days. This early, acute, stage of the disease can
cause illness and death, particularly in young children, though more commonly patients
enter a symptom-less phase that lasts for several months or years, during which time the
parasite invades most of the organs of the body. Fatal damage to the heart and digestive

tract occurs in 32% of patients during this chronic stage of the disease.

1.1.3 Leishmaniasis

Leishmaniasis, caused by parasites of the genus Leishmania, is widespread in 88
countries across 5 continents and an estimated twelve million people are currently
infected with a further three hundred and fifty million at risk.* Periodic epidemics occur:
an estimated hundred thousand mortalities occurred in Sudan in the 1990°s and an
estimated two hundred thousand people are currently afflicted in Afghanistan. Infections
occur through the bite of infected sand flies and an estimated fifty-nine thousand deaths
each year are attributed to the disease. Over 20 species and sub-species infect humans,

and leishmaniases can be classified into 4 main categories:

1) Visceral leismaniasis: the most serious form, which is fatal if left untreated (e.g.
Kala-azar caused by L. donovani).

2) Cutaneous leishmaniasis: the most common form, which causes skin lesions
which heal without treatment within a few months but which leave unsightly scars
(e.g. Baghdad ulcer, Delhi boil or Bouton d’Orient, due to infection with L.

MQjor).




3) Mucocutaneous leishmaniasis: initial skin ulcers spread to the soft tissue of the
nose and mouth leading to large-scale tissue destruction. Caused by L.
braziliensis.

4) Diffuse cutaneous leishmaniasis: leads to skin lesions that resemble leprosy.

Caused by L. aethiopica and L. mexicana mexicana.

1.2 Current Treatments

1.2.1 Treatment of African Trypanosomiasis

If detected early, there are fairly effective drugs available for the treatment of
African trypanosomiasis. Pentamidine 1 and berenil 2 (Figure 1) are both thought to
inhibit S-adenosinylmethionine decarboxylase, an important enzyme in the parasitic
polyamine biosynthetic pathway. However, in the late stage of the disease, following
parasitic invasion of the central nervous system, treatment requires drugs capable of
crossing the blood-brain barrier. Difluoromethylornithine (DFMO, 3) is effective in the
late stage treatment of 7. b. gambiense infections but is ineffective against 7. b.
rhodesiense infections. DFMO inhibits another enzyme important in polyamine

biosynthesis, ornithine decarboxylase.
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Figure 1: Drugs used against African trypanosomiasis derived disease.




The relatively high cost and poor availability of DFMO has led to the use of the
trivalent arsenicals melarsen oxide 4 and melarsoprol 5. Undesired effects with these
drugs are severe, indeed fatal in as many as 10% of cases, and resistance to the drugs is
also high. Early diagnosis, which would allow effective treatment of the disease, is rarely

achieved due to the lack of effective screening regimes.

1.2.2 Treatment of Chagas’ Disease

Nitroarenes such as nifurtimox 6 and benznidazol 7 (Figure 2) have been used
against 7. cruzi infection but their use is associated with severe side-effects. The severity

of these side-effects led to the withdrawal of benznidazol from the market.

OZNWN,QOQ i /ﬁ]/ \/©

6 nifurtimox 7 benznidazol

Figure 2: Drugs used against 7. cruzi.

1.2.3 Treatment of Leishmaniasis

Leishmaniasis is treated with the administration of moderately toxic and relatively
expensive antimonial drugs such as pentostam 8 (Figure 3). In the increasingly frequent
cases where antimonial drugs are found to be ineffective, other, highly toxic drugs such

as amphotericin B 9 are used.
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Figure 3: Drugs used against Leishmaniasis derived disease.
In summary, currently available treatments have severe drawbacks, namely
toxicity, efficacy and the reliance on the early detection of disease which is often

impossible. The need for new effective treatments is clear.

1.3 Targeting Trypanosomes

The first step towards the rational design and discovery of new drugs is the
identification of key, parasite-specific cellular components as potential drug targets.
Several differences in the biochemistry of these organisms with their hosts have so far
been identified. One of the most promising differences relates to the mechanism by which

cytotoxic oxidants are removed from the cell.

1.3.1 Oxidative Stress Management

Oxidants, such as superoxide radical anions, hydrogen peroxide and hydroxyl
radicals, all arise within cells from side reactions from aerobic respiration as well as from
the host immune response to parasite infection. If these oxidants are not removed, several

problems arise, including damage to DNA, proteins and membrane lipids. Both the sugar
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and base moieties of DNA are susceptible to oxidation which causes base degradation,
single strand breakage and cross-linking to proteins.” The high susceptibility of DNA to
oxidative stress is one reason why eukaryotic organisms have compartmentalised DNA
within the nucleus, away from sites of redox cycling. Oxidative attack on proteins results
in site-specific amino acid modifications, fragmentation of the peptide chain, altered
electrical charge and increased susceptibility to proteolysis. Oxidative attack on
membrane lipids causes cell rupture and death.

The hydroxyl radical, a very reactive species, is generated by reaction of
hydrogen peroxide and superoxide anion as well as by the Fe"' catalysed decomposition
of hydrogen peroxide.® The level of hydroxyl radicals are minimized by the enzymatic
removal of the precursor hydrogen peroxide and superoxide species. In both human cells
and trypanosomatids, superoxide anion is removed by superoxide dismutase (SOD).”® In
humans, hydrogen peroxide is removed by a number of catalases and peroxidases
including glutathione peroxidase. In general, trypanosomatids contain little or no catalase
activity but evidence for a trypanothione-dependent peroxidase has been reported.” The
last line of defence is the non-enzymatic scavenging of the oxidants by low molecular
weight compounds. In humans and almost all organisms, the widely abundant cellular

thiol, glutathione 10 (Figure 4), is utilized for this purpose.

1.3.2 Glutathione and Glutathione Reductase

Glutathione is a thiol-containing tripeptide that has numerous important metabolic
and regulatory roles. As a result of its role in oxidative stress management, two molecules
of glutathione are oxidized to glutathione disulfide 11. Glutathione disuifide is reduced to
glutathione by the enzyme glutathione reductase (GR), an NADPH-dependent
flavoprotein (Figure 4), such that the ratio of glutathione to glutathione disulfide in most
cells is usually greater than 300.'° The enzyme has been widely studied and the crystal

structure at high resolution has been reported.'"™"*
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Figure 4: Action of glutathione reductase.

1.3.3 Trypanothione and Trypanothione Reductase

Trypanosomes and leishmania differ from most other organisms in that they
maintain their intracellular redox balance by a different mechanism, Glutathione is not
the most prominent thiol present in the trypanosomes, rather it is the structurally related
N' N-bis(L-y-glutamyl-L-cysteinyl-glycyl)spermidine (trypanothione, 12), where the two
glutathione residues are conjugated to the primary amines of the polyamine spermidine
via the glycine carboxylates. It was first isolated and identified from Crithidia fasciculata
in 1985, and is probably chiefly responsible for the scavenging of cytotoxic oxidants in
these organisms. GR is absent from trypanosomatids, its role performed by another
enzyme, trypanothione reductase (TR). TR regenerates trypanothione from trypanothione
disulfide 13 in an analogous manner to the regeneration of glutathione from glutathione

disulfide by GR (Figure 5).

NH.* o Trypanothione NH.*
J 8 ltj reductase J 3
0,7 ™ N 0,Cc7 " N
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13 12

Figure 5: Action of trypanothione reductase.
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TR has been found in all species of trypanosomatids investigated to date, was first
isolated from C. fusciculata,' and since from 7. cruzi'’, T. brucei'™ and T. congolense.”
TR and GR are similar in that they contain a redox active disulfide bridge, are
homodimeric proteins with a subunit molecular weight of approximately 52 kDa and
catalyse the reduction of their respective substrates by the transfer of electrons from
NADPH via a flavin, (FAD) prosthetic group.zo'23 Despite approximately 40% homology
between the amino acid sequence of GR and TR, a high degree of specificity for their
respective disulfide substrates is observed.”* The substrate specificity (kw/Km) for 7.
congo TR drops from 5.1 x 10° with trypanothione disulfide as a substrate to 0.84 with
glutathione disulfide as a substrate. Similarly, £../K, for human GR drops from 1.2 x 10®
with glutathione disulfide to 1.4 x 10" with trypanothione disulfide as a substrate.

The mechanism of action of TR is thought to be similar if not identical to GR,
which has been extensively studied by a variety of means including X-ray

»3% The structure of the native enzyme with bound NADPH and

crystallography.
glutathione disulfide, as well as two reaction intermediates, has been elucidated at a
resolution of 0.3 nm, with the active site composed of residues from both sub units. The
mechanism 1s outlined in Figure 6, where (A) represents the active site in the resting state
with the disulfide bridge between Cyssg and Cyse; intact. Following binding of NADPH
and protonation of the Hisscr residue (B), reduction of the active site disulfide occurs by
electron transfer from the nicotinamide ring of NADPH via the isoalloxazine ring of
FAD. Following release of NADP" and the binding of glutathione disulfide (C), a mixed
disulfide is formed by attack of the sulfur of Cyssg on the disulfide of the substrate,
releasing a molecule of glutathione that picks up a proton from Hisssr. Regeneration of
the active site disulfide by attack of the sulphur of Cyse; on the sulphur of Cyssg then

releases the second molecule of glutathione, which again picks up a proton from Hisse7

(D) and returns the active site to the resting state (A).

13
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Figure 6: Mechanism of action of glutathione reductase. Residues marked ' refer to the

second monomer unit of GR.

Evidence for a similar mechanism in TR includes the X-ray crystal structure of
TR from C. fusciculata with bound substrate and NADPH at 2.4 A resolution,”’ and
alkylation studies using iodoacetamide, which indicate an essential catalytic role for the

redox active cysteines.'>'’ The formation of a charge transfer complex on reduction of
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the enzyme indicates the reaction proceeds via a two electron reduced intermediate.'®"’

Alignment of GR with all TRs so far sequenced indicates conservation of the redox active
cysteines, the histidine base, the glutamic acid that holds the imidazolium ion in the

correct orientation, and the tyrosine that stacks between the two glutathione moieties.”>>*

35

The active site of GR and TR show a good deal of similarity, with 19 of the 27
residues common to both enzymes. This is perhaps surprising given the high degree of
specificity observed for the enzymes with their respective substrates. Active site residues
that interact directly with the y-glutamylcysteinyl disulfide moiety common to both
substrates show only minor, homologous substitutions (e.g. Ser for Thr), suggesting a
very similar binding mode for this moiety in both enzymes. Not surprisingly, the major
differences affect residues that interact with the glycyl carboxylate region of the
substrates. In GR, in order to accomodate the negatively charged carboxylate groups of
the substrate, this region is highly polar, containing the residues Argss, Tyris, and Asnyys.
The corresponding region in TR contains a hydrophobic cleft, formed from the residues
Leu;7, Trpai, Tyrio, Mety;s and Pheyys, reflecting the lack of a negative charge and the
greater hydrophobic nature of the spermidine chain of trypanothione disulfide. The
importance of these residues has been investigated by site-directed mutagenesis in which
substrate specificity was reversed, but the activity of the engineered enzyme was reduced
in comparison to the native enzyme, suggesting the factors responsible for substrate
specificity and turnover are more complex than simple side-chain substitutions.**>®

A second hydrophobic region within the TR active site, termed the Z site, has
been identified, consisting of the residues Phesog, Leusyy and Prossg. The Z site is thought
to be involved in the binding of the aromatic Cbz group of the alternative TR substrate
N,N'-bis(benzyloxycarbonyl)-L-cysteinylglycine 3-dimethylaminopropylamide disulfide
14 (Figure 7).* This compound was proposed as a readily accessible alternative to
trypanothione disulfide due to the expense and relatively difficult synthesis of the natural

substrate.
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Figure 7: Alternative TR substrate 14.

1.4 Trypanothione Reductase Inhibitors

1.4.1 Polyevclic Compounds

Molecular modelling has been utilised to probe the active site of TR in the search
for new inhibitors, and one such study targeted the hydrophobic cleft region of the TR
active site and suggested a number of known tricyclic antidepressants could be
accommodated.”’ A subsequent assay of 30 such compounds against 7. Cruzi TR
confirmed this finding. Three compounds, namely clomipramine 15, amitriptyline 16 and
trifluoroperazine 17 (Figure 8), were studied in detail and found to be competitive

inhibitors that showed no activity against human GR at a concentration of 1 mM (15 and

16) and 0.3 mM (17).

/L\ C, | N
0.0

16 K, = 93.6 uM 17 K, = 21.9 uM

15 K;= 6.5 uM

Figure 8: Tricyclic antidepressants clomipramine 15, amitriptyline 16 and

$
e
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S
trifluoroperazine 17.
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Tricyclic compounds based on the saturated dibenzazepine nucleus of imipramine
(18, Figure 9) have been reported as competitive inhibitors of 7. Cruzi TR with K; values
in the micromolar range."' Inhibition studies provided evidence of multiple binding
modes within the active site, consisting of an electrostatic interaction between the
protonated dimethylamino group of the inhibitor with either the region comprised of
Hisyeyr, Glusgsr and Gluger (the “y-Glu site”) or Glujg of the active site together with
hydrophobic interactions between the tricyclic ring system and the hydrophobic cleft. The
orientation and strength of binding of the tricyclic ring within the hydrophobic pocket

was highly dependent on the exact substitution pattern of the dibenzazepine ring.

~

Figure 9: Imipramine 18.

Following these findings, molecular modelling was used to design a large number
of phenothiazine analogues to probe structure-activity relationships.** These compounds
were found to be reversible inhibitors of 7. Cruzi TR, competitive with trypanothione
disulfide as substrate and non competitive with NADPH, with measured K; values in the
micromolar range. SAR were rationalized by considering several binding modes for the
tricyclic compounds within the relatively large active site of TR, and interactions with not
only the hydrophobic cleft, but also the Z-site were considered, as were interactions with
polar regions such as the y-Glu site and Glu;s.

A significant improvement in potency was achieved by the incorporation of a
quaternary alkylammonium group onto phenothiazine chlorpromazine.* A series of such
compounds was prepared and all were found to be competitive inhibitors of 7. Cruzi TR
(Figure 10). The most potent, 19, had a measured K; value of 0.12 uM, an improvement

of 2 orders of magnitude over the parent compound chlorpromazine. The authors
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postulated that the increase in potency resulted from both the stronger interaction
between the ammonium ion of the side chain with the y-Glu-site of TR and an additional

hydrophobic interaction between the hydrophobic substituent of the ammonium ion and

the Z-site.

=
X
. R 19 R = 3,4-dichloro  K;=0.12 uM
Me; N 20 R = 4-benzyloxy K;=0.47 uM
21 R = 3,4-dimethyl K, = 0.47 uM
22 R = 4-t-butyl K;=0.68 uM
23 R = 3,5-dimethoxy K; = 0.77 uM

Figure 10: Quaternary alkylammonium phenothiazines 19-23.

A random screening strategy identified the structurally related 2-amino
diphenylsulfides as inhibitors of TR.* 9 derivatives were studied and found to be
selective, competitive inhibitors of 7. Cruzi TR with measured K; values in the
micromolar range, the most potent inhibitor being 24 (Figure 11). The irn vitro activity of
several of the derivaiives was also investigated and their activity confirmed. Although the
2-aminodiphenyl sulfides were found to be less potent than the tricyclic antidepressants
discussed earlier, they have the advantage of not possessing the neuroleptic activity of the

phenothiazine compounds.

24 K, =27 uM 25 Kj=24 M 26 K;=12 uM
Figure 11: 2-Aminodiphenyl sulfide derivatives 24-26.
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The authors further extended their study using molecular modelling to dock 24
into the active site of TR.*> The results showed a similar binding mode to the
phenothiazines, with the aromatic moiety oriented towards the hydrophobic cleft region
and the charged ammonium group within hydrogen bond distance of the y-Glu site.
Derivatives were investigated where the amino chain of 24 was altered in the hope of
involving both Gluyee and Gluser as well as other nearby acidic residues in the binding.
The most active compounds identified were 25 and 26 (Figure 11), both of which
contained additional amino groups capable of such interactions.

A further extensive study investigated a series of analogues incorporating two
amino side chains, linked to either one or two aminodiphenyl sulfide moieties.*® Previous
molecular modelling studies suggested the TR active site was large enough to
accommodate a second aromatic moiety. Additionally, the increased size of these
compounds could assist the selectivity for TR over GR due to the fact that the active site
in GR is significantly narrower than in TR. The most potent compound was found to be
bis-derivative 27 (Figure 12), which has an ICsy of 0.55 uM. The mixed competitive
inhibition displayed by these compounds was explained by their partial aggregation in
solution, although this could be an example of non-specific inhibition caused by

aggregation.”’

X L

27 [C50 =0.55 uM
Figure 12: bis(2-Aminodiphenyl sulphide) derivative 27.

Subsequently, a slight improvement in potency was achieved by adding a third

side chain to give derivatives 28-31 (Figure 13).*®
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Figure 13: Aminodipheny! sulfide derivatives 28-31.
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The crystal structure of the complex between 7. cruzi TR and the antiparasitic
drug mepacrine has been solved (Figure 14).% Mepacrine (32, Figure 15) is a
competitive inhibitor of TR and was shown to bind in the active site with the acridine
ring close to the hydrophobic cleft. Specific interactions were observed between the ring
nitrogen and Met i3, the chlorine atom and Trp,; and the methoxy group with Seryge. The
alkylamino chain was found to point into the active site and form a solvent-mediated

hydrogen bond with Gluys.
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Figure 14: Stereoview of mepacrine binding in TR active-site from X-ray structure
showing the position of the acridine ring in the hydrophobic cleft and the alkylamino

chain orientated towards Glu;g (reproduced with permission).

Detailed kinetic analysis of a series of 9-aminoacridines based on mepacrine were
found to competitively inhibit 7. Cruzi TR with K values in the range 5 to 43 uM (Figure
15). Again, evidence that subtle structural changes in the inhibitors could lead to
significantly different binding modes was found, and it was shown that more than one
inhibitor molecule could bind to the enzyme. Two 9-thioacridine compounds (36 and 37)
were also found to inhibit TR and showed mixed-type kinetics. The K; values were
similar to those found for the aminoacridine derivatives whilst the Kj; values were
somewhat higher, indicating a weaker binding of the inhibitor to the enzyme-substrate
complex than to the free enzyme. The fact that relatively minor alterations to the inhibitor
structure can lead to completely different inhibition modes highlights the difficulty of

establishing meaningful structure-activity relationships with this class of compounds.
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R3 S/
X R1 N OCH3
Ry N cl N

32 R, = OCHg, Ry = Cl, 36 R = (CH,),N(Et)y,

R; = NHCH(CH3)(CH,)3N(Et),, K; = 19 uM K, = 37 uM, K; = 83 M
33 Ry = OCHj3, Ry = CJ, 37 R = (CH,)4N(Et),,

R3 = NHCH(CH3)(CH)4N(Et),, K; = 5.5 pM K. =21 uM, K; = 67 uM
34 R, = OCHj, Ry = Cl,

R; = NHy, K =7 uM

35 R, =H, R, = Cl,
R3 = NHCH(CH5)(CHy)3N(Et),, K; = 10 uM

Figure 15: 9-Aminoacridines 32-35 and 9-thioacridines 36 and 37.

A series of 40 bis-acridine derivatives incorporating the 6-chloro, 2-methoxy
substitution pattern of mepacrine were prepared and their antitrypanosomal properties
investigated.”’ In vitro assays showed the series were particularly active against
trypomastigote forms of 7. brucei with three compounds causing total inhibition at a
concentration of 1.56 uM. Reduced activity was observed against amastigote forms of 7.
Cruzi. Compound 38 (Figure 16) was assayed against 7. Cruzi TR but found to inhibit
with an ICsg of only 20 uM.

\S H 0 H /
NH,
OCH; NH,  HsCO
38

Figure 16: bis(9-Amino-6-chloro-2-methoxyacridine) derivative 38.

Sulfonamide and urea analogues of mepacrine have also been examined.>
Compounds 39-45 (Figure 17) were prepared and assayed against 7. Cruzi TR and human

GR. All compounds showed an increase in potency against TR compared to the parent




compound mepacrine (ICso = 133 uM), although a significant loss in selectivity over GR
was also observed. The authors suggested this loss in selectivity was due to the absence
of the protonated tertiary amine group of mepacrine. It was also postulated that the
generally better inhibition of the sulfonamide derivatives was due to the greater
hydrophobic nature of the naphthalene moiety compared to the benzyl moiety of the urea

analogues.

1 0
[}
0=8 NH(CHz)nNHCNH
NH(CH,),NH \ OCH;
ALL
5
Cl N

39n=2,1Cs =59 uM 42n=2,ICsy=19.3 uM
40n =3, ICs; = 3.3 uM 43n =3, ICs0=13.1 uM
41n=4,iCsy=5.0uM 44n=4 1Cs=155pM

45n =6, |C50=114uM

Figure 17: Sulfonamide and urea mepacrine analogues 39-45.

9,9-Dimethylxanthene derivatives have been investigated as potential agents
against TR, and in an initial study, derivatives 46-51 (Figure 18) were evaluated against
I cruzi TR and in vitro.>> All compounds showed activity against TR and high in vitro
antiparasitic activity was observed for 49, 50 and 51. There was however little correlation

between in vilro antiparasitic activity and TR inhibition potency.
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NMe, NMe,
R
9% ! X
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HN 0 HN (6] HN
W, R
: Wadh WAl
R
46R=H X=0 43X=0 51
47 R=H, X=2H 50 X = 2H
48 R = t-butyl, X=0
Compound | % Inhibition of TR | EDso (uM) against
({1} = 100uM) T. brucei
46 40 9.66
47 14 7.58
48 28 0.02
49 58 8.24
50 63 0.14
51 52 0.10

Figure 18: Structure, inhibition of 7. cruzi TR and activity against 7. brucei

macrophages of 9,9-Dimethylxanthene derivatives 46-51.

Further xanthene derivatives have been reported as inhibitors of TR, the most

potent being 52 (Figure 19), which was found to have a similar inhibitory potency to

clomipramine 15.°* The authors postulated that, if bound in the correct orientation in the

active site of the enzyme, the a,fB-unsaturated moiety found in 52 may act as a Michael

acceptor, reacting with the nucleophilic Cyss; residue of TR and thus irreversibly

inhibiting the enzyme.

24




52

Figure 19: 9,9-Dimethylxanthene derivative S2.

A study of chlorpromazine and analogues provided strong evidence of the

importance of charge for specificity between TR and GR.> The inhibitory activity

against human GR, C. fasciculata TR and 1. cruzi TR of the four phenothiazines 53-56

was compared (Figure 20). Analogues 53-55, which all contain a basic tertiary amine

group in the side chain, were found to be selective for TR over GR. However, this

selectivity was reversed for 56 which contained an acidic group in its side chain. These

results, in agreement with mutagenic studies,

56,36

clearly imply that it is the charge of the

side chain rather than the hydrophobic nature of the tricyclic nucleus that is responsible

for the TR/GR selectivity.

Rs
No. R; R, | Ry | KihGR (uM) | K; CfTR (uM) | K; TcTR (M)
53 | (CH;:N'H(CH3), | Cl | H 762 14 10
54 | (CH,:N'H(CH;), | Cl | Cl 900 68 65
55 | (CH,,N'H(CH;), | Cl | H 440 24 17
56 (CH,),COy Cl | H 165 1400 nd

Figure 20: Structure and activity of chlorpromazine and analogues (Cf': Crithidia

fasciculata, Tc: Trypanosoma congolense).
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Bis-benzylisoquinoline compounds have been reported as moderate inhibitors of
T. Cruzi TR, and eleven such compounds were screened for TR activity as well as for in
vitro trypanocidal activity against trypomastigote forms of 7. cruzi’’ Several of the
alkaloids were found to have significant in vitro activity with LCsy values lower than
100 uM. Cepharathine 57 (Figure 21) was found to be the most active against TR with a
measured ICso of 15 uM, although no direct relationship between TR activity and in vitro

trypanocidal activity was observed.

N H ©
CH;
OCH3

Figure 21: Cepharanthine 57.

1.4.2 Polyamine Compounds

The polyamine backbone of trypanothione has been utilised as the basis for a
number of inhibitors. Like the polycyclic compounds already discussed, polyamine based
inhibitors typically contain both a positive charge and one or more hydrophobic groups.

The naturally occurring spermine derivative Kukoamine A (58, Figure 22) is a
selective, mixed type inhibitor of TR with K; = 1.8 uM and Kj; = 13 ].lM.SS The authors
suggested that the observed mixed-type inhibition might arise from a redox cycling
process, as catechol ligands are known to switch between orthohydroquinone and
orthoquinone oxidation states. However, other catechol containing compounds, including
the spermidine analogue of Kukoamine A (59, Figure 22), showed purely competitive
inhibition. The similar activity of 58 and 59 suggested that there was little discrimination
between these two polyamines. Mono-acylated derivatives were found to be significantly

weaker inhibitors, indicating the involvement of both hydrophobic groups in the binding.
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58 K= 1.8 uM, K; = 13 uM 59 K= 7.5 uM

Figure 22: Kukoamine A 58 and the spermidine analogue 59.

O’Sullivan reported numerous TR inhibitors based on spermine and spermidine,
all of which were found to be competitive inhibitors of TR.>®* Initially, the spermine
derivatives 60-62 (Figure 23) and spermidine derivatives 66 and 67 (Figure 24) were
reported.””® Of these, the compounds based upon the spermine backbone were generally
more potent inhibitors. The in vilro trypanocidal activity of 60, 61 and 66 was
investigated against four 7. brucei spp. strains. The compounds were found to be potent
trypanocides with ICsq values ranging from 0.19 to 0.83 uM, although the lives of
trypanosome infected mice were not prolonged by administration of the compounds. An
order of magnitude increase in potency was achieved with the N-(3-phenylpropyl)
substituted spermine compounds 63-65.°> Again, the related spermidine compounds 68

and 69 (Figure 24) were found to be slightly less potent inhibitors.
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R, Rs
R('I\'\/\/‘I“\/\/\,},/\/\”Rs
R4
No. Ry R R3 R4 Rs K; (uM)
60 H H (CH)sPh | (CHy)sPh H 35
61 H H CH,- CH,- H 5.5
naphthyl naphthyl
62 H H CH,Ph CH,Ph H 19
63 | (CH,)sPh | (CH2)sPh | (CH,):Ph | (CH,):Ph | (CH,):Ph | 0.15
64 | (CHy);Ph H (CH,);Ph | (CH,);Ph | (CH»);Ph 0.61
65 | (CH,):Ph H (CH,);Ph | (CH,);Ph H 1.38
Figure 23: Spermine derivaties 60-65.
H Ra
R(N\/\/N\/\/\”Rs
No. Ry R, R; K; (pM)
66 CH;-naphthyl H CH;-naphthy! 9.5
67 H CH,-naphthyl H 108
68 (CH);Ph (CH,);Ph (CH,);Ph 3.5
69 H H (CH,);Ph 14.1

Figure 24: Spermidine derivatives 66-69.

A small series of spermine and spermidine derivatives containing 2-amino
diphenylsulfide moieties was prepared and assayed for activity against 7. cruzi TR.®® The
most potent inhibitor (70, Figure 25) was found to inhibit competitively with a K; of

0.4 uM. No activity against human GR at a concentration of 10 pM was observed.

28




HiN A~ NN~ NH2
70
Figure 25: Spermine/2-amino diphenylsulfide conjugate 70.

The trypanocidal activity and TR inhibition of compounds based on the
polyamine 1,4-his(3-aminopropyl)piperazine has been studied.** From a series of 25
compounds bearing aromatic and aliphatic substituents, the diphenylsulfides 71 and 72
(Figure 26) were found to be the most potent inhibitors of 7. cruzi TR with ICsy values of
0.6 and 4 pM, respectively. When tested in vitro however, both compounds were found
to be toxic towards the macrophages used in the test. Interestingly, 73 and 74, the most
active in vitro compounds, showed little activity towards TR and may therefore be useful

1n the search for new targets for anti-trypanosomal drugs.

No. R ICso on TR (uM) | % Inhibition in vitro
at3.1 uM

71 @f@ 0.6 Toxic
>
72 S\© 4 Toxic
Cl N

73 Ph >60 60
74 cHex >60 80

Figure 26: 1,4-bis(3-Aminopropyl)piperazine derivatives 71-74.
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The Bradley group has used solid-phase chemistry in the synthesis of three
libraries of compounds based on the polyamines spermine, spermidine and
norspermidine.” The three polyamines were derivatised by capping the terminal amine
groups with 24 aromatic carboxylic acids and the resulting libraries were assayed for
activity against TR. Significant inhibition was observed for compounds based on all three
of the polyamines. The most potent inhibitor found was 75 (Figure 27), where the
aromatic moiety was an indole and the polyamine spermine. A further library was then
prepared, consisting of spermine conjugated to 12 indole derivatives. The five most
potent compounds in this series are shown in Figure 27. The 5-bromo-3-indole derivative
79 was the most potent with a K; of 76 nM. Interestingly, these compounds were found to

be non-competitive with trypanothione disulfide.

/l?\ H H

H H 0
No. R K (uM)
75 l&,/\“—\—:© 0.39
N
H
76 0.35

78 0.28

79 0.076

AAWe
l
N
H
77 HL,/\/\F/@ 1.26
N
H
o ] OMe
:N: :
H
I‘\1/\[_/(>/BT
N
H

Figure 27: Indole-spermine conjugates 75-79.




1.4.3 Substrate Analogues

A number of analogues of the alternative TR substrate 14 have been studied.®®
Compounds 80-82 (Figure 28), where the disulfide bridge of the alternative substrate is
replaced with a sulfur containing, non-reducible bridge, were found to be competitive
inhibitors of TR with K values ranging from 31 to 92 pM.

Similar inhibitors were prepared where the bridging group consisted entirely of
carbon atoms (83a, 83b, 84a and 84b, Figure 29).%” These 4 compounds were found to be
competitive inhibitors with respect to trypanothione disulfide and have similar K; values
to compounds 80-82. Due to the known nucleophilic nature of Cyss; in the active site of
TR, substrate analogues containing an electrophilic moiety have potential to irreversibly
inhibit TR. Attempts to prepare the potential irreversible inhibitors 85a and 85b from the
olefins 83a and 83b failed due to the instability of the epoxide ring. The authors
attributed this instability to the intramolecular opening of the epoxide ring by the glycyl

amide.

@\/O g N '

N No~N
N ~

TNy
R
0 H O

Ej\O/U\N N\/U\N/\/\N/

H 9 H |

w8 81

HH/\S/\/LLL‘ 82

Figure 28: Non reducible substrate analogues 80-82.
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CbZ—N\E/U\R Cbz—N '; R Cbz—N _ R
| 0
R
Cbz—N R Cbz—N Cbz—N R
H o H o H 0]
83a,b 84ab 85a,b

(@) R = -Gly-NHCH,CH,CH,N(CHa),
(b) R = ‘Gly—NHCHQCHQCHQNCHQCHQCHg

Figure 29: Non reducible substrate analogues 83-85.

1.4.4 Subversive Substrates

The anti-trypanocidal drugs nifurtimox 6 and benznidazol 7 are so-called
subversive substrates that undergo a TR catalysed one-electron reduction to give a highly
reactive anion radical. These species generate superoxide anions by reaction with
molecular oxygen (Figure 30). Thus the normal anti-oxidative action of TR is reversed,

or subverted.

2xR{]/N02 +NADPH —Rae oy R@/N% +NADP* + H-
R NO; *
2 w20, e xS 20

Figure 30: TR-catalysed reduction of nitroarenes.

A number of nitrofurans have been found to be noncompetitive or uncompetitive
inhibitors against trypanothione disulfide and uncompetitive against NADPH.®*%
Selectivity for TR over GR has been achieved by incorporating a positive charge, as with
Chinifur 86 (Figure 31), a non-competitive inhibitor of TR (X; = 4.5 uM) with good
selectivity over GR (X = 100 uM).68 A number of naphthoquinone derivatives also have
trypanocidal activity again attributed to their redox-cycling properties.””’* 87 was found

to inhibit 7. cruzi TR uncompetitively with a K; of 0.5 uM.n
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Figure 31: Subversive TR substrates 86 and 87.

The garlic-derived natural product ajoene (88, Figure 32) is a covalent inhibitor
and subversive substrate of both GR and TR.” X-ray crystallography was utilised to
probe its mechanism of action, and evidence for the existence of a mixed disulfide

between ajoene and Cyssg of the GR active site was obtained.

\/\S/\/,\S/S\/\
11

0
88

Figure 32: Ajoene 88.

1.4.5 Other Inhibitors

A series of (2,2".6'2"-terpyridine)platinum(IT) complexes was found to

irreversibly inhibit 7. cruzi TR, apparently by modification of the active site Cysss
residue.”* In contrast, the compounds were found to be weak, reversible inhibitors of
human GR. Platinum complexes have also been conjugated to an acridine moiety to
generate mixed type inhibitors of 7. cruzi TR.” The authors postulated that the reversible
nature of the conjugate might result from the binding mode of the acridine ring, holding
the platinum portion away from the Cyss; residue in the active site.

Peptide based inhibitors have been rationally designed based on the active site of
TR. In an initial study, benzoyl-Leu-Arg-Arg-fnaphthylamide was identified as a
competitive inhibitor of 7. cruzi TR with a K; of 13.8 uM. A further series of rationally
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designed peptide inhibitors was investigated and the most active compound, Cbz-Ala-
Arg-Arg-4-methoxy-Fnaphthylamide, was found to be a reversible, competitive inhibitor
with a K; of 2.4 uM and a selectivity for TR over GR of 3 orders of magnitude.76 A
peptoid derivative of this lead compound has since been reported,”” which was also a
competitive inhibitor of TR, but a significant drop in potency was observed (K; =
179 uM).

In the Bradley group, combinatorial chemistry has been used to generate a series
of both solution and resin-based peptide libraries based on the polyamine spermidine.78
Subsequent screening of these libraries for activity against 7. cruzi TR led to the
discovery of compounds 89-91 (Figure 33), the most active compound being 90, a potent
inhibitor with a K; of 100 nM. The presence of the Pmc group was crucial for activity, as
the fully deprotected compound 89 showed greatly reduced inhibiton (K = 16 uM), the
presence of 2 Pmc groups (91) slightly reduced activity (K; = 190 nM). Interestingly, all
these compounds were found to be non-competitive with trypanothione disulfide as
substrate. This finding was surprising given the structure of the compounds, which
contain similarities to both the substrate and competitive inhibitors, namely hydrophobic

groups (the indole rings and Pmc group) and a positive charge.

H Pmc = 0,
H-Trp-Arg(Y)—N g—S
Ao~ -NH
H-Trp-Arg(X)—N 0]
H

89X=Y=H K =16 M
90 X=H, Y =Pmc/X=Pmgc, Y =H, K =100 nM
91 X =Y =Pmg, K;= 190 nM

Figure 33: Spermidine based peptidic inhibitors 89-91.

It may also be noted that many groups use 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) buffer when assaying TR. HEPES contains structural
features (tertiary amino, hydroxyl and sulfonic acid groups) which could bind to the
active site and interfere with the assay, and therefore the Bradley group has always

avoided using this buffer, preferring either phosphate or acetate buffer systems.
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1.5. Aims of this Project

The diseases caused by the trypanosoma and leishmania parasites are widespread
and devastating, and currently available drugs fall a long way short of providing an
effective weapon against such infection. The need for new treatments is unequivocal. The
discovery of TR, its importance to parasitic oxidative stress management and the high
substrate specificty of TR and GR has made the enzyme a highly promising therapeutic
target. Numerous inhibitors of TR have been reported and 90, being one of the most
potent, is an interesting lead compound. The aim of this project was to investigate
inhibitors of the type 89-91 in the hope that a better understanding of their mechanism of
action would aid the rational design of more potent inhibitors, with the ultimate aim of

developing an effective treatment for these devastating diseases.
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CHAPTER 2

INVESTIGATING THE MECHANISM OF ACTION

In order to investigate the mechanism of action of the inhibitors identified from
the library screening, it was first necessary to prepare the inhibttors, substrate and
enzyme. In order to avoid the use of a mixture of regioisomers, as generated with the
spermidine based inhibitor 90, the norspermidine analogues of 89-91 were prepared. It
was envisioned that this minor structural modification, whilst simplifying purification,
would have little effect on the inhibitory properties of the compounds, but this of course

had to be proved experimentally.

2.1 Preparation of Immobilised Polyamines

The inhibitors and substrate were prepared from suitably protected polyamine
scaffolds using solid phase chemistry via a modified procedure to that reported in the
literature.”® Previously, the spermidine-linker conjugate was prepared from spermidine by
initial protection of the primary amino groups with trifluoroacetyl (Tfa) groups to give
92, followed by reaction with carbonate 93 to give 94. Hydrolysis of both the ethyl ester
and Tfa groups of 94 was followed by Fmoc-protection of the resulting primary amino
groups to furnish carboxylic acid 95 ready for attachment to the solid-phase (Scheme 1).
This allowed inhibitor synthesis to be completed by standard solid phase peptide
chemistry.

In the modified procedure, the 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl
(Dde) protecting-group was utilised to protect the primary amino groups prior to
attachment of the linker to the secondary amine. This avoided the necessity of
“switching” the protecting groups during the synthesis. The Dde group, first descibed in
1993,” has found increasing use as an amine protecting group in solid-phase synthesis
due to its facile introduction and removal under mild conditions.**® The Dde group is
introduced by reaction of an amine with 2-acetyldimedone, a reaction which is specific
for primary over secondary amine groups.*® Cleavage is usually achieved by brief

treatment with a dilute solution of hydrazine in DMF.”
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Scheme 1: Reported preparation of bis-Fmoc-spermidine linker conjugate 9578
Reagents and conditions: (i) NEt;, DMF, 61%. (i1) 2M NaOH. (iii) FmocOSu, 10%
NaHCOs, 97% (2 steps).

It was necessary to prepare both polymer-supported norspermidine 96 and
spermidine 97 for the synthesis of the inhibitors and the natural substrate trypanothione
disulfide 13. The primary amino groups of 96 and 97 were Dde protected in near-
quantitative yield by treatment with two equivalents of 2-acetyldimedone in refluxing

EtOH for 2 hours (Scheme 2).%

HoN" 7 NH ‘ DdeHN” 7 “NH
I
/[) (i)
HoN

DdeHN
9% n=1 98 n=1
97 n=2 99n=2

Scheme 2: Preparation of bis-Dde-protected norspermidine 98 and spermidine 99.

Reagents and conditions: (1) 2-acetyldimedone, EtOH, reflux, 2 hr, 98 (99%), 99 (98%).
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Attachment of the bis-Dde protected polyamines to the solid-support via the
secondary amino group was accomplished with a variation of the acid-labile urethane
linker 93 used previously. The linker was attached to the polyamines with the carboxylic
acid masked as the allyl- rather than the ethyl-ester.

The allyl-protected carbonate 103 was prepared in good yield from 4-
hydroxybenzaldehyde 100 in three steps (Scheme 3).%° 100 was alkylated with
allylchloroacetate in near quantitative yield and the resulting aldehyde 101 reduced with
NaBH3;CN to give alcohol 102. Reaction of 102 with 4-nitrophenylchloroformate

furnished the carbonate 103, ready for reaction with protected amines 98 and 99.

o 0O OH o\n/o\©\
0 (i) (i) © NO

— e —

) 0 o)

100 101 102 103
Scheme 3: Preparation of activated linker 103.
Reagents and conditions: (1) allylchloroacetate, KI, K,CO;, MeCN, reflux, 6 hr, 97%.
(11) NaBH;CN, HCl, water/THF (1:1), 0 °C, 2 hr, 91%. (iii) 4-nitrophenylchloroformate,
pyridine, DCM, 16 hr, 82%.

Reaction of 98 and 99 with 103 proceeded smoothly to furnish the desired allyl
esters 104 and 10S in good yield. The allyl esters were cleaved upon treatment with
Pd(PPhs), and thiosalicylic acid to give the carboxylic acids 106 and 107, which were
coupled to aminomethyl polystyrene resin (1% DVB crosslinked) using standard
HOBU/DIC activation to give the desired immobilised scaffolds 108 and 109 (Scheme 4).
The loading of the resins, determined by a quantitative ninhydrin test, were 0.66 (108)
and 0.62 (109) mmol/g.
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0“0 0“0
(i)
H -
N OH
oY oY
0 0
108 n = 1 106 n = 1 (70%)
1091 =2 107 n = 2 (79%)

Scheme 4: Preparation of polymer-supported Dde-protected norspermidine 108 and
spermidine 109.
Reagents and conditions: (1) 103, DMF, 16 hrs. (ii) Pd(PPhs;),, thiosalicylic acid, DCM/
THF (1:1), 2 hrs. (ii1) aminomethyl polystyrene resin, HOBt, DIC, DCM/ DMF (4:1), 16
hrs.

2.2 Inhibitor Synthesis

Synthesis of the inhibitors started from resin 108, with removal of the Dde groups
accomplished by treatment of the resin with 5% hydrazine in DMF for 30 minutes.
Cleavage of the Dde groups was monitored by observation of the loss of the characteristic
C=0 signal at 1573 cm™ in the FT-IR spectrum of the resin (Figure 34).

Following Dde deprotection, inhibitor synthesis was completed using standard
HOBt/DIC activation for peptide bond formation and treatment with piperidine in DMF
for Fmoc deprotection. Cleavage from the resin was achieved using a modification of the
reported procedure, which utilised 10 x 1 hour treatments with 7.5% TFA in DCM.”® This

procedure was necessary to effect cleavage from the resin without total deprotection of
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the Pmc group. As this procedure was inefficient, a more convenient procedure was
sought via which the cleavage conditions would give a mixture of the three desired

compounds in similar quantities in as short a time as possible.

3000 2500 2008 1500 1000
Wavenumbers

Figure 34: FT-IR spectra of Dde protected (top) and deprotected (bottom) 108, showing
loss of Dde group C=0 signal at 1573 cm™ (highlighted with red line).

The modified procedure utilized treatment with a cleavage cocktail consisting of
TFA/thioanisole/ DCM/water (10:2:7:1) for 4 x 15 minutes, which furnished a mixture of
the desired compounds 110, 111 and 112 (Scheme 5). To ensure that cleavage from the
resin was complete, a small portion of the resin was treated with the cleavage cocktail for
a further hour. No further product cleavage was observed, indicating that the conditions
were sufficient to effect total cleavage from the resin. The resin was washed with a large
volume of MeOH after each treatment with the cleavage cocktail, to dilute the TFA and
prevent further deprotection of the Pmc group as well as to maximise recovery from the
resin. MeOH was used due to the poor solubility of the highly polar product 110 in
organic solvents such as DCM. Due to the poor swelling properties of polystyrene resins

In protic solvents, the resin was swollen in DCM after each wash cycle and prior to the
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subsequent cleavage cycle. The combined washes were then concentrated in vacuo, the
residue dissolved in a minimum amount of TFA and immediately precipitated with 1ce-

cold ether. The resulting precipitate was collected by centrifugation and lyophilized.

 NH __NH
Ho 9 O W f
i) - (vi A
108 - H,N N\/U\N/\/\N/\/\N NW/\NHZ
o) H\H H H o)

NH NH
HN)\NHR1 HNJ\NHRZ
110 Ry = R, = H (7%)

111 R, = Pmc, R, = H (5%)
112 R, = Ry = Pmc (5%)

Scheme 5: Preparation of inhibitors 110-112.

Reagents and conditions: (i) 5% H,NNH,/DMF, 30 min. (ii) Fmoc-Arg(Pmc)-OH,
HOBt, DIC, DCM/DMEF (4:1), 2 hrs. (iii) 20% piperidine/DMF, 2 x 10 min. (iv) Boc-
Trp(Boc)-OH, HOBt, DIC, DCM/ DMF (4:1), 2 hrs. (v) TFA/thioanisole/DCM/water

(10:2:7:1), 4 x 15 min. (vi) semi-prep HPLC purification.

The modified cleavage conditions gave a mixture of the three desired compounds

in similar quantities, as shown by analytical HPLC of the crude cleavage mixture (Figure

35), but in a fraction of the time of the reported procedure.
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Figure 35: HPLC trace following cleavage from the resin to give the 3 desired products
110-112.

The low yields of the three compounds resulted from poor recovery from semi-
prep HPLC, a problem which was encountered with all compounds that were purified in

this way.

2.3 Substrate Synthesis

Synthesis of the TR natural substrate trypanothione disulfide 13 and the
norspermidine analogue nortrypanothione disulfide 115 was accomplished from resins
108 and 109 using the same procedure (Scheme 6). 115 is reported to be as good a
substrate for TR as 13,* and thus the use of 115 as a replacement for 13 was investigated
as its use would allow the preparation of substrate and inhibitor from the same polyamine
and eliminate the need to prepare both immobilised spermidine and norspermidine.
Following Dde deprotection, standard solid-phase peptide chemistry was used to couple
Fmoc-Gly-OH, Fmoc-Cys(Trt)-OH and Boc-Glu-O'Bu to each arm of the polyamines to
give resin-bound, fully protected nortrypanothione 113 and trypanothione 114. Removal
of the trityl group from the cysteine side chain and disulfide bond formation was
achieved in one step upon treatment with a solution of iodine in DMF. Cleavage from the
resin was accomplished by treatment with a cleavage cocktail consisting of
TFA/thioanisole/DCM/water (16:2:1:1) for 2 hours.
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HPLC analysis showed more than one species in the crude cleavage products
(Figures 36 and 37). MS analysis showed the major species from each synthesis to have a
mass corresponding to the desired disulfide, and the impurities to have masses

corresponding to the dimer (and additionally in the case of trypanothione disulfide, the

trimer).
CO/Bu y O H
. BocHN) K N\;/{LN/\[( N
o o ..hh o
(i), (i), (iii), STrt
108 or - N @
109 @iv), (i), (v)

0 STrl_t| 0 {(n
BocHN M N N\/U\ N
coBu H © H

M13n=1
114n=2
l (vi), (vii)
)COZH H O H
N N
H,N" N
Yy
~
s
\ NH
HoN NN
coH H o H

115n =1 (12%)
13n =2 (5%)

Scheme 6: Preparation of nortrypanothione disulfide 115 and trypanothione disulfide 13.
Reagents and conditions: (1) 5% H,NNH,/DMF, 30 min. (ii) Fmoc-Gly-OH, HOB,
DIC, DMF, 2 hrs. (iit) 20% piperidine/DMF, 2 x 10 min. (iv) Fmoc-Cys(Trt)-OH, HOBt,
DIC, DCM/DMF (4:1), 2 hrs. (v) Boc-Glu-O'Bu, HOBt, DIC, DCM/DMF (4:1), 2 hrs.
(vi) I, DMF, 2 hr. (vii) TFA/thioanisole/DCM/water (16:2:1:1), 2 hrs. (viii) semi-prep
HPLC purification.
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It would appear that during disulfide bond formation, the resin bound compounds
were of sufficient length to reach neighbouring sites on the resin and thus both inter- and

intra-molecular disulfides were formed.
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Figure 36: HPLC trace of crude nortrypanothione disulfide 115.
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Figure 37: HPLC trace of crude trypanothione disulfide 13.

Due to the poor recovery of 13 and 115 by HPLC, the more readily accesible
alternative substrate 14 was also prepared. In a slight modification of the published
procedure,” dimethylaminopropylamine was reacted with the symmetrical anhydride of
Cbz-Gly-OH to give 117, prior to removal of the Cbz group by hydrogenation and
coupling to Cbz-Cys-OH disulfide using HOBt/DCC activation (Scheme 7).
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Scheme 7: Preparation of alternative substrate 14.
Reagents and conditions: (1) DCC, THF, 1 hr. (i) Dimethylaminopropylamine, THF, 16
hrs, 67%. (ii1) H,, Pd-C, EtOH, 16 hrs, 95%. (iv) Cbz-Cys-OH disulfide, HOBt, DCC,
DMF, 16 hrs, 38%.

2.4 Preparation and Purification of T, Cruzi Trypanothione Reductase

Over-expression of recombinant TR was achieved using BL21 DE3 £. coli
bacteria that had been transformed with pIBITczTR.* The plasmid contained the 7. Cruzi
TR gene with a T7-RNA polymerase specific transcription promoter and a gene for
ampicillin resistance. The bacteria contain a chromosomal copy of the T7-RNA
polymerase gene under the control of the /ac promoter. This polymerase transcribes the
TR gene starting at a specific promoter and is induced by IPTG. The ampicillin resistance
gene allows the bacteria to survive in the presence of the antibiotic ampicillin that kills
contaminant bacteria.

The transformed cells were grown on a 5 L scale and yielded approximately 21 g
of cells. Following sonication to lyse the cells, initial purification of the desired protein
was achieved by ammonium sulfate precipitation. The protein was further purified by
affinity chromatography using an adenine-2,5-diphosphate (ADP) agarose column. The
ADP ligands have an affinity for the NADPH binding sites within TR and hence retain
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the desired protein. Once unbound components had been washed from the column, bound
components were eluted with a salt gradient. SDS-PAGE analysis of the protein at this
stage revealed the presence of several small impurities, probably other NADPH
dependent enzymes that were retained by the affinity column (Figure 38). These were
separated from the desired protein by ion-exchange chromatography to give 10 mg of the
pure enzyme (Figure 39).

10 11 13 14 16 18 19 M 21 22 24 25 27 2930

Figure 38: 15% SDS-PAGE gel of fractions 10-30 from affinity column and salt elution

purification, with molecular weight markers (M).

Figure 39: 12 % SDS-PAGE gel of purified TR (1 and 2) from ion-exchange
chromatography with molecular weight markers (M).
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With the inhibitors, substrates and enzyme in hand, investigation of the
mechanism of inhibition began. Initial investigations focussed on the kinetic analysis of
inhibition.

2.5 Introduction to Enzvme Kinetic Analvsis

Enzyme kinetic analysis is the study of the factors influencing the rate of
enzymatic reactions. These factors include enzyme concentration, ligand (substrates,
products, inhibitors and activators) concentration, temperature, pH and ionic strength, and
allow a great deal of information regarding the enzyme-catalysed reaction to be
determined. For example, the effect of pH can reveal information about the amino-acid
residues present in the active site, and the kinetic mechanism (the order in which
substrates bind and products leave) can be deduced by varying the substrate and product
concentrations. Of particular interest to this project, the effect ot an inhibitor on enzyme
kinetics can provide information regarding the binding sites of the inhibitor on the
enzyme.

Enzyme kinetic analysis is performed under conditions where the concentration of
enzyme 1s negliable in comparison with that of the substrate and the initial rate of
reaction, involving only the first few percent of product formation, is measured. This
ensures the concentration of substrate and product are not appreciably altered during the
experiment. In most cases it is found that the initial rate of reaction is directly
proportional to enzyme concentration but displays saturation kinetics with respect to the
substrate concentration. This means that at low concentrations of substrate, the initial rate
increases linearly with substrate concentration. However, at higher substrate
concentrations, this relationship breaks down and the initial rate increases less rapidly
than the substrate concentration. At sufficiently high (or saturating) substrate
concentrations, the initial rate approaches a limiting value termed V... The substrate
concentration that produces a rate equal to 0.5V« 1s designated the Michaelis-Menten
constant (Ky,) and is an inverse measure of the affinity of the enzyme for the substrate
(1.e. the lower the K, the greater the affinity between substrate and enzyme and the

lower the [S] needed to achieve a given v).
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In the case of competitive inhibition, the inhibitor and substrate bind at the same
site on the enzyme. In the prescence of such an inhibitor, a higher [S] is required to
achieve the same velocities as in the absence of inhibitor, so while V., is unchanged,
0.5V ax requires a higher [S] than before and hence the effective Ky, is larger. In the case
of non-competitive inhibition, inhibitor and substrate bind at different sites and hence the
effect of inhibitor cannot be overcome by increasing the [S]. V. is therefore reduced but
K., is unchanged as the active site of the enzyme molecules are not full of inhibitor.

There are many different diagnostic plots available for displaying kinetic data, but
two of the most commonly used are the double recipricol, Lineweaver-Burke or Eadie-
Hofstee plot. These plots give a characteristic appearance depending on the type of
inhibition exhibited (Figure 40 and 41). The Lineweaver-Burke plot has the disadvantage
of compressing data points at high [S] and overemphasizes the data points at low [S}, as
well as magnifying small errors in the measurement of v. These errors tend to be most
significant at low [S] values, where one or two “bad” points can markedly change the
slope of the plot. The Eadie-Hofstee plot does not compress the higher values and is
generally considered superior. Both plots were utilised for all the kinetic analyses 1in this

project.

(a) ()

v 1/v

=7

v/[8S] 1/[8]

Figure 40: (a) Eadie-Hofstee plot and (b) Lineweaver-Burke plot of typical competitive

inhibition (reaction in absence of inhibitor shown in bold).
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Figure 41: (a) Eadie-Hofstee plot and (b) Lineweaver-Burke plot of typical non-

competitive inhibition (reaction in absence of inhibitor shown in bold).

2.6 Determination of Kinetic Parameters of Substrates and Trypanothione

Reductase

The K, was determined for each of the three substrates by measurement of the
initial rate of reaction at various concentrations of substrate. NADPH has a characteristic
UV absorbance (Amax = 340 nm) that provides a convenient method for monitoring
NADPH-dependent enzymatic reactions. The assays were performed in triplicate and
analysed using non-linear regression with the aid of the program Grafit (Erithacus
Software Ltd). The resulting graphs are shown in Figures 42-44. The respective K,
values obtained were 17 +/- 1 uM (nortrypanothione disulfide, literature value =
28 uM),* 55 +/- 5 uM (trypanothione disulfide, literature value = 50 uM)*° and 27 +/-
3 uM (CbZ-Cys-Gly-DMAPA disulfide, literature value = 24 uM).*”
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Figure 42: Plot of initial rate versus nortrypanothione disulfide 115 concentration and

resulting Lineweaver-Burke plot (inset). K, =17 +/- 1 uM.
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Figure 43: Plot of initial rate versus trypanothione disulfide 13 concentration and

resulting Lineweaver-Burke plot (inset). K, = 55 +/- 5 uM.
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Figure 44: Plot of initial rate versus alternative substrate 14 concentration and resulting

Lineweaver-Burke plot (inset). K, =27 +/- 3 uM.

2.7 Kinetic Analysis of Inhibition

Enzyme kinetic analysis of 110-112 was performed to determine the inhibition
constants K; and the nature of inhibition with respect to the disulfide substrate. Initial
rates were recorded using various concentrations of nortrypanothione as substrate, in the
absence of inhibitor and at three concentrations of inhibitor (estimated to be 0.5, 1 and 2
X K;). The nature of inhibition was deduced from the resulting Lineweaver-Burke and

Eadie-Hofstee plots (Figures 45-47) and the K; values determined by non-linear
regression with the aid of the program Grafit.
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Figure 45: Inhibitor 110 - non-competitive behaviour (K; = 14.3 +/- 0.5 uM).
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Figure 46: Inhibitor 111 - non-competitive behaviour (K = 220 +/- 15 nM).
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Figure 47: Inhibitor 112 - non-competitive behaviour (K; = 160 +/- 8 nM).

As with the spermidine compounds 89-91, all three compounds exhibited non-
competitive inhibition with respect to the disulfide substrate. The K values obtained were
also in close agreement with those reported for 89-91, with the Pmc-containing
compounds 111 and 112 having significantly greater activity than the fully deprotected
compound 110. The measured X; of 110 was 14.3 +/- 0.5 uM (compared with 16 uM for
the spermidine analogue, 89), 111 was 220 nM +/- 15 (100 nM for 90) and 112 was 160
+/-8 nM (190 nM for 91). These results confirmed that changing the polyamine backbone
from spermidine to norspermidine had little effect on the biological properties of the
inhibitors. These assays were also performed with trypanothione disulfide as substrate,
from which near identical results were obtained. Satisfied that 115 was therefore a
suitable substitute for 13, it was used for all subsequent analyses.

The nature of inhibition with respect to NADPH was also investigated, but this
proved far more challenging than with the disulfide substrate due to problems with the
sensitivity of the assay. Substrate concentrations in the region of the K, are necessary for
these assays, and the Ky, for NADPH is low (reported to be 5 uM).** An unacceptably
low signal to noise ratio resulted from assays at the lower NADPH concentrations,

making determination of initial rate impossible. In an attempt to improve the signal to
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noise ratio, a UV cell with an increased path length of 4 cm was used in the experiments.
Unfortunately, the four-fold increase in sensitivity this provided proved to be not enough
to overcome the problem, and the increased volume of the assay had the added drawback
of increasing the consumption of inhibitor and substrate.

The problem was overcome by monitoring the consumption of NADPH by
fluorescence rather than UV absorbance, as NADPH has fluorescent properties with Ae
at 340 nm and A, at 460 nm. The increase in sensitivity this provided was sufficient for
the kinetic assay to be performed. It is important that the concentration of the disulfide
substrate changes as little as possible during the assay and therefore a large excess was
required for this experiment. Due to this, the alternative substrate 14 was used rather than
the more precious substrates trypanothione disulfide 13 or nortrypanothione disulfide
115. As the assay was investigating the relationship of the inhibitor with NADPH, the
nature of the disulfide substrate should have little effect on the outcome of the
experiment.

The results of the kinetic analysis of 111 showed non-competitive behaviour with
respect to NADPH with a measured K; of 88.1 +/- 3.3 nM (Figure 48). This result is
perhaps not surprising if the structures of NADPH and the inhibitor are considered.
Although there are some structural similarities (both contain aromatic moieties, for
example), NADPH has a net negative charge and its binding pocket within TR has a
corresponding posttive charge. The inhibitors are positively charged at physiological pH
and therefore are unlikely to bind within the positively charged NADPH pocket. Due to
the difficult nature of performing the NADPH kinetics, only 111 was analysed in this

way.
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Figure 48: Inhibitor 111 - non-competitive behaviour with NADPH as variable substrate
(K; = 88.1 +/- 3.3 nM).

2.8 Assay against Glutamate Dehydrogenase
As an alternative assay for binding in the NADPH pocket and to confirm the

findings of the NADPH kinetics, 110-112 were screened for activity against glutamate
dehydrogenase. Glutamate dehydrogenase is an NADPH dependent enzyme that links
amino acid metabolism and tricarboxylic acid (TCA) cycle activity, catalysing the

interconversion of o-ketoglutarate, ammonium ions and glutamate (Figure 49).%

NADPH + H* NADP*
0 0 \ /‘ 0 ol
NH + _OJ\/\ﬂ)kw = OWO—
0 NH;"
a-ketoglutarate NAD + H* NAD* glutamate

glutamate dehydrogenase

Figure 49: Action of glutamate dehydrogenase.
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The forward reaction is important for converting free ammonia and o-
ketoglutarate into glutamate, one of the 20 naturally occurring a-amino acids used in
protein synthesis and a principal amino donor in the biosynthesis of other amino-acids.
The reverse reaction is involved in energy metabolism, as o-ketoglutarate is a key
intermediate in the TCA c¢ycle.

Although TR and GDH are unrelated enzymes, the NADPH binding sites are
similar in both and 1t is reasonable to expect a nanomolar inhibitor that binds in the
NADPH active site of one enzyme might also bind in the NADPH active site of the other.

The three inhibitors were screened against GDH at a concentration of 100 uM,
but no activity was observed, supporting the findings of the NADPH kinetic analysis with
111.

2.9 Agoregation Inhibitors

The use of high-throughput screening is common in the search for novel lead

90-92 . . s .
Such screens have identified a number of “hits” which upon closer

compounds.
inspection show unusual, undesirable behaviour such as non-competitive inhibition with
little relationship between structure and activity and poor target selectivity.93 4 A recent
study looking at the mechanism of action of 45 such compounds produced some startling
results.”’ Of the 45 compounds investigated, 35 showed activity against enzymes
unrelated to their original target. These 35 compounds also exhibited reversible, time
dependent inhibition which was greatly attenuated by albumin, guanidium or urea.
Additionaly, it was found that a 10-fold increase in enzyme concentration largely
eliminated inhibition despite a 1000-fold excess of inhibitor.

This behaviour was explained by the formation of aggregates comprised of many
individual inhibitor molecules. Such aggregates were observed by light scattering and
electron microscopy experiments and were found to be between 30 and 400 nm in
diameter. Electron microscope images of tetraiodophenolphthalein and Congo Red, two
of the inhibitors investigated, show this aggregation behaviour (images A-D, Figure 50)

whereas the competitive, well behaved inhibitor 8-anilino-1-naphthalene-sulfonic acid

(ANS) showed no such aggregates (image E, Figure 50).
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Figure 50: “Aggregation inhibitors” visualised by transmission electron microscopy: A-
C: 100 uM tetraiodophenolphthalein in 20 mM Tris; D: 50 uM Congo Red in 20 mM
Tris; E: 625 uM ANS (negative control) in 20 mM Tris. Bar = 100 nm (reproduced with

permission).

Given the non-competitive nature of inhibition by 110-112, the possibilty that this
was the mechanism of action was investigated. Characteristically, and in contrast to well-
behaved inhibitors, aggregation inhibitors exhibited a significant reduction in activity
upon a moderate increase in the concentration of target enzyme. Of the reported
aggregation inhibitors, an increase in ICsy of between 4- and 50-fold was observed when
the concentration of flactamase was increased 10-fold from 1 to 10 nM, whereas a
competitive, reversible inhibitor was unaffected by this change in enzyme concentration,
as expected for Michaelis-Menten kinetics. The extreme sensitivity of aggregation
inhibitors to enzyme concentration could be explained by the fact that, due to the number
of inhibitor molecules involved in each aggregate, the aggregates are saturated with

enzyme.
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The effect of enzyme concentration on the inhibition of TR by 111 was measured
at three concentrations of inhibitor (125, 250 and 500 nM) at an enzyme concentration of
1.1 and 11 nM (Table 1). A slight decrease in inhibition was observed at the higher
enzyme concentration with all three inhibitor concentrations (approx. 10%), but this was

a fraction of the change reported with the aggregation inhibitors.

[TR] (nM) | % Inhibition at specified [111] (nM)
125 250 500
1.1 29 44 52
11 41 54 66

Table 1: Efffect of TR concentration on inhibition with 111.

The reported aggregation inhibitors also showed activity with a number of
different enzymes. The lack of activity displayed by 110-112 against glutamate
dehydrogenase was further evidence that a different mechanism of action was at work

with these compounds.

2.10 Dimerisation Inhibitors

TR exists as a homo-dimer, the disulfide active site contains residues from both
enzyme sub-units and the monomer form 1s therefore inactive. An alternative mechanism
of action involves the disruption of the TR dimer, possibly by binding of the inhibitor in
the interface region between the two enzyme sub-units leading to inactivation of the
enzyme. This type of inhibition, termed dimerisation inhibition, has been reported for
HIV-1 protease and nitric oxide synthase.”®® Analytical ultracentrifugation (AUC) and
gel filtration chromatography analysis of trypanothione reductase in the presence and
absence of the inhibitor was undertaken to investigate this possibility. If indeed this was
the mechanism of action, a shift in the equilibrium towards the monomer should be

apparent in the presence of the inhibitor.
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2.10.1 Ultracentrifugation Analysis of Inhibition

Analytical ultracentrifugation is a technique used in the study of the behaviour of
macromolecules in solution when exposed to centrifugal forces. The technique was first
developed in the 1920°s and allows the thermodynamic and hydrodynamic
characterisation of macromolecules in solution without interaction with any surface or
matrix, as is the case with techniques such as gel filtration chromatography or
electrophoresis. The instrument consists of a centrifuge coupled to a detection system to
measure the concentration distribution of the sample, usually by measurement of the UV
absorbance or Rayleigh scattering,

Two types of experiment can be performed using the technique. In sedimentation
velocity experiments, the sample is exposed to very high centrifugal forces that cause
sedimentation of the solute towards the bottom of the cell. The rate of this sedimentation
gives the sedimentation coefficient and the experiment is useful for determining mass,
density and shape of the macromolecule. In equilibrium sedimentation experiments, the
sample is exposed to a lower centrifugal force. Equilibrium between sedimentation and
diffusion of the solute is established and a concentration gradient across the cell is
formed. Analysis of this gradient provides information on the mass of the species
independent of its shape and is particularly useful for the determination of stoichiometry
of a macro-molecular complex. Trypanothione reductase was therefore analysed using
equilibrium sedimentation in the presence and absence of 110-112 to see if there was any
change in the relative amounts of monomer and dimer. These experiments were
performed by Dr. Andrew Leech at the University of York.

A wavelength of 280 nm was chosen for the experiments, as this corresponds to
the A, for TR and required the least amount of the enzyme. A TR concentration of 0.4
mg/mL (7.4 uM) gave the optimum absorbance of 0.4, and an inhibitor concentration of 5
x K; was chosen to ensure that in the case ot dimerisation inhibition, the equilibrium
would lie on the monomer side and the effect would therefore be easily observable. As 5
x K for 111 and 112 would be sub-stoichiometric with respect to TR, a concentration of
15 uM (2 x [TR]) was chosen for these samples. The absorbance of the inhibitors at their
experimental concentration was found to be negligible. The samples were run against

blanks which were identical in composition except they did not contain any enzyme. The
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run was performed twice, initially with a rotor speed of 8 K RPM and then at 12 K RPM,
over 24 hours to allow equilibrium prior to data accumulation, to give the results

summarised in Table 2.

Sample (conc.) Observed mass (KDa) | Species | % error from lit value
(107.8 kDa)
TR 104.3 Dimer -3.2
TR + 1106 (70 uM) 110.3 Dimer +2.4
TR + 111 (15 uM) 111.8 Dimer +3.7
TR + 112 (15 uM) 101.5 Dimer -5.8

Table 2: Results from AUC analysis of TR.

In the absence of inhibitor, the molecular mass of enzyme was determined to be
104.3 kDa, which 1s in good agreement with the reported molecular mass of TR dimer
(107.8 kDa)."® No significant change in the mass of the enzyme was observed in the
presence of either 110, 111 or 112, and the values obtained were all in good agreement
with the reported molecular mass of the TR dimer. The results clearly show that 110-112

do not cause a change in the stoichiometry of the enzyme.

2.10.2 Gel Filtration Chromatogeraphy Analysis of Inhibition

Gel filtration is a simple, reliable technique that has found widespread use in the
purification and analysis of enzymes, polysaccharides, nucleic acids and other biological
macromolecules, and provides a means of determining the molecular weight of
proteins.'®! This technique was used to analyse the inhibitorienzyme complexes to
confirm the findings of the AUC experiments.

In gel filtration, molecules in solution are separated according to differences in
their size as they pass through a column packed with a chromatographic gel. The gel
contains pores of a carefully controlled size made from an inert matrix that is chemically
and physically stable so as to minimise interactions between the sample and the matrix,

and are formed by crosslinking polymers (such as dextran or agarose) to form a three-
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dimensional network. The properties of the gel are dependent on the degree of cross-
linking as well as the nature of the polymer.

The pores in the gel matrix are of a similar size to the molecules in the sample.
Molecules that are small relative to the pores can diffuse inside the gel matrix whereas
molecules that are relatively large are restricted from diffusing into the gel to the same
degree. Therefore, when a sample containing a mixture of molecules of different sizes is
passed through a gel filtration column, the smaller molecules that diffuse inside the gel
matrix are delayed in their passage through the column relative to larger molecules that
cannot diffuse so freely inside the matrix. The largest molecules thus elute from the
column first followed by the smaller molecules, in order of decreasing size.

The technique can be used to determine the molecular weight of proteins by first
calibrating the column with a number of standard proteins of varying mass. The mass of
an unknown sample can then be determined from its retention time on the column.

A column packed with Sephadex G-200, a polymer consisting of dextran chains
cross-linked with epichlorohydrin, was used for the analysis of TR in the presence and
absence of inhibitor. The column was calibrated by analysing six protein standards of
molecular weight ranging from 17 to 2000 KDa. A plot of retention time against
LogioMwt gave good correlation (Figure 51).

TR was then analysed under the same conditions and was found to have a
retention time of 25.0 minutes, equating to a molecular weight of 103.0 KDa, which was

19 The column

in broad agreement with the literature value for the dimer (107.8 KDa).
was then equilibrated with buffer containing the inhibitor (10 uM) and the calibration
repeated. The protein standards gave almost identical retention times in the presence of
inhibitor as with buffer alone. Analysis of a sample of TR that had been incubated with
inhibitor for 30 minutes found it to have a retention time of 24.7 minutes, almost identical

to the value in the absence of inhibitor (Figure 52).
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Figure 51: (a) Gel filtration analysis of protein standards for (b) column calibration.
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Figure 52: Gel Filtration analysis of TR in absence (red) and presence (blue) of inhibitor
111.

The findings of the gel filtration studies were in agreement with the AUC results
and showed that inhibition was not caused by binding in the interface region leading to
disruption of the dimer. The results of both the AUC and gel filtration studies are also
further evidence that no aggregation of the enzyme is taking place as no high mass

species were observed by either technique.
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2.11 Protein X-Ray Crystallography Studies

X-ray crystallography was utilised to probe the enzyme-inhibitor complex in
collaboration with Dr. Mark Montgomery working in the laboratory of Professor Steve
Wood. Co-crystallisation of TR with 111 was attempted using crystal screening kits
(Molecular Dimensions Inc, Soham, UK) to obtain suitable crystallisation conditions.
Each co-crystal was grown by the hanging drop vapour diffusion method at room
temperature. The best crystals were obtained with 0.1 M HEPES pH 7.5 and 20% w/v
PEG 10000 (Figure 53). Data to 3.1 A were collected at 100 K on beamline ID14-2 (A =
0.933A) at the European Synchrotron Radiation Facility (Grenoble, France) with an
ADSC CCD detector. The space group was determined to be tetragonal P4; with unit cell
dimensions a = b = 87.624 and c = 153.510. The asymmetric unit contains two TR
monomers and the solvent content of the crystals was estimated at 56%.'% However,
owing to the low resolution of the structure, electron density for the ligand remained

uninterpretable.

(@)

Figure 53: (a) TR crystal shower. (b) Close up of a single TR crystal.

The structure of the homodimer from the acquired data is shown in Figure 54,
where the residues depicted as ball and stick structures are the two FAD residues,
included to aid with orientation.The NADPH binding cavity of sub-unit A is clearly
visible above the tricyclic isoalloxazine ring of FAD, whilst the trypanothione disulfide
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binding cavity is situated on the opposite face of the isoalloxazine ring. As previously
mentioned, the trypanothione disulfide binding cavity contains residues from both sub-
units of the dimer, and the portion of sub-unit B that interacts with the trypanothione
disulfide binding cavity of sub-unit A is clearly visible below the isoalloxazine ring.

The active site, with key residues depicted as ball and stick structures, is shown in
Figure 55. Phejgg (A) forms a “flap” over the NADPH pocket that folds out of the way to
allow binding. The isoalloxazine ring of FAD (B) is located on top of the NADPH
binding cavity whilst the rest of the FAD molecule points away from the active site with
part of the adenine ring (C) visible to the right of the diagram. Just above the
isoalloxazine ring, the active site disulfide bridge between Cyss; and Cysss is visible (D).
The trypanothione disulfide binding pocket is situated above the disulfide bridge and
includes residues from both sub-units. Two such residues, Hisysy (E) and Glugeg (F), are

involved in the catalytic cycle.
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Figure 54: TR homodimer from crystal structure. 3-sheets are depicted in yellow (sub-
unit A) and purple (sub-unit B), a-helixes in turquoise (sub-unit A) and orange (sub-unit
B). FAD is depicted in ball and stick to aid with orientation.
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Figure 55: TR active site from crystal structure. The residues depicted in ball and stick
are Phejqg, Cysss, Cyssg and FAD of one sub-unit of the dimer, and Hisss; and Gluygg: of
the other sub-unit of the dimer (residues 325-360 removed for clarity).

2.12 Conclusions

The results reported in this chapter provide significant evidence for the
mechanism of action of the lead compounds 110-112. Kinetic analysis confirmed the
non-competitive nature of inhibition with respect to both enzyme substrates. Further
evidence for the non-competitive behaviour with respect to NADPH was obtained from
the assay against glutamate dehydrogenase. The retention of activity upon a ten-fold

concentration of enzyme, together with the observed specificity for TR, eliminated the



possibility of an aggregation mechanism. Inhibition via disruption of enzyme
dimerisation was disproved by AUC and gel filtration analysis, which provided further
evidence that no enzyme aggregation was taking place. Presumably, the inhibition occurs
via an allosteric mechanism, whereby binding of the inhibitors at a site remote from
either the disulfide or NADPH active sites or the dimer-interface region leads to a

conformational change in the enzyme, modulating the active site.
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CHAPTER 3

EXPLORING THE RELATIONSHIP BETWEEN STRUCTURE AND
ACTIVITY

Having established the mechanism of action of the lead compounds 110-112, the
relationship between structure and activity was probed to aid the development of more
potent inhibitors, aiming to identify key structural features necessary for activity and

simplifying the relatively large lead compounds into smaller, more drug-like structures.

3.1 Library Design

Several structural elements were identified within the lead compounds capable of

different binding interactions with the target enzyme (Figure 56).

H H H
HoN N\)J\N/\/\N/\/\N N\n/\NHz
250 H H 5

HNZ “NH,

Figure 56: Structural elements identified within the lead compounds include the
tryptophan residue (red), the arginine residue (blue), the Pme group (black) and

norspermidine (green).

These structural elements included aromatic hydrophobic regions (the indole ring
of the tryptophan residue and the aromatic ring of the Pmc group) and polar/charged
regions (the primary amino group of the tryptophan residue, the guanidine group of the

arginine residue and the secondary amino group of the norspermidine portion). In
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addition, the inhibitors were all based on a “two-armed” structure with derivatisation on
both ends of norspermidine.

A library of compounds based on the lead compounds was synthesised and
screened against TR, composed of compounds with one or more of the structural
elements from the lead compounds removed. To investigate the importance of the two-
armed structure a series of 15 compounds was prepared where one arm of norspermidine
was derivatised with a structural element and the other arm was derivatised as a simple
amide with varying alkyl chain length, or as a primary amino group. A number of
compounds derivatised on both arms were also prepared (Figure 57). The library was
completed with the synthesis of the dipeptides H-Trp-Arg-OH and H-Trp-Arg(Pmc)-OH,

included to assess the importance of the norspermidine portion.

R1HN/\/\”/\/\NHR2
One-atmed R, =Trp Ry, =H
compounds Arg COCHg4
Arg(Pmc) CO(CH5)4CH3
Trp-Arg
Trp-Arg(Pmc)

Two-armed R; =Ry, =Trp
compounds R4 = Arg, Ry, = Arg(Pmc)
R4 =Ry = Arg(Pmc)

Figure 57: Structure of one- and two-armed library members.

3.2 Library Svynthesis

Solid-phase parallel synthesis utilised immobilised norspermidine with orthogonal
protection on the primary amino groups to allow preparation of the library members
functionalised on one arm alone. The resin was prepared using a Tfa/Dde strategy

following a procedure developed within the group.103

The first step in the synthesis was
the orthogonal protection of norspermidine which was accomplished by sequential
treatment with one equivalent of ethyl trifluoroacctate and 2-acetyldimedone. Both
reagents are selective for primary amines and the reaction led to a mixture of the desired
orthogonal protected compound 118 together with side products protected on both

primary amino groups with either Tfa or Dde groups.®*'®* The poor yield of this reaction
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was partly due to the significant quantities of these side products as well as difficulties in
separating the products by chromatography. However, the reaction had the advantages of
synthetic ease (avoiding multi-step procedures), used cheap starting materials and could
be undertaken on a large scale. 118 was coupled to the activated linker 103 prior to allyl
ester deprotection and coupling to aminomethyl polystyrene resin (1% DVB crosslinked)

using standard HOBt/DIC activation (Scheme 8).

0]
jj)\ F3C/U\N/\/\N/\/\NHDde
H
o PN e 0”0
9% — b\
DdeHN 0 O\/\
118 /\g/
119
l(iii)
o) 0O
Fac/U\N/\/\N/\/\NHDde F3C/U\N/\/\N/\/\NHDde
H )\ (iv) H -
0~ "0 o~ 0O
H
K@ N b\ OH
o oY’
0 0
121 120

Scheme 8: Preparation of orthogonal protected norspermidine scaffold 121.
Reagents and conditions: (1) Ethyl trifluoroacetate, MeOH, -78 °C to rt, 4 hrs, then 2-
acetyldimedone, EtOH, 16 hrs, 16%. (i1) 103, DMF, 16 hrs, 79%. (iii) Pd(PPh;)4,
thiosalicylic acid, DCM/THF (1:1), 2 hrs, 65% (iv) aminomethyl polystyrene resin,
HOBt, DIC, DCM/DMF (4:1), 16 hrs.

15 compounds were prepared from resin 121 using a multiple parallel approach
(Scheme 9).
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NH 1256 R;=H

Y H 126 R; = COCH,
o NN NHR; 127 Ry = COCHI)CHy
0
T(W), (v)

R{HN HN<__NHR,

I8 %
(i), (i), (i) u . (vi), (vii), ) .
J) (v) or (viii) N No_~_N.__~_NHR,
HoN 0
122 R1=BOC 128 R1 =H‘ R2=H

123 Ry = COCH, 122 §1 = ggCCH: Ré; HR N
124 R, = CO(CH,),CH3 1= CO(CH,)4CH3, Ry =
131 R1 = H, R2 =Pmc
132 R1 = COCH3, R2 =Pmc
(vi), (vii), 133 Ry = CO(CH,)4CH3, Ry = Pmc

(iv), (viii)

NH
N 135R; = H, R, = Pmc
H,N \i/U\:/\/\”/\/\NHR1 136 R, = COCH3, R, = H
0 ‘w\

137 R1 = COCH3, R2 =Pmc
138 R, = CO(CH,),CHg, R, = H
NH 139 R, = CO(CH,),CHs, R, = Pmc

A

HN? NHR,

Scheme 9: Parallel synthesis of one-armed library members.
Reagents and conditions: (1) 5% H,NNH,/DMF, 30 min. (i) Boc,O, DIPEA, DCM, 2
hrs or acetic anhydride/pyridine (1:1), 30 mins or hexanoic anhydride/pyridine (1:1), 30
mins. (iii) 1M KOH/MeOH/THF (5:1:1), 2 x 2 hrs. (iv) Boc-Trp(Boc)-OH, HOBt, DIC
DCM/DMF (4:1), 2 hrs. (v) TFA/thioanisole/DCM/water (16:2:1:1), 2 hrs. (vi) Fmoc-
Arg(Pmc)-OH, HOBt, DIC, DCM/DMF (4:1), 2 hrs. (vii) 20% piperidine/DMF, 2 x 10
min. (vii1) TFA/thioanisole/DCM/water (10:2:7:1), 4 x 15 mins.

>
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Following Dde deprotection, the resulting amine was capped with either Boc,O,
acetic anhydride or hexanoic anhydride to give 122, 123 or 124. Tfa deprotection was
achieved by treatment with 1M KOH/MeOH/THF (5:1:1). Standard solid-phase peptide
chemistry was then utilised to prepare the desired compounds 125-139, which were
purified by HPLC. Identical cleavage conditions were used for the synthesis of the Pmc-
containing compounds 131-133, 135, 137 and 139 as were used for the preparation of
110-112.

These cleavage conditions resulted in similar amounts of the desired Pmc-
protected and deprotected compounds. Synthesis was very clean, as shown by the HPLC
trace of the mixture of 136 and 137 obtained after cleavage from the resin (Figure 58).

S § 137
1200 §
(=}
1000 + 136
800
800
8
400 ;
] thioanisole
200
1} --._.-.ﬂr 1
4
T T 1 T T T 1) T T
2.5 5 75 10 125 15 175 20 min

0
Figure 58: HPLC trace of mixture of 136 and 137 following cleavage from the resin.

The two-arm compounds 140-142 were prepared from resin 108 (Scheme 10).
Following Dde-deprotection of 108, standard solid phase peptide chemistry was used to
couple either the tryptophan or arginine residues. Cleavage from the resin and HPLC

purification again furnished the desired compounds.
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(i), (i), (i) AN A
108 — H H H E
HoN N\/\/N\/\/N\[(\NH2
(0), (iv)-(vi) 0 0
140
HNs__NHR; HN < _NHR,
NH NH

J

H H H =
N B
HoN No~Neo~o- \‘(\NHZ
6] )

141 Ry =Pmc, Ry =H
142 R =R, =Pmc

Scheme 10: Synthesis of 140-142.

Reagents and conditions: (i) 5% H,NNH,/DMF, 30 min. (ii) Boc-Trp(Boc)-OH, HOBt,
DIC, DCM, DMF, 2 hrs. (iii) TFA/thioanisole/DCM/water (16:2:1:1), 2 hrs. (iv) Fmoc-
Arg(Pmc)-OH, HOBt, DIC, DCM, DMF, 2 hrs. (v) 20% piperidine/DMF, 2 x 10 min.
(vi) TFA/thioanisole/DCM/water (10:2:7:1), 4 x 15 min.

Library synthesis was completed by the solution-phase synthesis of the dipeptides
145 and 146. These were prepared by reaction of the NHS-ester of Boc-Trp(Boc)-OH
143 with H-Arg(Pmc)-OH in the presence of one equivalent of DIPEA to give 144
(Scheme 11). Subsequent treatment of 144 with TFA/thioanisole/DCM/water (10:2:7:1)
for 30 minutes furnished a mixture of 145 and 146 which were purified by HPLC.
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. NBoc _NH
0 H O i H O
N | I}
~"18%° s BocHN N\E/U\OH —  H,N N\.;/U\OH
0O = 0 =
BocHN OH \l\ I
0

NH NH
143 HN)\NHPmc HN)\NHR
144 145R=H
146 R = Pmc

Scheme 11: Preparation of dipeptides 145 and 146.
Reagents and conditions: (1) N-hydroxy succinimide, DCC, THF, 2 hrs then H-
Arg(Pmc)-OH, DIPEA, DMF, 16 hrs, 77%. (ii) TFA/thioanisole/DCM/water (10:2:7:1),

30 min.

3.3 Library Screening

The inhibitor library was initially screened for activity against TR at a
concentration of 100 uM (Figure 59). The screen was performed in triplicate as a single-
point assay using nortrypanothione disulfide as substrate, and the lead compound 110

was included in the screen as a reference.
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Figure 59: Inhibition of TR at an inhibitor concentration of 100 uM and a
nortrypanothione disulfide concentration of 30 pM.

Significant activity was observed with compounds 131-142 of which the most
active compounds were those containing the Trp-Arg(Pmc) moiety (135, 137 and 139)
and the two-armed compounds (140-142) which showed comparable inhibiton to 110.
Practically no activity was observed with the Trp-containing compounds 125-127 or the
Arg-containing compounds 128-130. The dipeptide 145 was also inactive, with the Pmc-
containing analogue 146 showing only marginal activity.

Those compounds that showed significant inhibiton (i.e. >20%) were then

screened at 10 uM (Figure 60).
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Figure 60: Inhibition of TR at an inhibitor concentration of 10 uM and a
nortrypanothione disulfide concentration of 30 pM.

At 10 pM, activity comparable to 110 was observed with 133, 135, 137, and 139-
142. With the exception of 133, compounds bearing either the Arg(Pmc) or Trp-Arg
moieties exhibited little or no inhibition.

Full kinetic analysis was then performed on compounds that exhibited significant

activity at 100 uM to determine the K; value for each as well as the type of inhibition
exhibited.

3.4 Kinetic Analysis of Library Members Active at 100 uM

Kinetic analysis was performed on active library members as described for the

lead compounds 110-112 (Section 2.7).
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3.4.1 Arg(Pmc) Containing Compounds

0
HN H
Y
NH Oz
H
H-N N N~ NHR
2
0
13MR=H (non-comp, K; = 131 +/- 7.2 uM)
132 R = COCHj3 (non-comp, K; =68.8 +/- 3.2 uM)

133 R = CO(CH,)4CH3 (non-comp, K; = 6.5 +/- 0.2 uM)
Figure 61: Arg(Pmc) containing compounds 131-133.

131-133 (Figure 61) displayed non-competitive inhibition as shown in the Eadie-
Hofstee and Lineweaver-Burke plots (Figures 62-64). The compounds were considerably

weaker inhibitors than the lead compounds 111 and 112, with K; values of 131 +/- 7.2,
68.8 +/- 3.2 and 6.5 +/- 0.2 uM, respectively.
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Figure 62: Inhibitor 131 - non-competitive behaviour (K; = 131 +/- 7.2 uM).
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Figure 63: Inhibitor 132 - non-competitive behaviour (K; = 68.8 +/- 3.2 uM).
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Figure 64: Inhibitor 133 - non-competitive behaviour (K; = 6.5 +/- 0.2 uM).

The effect of the substituent on the second arm showed increased activity with
increasing hydrophobic character. 133, bearing the hexanoyl capping group, was more
active than 132 bearing the acetyl capping group which in turn was more active than 131,

bearing the primary amino group.
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3.4.2 Trp-Arg Containing Compounds

HNZ ~NH,

134 R=H (comp, K =83.4 +/- 4.4 uM)
136 R = COCH3 (comp, K; = 68.5 +/- 5.8 uM)
138 R = CO(CH,)4CH;3 (comp, K; = 23.5 +/- 2.0 uM)

Figure 65: Trp-Arg containing compounds 134, 136 and 138.

134, 136 and 138 (Figure 65) displayed competitive inhibition as shown in the
Eadie-Hofstee and Lineweaver-Burke plots (Figures 66-68). Again a significant reduction
in potency was observed compared to 111 and 112, with measured K; values of 83.4 +/-
4.4, 68.5 +/- 5.8 and 23.5 +/- 2.0 uM, respectively. An identical trend to 131-133 was
observed with derivatisation on the second arm, with potency increasing with increasing

hydrophobic nature.

254
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[l] = 40 uM
] = 80 uM
[l = 160 uM
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0.00 0.04 0.08 0.12 0.16 0.20

1/[Substrate] (uM™)
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v/[Substrate] (AAx10%s™'uM™)

Figure 66: Inhibitor 134 - competitive behaviour (X; = 83.4 +/- 4.4 uM).
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Figure 67: Inhibitor 136 - competitive behaviour (K; = 68.5 +/- 5.8 uM).
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Figure 68: Inhibitor 138 - competitive behaviour (K; = 23.5 +/- 2.0 uM).
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3.4.3 Trp-Arg(Pmc) Containing Compounds

NH
=
H 0
HoN N\;/U\N/V\N/\/\NHR
z H H
0 i
NH (8)2
HN™ "N~
H
0O
136R=H (non-comp, K;=9.3 +/-1.1 uM)
137 R = COCH;3 (non-comp, K; = 11.5 +/- 0.4 uM)

139 R = CO(CH;)4CH3 (non-comp, K; = 5.9 +/- 0.2 uM)

Figure 69: Trp-Arg(Pmc) containing compounds 135, 137 and 139.

135, 137 and 139 (Figure 69) all displayed non-competitive inhibition as shown in
the Fadie-Hofstee and Lineweaver-Burke plots (Figures 70-72). Although this was the
most active subset of the one armed compounds, the activity of the compounds was
significantly reduced compared to 111 and 112 with K values of 9.3 +/- 1.1, 11.5 +/- 0.4
and 5.9 +/- 0.2 uM, respectively. No clear correlation between activity and derivatisation

on the second arm was observed.
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Figure 70: Inhibitor 135 - non-competitive behaviour (K; =9.3 +/- 1.1 uM).
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Figure 71: Inhibitor 137 - non-competitive behaviour (K; = 11.5 +/- 0.4 uM).
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Figure 72: Inhibitor 139 - non-competitive behaviour (K; = 5.9 +/- 0.2 nM).



3.4.4 Two-Armed Compounds

NH
< NH

H H H

N N N

H,N SN N TS \”/\NHQ
O 0

140 (comp, K;=19.1 +/- 1.1 uM)
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H
HN N\S HNy_-NHR
NH O )/NH
N N N
H,oN TN IS Y\NHZ
0 0

H (non-comp, K; = 10.6 +/- 0.5 uM)
PMC  (non-comp, K; = 2.9 +/- 0.3 uM)

Figure 73: Two-armed compounds 140-142.

The two-armed compounds 140-142 (Figure 73) were the only sub-set that

contained compounds that showed different modes of inhibition (Figures 74-76). 140

displayed competitive inhibition with a K; value of 19.1 +/- 1.1 uM. 141 and 142

displayed non-competitive inhibition with K; values of 10.6 +/- 0.5 and 2.9 +/- 0.3 uM,

respectively. These were again significantly poorer than 111 and 112, although 142 was

the most potent of all the library members.
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Figure 74: Inhibitor 140 - competitive behaviour (K; = 19.1 +/- 1.1 uM).
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Figure 75: Inhibitor 141 - non-competitive behaviour (K; = 10.6 +/- 0.5 uM).
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Figure 76: Inhibitor 142 - non-competitive behaviour (K; = 2.9 +/- 0.3 uM).
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3.5 Assayv against Glutamate Dehydrogenase

The active library members (131-142) were screened against glutamate
dehydrogenase at a concentration of 100 uM in an 1dentical manner to 109-111 (Section

2.8). As found with inhibitors 110-112, no activity was observed.

3.6 Structure-Activity Relationships

The results of the screening and kinetic assays of the norspermidine based

compounds are summarised in Table 3.
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R1HN/\\/\N/\/\NHR2

H
Compound R, R, Mode K

110 Trp-Arg Trp-Arg Non-competitive | 14.3 +/- 0.5 uM
111 Trp-Arg(Pmc) Trp-Arg Non-competitive | 220 +/- 15 M
112 Trp-Arg(Pmc) | Trp-Arg(Pmc) | Non-competitive 160 +/- 8§ nM
125 Trp H nd >100

126 Trp COCH;3 nd >100

127 Trp CO(CH,)sCH;s nd >100

128 Arg H nd >100

129 Arg COCH; nd >100

130 Arg CO(CH;)4CH3 nd >100

131 Arg(Pmc) H Non-competitive | 131 +/-7.2 uM
132 Arg(Pmc) COCH; Non-competitive | 68.8 +/- 3.2 uM
133 Arg(Pmc) CO(CH,):CH;s | Non-competitive | 6.5+/-0.2 uM
134 Trp-Arg H Competitive 83.4+/-44 uM
135 Trp-Arg(Pmc) H Non-competitive | 9.3 +/- 1.1 uM
136 Trp-Arg COCH;3 Competitive 68.5 +/-5.8 uM
137 Trp-Arg(Pmc) COCHz; Non-competitive | 11.5+/-0.4 uM
138 Trp-Arg CO(CH;)4CHj; Competitive 23.5+/-2.0 uM
139 Trp-Arg(Pmc) | CO(CH,)sCH; | Non-competitive | 5.9 +/-0.2 uM
140 Trp Trp Competitive 19.1+/- 1.1 uM
141 Arg(Pmc) Arg Non-competitive | 10.6 +/- 0.5 uM
142 Arg(Pmc) Arg(Pmc) Non-competitive | 2.9 +/-0.3 uM

Table 3: Summary of results of screening and enzyme kinetic analysis of lead

compounds and library members.

Kinetic analysis surprisingly showed both competitive and non-competitive

inhibitors within the library. The competitive inhibitors were similar in structure to many

reported TR inhibitors, containing both a hydrophobic group and a polyamine, however
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this was also true of other compounds in this series which displayed non-competitive
behaviour! No improvement in potency compared to 111 and 112 was observed with any
of the library members. Any change in structure was detrimental and resulted in an
increase 1n K; of at least an order of magnitude. In general, activity was related to
structural similarity to 111 and 112, with the most active derivative 142 being identical to
112 except for the absence of the tryptophan residues. Structural simplification led to a
corresponding loss of activity.

The tryptophun residue: Removal of the tryptophan residue resulted in a loss of
potency (compare 111 and 112 with 141 and 142; 135, 137 and 139 with 131-133; and
134, 136 and 138 with 128-130. The lack of activity of 128-130 is not surprising as
previously screened polyamines show little activity against TR.

The arginine residue: Removal of the arginine residue led to a change in
mechanism (compare 110 with 140) and a loss of potency (compare 134, 136 and 138
with 125-127). The lack of activity of 125-127 maybe due to the arginine residue in 134,
136 and 138 acting as a spacer and placing the polyamine and hydrophobic groups at an
optimum distance apart for binding. Alternatively, the arginine side-chain in 134, 136 and
138 maybe involved in a binding interaction, increasing the potency of these compounds.

The Pmc group: The Pmc group was clearly important for potency, as the eight
best inhibitors all contained this structural feature. Removal of the group led to an
increase in K; (compare 111 and 112 with 110; 135, 137 and 139 with 134, 136 and 138;
and 131-133 with 128-130). A change in mechanism also resulted (compare 135, 137 and
139 with 134, 136 and 138).

One and (wo armed structure: The most potent compounds were derivatised on
two arms of norspermidine, although significant activity was also observed with one
armed compounds. No correlation between mode of action between either one or two
armed structures was observed. In the one armed series, the more hydrophobic hexanoyl
capping group generally gave the best inhibition, and the primary amino group proved
inferior.

Norspermidine: The lack of activity of the dipeptides 145 and 146 demonstrated
the importance of the polyamine portion of the inhibitors. The presence of the

carboxylate moiety is almost certainly having a detrimental effect on the binding, as the
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TR active site is known to disfavour the binding of negatively charged over positively

charged compounds.

3.7 Conclusions

In summary, this chapter described the use of multiple parallel solid-phase
chemistry in the synthesis of a library of compounds that were screened against TR. No
improvement in potency from the lead compounds was observed, but SAR was
developed and both competitive and non-competitive behaviour was observed. These
results suggest that caution must be exercised when studying this protein as simple
assumptions about binding sites and mode of action may not always be justified, given
the observed change of mechanism from non-competitive to competitive upon small
structural changes. The site of binding of the non-competitive inhibitors and specific
interactions of the competitive inhibitors in the active site are currently under
investigation by protein crystallography.

The findings presented in this thesis give a better understanding of the enzyme
and this class of inhibitors and will aid the development of more effective enzyme

imhibitors in the future.
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CHAPTER 4

EXPERIMENTAL SECTION

4.1 General Information
"H and *C NMR spectra were recorded on Bruker AC-300 (300 and 75 MHz,
respectively) and Bruker DPX-400 spectrometers (400 and 100 MHz, respectively) in the

solvents indicated at 298 K. Chemical shifts for proton and carbon spectra were reported
on the 3 scale in ppm and were referenced to residual protic solvent or natural abundance
BC of the deuterated solvent. Al coupling constants (./ values) are given in Hz.
Low-resolution electrospray mass spectra were recorded on a VG Platform Quadrupole
mass spectrometer. Low-resolution electron ionisation spectra were recorded on a
Thermoquest Trace mass spectrometer. High-resolution electrospray mass spectra were
recorded on a Bruker Apex III FT-ICR mass spectrometer.

IR spectra were recorded on a Bio-Rad ATR FT-IR fitted with a golden gate accessory.
Samples were analysed as neat solids or oils.

Melting points were recorded on a Gallenkamp melting point apparatus and are
uncorrected.

UV/VIS spectra and kinetic data were recorded on a Hewlett Packard HP8452A diode
array spectrophotometer.

Fluorescence spectra and kinetic data were recorded on a Hitachi F2000 fluorescence
spectrophotometer.

All reactiona were carried out at room temperature unless otherwise stated.

Thin layer chromatography was performed on Alugram® silica plates and visualized by
ultra-violet light, stained with ninhydrin (0.3% ninhydrin and 3% acetic acid in »-
butanol) or permanganate (KMnOj, (3.00 g), K,CO; (20.00 g), 5% aq. NaOH solution).
Column chromatography was performed using Sorbsil C60, 40-60 mesh silica or neutral,
Brockmann I, 150 mesh alumina.

Analytical RP-HPLC was performed on a Hewlett Packard HP1100 chemstation
equipped with a Phenomenex Prodigy Cig (150 x 4.6 mm) reverse phase column with a

flow rate of 0.5 mL/min. Semi-preparative RP-HPLC was performed on a Hewlett
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Packard HP1100 chemstation equipped with a Phenomenex Prodigy Cjs (250 x 10 mm)
reverse phase column with a flow rate of 2.5 mL/min. Mobile phase A was 0.1% TFA in
water, mobile phase B was 0.042% TFA in MeCN.

Gradient 1 was T =0 min, B=10%, T =10 min, B=90%, T = 15 min, B = 90%.
Gradient 2 was T =0 min, B=0%, T =5 min, B=0%, T = 15 min, B=60%, T =16
min, B =100%, T = 20 min, B = 100%.

Gradient 3 was T =0 min, B =0%, T =40 min, B =50%, T =45 min, B=90%, T =50
min, B = 90%.

Gradient 4 was T =0 min, B=0%, T =20 min, B=25%, T =22 min, B=90%, T =30
min, B =90%.

4.1.1 General Procedures for Solid-Phase Chemistry

A: Peptide Coupling

Carboxylic acid (3 eq. relative to resin-bound amine) and HOBt (3 eq.) were dissolved in
DCM/DMEF (4:1, 1 mL per 100 mg of resin) and the resultant solution shaken for 10 min.
DIC (3 eq.) was added and the resultant solution shaken for a further 10 min. The
solution was added to the resin (pre-swollen in DCM (1 mL per 100 mg of resin) for 10
min) and the mixture shaken for 2 hours. The resin was filtered and washed sequentially
with DMF, DCM, MeOH and Et,0 (3 mL per 100 mg of resin, 5 times with each).

Reaction completion was monitored by the use of a qualitative ninhydrin test.

B: Dde Deprotection

The resin was swollen in DCM (1 mL per 100 mg of resin) for 10 min, filtered and
treated with 5% v/v hydrazine in DMF (1 mL per 100 mg of resin) for 30 min. The resin
was filtered and washed sequentially with DMF, DCM, MeOH and Et,0O (3 mL per 100

mg of resin, 5 times with each).

C: Fmoc Deprotection

The resin was swollen in DCM (1 mL per 100 mg of resin) for 10 min, filtered and
treated with 20% v/v piperidine in DMF (1 mL per 100 mg of resin) for 2 x 10 min. The
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resin was filtered and washed sequentially with DMF, DCM, MeOH and Et,0 (3 mL per

100 mg of resin, 5 times with each).

D: Trityl Deprotection with Concomitant Disulfide Formation

The resin was swollen in DCM (1 mL per 100 mg of resin) for 10 min, filtered and
treated with a solution of I, (10 eq. relative to trityl group) in DMF (1 mL per 100 mg of
resin) for 2 hours. The resin was filtered and washed sequentially with DMF, DCM,
MeOH and Et;O (3 mL per 100 mg of resin, 10 times with each).

E: Boc Protection

The resin was swollen in DCM (1 mL per 100 mg of resin) for 10 min, filtered and
treated with a solution of Boc,O (5 eq. relative to resin-bound amine) and DIPEA (2 eq.)
in DCM (1 mL per 100 mg of resin) for 2 hours. The resin was filtered and washed
sequentially with DMF, DCM, MeOH and Et;O (3 mL per 100 mg of resin, 5 times with

each). Reaction completion was monitored by the use of a qualitative ninhydrin test.

F: N-Capping with Acetic Anhvdride

The resin was swollen in DCM (1 mL per 100 mg of resin) for 10 min, filtered and
treated with a mixture of acetic anhydride and pyridine (1:1, 1 mL per 100 mg of resin)
for 30 min. The resin was filtered and washed sequentially with DMF, DCM, MeOH and
Et,0 (3 mL per 100 mg of resin, 5 times with each). Reaction completion was monitored

by the use of a qualitative ninhydrin test.

G: N-Capping with Hexanoic Anhydride

The resin was swollen in DCM (1 mL per 100 mg of resin) for 10 min, filtered and
treated with a mixture of hexanoic anhydride and pyridine (1:1, I mL per 100 mg of
resin) for 30 min. The resin was filtered and washed sequentially with DMF, DCM,
MeOH and Et,0 (3 mL per 100 mg of resin, 5 times with each). Reaction completion was

monitored by the use of a qualitative ninhydrin test.
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H: Tfa Deprotection

The resin was swollen in DCM (1 mL per 100 mg of resin) for 10 min, filtered and
treated with a solution of 1M KOH/THF/MeOH (5:1:1, 1 mL per 100 mg of resin) for 2 x
2 hours. The resin was filtered and washed sequentially with DMF/water (1:1),
MeOH/water (1:1), DMF, DCM, MeOH and Et;O (3 mL per 100 mg of resin, 5 times

with each).

I: Cleavage from the Resin with 80% TFA

The resin was swollen in DCM (1 mL per 100 mg of resin) for 10 min, filtered and
treated with a mixture of TFA/thioanisole/DCM/water (16:2:1:1, 1 mL per 100 mg of
resin) for 2 hours. The resin was filtered and washed with MeOH (3 mL per 100 mg of

resin, 5 times), the filtrate and washings combined and concentrated in vacuo. The crude
product was then dissolved in TFA, precipitated from ice-cold Et,O, the precipitate
collected by centrifugation and lyophilized.

J: Cleavage from the Resin with 50% TFA

The resin was swollen in DCM (1 mL per 100 mg of resin) for 10 min, filtered and
treated with a mixture of TFA/thicanisole/DCM/water (10:2:7:1, 1 mL per 100 mg of
resin) for 4 x 15 minutes at room temperature. The resin was filtered and washed with
MeOH (3 mL per 100 mg of resin, 5 times), the filtrate and washings combined and
concentrated in vacuo. The crude product was then dissolved in TFA, precipitated from

ice-cold Et,0, the precipitate collected by centrifugation and lyophilized.

Ninhvydrin Analvsis105

Qualitative Test:

Reagent A (6 drops) and reagent B (2 drops) were added to a sample of resin (approx. 1-2
mg) in a small test tube and heated at 100 °C for 5 min. The intensity of colour (purple)
in the solution gave a qualitative indication of the level of primary amine present on the

resin.

92




Quantitative Test:

Reagent A (6 drops) and reagent B (2 drops) were added to a known amount of dry resin
(2-5 mg) and heated at 100 °C for 5 minutes. The tube was then cooled in cold water and
60% ethanol in water (2 mL) added. After thorough mixing, the solution was filtered and
washed with 0.5 M Et;NCI in DCM (2 x 0.5 mL) and made up to a total volume of 50 mL
with 60% ethanol in water. The absorbance of the solution at 570 nm was then recorded
against a control solution, prepared in the same way but without resin. The loading of

primary amine groups on the resin was calculated via:

Loading (mmol/g) = [(As70 x V X 10° / (€570 x M)]

Where Asy is the measured absorbance at 570 nm minus the control reading, V is the
total volume of the solution in ml, &5, is the extinction coefficient at 570 nm (1.5 x 104)

and M 1s the accurate mass of resin in mg,

Reagent A

Solution 1: To a solution of phenol (40.00 g, 0.43 mol) in absolute ethanol (10 mL) was
added TWT TMD-8 ion exchange resin (4.00 g). The mixture was stirred at room
temperature for 45 minutes and filtered.

Solution 2: A 10 mM aqueous solution of KCN (2 mL) was diluted with pyridine (98
mL) and stirred at room temperature for 45 minutes with IWT TMD-8 ion exchange resin

(4.00 g). The solution was then filtered and mixed with solution 1.

Reagent B
Ninhydrin (2.50 g, 14 mmol) was dissolved in absolute ethanol (50 mL).

Quantitative Fmoce Test'®

A known mass of dry resin (approx. 5 mg) was placed in a 25 mL volumetric flask, a
solution of 20% piperidine in DMF (5 mL) was added and the mixture shaken for 15
minutes. The volume was then made up to 25 mL with 20% piperidine in DMF and the
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absorbance recorded at 302 nm against a control solution of 20% piperidine in DMF. The

loading of Fmoc groups on the resin was calculated via:

Loading of Fmoc (mmol/g) = (Asp X V x10%) / (€302 x M)

Where Asq; is the absorbance at 302 nm minus the control reading, V is the total volume

of the solution in mL, €3¢, is the extinction coefficient at 302 nm (7800) and M is the

accurate mass of resin in mg.

4.1.2 General Biological Procedures

Buffers and Solutions
Phosphate buffer:

Ammonium acetate buffer;

Acrylamide mix:

Separating buffer:
SDS:
Ammonium persulphate:

Stacking gel buffer:

1 x SDS gel-loading buffer:

Tank buffer:

Comassie blue stain:

Destaining solution:

2 x TY culture:

50 mM K,;HPO,, 1 mM EDTA, 0.1% BME, pH 7.5.

50 mM NH4OAc, 1 mM EDTA, pH 7.5.

acrylamide (29%, w/v) and bisacrylamide (1%, w/v) in
water.

1.5 M Tris, pH 8.8.

SDS (10%, w/v) aqueous solution.

ammonium persulphate (10%, w/v) aqueous solution.
0.5 M Tris, pH 6.8.

50 mM Tris, 100 mM dithiothreitol, 2% SDS, 0.1%
bromophenol blue, 10% glycerol, pH 6.8.

25 mM Tris, 192 mM glycine, 0.1% SDS, PH 8.3.
0.125% comassie blue R-250, 50% MeOH, 10% acetic
acid.

50% MeOH, 40% water, 10% acetic acid.
bactopeptone (16 g/L), bacto-yeast extract (10 g/L) and
NacCl (5 g/L) aqueous solution.
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197 A1l kinetic data were

Protein concentration was determined by the Bradford assay
collected in triplicate and analysed by non linear regression with the aid of the

commercial program Grafit.

SDS-PAGE: Gel Preparation and Running

A separating gel containing water, acrylamide mix, separating buffer, SDS, ammonium
persulphate and TEMED (see Table 4 for quantities) was prepared and immediately
poured between two plates. A layer of isobutanol was placed on top of the gel mix and
the gel left to set for approximately 30 min. The isobutanol was removed, the top of the
gel washed and 5% stacking gel (Table 4) poured onto the top of the running gel. A teflon
comb was immediately inserted into the stacking gel and the gel left to set for
approximately 30 min, following which the comb was carefully removed and the wells
washed thoroughly with water. To each protein sample (20 pl.) was added gel-loading
buffer (20 uL) and the mixture heated at 100 °C for 3 min. After cooling, the samples
(10-15 uL of each) were loaded onto the gel wells together with a lane of molecular
weight markers (12.3, 17.2, 30.0, 42.7, 66.3 and 76-78 kDa) and the gel run at 200 V for
approx. 45 min in tank buffer. The gel was then stained with comassie blue stain (2 x 30

s, microwave heating) before immersion in destaining solution overnight.

Component Separating gel volume Stacking gel
(mL) volume (mL)
6% | 12% | 15%

water 53 33 2.3 1.4
acrylamide mix 2.0 4.0 5.0 0.33
separating buffer 25 2.5 2.5 0.25
SDS 0.1 0.1 0.1 0.02
ammonium persulphate | 0.1 0.1 0.1 0.02
TEMED 0.008 | 0.004 | 0.004 0.002

Table 4: Composition of SDS-PAGE gels.
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4.2 Experimental to Chapter 2

2-Acetyl dimedone®!

OH

Dimedone (30.00 g, 214.0 mmol), DCC (44.16 g, 214.0 mmol), acetic acid (12.25 mL,
214.0 mmol) and DMAP (2.61 g, 21.4 mmol) were dissolved in DMF (350 mL) and
stirred at room temperature for 16 hours. The reaction mixture was filtered, poured into
water (350 mL) and extracted with EtOAc (4 x 200 mL). The organic extracts were
combined and concentrated in vacuo to afford a dark yellow oil. The crude product was
purified by column chromatography (silica gel, eluted with hexane/EtOAc, 17:3) to give
the title compound as a pale yellow oil (31.09 g, 80%).

Ry 0.40 (hexane/EtOAc, 17:3).

'H NMR (400 MHz, CDCl;): § 2.63 (s, 3H, C=C(OH)CH,), 2.55 (s, 2H, CH,), 2.38
(s, 2H, CH,), 1.10 (s, 6H, C(CHa)2).

BC NMR (100 MHz, CDCls): 6 203.4 (C), 198.8 (C), 196.1 (C), 113.3 (C), 53.4
(CH,), 47.9 (CHy), 31.6 (C), 29.5 (CHs), 29.1 (CHa).

FT-IR v (em™): 2958, 2872, 1738, 1659, 1545.
LRMS (ESI): 363.0 [M-H] (100).
HPLC 8.4 min, 100% (A = 220 nm, gradient 1).
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NI,N9 -bis-1-(4,4-Dimethyl-2,6-dioxocvelohexylidene)ethyl-norspermidine (98)103

Norspermidine (0.96 mL, 6.9 mmol) and 2-acetyl dimedone (2.50 g, 13.7 mmol) were
dissolved in ethanol (47 mL) and heated at reflux for 2 hrs. The solvent was removed in
vacuo and the resulting yellow oil dissolved in EtOAc (50 mL), washed with water (3 x
50 mL), dried (MgSOs) and concentrated in vacuo to give the title compound as a
colourless oil (3.13 g, 99%).

Ry 0.39 (DCM/MeOH, 17:3).

'HNMR (400 MHz, CDCl;): § 13.40 (bs, 2H, 2 x C=C(CH;)NH), 3.49 (m, 4H, 2 x
C=C(CH;)NHCH,), 2.74 (t, 4H, J = 7, CHLNHCH,), 2.56 (s, 6H, 2 x
C=C(CH3)NH), 2.35 (s, 8H, 4 x COCH,), 1.83 (tt, 4H,J=7,7, 2 x
CH,CH,CH,), 1.50 (bs, 1H, CH,NHCHS,), 1.02 (s, 12H, 2 x C(CHs),).

BCNMR (100 MHz, CDCL:): 5 197.8 (C), 173.8 (C), 108.2 (C), 53.2 (CHy), 47.1
(CHy), 41.6 (CH,), 30.4 (C), 29.7 (CH,), 28.5 (CH), 18.2 (CHj).

FT-IR v (cm™): 2954, 2867, 2958, 1633, 1567.

LRMS (ESI): 460.4 [M+H]" (100), 919.8 [2M+H]" (18).
HRMS (ESI): Found 460.3167, CysHs N304 requires 460.3170.
HPLC 6.3 min, 100% (A = 220 nm, gradient 1).
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NN pis-1-(4,4-Dimethyl-2.6-dioxocyclohexylidene)ethyl-spermidine (99)%

Spermidine (2.14 g, 14.7 mmol) and 2-acetyldimedone (5.36 g, 29.4 mmol) were

dissolved in ethanol (100 mL) and heated at reflux for 2 hours. The solvent was removed

in vacuo and the resulting yellow oil dissolved in EtOAc (100 mL), washed with water (3

x 100 mL), dried (MgSQ4) and concentrated in vacuo to give the title compound as a
colourless oil (6.83 g, 98%).

Ry
'H NMR

Be NMR

FT-IR
LRMS
HRMS
HPLC

0.42 (DCM/MeOH, 17:3).

(400 MHz, CDCly): 8 13.44 (bs, 2H, 2 x C=C(CH;)NH), 3.48 (m, 2H,
C=C(CH;3)NHCH,), 3.41 (m, 2H, C=C(CH3;)NHCH,), 2.72 (t, 2H, J =17,
CH,NHCH,), 2.64 (t, 2H, J =7, CH,NHCH,), 2.56 (m, 6H, 2 x
C=C(CH:)NH), 2.35 (s, 8H, 4 x COCH,), 1.82 (m, 2H,
NHCH,CH,CH,NH), 1.73 (m, 2H, CH,CH,CH,), 1.58 (m, 2H,
CH,CH,CH,), 1.02 (s, 12H, 2 x C(CHs),).

(100 MHz, CDCl3): 8 198.1 (C), 173.9 (C), 108.3 (C), 53.3 (CH,), 49.7
(CH,), 47.1 (CH,), 43.7 (CHy), 41.7 (CH,), 30.5 (CH,), 30.0 (C), 28.7
(CHs), 27.8 (CH,), 27.3 (CH,), 18.3 (CHs).

v (em™): 2933, 1631, 1565, 1463, 1320.

(ESI): 474.4 [M+H]" (100), 496.4 [M+Na]" (48).

(ESI): Found 474.3319, Cy7H44N30, requires 474.3327.

6.5 min, 100% (A = 220 nm, gradient 1).
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4-Formylphenoxyallylacetate (101 )86

0O

To a mixture of 4-hydroxybenzaldehyde (10.00 g, 81.9 mmol), K1 (1.36 g, 8.2 mmol) and
K,COs (27.18 g, 196.6 mmol) in MeCN (300 mL) was added allylchloroacetate (12.12 g,

90.1 mmol) dropwise. The reaction mixture was heated at reflux for 6 hours, cooled,

filtered and the filtrate concentrated in vacuo to afford a yellow oil. The crude product

was purified by column chromatography (silica gel, eluted with hexane/EtOAc, 17:3) to

afford the title compound as a colourless o1l (17.61 g, 97%).

Ry
'H NMR

B NMR

FT-IR
LRMS

0.42 (hexane/EtOAc, 1:1).

(400 MHz, CDCL;):  9.90 (s, 1H, CHO), 7.86 (d, 2H, /=9, 2 x ArCH),
7.01(d, 2H, J=9, 2 x ArCH), 5.91 (ddt,1H, J = 18, 10.5, 6, CH=CH,),
5.34 (dd, 1H, J=18, 1, CH=CHH), 5.28 (dd, 1H, J= 10.5, 1, CH=CHH),
4.72 (s, 2H, OCH,), 4.71 (d, 2H, J = 6, CH,CH=CH,).

(100 MHz, CDCls): § 192.1 (CH), 169.2 (C), 164.0 (C), 133.4 (CH), 132.6
(CH), 132.2 (C), 120.8 (CH), 116.3 (CH,), 67.5 (CH,), 66.6 (CHy,).

v (cm™) 2833, 1755, 1687, 1598.

(ED): 220.18 [M]" (56), 135.14 (100), 105.12 (71), 77.14 (70).
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4-Hydroxymethylphenoxyallylacetate (1 02)86

OH

0
o M~

101 (17.50 g, 79.5 mmol), NaBH;CN (7.49 g, 119.0 mmol) and a trace of bromocreosol
green were dissolved in THF/water (1:1, 180 mL) and stirred at 0 °C. The reaction

mixture was maintained below pH 4.0 by the addition of conc. HCI over 2 hrs. The

reaction mixture was concentrated in vacuo, the resulting residue taken into brine (200

mL) and extracted with EtOAc (3 x 100 mL). The combined extracts were concentrated

in vacuo to afford a green oil, which was purified by column chromatography (silica gel,

eluted with hexane/EtOAc, 7:3 to 1:1) to afford the title compound as a colourless oil
(16.08 g, 91%).

Rs
'H NMR

BC NMR

FT-IR
LRMS

0.32 (hexane/EtOAc, 1:1).

(400 MHz, CDCl3): § 7.29 (d, 2H, /= 8.5,2 x ArCH), 6.89 (d,2H, J =
8.5,2x ArCH), 5.91 (ddt, 1H,/=17,10.5, 6, CH=CH,), 534 (dd, IH, /=
17,1, CH=CHH), 5.27 (dd, 1H, J=10.5, 1, CH=CHH), 4.70 (d, 2H, J = 6,
CH,CH=CH,), 4.65 (s, 2H, OCH,), 4.61 (s, 2H, OCH,).

(100 MHz, CDCl3): 8 168.9 (C), 157.7 (C), 134.6 (C), 131.7 (CH), 128.9
(CH), 119.4 (CH;), 115.1 (CH), 66.2 (CH,), 65.7 (CH,), 65.1 (CHy).

v (cm™): 3388, 1758, 1612, 1586, 1510.

(EI): 222.19 [M]" (38), 137.15 (45), 107.14 (85), 41.22 (100).
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4'-Nitrophenyl-(4-hydroxymethylphenoxvyallylacetate) carbonate ( 103)86

O\”,O@—N02
0]

0]
O O/\/

To a stirred solution of 102 (7.00 g, 31.5 mmol) and pyridine (3.05 mL, 37.8 mmol) in
DCM (70 mL) at 0 °C was added 4-nitrophenylchloroformate (7.00 g, 34.7 mmol) in

DCM (35 mL) dropwise over 20 min. The reaction was allowed to warm to room

temperature, stirred for a further hour and concentrated in vacuo. The residue was taken
into 1ce-cold HCI (1N, 100 mL) and extracted into EtOAc (2 x 100 mL). The organic
extracts were combined, washed with brine (2 x 100 mL), dried (MgSQOy) and

concentrated in vacuo to yield the title compound as a pale yellow solid (9.99 g, 82%).

Ry
'H NMR

3 NMR

FT-IR
HPLC

0.58 (hexane/EtOAc, 1:1).

(400 MHz, CDCl;): § 8.15 (d, 2H, /=9, 2 x ArCH), 7.30-7.24 (m, 4H, 4 x
ArCH), 6.83 (d, 2H,./=18.5,2 x ArCH), 5.82 (ddt, I1H, /=17, 10.5, 6,
CH=CH,), 5.27-5.10 (m, 4H, CH=CH,, OCH,), 4.62-4.55 (m, 4H, OCHo,,
CH,CH=CH,).

(100 MHz, CDCl;): & 168.5 (C), 158.6 (C), 155.7 (C), 152.6 (C), 145.5
(C), 131.5 (CH), 130.8 (CH), 127.7 (C), 125.4 (CH), 121.8 (CH), 119.3
(CHp), 115.0 (CH), 70.8 (CHy), 66.1 (CH>), 65.4 (CH,).

v (em™): 1758, 1515, 1204, 1173, 1079.

10.8 min, 100% (A = 220 nm, gradient 1).
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N N?-bis-1-(4,4-Dimethyl-2.6-dioxocyclohexylidene)ethyl-N>-(4-

{allyloxycarbonvimethoxv)phenvl-methoxycarbonyl)-norspermidine (104)

N
H
0] o~ 0O

KEj\o/\g/o\/\

= /\/\N/\/\N SN
H
(6]

98 (3.00 g, 6.5 mmol) and 103 (3.03 g, 7.8 mmol) were dissolved in DMF (20 mL) and

stirred at room temperature overnight. The reaction mixture was poured into 1M KHSO4

(100 mL) and extracted with EtOAc (3 x 100 mL). The combined organic extracts were
washed with water (5 x 100 mL), dried (MgSQ,) and concentrated in vacuo. The

resulting oily residue was purified by column chromatography (silica gel, eluted with

EtOAc then EtOAc/MeOH, 49:1) to give the title compound as a colourless oil (2.61 g,

749%).

Ry
'H NMR

3¢ NMR

FT-IR

0.20 (EtOAc/MeOH, 49:1).

(400 MHz, CDCLy): § 13.50 (bs, 2H, 2 x NH), 7.28 (d, 2H, /=9, 2 x
ArCH), 6.86 (d, 2H, /=9, 2 x ArCH), 591 (ddt, 1H, /= 17,105, 5.5,
CH=CH,), 5.33 (dd, 1H, J = 17, 1, CH=CHH), 5.26 (dd, 1H, J=10.5, 1,
CH=CHH), 5.06 (s, 2H, OCH,), 4.69 (d, 2H, J = 5.5, CH,CH=CH,), 4.65
(s, 2H, OCH,), 3.43-3.30 (m, 8H, 2 x CH,CH,CH,), 2.55-2.45 (m, 6H, 2 x
C=C(CH;)NH), 2.34 (s, 8H, 4 x CH,C(CHs),), 1.93-1.82 (m, 4H, 2 x
CH,CH,CH,), 1.01 (s, 12H, 2 x C(CHz)s).

(100 MHz, CDCLy): § 197.3 (C), 173.6 (C), 168.5 (C), 157.8 (C), 156.2
(C), 131.5 (CH), 130.2 (CH), 129.7 (C), 119.3 (CHy), 114.7 (CH), 108.0
(C), 67.2 (CH,), 66.0 (CH,), 65.3 (CH,), 53.6 (CH,), 45.1 (CH,), 44 4
(CHy), 40.7 (CH>), 30.2 (C), 28.3 (CH3), 17.9 (CHa).

v (cm™): 2955, 2859, 2958, 1758, 1636, 1570.
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LRMS (ESD): 708.2 [M+H]" (100).
HRMS (ESI): Found 708.3865, C3oHs:N;0s requires 708.3855.
HPLC 10.0 min, 100% (A = 220 nm, gradient 1).

N.NY_pis-1-(4,4-Dimethyl-2,6-dioxocyclohexylidene)ethyl-N>-(4-

(allyloxvcarbonyimethoxy)phenyl-methoxycarbonyl}-spermidine (105)

(0]
Q H
Z N/\/\N/\/\/N /
H o)
0] 07 0
0]

99 (3.08 g, 6.5 mmol) and 103 (3.03 g, 7.8 mmol) were reacted as above. The resulting
oily residue was purified by column chromatography (silica gel, eluted with EtOAc then
EtOAc/MeOH, 49:1) to yield the title compound as a colourless oil (3.03 g, 84%).

R; 0.23 (EtOAc/MeOH, 49:1).

IJHNMR (400 MHz, CDCL): & 13.52-13.41 (m, 2H, 2 x NH), 7.28 (d, 2H, /=9, 2 x
ArCH), 6.88 (d, 2H, /=9, 2 x ArCH), 5.92 (ddt, 1H, /= 17.5, 10.5, 6,
CH=CH,), 5.34 (dd, 1H, J=17.5, 1, CH=CHH), 5.27 (dd, 1H, J=10.5, 1,
CH=CHH), 5.06 (s, 2H, OCH,), 4.71 (d, 2H, J = 6, CH,CH=CH,), 4.66 (s,
2H, OCHy), 3.48-3.22 (m, 8H, 2 x NHCH,, CH,N(CO;)CHy), 2.58-2.41
(m, 6H, 2 x C=C(CH3)NH), 2.35 (s, 8H, 4 x CH,C(CHs),), 1.98-1.84 (m,
2H, NHCH,CH,CH,NH), 1.70-1.59 (m, 4H, CH;CH,CH>CHy), 1.02 (s,
12H, 2 x C(CHs)y).

BCNMR (100 MHz, CDCL): § 1972 (C), 173.9 (C), 168.9 (C), 158.2 (C), 156.6
(C), 131.8 (CH), 130.4 (CH), 130.2 (C), 119.5 (CH,), 115.1 (CH), 108.4
(C), 67.4 (CHy), 66.3 (CHy), 65.7 (CHy), 53.9 (CHy), 52.6 (CHy), 47.2
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(CH,), 45.4 (CH,), 43.3 (CH,), 41.4 (CHy), 30.5 (C), 28.7 (CHs), 26.6
(CHy), 18.3 (CHs).

FT-IR v (ecm™): 2955, 1758, 1695, 1635, 1570.

LRMS (ESI): 722.5 [M+H]" (100), 744.5 [M+Na]" (100).
HRMS (ESI): Found 744.3830, C4HssN3OgNa requires 744.3830.
HPLC 10.4 min, 100% (A = 220 nm, gradient 1).

N . N-bis-1-(4.4-Dimethyl-2,6-dioxocyclohexvlidene)ethyl-N°-4-((carboxy-
methyl)phenyl-methoxv-carbonyl)-norspermidine (106)

0] 0]
Z N/\/\N/\/\N X
H H
(0] O (0] 0]
kE)\C)/\H/OH
0]

A solution of 104 (2.40 g, 3.4 mmol) in DCM/THF (1:1, 21 mL) was purged with N, for
1 hour. Thiosalicylic acid (1.05 g, 6.8 mmol) and Pd(PPhs), (0.39 g, 0.3 mmol) were
added and the reaction mixture stirred at room temperature for 2 hours. Solvent was
removed in vacuo and the resulting oily residue purified by column chromatography
(sihica gel, eluted with EtOAc then EtOAc/MeOH, 3:2) to yield the title compound as a
colourless oil (1.59 g, 70%).

Ry 0.18 (EtOAc/MeOH, 2:1).

'HNMR (400 MHz, CDCls): & 13.40 (bs, 2H, 2 x NH), 7.30 (d, 2H, J=8.5,2 x
ArCH), 6.88 (d, 2H, J = 8.5, 2 x ArCH), 5.08 (s, 2H, OCLL), 4.67 (s, 2H,
OCH,), 3.43-25 (m, 8H, 2 x CH,CH,CH,), 2.52-2.33 (m, 14H, 2 x
C=C(CH;)NH, 4 x CH,C(CHs),), 1.96-1.80 (m, 4H, 2 x CH,CH,CH,),
1.03 (s, 12H, 2 x C(CHs )»).
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BCNMR (100 MHz, CDCly): § 197.3 (C), 172.8 (C), 169.8 (C), 156.9 (C), 155.8
(C), 129.3 (CH), 128.7 (C), 113.6 (CH), 107.0 (C), 66.0 (CHy), 65.2
(CHy), 51.7 (CH,), 42.0 (CHy), 40.1 (CHy), 29.1 (C), 27.2 (CHz), 25.2
(CH,), 16.9 (CH3).

FT-IR v (cm™): 2950, 1692, 1561.

LRMS (ESI): 668.5 [M+H]" (100), 690.5 [M+Na]" (40).
HRMS (ESI): Found 668.3563, C36HsoN3Oy requires 668.3542.
HPLC 8.5 min, 100% (A = 220 nm, gradient 1).

NN bis-1-(4,4-Dimethyl-2,6-dioxocyclohexylidene)ethyl-N>-4-((carboxy-
methyl)phenyl-methoxy-carbonyl))-spermidine (167)

0 o
> N/\/\N/\/\/N Z
H 0
O O O
H©\O/\n/0H
O

The allyl ester was removed from 105 (2.80g, 3.9 mmol) in an identical manner to the
preparation of 106 described above to give the title compound as a colourless oil (2.09 g,
79%).

Ry 0.22 (EtOAc/MeOH, 2:1).

'THNMR (400 MHz, CDCL): & 13.38 (bs, 2H, 2 x NH), 7.29 (d, 2H, J=8.5, 2 x
ArCH), 6.88 (d, 2H, J = 8.5, 2 x ArCH), 5.06 (s, 2H, OCH,), 4.67 (s, 2H,
OCHy), 3.49-3.20 (m, 8H, 2 x NHCH,, CH,N(CO,)CH,), 2.57-2.28 (m,
14H, 2 x C=C(CH3)NH, 4 x CH,C(CH;),), 1.95-1.79 (m, 2H,
NHCH,CH,CH,NH), 1.70-1.52 (m, 4H, NHCH,CH,CH,CH,NH), 1.03 (s,
12H, 2 x C(CHs),).
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BCNMR (100 MHz, CDCly): 8 199.0 (C), 174.9 (C), 171.1 (C), 157.9 (C), 157.0
(C), 130.2 (CH), 129.6 (C), 114.8 (CH), 107.8 (C), 67.2 (CHy), 65.2
(CH,), 51.9 (CHy), 46.4 (CH,), 43.5 (CHy), 41.6 (CH,), 41.3 (CHy), 30.3
(C), 28.2 (CHy), 28.1 (CH,), 28.0 (CHs), 26.0 (CH,), 16.6 (CHy).

FT-IR v (em™): 2957, 1692, 1631, 1568.

LRMS (ESI): 682.5 [M+H]" (38), 704.5 [M+Na]" (100).

HRMS (ESI): Found 704.3497, C37Hs5;N309Na requires 704.3517.
HPLC 8.7 min, 100% (A = 220 nm, gradient 1).

Polymer supported N’,Ng -bis-1-(4,4-dimethvl-2.6-dioxocyvclohexvlidene)ethyl-

norspermidine (108)

106 (1.50 g, 2.3 mmol) was coupled to aminomethyl-polystyrene resin (1% DVB cross-
linked, 1.11 mmol/g, 1.35 g, 1.5 mmol, general procedure A with the exceptions that 1.5
eq. of reagents were used and the reaction was carried out overnight). A small portion of
resin was treated according to general procedure B to remove the Dde groups and
loading, measured by a quantitative ninhydrin test, determined to be 1.32 mmol/g of

amine (equivalent to 0.66 mmol/g of norspermidine).

FT-IR v (cm™): 2928, 1697, 1637, 1573, 1452.

106




Polymer supported NN bis-1-(4.4-dimethyl-2.6-dioxocvclohexylidene)ethyl-

spermidine {109)

0] HO
S N/\/\N/\/\/N .
H 0]
0] 0O~ 0O
e
O/\“/N @
0]

107 (1.95 g, 2.9 mmol) was coupled to aminomethyl-polystyrene resin (1% DVB cross-
linked, 1.11 mmol/g, 1.72 g, 1.9 mmol) in an identical manner to the preparation of 108
described above. A small portion of resin was treated according to general procedure B to
remove the Dde groups and loading, measured by quantitative ninhydrin test, determined

to be 1.24 mmol/g of amine (equivalent to 0.62 mmol/g of spermidine).

FT-IR v (cm™): 2929, 1697, 1637, 1573, 1453.

NI,N9 -bis-(L-Tryptophanyl-L-arginyD-norspermidine (110), N-L-tryptophanyl-L-

arginvl—N9 -L-tryptophanvl-L-arginy}(2,2.5.7.8-pentamethvichroman-6-
sulfonamide)-norspermidine {111), Nl,N9 -bis-(L-tryptophanvyl-L-arginvl(2,2.5,7,8-

pentamethvlchroman-6-sulfonamide))-norspermidine (112)

The Dde groups of resin 108 (0.60 g, 0.4 mmol) were removed (general procedure B) and
Fmoc-Arg(Pmc)-OH was coupled to the resulting amine-resin (general procedure A). The
Fmoc group was then removed (general procedure C) and Boc-Trp(Boc)-OH was
coupled to the resulting amine-resin (general procedure A). Cleavage from the resin was
accomplished (general procedure J) and the desired compounds were purified as their
TFA salts by semi-prep HPLC.
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NI,N9 -bis-(L-Tryptophanyl-L-arginvl)-norspermidine (110)

NH

N __NH
H O 0y
HoN N\;/U\N/\/\N/\/\N N\r(\NHz
z H H H
o} \L o}
by

HNZ “NH, HNZ “NH,

Semi-prep HPLC R; = 22.4 min (gradient 3), yield = 25 mg, 7%.

'H NMR

B NMR

LRMS
HRMS
HPLC

(400 MHz, CD;0D): § 7.71 (d, 2H,/=7.5,2 x AtCH), 744 (d,2H, /=
7.5,2 x ArCH), 7.30 (s, 2H, 2 x ArCH), 7.19 (t, 2H, /= 7.5, 2 x ArCH),
7.11 (t,2H, J=7.5,2 x ArCH), 4.36-4.27 (m, 4H, 2 x Arg aCH, 2 x Trp
aCH), 3.50 (dd, 2H, J = 15, 6, 2 x Trp CHH), 3.40-3.17 (m, 10H, 2 x Trp
BCHH, 2 x Arg 8CH,, 2 x CONHCHo,), 2.99-2.93 (m, 4H, CH,NHCH,),
1.94-1.59 (m, 12H, 2 x Arg BCH,, 2 x Arg yCH,, 2 x
NHCH,CH,CH,NH).

(100 MHz, CD;0D): 6 173.9 (C), 170.2 (C), 158.5 (C), 138.0 (C), 128.1
(©), 125.5 (CH), 122.8 (CH), 120.2 (CH), 119.0 (CH), 112.5 (CH), 107.7
(C), 54.6 (CH), 54.5 (CH), 46.2 (CH,), 41.7 (CH,), 36.9 (CH,), 30.0
(CHy), 28.5 (CH,), 27.2 (CH,), 26.1 (CH,).

(ESI): 816.5 [M+H]" (100).

(ESI): Found 816.5103, C4oHeN;504 requires 816.5103.

11.8 min, 100% (A = 220 nm, gradient 2).
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N'-L-Tryptophanyl-L-arginyl(2,2.5,7 ,8-pentamethylchroman-6-sulfonamide)-N’-L-

tryptophanyl-L-arsinyl-norspermidine (111)

NH
~_NH —
H H =
N
HoN \i/U\N/\/\N/\\/\N N\n/\NH2
o) :\LH H H 0
NH o NH
2
HN)\N’S HN)\NHZ
H

Semi-prep HPLC R; = 33.8 min (gradient 3), yield = 23 mg, 5%.

'H NMR

BecNMR

LRMS

(400 MHz, CD;0D): § 7.67 (d, 2H, J = 7.5, 2 x ArCH), 7.40 (d, 2H, J =
7.5,2 x ArCH), 7.26 (s, 2H, 2 x ArCH), 7.15 (t, 2H, J = 7.5, 2 x ArCH),
7.06 (t, 2H, J = 7.5, 2 x ArCH), 4.40 (bs, 1H, Arg aCH), 4.33-4.22 (m,
3H, Arg aCH, 2 x Trp aCH), 3.50-3.42 (m, 2H, 2 x Trp BCHH), 3.31-
3.11 (m, 10H, 2 x CONHCHo, 2 x Trp BCHH, 2 x Arg 8CH,), 2.98-2.92
(m, 4H, CH,NHCH,), 2.65 (t, 2H, J = 6.5, ArCH,), 2.59 (s, 3H, ArCH;),
2.57 (s, 3H, ArCHs), 2.11 (s, 3H, ArCHs), 1.90-1.54 (m, 14H, 2 x Arg
BCH,, 2 x Arg yYCH,, 2 x NHCH,CH,CH,NH, ArCH,CH,), 1.31 (s, 6H,
C(CHs)y).

(100 MHz, CD;0D): § 174.5 (C), 174.2 (C), 170.4 (C), 170.1(C), 158 7
(C), 154.9 (C), 138.2 (C), 136.6 (C), 136.2 (C), 134.3 (C), 128.3 (C),
125.7 (CH), 125.1 (C), 123.0 (CH), 120.4 (CH), 119.5 (C), 119.2 (CH),
112.6 (CH), 107.9 (C), 74.9 (C), 54.8 (CH), 54.5 (CH), 46.5 (CH,), 46.5
(CH,), 41.9 (CHy), 37.1 (CHy), 33.7 (CH,), 30.3 (CHy), 30.2 (CHy), 28.7
(CH,), 27.4 (CH,), 27.4 (CHy), 26.9 (CHs), 26.3 (CHy), 22.3 (CHy), 19.0
(CHs), 17.9 (CHz), 12.3 (CHa).

(ESID): 542.2 [M+2H]** (100), 1082.9 [M+H]" (13).
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HPLC 14.2 min, 100% (A = 220 nm, gradient 2).

N‘,N9 -bis-(L-Tryptophanyl-L-arsinvl(2.2.5,7.8-pentamethylchroman-6-

sulfonamide))-norspermidine (112)

/g\)]\N/\/\NA\/\NJ\(L\ﬂ/\NHz

Semi-prep HPLC R; = 43.5 min (gradient 3), yield = 28 mg, 5%.

'H NMR (400 MHz, CD;0D): 8 7.63 (d, 2H, /=8, 2 x ArCH), 7.36 (d, 2H, /=8, 2
x ArCH), 7.23 (s, 2H, 2 x ArCH), 7.11 (t, 2H, /=8, 2 x ArCH), 7.03 (t,
2H, J =38, 2 x ArCH), 4.39 (bs, 2H, 2 x Arg aCH), 4.22 (m, 2H, 2 x Trp
aCH), 3.43 (dd, 2H, /=15, 6, 2 x Trp BCHH), 3.33-3.16 (m, 8H, 2 x Trp
BCHH, 2 x Arg 3CHH, 2 x CONHCH,), 3.13-3.07 (m, 2H, 2 x Arg
6CHH), 2.98-2.94 (m, 4H, CH,NHCH,), 2.62 (t,4H, /=6.5,2 x
ArCH,CHj), 2.56 (s, 6H, 2 x ArCHjs), 2.54 (s, 6H, 2 x ArCHj;), 2.08 (s,
6H, 2 x ArCHs;), 1.90-1.75 (m, 10H, 2 x NHCH,CH,CH,NH, 2 x
ArCH,CH,, 2 x Arg BCHH), 1.74-1.63 (m, 2H, 2 x Arg BCHH), 1.60-
1.51 (m, 4H, 2 x Arg yCH,), 1.29 (s, 12H, 2 x C(CHs).).

BC NMR (100 MHz, CD;0D): 6 174.4 (C), 170.2 (C),158.2 (C), 155.0 (C), 138.2
(C), 136.5 (C), 136.1 (C), 134.3 (C), 128.4 (C), 125.7 (CH), 125.2 (O),

122.9 (CH), 120.4 (CH), 119.5 (C), 119.2 (CH), 112.6 (CH), 107.9 (C),
75.0 (C), 54.8 (CH), 54.5 (CH), 46.6 (CHy), 37.1 (CHy), 33.7 (CHy), 30.3
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(CH,), 28.8 (CH,), 27.5 (CHy), 26.9 (CH3), 22.4 (CH,), 19.1 (CH3), 18.0
(CHs), 12.3 (CH3).

LRMS (ESI): 675.4 [M+2H]*" (100), 1349.0 [M+H]" (22).

HPLC 16.2 min, 100% (A =220 nm, gradient 2).

Nortrypanothione disulfide (115)'%®

COH 4 O H

l NH
0 S g 0
HQNMN N\/lLN
coH H 0 H

The Dde groups of resin 108 (0.60 g, 0.4 mmol) were removed (general procedure B) and
Fmoc-Gly-OH was coupled to the resulting amine-resin (general procedure A with the
exception that DMF was used as solvent). The Fmoc group was removed (general
procedure C) and Fmoc-Cys(Trt)-OH coupled to the resulting amine-resin (general
procedure A). The Fmoc group was removed (general procedure C) and Boc-Glu-O'Bu
coupled to the resulting amine-resin (general procedure A), trityl deprotection and
disulfide-bond formation accomplished (general procedure D) and cleavage from the
resin achieved (general procedure I). The desired compound was purified as the TFA salt

by semi-prep HPLC.

Semi-prep HPLC R, = 16.1 min (gradient 4), yield = 38 mg, 12%.

"H NMR (400 MHz, D,0): & 4.92-4.86 (m, 2H, 2 x Cys aCH), 4.18-3.95 (m, 6H, 2
x Gly aCH,, 2 x Glu aCH), 3.56-3.43 (m, 4H, 2 x CONHCH,CH,), 3.40
(dd,2H,J= 14,6, 2 x Cys BCHH), 3.25 (dd, 2H, /= 14, 6, 2 x Cys
BCHH), 3.20-3.13 (m, 4H, CH,NHCH,), 2.80-2.65 (m, 4H, 2 x Glu




yCH,), 2.42-2.30 (m, 4H, 2 x Glu BCH,), 2.11-2.00 (m, 4H, 2 x
CH,CH,CH,).

BCNMR (100 MHz, D;0): § 181.7 (C), 175.0 (C), 173.1 (C), 172.0 (C), 53.2 (CH),
52.9 (CH), 43.3 (CH,), 38.3 (CHy), 36.4 (CHy), 31.3 (CHy), 26.0 (CHy),

26.0 (CHy), 25.9 (CH,).
LRMS (ESI): 730.4 [M+Na]" (100), 708.4 [M+H]" (5).
HPLC 8.1 min, 100% (A = 220 nm, gradient 2).

Trypanothione disulﬁdeil3)lo8

COH 4

Q H
N ”'ff/\(”\/u\Nﬁ,/N\/\
o) S H o NH

~
!

o ¢°4 o
HQN\(\)LN N A
H H

CO.H 0

The title compound was prepared from resin 109 (0.50 g, 0.3 mmol) in an identical
manner to the preparation of 115. The desired compound was purified as the TFA salt by
semi-prep HPLC.

Semi-prep HPLC R; = 17.2 min (gradient 4), yield = 16 mg, 5%.

'HNMR (400 MHz, D,0): § 4.92-4.85 (m, 2H, 2 x Cys aCH), 4.15-4.05 (m, 4H, 2
x Gly aCHH, 2 x Glu aCH), 4.00 (dd, 1H, J = 16.5, 7, 2 x Gly aCHH),
3.56-3.39 (m, 6H, 2 x Cys BCHH, 2 x CONHCH,CH,), 3.27-3.15 (m, 6H,
2 x Cys BCHH, CH,NHCH,), 2.81-2.65 (m, 4H, 2 x Glu yCHy), 2.41-2.33
(m, 4H, 2 x Glu BCH,), 2.06 (m, 2H, NHCH,CH,CH,NH), 1.89-1.72 (m,
4H, NHCH,CH,CH,CH,).

BCNMR (100 MHz, D,0): § 175.0 (C), 173.2 (C), 172.2 (C), 171.6 (C), 53.0 (CH),
52.8 (CH), 47.6 (CHy), 45.0 (CI,), 43.5 (CHy), 43.4 (CH,), 38.6 (CHa),
38.1 (CH,), 36.0 (CHy), 31.2 (CHy), 26.0 (CH,), 25.8 (CH,), 23.2 (CHy).
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LRMS (ESI): 722.5 [M+H]" (100).
HPLC 8.9 min, 100% (A =220 nm, gradient 2).

N-Benzvloxvcarbonylelyeyl-3-dimethylaminopropylamide ( 117)39

0] H I

/U\ N\/\/N
0] N ~
SRER

To a stirred solution of DCC (0.99 g, 4.8 mmol) in THF (15 mL) was added N-
benzyloxycarbonylglycine (2.00 g, 9.6 mmol) and the resulting solution stirred at room
temperature for 1 hour. The reaction mixture was filtered to remove the resulting white
precipitate and to the filtrate was added 3-dimethylaminopropylamine (0.60 mL, 4.8
mmol) and the solution stirred at room temperature overnight. The solvent was removed
in vacuo and the oily residue purified by column chromatography (alumina, eluted with
EtOAc then EtOAc/MeOH, 4:1) to yield the title compound as a white solid (1.87 g,
67%).

Mpt 45-47 °C (lit = 46-48 °C).

R 0.78 (CHCl3/MeOH/conc. ammonium hydroxide, 6:3:1).

"THNMR  (CD;OD, 400 MHz): § 7.39 (m, 5H, 5 x ArCH), 5.15 (s, 2H, CO,CH,),
3.79 (s, 2H, NHCH,CO), 3.31 (m, 2H, NHCH,CH,), 2.71 (t, 2H, J= 7.5,
N(CH;);CH>), 2.52 (s, 6H, N(CHs),), 1.82 (tt, 2H, /= 7.5, 7.5
CH,CH,CHy).

BCNMR  (CD;OD, 100 MHz): § 172.7 (C), 159.1 (C), 138.1 (C), 129.5 (CH), 129.1
(CH), 128.9 (CH), 67.8 (CHy), 57.4 (CH,), 45.0 (CH,), 44.6 (CH3), 37.9
(CH,), 27.1 (CH,).

FT-IR (v, em™): 3280, 1713, 1662, 1455, 1241.

LR-MS (ESI): 294.1 [M+H]" (100), 316.1 [M-+Na]" (48).
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lecine—3-dimethvlaminopropvlamide3 ?

H I
HZN/\ﬂ/N\/\/N\
0

N, was bubbled through a solution of 117 (0.50 g, 1.7 mmol) in EtOH (5 mL) for 30 min.
10% Pd/charcoal (24 mg, 0.2 mmol) was added and the reaction mixture stirred under H,
overnight. The reaction mixture was filtered through celite and the filtrate concentrated in

vacuo to give the title compound as a colourless oil (0.26 g, 95%).

Re 0.51 (CHCI3/MeOH/conc. ammonium hydroxide, 6:3:1).

'THNMR  (CD;OD, 400 MHz): 8 3.30 (m, 4H, NH,CH,, NHCH,), 2.56 (t, 2H, J =
7.5, (CH3),NCH,), 2.42 (s, 6H, N(CHa),), 1.79 (1, 2H, J=7.5, 7.5,
CH,CH,CH,).

BCNMR  (CD;OD, 100 MHz): 8 172.8 (C), 57.7 (CH,), 45.0 (CH;), 44.5 (CHy),
38.1 (CHy), 27.7 (CHa).

FT-IR (v, cm™): 3288, 1650, 1548, 1463.

LR-MS (ESI): 182.1 [M+Na]™ (100), 160.1 [M+H]" (57).

N-Benzyloxycarbonvl-L-cysteinylglycine-3-dimethylaminopropyvlamide disulfide

14y’

I
@v N/\[(N\/\/N
O

~

.S
0 S y O
OJ\N N\/U\N/\/\N/
H 5 H l
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To a stirred solution of glycine-3-dimethylaminopropylamide (0.20 g, 1.3 mmol), N ,N’-
benzyloxycarbonyl-L-cysteine disulfide (0.32 g, 0.6 mmol) and HOBt (0.17 g, 1.2 mmol)
in DMF (2 mL) at 0 °C was added DIC (188 pul, 1.2 mmol). The reaction mixture was
stirred at room temperature overnight and concentrated iz vacuo to yield a colourless oil,
which was purified by column chromatography (alumina, eluted with DCM/MeOH, 6:1)
to give the title compound as a white solid (0.24 g, 38%).

Mpt 124-126 °C (lit = 126-128 °C).

Ry 0.55 (nBuOH/ H,0O/Ac-OH, 5:3:2).

'"HNMR  (CD;OD, 400 MHz): & 7.46-7.27 (m, 10H, 10 x ArCH), 5.18 (s, 4H, 2 x
ArCH,), 4.58-4.46 (m, 2H, 2 x Cys aCH), 3.97-3.78 (m, 4H, 2 x Gly
aCH,), 3.35-3.24 (m, 6H, 2 x Cys BCHH, 2 x NHCH,CH,), 3.09-2.99 (m,
2H, 2 x Cys BCHH), 2.80-2.72 (m, 4H, 2 x CH,N(CHs),), 2.59 (s, 12H, 2
x N(CHz),), 1.90-1.73 (m, 4H, 2 x CH,CH,CH,).

BCNMR  (CD;0OD, 100 MHz): 8 173.5 (C), 171.8 (C), 158.7 (C), 138.0 (C), 129.5
(CH), 129.1 (CH), 128.7 (CH), 68.0 (CH,), 57.2 (CH,), 56.0 (CH), 44.5
(CHs), 43.9 (CH,), 41.2 (CHy), 37.7 (CH,), 26.9 (CH,).

LR-MS (ESI): 396.5 [M+2H]*" (100).

Preparation and Purification of T. Cruzi Trypanothione Reductase

£. Coli (DE3) cells (transformed with pIBITczTR, containing the 7. Cruzi TR gene and

an ampicillin resistance marker) were plated out on 2 x TY media containing ampicillin
(100 mM) and grown overnight at 37 °C. 2 x TY media (100 mL) containing ampicillin
(100 mM) was inoculated with a single colony of cells and grown overnight at 37 °C. 2 x
TY media (4 x 1.25 L) containing ampicillin (100 mM) was inoculated with the cell
culture (4 x 12.5 mL) and grown at 37 °C. The optical density of the cultures was
monitored at 600 nm against a media blank to determine when cell growth reached the
end of log-phase. IPTG (4 x 0.63 mmol) was added to the cultures after 2.25 hrs and the
cultures grown at 37 °C for a further 2.25 hrs, by which time cell growth, as determined
by optical density, had begun to slow. The culture was cooled to 4 °C and the cells

harvested by centrifugation (12 K RPM, 8 min) to give 20.42 g of cells that were frozen
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at —80 °C. The frozen cells were resuspended in phosphate buffer (60 mL) with the
addition of lysozyme solution (600 pL, 10 mg/mL). The cells were lysed by sonication
on ice (20 x 30 s) and the protein concentration determined to be 20 mg/mlL by Bradford
assay. PEI (2 mL, 5% aqueous solution) was added to precipitate the DNA and the
mixture centrifuged twice (12 K RPM, 30 min, then 17 K RPM, 30 min). The resulting
clear supernatant (65 mL) was initially purified by ammonium sulfate precipitation, with
the careful addition of ammonium sulfate in three portions (7.4 g, 20% saturation, 8.0 g,
40% saturation, 8.5 g, 60% saturation) over 3 x 45 min at 4 °C. The precipitate from each
cut was collected by centrifugation (10 K RPM, 10 min) and resuspended in phosphate
buffer (10 mL each). Following SDS-PAGE analysis (Figure 78), the 0-20% cut was
discarded and the 20-40 and 40-60% cuts dialysed against phosphate buffer (1 L, 2 x 30
min, 1 x 2 hr, 1 x 12 hr).

Figure 78: 15% SDS-PAGE gel of the (1) 20-60% and (2) 0-20% ammonium sulfate

cuts with molecular weight markers (M).

The two samples were combined, diluted to a total volume of 90 mL and purified by
affinity column chromatography (2',5'-ADP sepharose 4B, Amersham Pharmacia
Biotech). The crude protein was loaded onto the column at a flow rate of 3.5 mL/min, the

column washed with phosphate buffer (100 mL) before a salt gradient elution (0-0.5 M
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KCl over 150 mL) with 5.25 mL fractions collected. Fractions with a protein
concentration greater than 0.1 mg/mL were analysed by SDS-PAGE.

TR was observed to be the major species, with a number of small impurities also
apparent, in fractions 11-29 which were combined and concentrated to a total volume of
10 mL using an Amicon concentrator (30 KDa MWCO), dialysed against phosphate
buffer (1 L, 2 x 30 min, 1 x 2 hr, 1 x 12 hr) and diluted to a total volume of 90 mL. The
crude protein was loaded onto an ion-exchange column (DEAE sephacel, Amersham
Pharmacia Biotech) at 2 mL/min and the column washed with phosphate buffer (150 mL)
before salt gradient elution (0-1 M KCl over 150 mL) with 6 mL fractions collected. TR
did not bind to the column but eluted in the flow through and wash.

The flow through and wash fractions were combined and concentrated as before to give a
total volume of 10 mL and protein concentration (determined by Bradford assay and UV
absorbance at 458 nm, g453 for FAD = 11.2 mMem™)** was 1 mg/mL, giving a total

recovery of 10 mg of protein.

Determination of Kinetic Parameters of Substrates and TR

Initial rates of reaction were recorded at 340 nm in assays of a total volume of 1 mL
which contained ammonium acetate buffer (50 mM NH4OAc, pH 7.5), EDTA (1 mM),
TR (2 nM), NADPH (100 uM) and various known concentrations of trypanothione
disulfide 13 (10-200 pM). The K, was determined to be 55 +/- 5 uM (lit = 50 uM).*

[Substrate] (uM) | v (AAsec™ x 10%)
10 1.048
20 2.144
40 3.291
80 4.950
120 5.562
160 5.999
200 6.136

Table 5: Initial rate data for trypanothione disulfide 13 K, determination.
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K., for alternative substrate 14 was determined in an identical manner as for
trypanothione except a concentration of TR of 1 nM was used. A value of 27 +/- 3 uM
was obtained (lit = 24 pM).”

[Substrate] (uM) | v (AAsec™ x 10%
10 0.756
25 1.113
50 1.400
75 1.811
100 1.968
150 2.092
200 2.047

Table 6: Initial rate data for alternative substrate 14 K, determination.

K for nortrypanothione 115 was determined to be 17 +/- 1 uM in an identical manner as

for alternative substrate 14 (lit = 28 pM).*’

[Substrate] (UM) | v (AAsec™ x 10%)
10 0.982
20 1.377
40 1.764
80 2.053
120 2.221
160 2.350

Table 7: Initial rate data for nortrypanothione disulfide 115 K, determination.

Enzymatic Assays with Nortrypanothione as Variable Substrate

Kinetic analysis were performed in assays of a total volume of 1 mL which contained
ammonium acetate buffer (50 mM NH4OAc, pH 7.5), EDTA (1 mM), NADPH
(100 uM), TR (2 nM) and various known concentrations of nortrypanothione disulfide.
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Initial rates were recorded at 340 nm at inhibitor concentrations estimated to be 0.5, 1 and

2 K.

[Substrate] (uM) | v (AAsec™ x 10%) at specified [Inhibitor]

0 8uM | 16uM | 32uM

5 0.842 | 0.541 | 0377 | 0233

12 1.898 | 1.058 | 0.767 | 0.527

19 2572 | 1556 | 1.097 | 0.681

26 3.104 | 2117 | 1413 0.872

33 3520 | 2343 | 1.814 1.110

40 3.942 | 2595 | 1.853 1.285

Vi 7532 | 6344 | 5102 | 4.400

“value obtained from Grafit non-linear regression analysis

Table 8: Initial rate data for N',N°-bis-(L-tryptophanyl-L-arginyl)-norspermidine (110).

[Substrate] (uM) | v (AAsec™ x 10%) at specified [Inhibitor]
0 50nM | 100nM | 200 oM

5 1.173 | 0969 | 0.753 0.528

12 2.021 | 1.875 | 1.599 1.162

19 2.768 | 2.307 | 1.776 1.277

26 3.001 | 2.799 | 2223 1.564

33 3.404 | 2958 | 2245 1.660

40 3511 | 3.046 | 2.564 1.831

Vinax 5241 | 4.424 | 3528 2.676

Table 9: Initial rate data for N'-L-tryptophanyl-L-arginyl(2,2,5,7 8-pentamethylchroman-
6-sulfonamide)-N’-L-tryptophanyl-L-arginyl-norspermidine (111).
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[Substrate] (uM) | v (AAsec x 10°) at specified [Inhibitor]
0 125nM | 250 nM | 500 nM

5 1.055 | 0.589 0.381 0.266

12 2.226 1.155 0.626 0.544

19 2.679 1.394 0913 0.700

26 3.100 1.683 1.132 0.768

33 3.221 1.970 1.280 0.954

40 3.481 1.861 1.384 1.101

Vinax 5.068 | 2.866 2.593 1.966

Table 10: Initial rate data for N',N’-bis-(L-tryptophanyl-L-arginyl(2,2,5,7,8-

pentamethylchroman-6-sulfonamide))-norspermidine (112).

Enzymatic Analysis with NADPH as Variable Substrate

Kinetic analysis was performed in assays of a total volume of 1 mL which contained
ammonium acetate buffer (50 mM NH4OAc, pH 7.5), EDTA (1 mM), alternative
substrate 14 (300 uM), TR (2 nM) and various known concentrations of NADPH. Initial

rates were recorded by monitoring of the fluorescence of NADPH (A = 340 nm, Ay, =

460 nm) at inhibitor concentrations estimated to be 0.5, 1 and 2 K.
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[Substrate] (uM) | v (AFs™) at specified [Inhibitor]
0 | 50nM | 100 nM | 200 nM
0.10 0.141 | 0.105 | 0.063 | 0.039
0.28 0317 | 0.188 | 0.128 | 0.073
0.46 0.429 | 0260 | 0.183 | 0.114
0.64 0.517 | 0.353 | 0.236 | 0.146
0.82 0.587 | 0391 | 0302 | 0.185
1.00 0.657 | 0422 | 0309 | 0.214
Vinas 1.220 | 0.782 | 0.732 | 0.795

Table 11: Initial rate data for N'-L-tryptophanyl-L-arginyl(2,2,5,7,8-
pentamethylchroman-6-sulfonamide)-V’-L-tryptophanyl-L-arginyl-norspermidine (111)
with NADPH as variable substrate.

Assay against Glutamate Dehydrogenase

Kinetic analyses were performed in assays of a total volume of 1 mL which contained
sodium phosphate buffer (100 mM NaH,PO,, pH 7.5), EDTA (1 mM), NADPH (100
uM), a-ketogluarate (250 uM), NH4Cl (50 mM) and glutamate dehydrogenase (10 uM).
Initial rates were recorded at 340 nm at a inhibitor concentrations of 100 uM. Data were

collected in triplicate and compared to a control containing no inhibitor to determine the
% inhibition. No inhibition was observed with 110-112 or with 131-142.

Effect of Enzyme Concentration

Kinetic analyses were performed in assays of a total volume of 1 mL which contained
ammonium acetate buffer (50 mM NH4OAc, pH 7.5), EDTA (1 mM), NADPH

(100 uM), TR (1.1 or 11 nM) and nortrypanothione disulfide (30 uM). Initial rates were
recorded at 340 nm at inhibitor concentrations of 125, 250 and 500 nM. Data were

collected in triplicate and compared to a control containing no inhibitor to determine the
% inhibition (Table 14)
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[TR] (nM) | [111] (nM) | v (AAsec™ x 10%) | v control (AAsec™ x 10°) | % Inhibition
1.1 125 0.344 0.484 29
1.1 250 0.319 0.484 44
1.1 500 0.232 0.484 52
11 125 2.499 4.235 41
11 250 1.948 4.235 54
11 500 1.440 4.235 66

Table 12: Initial rate data from aggregation inhibition investigation.

Gel Filtration Chromatography Studies

Gel filtration studies were performed on a Gilson HPLC system (234 autoinjector, 321
pump, 155 UV/Vis detector) equipped with a Sephadex G-200 column (Amersham
Pharmacia Biotech), eluted with. 50 mM Na;PO,/150 mM NaCl pH 7.0 buffer at a flow
rate of 0.5 mL/min with UV detection at 220 and 280 nm. A calibration curve was
generated by plotting Log;oM; against retention time with 6 standard proteins (4 mg/mlL,
20 ul, Table 13 and Figure 79). The calibration curve in the absence of 111 gave an R?
value 0of 0.98. TR (1 mg/mL, 20 ul) was analysed and had a retention time of 25.0 min,
equating to a M; of 103.0 kDa. The column was then equilibrated with buffer containing
111 (10 uM) and the calibration curve regenerated. The calibration curve in the presence
of 111 gave an R” value of 0.97. TR (1 mg/mL, 20 pL) and 111 (10 uM), incubated at
room temperature for 30 min, had a retention time of 24.7 min, equating to a M; of 105.3
kDa.
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Sample M; (kDa) LogioMWt | R; (min) R: (min)

+111 (10 uM)
horse myoglobin 17 4.230 323 323
carbonic anhydrase 29 4.462 30.8 30.6
chicken egg albumin 43 4.633 28.2 26.9
bovine serum albumin 66 4.820 252 25.2
B-amylase 200 5.301 219 220
blue dextran 2000 6.301 14.6 14.6

Table 13: Retention time of gel filtration standards in presence and absence of 111.

(a) (b)
6.5 6.5
] Log, M, =-0.11378R, + 7.85911 -l Log, M, =-0.11575R, + 7.8825

6.0 6.0

= 554 = 55

=) o

S S
5.0 5.0
4.5 4.5
4-0 T T T 4 T T T T T T 1 4~0 T T T T T T T T T T 1

14 16 18 20 22 24 26 28 30 32 34 14 16 18 20 22 24 26 28 30 32 34
Retention time (min) Retention time (min)

Figure 79: Calibration curve of gel filtration standards in (a) absence and (b) presence of

111 (10 uM), showing equation of line of best-fit.

Protein X-Ray Crystallography

Structure determination and refinement:

Data were processed using programmes of the CCP4 suite.'” The structure was solved by
molecular replacement using the programme MOLREP'? with the previously solved
structure from 7. cruzi as the model.''! The model was then refined using the CNS suite
of programmes112 and model building carried out using the graphics interface QUANTA
(Molecular Simulations Inc, USA). Following initial inspection of the 2Fo-Fc and Fo-Fc
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electron density maps positive difference density was seen for the prosthetic group FAD
in both monomers. Thus, two molecules of FAD were included in further rounds of
refinement and model building. Owing to the low resolution of the structure, electron

density for the ligand remained uninterpretable. A summary of data collection and

refinement statistics are shown in Table 14.

Data processing

Number of reflections 222310
Number of unique reflections 20948
Rgym (outer shell) 13.9(51.9)
<I>/<gI> (outer shell) 33(1.3)
Completeness (%) 100
Multiplicity 10.6
Refinement

Resolution range (A) 40-3.1
Ractor (%0) 28

Riee (%) 33
Number of reflections in working set | 19899
Number of reflections in test set 1012
Number of protein atoms 7466
Number of non-protein atoms 106
RMS bond length deviation (A) 0.01
RMS bond angle deviation (°) 1.50

Table 14: Summary of data collection and refinement statistics
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4.3 Experimental to Chapter 3

N'-Trifluoroacetyl-N’-1-(4.4-dimethyl-2,6-dioxocyclohexylidene)ethyl-
) 103

norspermidine (118

To a stirred solution of norspermidine (10.20 g, 78.0 mmol) in MeOH (51 mL) was added
a solution of ethyltrifluoroacetate (11.04 g, 78.0 mmol) in MeOH (36 mL) dropwise at
-78 °C. The resulting solution was stirred at -78 °C for 1 hour then allowed to warm to
room temperature for a further 4 hours before being concentrated in vacuo to yield a
colourless oil. To a stirred solution of the oil in DCM (102 mL) was added a solution of
2-acetyl dimedone (14.16 g, 78.0 mmol) in DCM (87 mL) dropwise and the resulting
solution stirred at room temperature for 12 hours. The resulting solution was concentrated
in vacuo to yield a yellow oil, which was purified by column chromatography (silica gel,
eluted with DCM/MeOH, 17:3) to give the title compound as a colourless oil (4.79 g,
16%).

Ry 0.35 (DCM/MeOH, 17:3).

'THNMR (400 MHz, CDCl): § 13.41 (bs, 1H, C=C(CH;)NH), 8.91 (bs, 1H,
CONH), 3.47 (m, 4H, C=C(CH;3)NHCH,, CONHCH,), 2.80 (m, 2H,
CH,NHCH,), 2.74 (m, 2H, CH,NHCH,), 2.54 (s, 3H, C=C(CH;)NH),
2.34 (s, 4H, 2 x COCH,), 2.20 (s, 1H, CH,NHCH,), 1.85 (m, 2H,
CH,CH,CHy), 1.75 (m, 2H, CH,CH,CH,), 1.01 (s, 6H, C(CHa),).

BCNMR (100 MHz, CDCls): & 198.2 (C), 173.9 (C), 155.6 (q, J = 37, C), 116.4 (q,
J=1288, C), 108.3 (C), 53.1 (CH,), 48.4 (CH,), 46.9 (CH,), 41.4 (CH,),
39.7 (CH,), 30.4 (C), 29.1 (CHy), 28.5 (CH;), 27.5 (CHy), 18.1 (CHs).

FT-IR v (em™): 3263, 2955, 2864, 1712, 1627, 1570.

LRMS (ESI): 392.3 [M+H]" (100).
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HRMS (ESI): Found 392.2151, Cy5H,5F3N;0; requires 392.2156.
HPLC 7.0 min, 100% (1. = 220 nm, gradient 1).

Nl-Triﬂuoroacetvl-NS-( 4-( allvloxvcarbonvlmethoxv)phenvl—methoxvcarbonvl)—]\’” -1-
103

{4,4-dimethyl-2.6-dioxocyelohexylidene)ethyl-norspermidine (119)

118 (4.69 g, 12.0 mmol) and 103 (5.56 g, 14.4 mmol) were dissolved in DMF (37

mL) and stirred at room temperature overnight. The reaction mixture was poured into
IM KHSOq4 (150 mL) and extracted with EtOAc (3 x 150 mL). The combined organic
extracts were washed with water (5 x 150 mL), dried (MgSQy4) and concentrated in vacuo
and the resulting oily residue was purified by column chromatography (silica gel, eluted
with EtOAc then EtOAc/MeOH, 49:1) to give the title compound as a colourless oil (6.05
g, 79%).

Ry 0.30 (EtOAc/hexane, 4:1).

'"HNMR (400 MHz, CDCL):  13.5 (bs, 1H, C=C(CH;)NH), 8.00 (bs, 1H, CONH),
7.29 (d, 2H, J=8.5, 2 x ArCH), 6.88 (d, 2I1, /= 8.5, 2 x ArCH), 5.93
(ddt, 1H, J =17, 10.5, 6, CH,CH=CH,), 5.35 (dd, 1H, J=17, 1,
CH,CH=CHH), 5.28 (dd, 1H, J = 10.5, 1, CH,CH=CHH), 5.09 (s, 2H,
OCH,), 4.71 (d, 2H, J = 6, CH,CH=CH,), 4.66 (s, 2H, OCHy), 3.35-3.25
(m, 8H, 2 x CH,CH,CH,), 2.50 (s, 3H, C=C(CHs)), 2.36 (s, 4H, 2 x
CH,C(CHa)y), 1.90 (m, 2H, CH,CH,CHy), 1.75 (m, 2H, CH,CH,CHy),
1.03 (s, 6H, C(CHs ).
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BCNMR (100 MHz, CDCLs): § 199.4 (C), 197.0 (C), 173.9 (C), 168.8 (C), 158.3
(C), 157.7 (q,J =38, C), 157.5 (C), 131.7 (CH), 130.5 (CH), 129.7 (C),
119.5 (CH,), 116.0 (g, J =286, C), 115.1 (CH), 108.3 (C), 67.8 (CHy),
66.2 (CH,), 65.6 (CH,), 53.8 (CH,), 52.6 (CH,), 44.5 (CHy,), 44.2 (CHy),
41.0 (CH,), 36.3 (CHa), 30.4 (C), 28.6 (CHs), 28.2 (CHy), 27.3 (CH,),

18.2 (CHz).
FT-IR v (em™): 3269, 2955, 2864, 1758, 1718, 1571.
LRMS (ESI): 662.5 [M+Na]' (100), 640.5 [M+H]" (13).
HRMS (ESI): Found 640.2835, Cs1H4;F3N305 requires 640.2840.

N'-Trifluoreacetyl-N>-((carboxy-methyl)phenvl-methoxy-carbonyl)-N°-1-(4.4-
103

dimethvl-2.6-dioxocyclohexylidene)ethyl-norspermidine (120)

A solution of 119 (5.91 g, 9.2 mmol) in DCM/THF (1:1, 57 mL) was purged with N, for
1 hour. Thiosalicylic acid (2.86 g, 18.5 mmol) and Pd(PPhs)4 (1.06 g, 0.9 mmol) were
added and the reaction mixture stirred at room temperature for 2 hours. The solvent was
removed in vacuo and the resulting oily residue purified by column chromatography
(silica gel, eluted with EtOAc then EtOAc/MeOH, 3:2) to give the title compound as a
colourless o0il (3.60 g, 65%).

R 0.15 (EtOAc/MeOH, 2:1).

"H NMR (400 MHz, CDCl;): 8 13.36 (bs, 1H, C=C(CH;)NH), 8.00 (bs, 1H,
CONH), 7.27 (d, 2H, J= 8.5, ArCH), 6.88 (d, 2H, J= 8.5, ArCH), 5.07 (s,
2H, OCH,), 4.64 (s, 2H, OCH,), 3.34-3.32 (m, 8H, 2 x CH,CH,CH,), 2.37
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(m, 7H, C=C(CHa), 2 x COCH,C(CH),), 1.85 (m, 2H, CH,CH,CH,),
1.75 (m, 2H, CH,CH,CH), 1.02 (s, 6H, C(CHs),).

BCNMR (100 MHz, CDCL): § 198.9 (C), 174.4 (C), 171.3 (C), 158.3 (C), 157.7(q,
J=37,C), 157.5 (C), 130.6 (CH), 129.5 (C), 116.0 (g, J = 287, C), 115.0
(CH), 108.3 (C), 67.8 (CHy), 65.5 (CH,), 52.8 (CH,), 44.3 (CHy), 41.2
(CHy), 36.4 (CH,), 30.5 (C), 28.5 (CHs), 28.3 (CH,), 28.1 (CH,), 18.3

(CHs).
FT-IR v (em™): 3293, 3018, 2958, 1720, 1560.
LRMS (ESI): 600.4 [M+H]" (100), 622.5 [M+Na]" (93).
HRMS (ESI): Found 600.2530, C,sH37F3N305 requires 600.2527.

Polymer supported Nl-trifluoroacetvl—N9 -1-(4,4-dimethyl-2,6-

dioxocyvclohexylidene)ethyl-norspermidine (121)

120 (3.40 g, 5.7 mmol) was coupled to aminomethyl-polystyrene resin (1% DVB cross-
linked, 1.11 mmol/g, 3.41 g, 3.8 mmol, general procedure A with the exceptions that 1.5
eq. of reagents were used and the reaction was carried out overnight). A small portion of
resin was treated according to general procedure B to remove the Dde group and loading,
measured by a quantitative ninhydrin test, determined to be 0.54 mmol/g of

norspermidine.

FT-IR v (em™): 2925, 1670, 1574, 1452, 1212.
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Library characterisation

All compounds were characterised by 'H NMR, LRMS, HRMS and HPLC. A

representative sample (approximately 40%) were also characterised by *C NMR.

Nl-L-Trvptoghanvl-norspermidine {(125)

<~ NH
H H
HoN N~ N NH,
0

The Dde group of resin 121 (0.20 g, 0.1 mmol) was removed (general procedure B) and

the resulting amine-resin Boc-protected (general procedure E). The Tfa group was
removed (general procedure H) and Boc-Trp(Boc)-OH coupled to the resulting amine-
resin (general procedure A). Cleavage from the resin was accomplished (general

procedure I) and the desired compound was purified as the TFA salt by semi-prep HPLC.

Semi-prep HPLC R, = 20.8 min (gradient 4), yield = 7 mg, 16%.

"H NMR (400 MHz, CD;0D): § 7.63 (d, 1H, /=8, AtCH), 741 (d, I1H,J=8,
ArCH), 7.23 (s, 1H, ArCH), 7.17 (t, 1H, /=8, ArCH), 7.09 (t, 1H, /=8,
ArCH), 4.11 (t, 1H, J=7.5, Trp aCH), 3.44-3.17 (m, 4H, Trp BCHo,,
CONHCHy), 3.10-2.98 (m, 4H, CH,CH,CH,NH,), 2.81 (t, 2H, /=175,
CONHCH,CH,CH,), 2.13-2.02 (m, 2H, CH,CH,NH,), 1.84-1.73 (m, 2H,

CONHCH,CH,).
LRMS (ESI): 318.2 [M+H]" (100).
HRMS (ESI): Found 318.2287, C;7H23NsO requires 318.2288.
HPLC 10.8 min, 100% (A = 220 nm, gradient 2).

129




N L-Trvptonhanvl—N9 -acetyl-norspermidine (126)

< NH
H H H
O 0]

The Dde group of resin 121 (0.20 g, 0.1 mmol) was removed (general procedure B) and

the resulting amine-resin capped with acetic anhydride (general procedure F). The Tfa
group was removed (general procedure H) and Boc-Trp(Boc)-OH coupled to the
resulting amine-resin (general procedure A). Cleavage from the resin was accomplished
(general procedure I) and the desired compound was purified as the TFA salt by semi-

prep HPLC.

Semi-prep HPLC R, = 22.4 min (gradient 4), yield = 16 mg, 34%.

'"H NMR (400 MHz, CD;0D): 6 7.63 (d, 1H, J= 8, ArCH), 7.42 (d, 1H, J =8,
ArCH), 7.24 (s, 1H, ArCH), 7.15 (t, 11, J= 8, ArCH), 7.09 (t, 1H, J =8,
ArCH),4.13 (t, 1H, J=17.5, Trp aCH), 3.39 (dd, 1H, /= 14.5, 7.5, Trp
BCHH), 3.35-3.21 (m, 5H, Trp BCHH, 2 x CONHCH), 2.88 (t, 2H, J =7,
CH,NHCH,), 2.69 (t, 2H, J =7, CH,NHCHj), 1.99 (s, 3H, CHj3), 1.85 (it,
2H,J=1,7, CH;CH,CH,), 1.75 (tt, 2H, /=7, 7, CH,CH,CH,).

BC NMR (100 MHz, CD;0D): 6 174.4 (C), 170.8 (C), 138.2 (C), 128.4 (C), 125.5
(CH), 122.9 (CH), 119.2 (CH), 112.7 (CH), 108.2 (C), 55.3 (CH), 46.4
(CH,), 46.1 (CH,), 37.3 (CH,), 36.9 (CH,), 28.7 (CH,), 27.6 (CH,), 27.1

(CH,), 22.5 (CH;).
LRMS (ESI): 360.2 [M+H]"(100), 382.2 [M+Na]* (25).
HRMS (ESI): Found 360.2392, C9H39NsO, requires 360.2394.
HPLC 11.2 min, 100% (A = 220 nm, gradient 2).
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Nl-L-Trvptonhanvl-N9 -hexanovl-norspermidine (127)

~ NH
H H H
N o~ No~N
H2N \[(\/\/
O

o)

The Dde group of resin 121 (0.20 g, 0.1 mmol) was removed (general procedure B) and
the resulting amine-resin capped with hexanoic anhydride (general procedure G). The Tfa
group was removed (general procedure H) and Boc-Trp(Boc)-OH coupled to the
resulting amine-resin (general procedure A). Cleavage from the resin was accomplished
(general procedure I) and the desired compound was purified as the TFA salt by semi-
prep HPLC.

Semi-prep HPLC R; = 28.9 min (gradient 4), yield = 11 mg, 21%.

"H NMR (400 MHz, CD;0D): 8 7.51 (d, 1H, /=8, ArCH), 7.29 (d, 1H, J = 8,
ArCH), 7.12 (s, 1H, ArCH), 7.03 (t, 1H, /=8, ArCH), 6.97 (t, 1H, J= 8§,
ArCH), 3.99 (1, 1H, J="7.5, Trp aCH), 3.32-3.08 (m, 6H, Trp BCH,, 2 x
CONHCHy), 2.76 (t, 2H, J =7, CH,NHCHz), 2.59 (t, 2H, /= 7.5,
CH,NHCH,), 2.11 (, 2H, J= 7.5, COCH,), 1.78-1.47 (m, 6H,
COCH,CH,, 2 x NHCH,CH,), 1.29-1.14 (m, 4H, CH,CH,CHj3), 0.81 (t,
3H,./=7, CHs).

LRMS (ESI): 416.3 [M+H]" (100).

HRMS (ESI): Found 416.3025, Cy3H3sNsO, requires 416.3020.

HPLC 13.0 min, 100% (A = 220 nm, gradient 2).
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N-L-Arginyl-norspermidine (128)

HN.__NH,
NH
H H
H,N N~ N ~NH2
0

The Dde group ofiresin 121 (0.20 g, 0.1 mmol) was removed (general procedure B) and

the resulting amine-resin Boc-protected (general procedure E). The Tfa group was

removed (general procedure H) and Fmoc-Arg(Pmc)-OH coupled to the resulting amine-

resin (general procedure A). The Fmoc group was removed (general procedure C) and

cleavage from the resin accomplished (general procedure I) to give the title compound as

the TFA salt.

Yield = 17 mg, 59 %.

'H NMR

B3C NMR

LRMS
HRMS

(400 MHz, CD;0D): § 4.11 (q, 1H, J=6.5, Arg aCH), 3.57-3.14 (m,
10H, Arg 8CH,, CH,CH,CH,NHCH,CH,CH,), 2.29-1.99 (m, 6H, Arg
BCH,, CH,CH,CH,NHCH,CH,CH,), 1.84-1.74 (m, 2H, Arg yCH,).
(100 MHz, CD;OD): 8 170.7 (C), 158.1 (C), 53.9 (CH), 46.3 (CHy), 45.7
(CH,), 41.4 (CH,), 37.6 (CHy), 37.4 (CHa), 29.1 (CH,), 26.6 (CH,), 26.3
(CHp), 24.9 (CHp).

(ESI): 288.4 (100%) [M+H]".

(ESI): Found 288.2506, C1,H39N7O requires 288.2506.
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NI-L-AI}_{invl-N9 -acetyl-norspermidine (129)

HN_NH;
NH
H H H
HoN N\/’\/N\/\/N\r(
0

The Dde group of resin 121 (0.20 g, 0.1 mmol) was removed (general procedure B) and

the resulting amine-resin capped with acetic anhydride (general procedure F). The Tfa

group was removed (general procedure H) and Fmoc-Arg(Pmc)-OH coupled to the

resulting amine-resin (general procedure A). The Fmoc group was removed (general

procedure C) and cleavage from the resin accomplished (general procedure I) to give the

title compound as the TFA salt.

Yield =23 mg, 70%.

'H NMR

BeNMR

LRMS
HRMS

(400 MHz, CD;0D): 8 3.97 (bs, 1H, Arg aCH), 3.46-3.23 (m, 6H, Arg
8CH,, 2 x CONHCH,), 3.11-3.01 (m, 4H, CH,NHCH,), 2.05-1.87 (m, 9H,
Arg BCH,, 2 x NHCH,CH,CH,NH, CH;), 1.77-1.67 (m, 2H, Arg YCH,).
(100 MHz, CD;0D): 8 174.2 (C), 170.7 (C), 158.7 (C), 54.0 (CH), 46.6
(CH,), 41.5 (CH,), 37.4 (CH,), 37.1 (CH,), 29.6 (CH,), 27.5 (CH,), 27.2
(CH,), 25.3 (CH,), 22.5 (CHj).

(ESI): 330.4 [M+H]" (100), 352.4 [M+Na]" (8).

(ESI): Found 330.2605, Cy4H3;N;0; requires 330.2612.
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N'-L-Arginyl-N’ -hexanoyl-norspermidine (130)

HN NH>
NH
H H H
N
H,N N\/\\/N\/\/ \n/\/\/
0] 0]

The Dde group of resin 121 (0.20 g, 0.1 mmol) was removed (general procedure B) and
the resulting amine-resin capped with hexanoic anhydride (general procedure F). The Tfa
group was removed (general procedure H) and Fmoc-Arg(Pmc)-OH coupled to the
resulting amine-resin (general procedure A). The Fmoc group was removed (general
procedure C) and cleavage from the resin accomplished (general procedure I) to give the

title compound as the TFA salt.

Yield =28 mg, 73%.

'"THNMR (400 MHz, CD;0D): & 3.98 (bs, 1H, Arg oCH), 3.48-3.24 (m, 6H, Arg
8CH,, 2 x CONHCH,), 3.12-3.05 (m, 4H, CH,NHCH,), 2.25 (t, 2H, J =
7.5, COCHy), 2.08-1.89 (m, 6H, Arg BCH,, 2 x NHCH,CH,CH,NH),
1.79-1.58 (m, 4H, Arg yCH,, COCH,CH,), 1.42-1.29 (m, 4H,
CH;CH,CH,), 0.95 (t, 3H, /=7, CHs).

BCNMR (100 MHz, CD;0D): § 177.3 (C), 170.7 (C), 158.8 (C), 54.0 (CH), 46.6
(CH,), 46.5 (CH,), 41.4 (CH,), 37.4 (CHa), 37.0 (CHy), 32.6 (CH,), 29.6
(CHy), 27.6 (CH,), 27.2 (CH,), 26.7 (CH,), 25.3 (CHy), 23.4 (CHy), 14.3
(CHs).

LRMS (ESI): 386.5 [M+H]" (100).
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Nl-L-Arginvl( 2.2.5.7,8-pentamethylchroman-6-sulfonamide)-norspermidine (131)

0
H
HN. N
s
NH Oz
H H
H,N N o~ N~ NH2

0]

The Dde group of resin 121 (0.20 g, 0.1 mmol) was removed (general procedure B) and
the resulting amine-resin Boc-protected (general procedure E). The Tfa group was
removed (general procedure H) and Fmoc-Arg(Pmc)-OH coupled to the resulting amine-
resin (general procedure A). The Fmoc group was removed (general procedure C) and
cleavage from the resin accomplished (general procedure J). The desired compound was

purified as the TFA salt by semi-prep HPLC.

Semi-prep HPLC R = 32.4 min (gradient 4), yield = 13 mg, 19%.

'"H NMR (400 MHz, CD;0D): 8 3.98 (t, 1H, J= 6.5, Arg aCH), 3.52-3.32 (m, 4H,
Arg §CH,, CONHCH;), 3.23-3.08 (m, 6H, H,NCH,CH,CH,NHCH,),
2.72 (t,2H, J= 6.5, ArCH,), 2.63 (s, 3H, ArCHs), 2.61 (s, 3H, ArCHs),
2.18-2.09 (m, SH, ArCH;, NHCH,CH,CH,NH), 2.08-1.86 (m, 6H, Arg
BCH,, NHCH,CH,CH,NH, ArCH,CH>), 1.67 (tt, 2H, /=7, 7, Arg yCH,),
1.36 (s, 6H, C(CHs)y).

LRMS (ESI): 554.4 [M+H]" (100), 576.4 [M+H]" (70).
HRMS (ESI): Found 554.3498, CysHssN70O4S requires 554.3483.
HPLC 13.7 min, 100% (A = 220 nm, gradient 2).
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N 1-L-Arginvl( 2L2,5,7,8-1)entamethylchroma11-6-sulf0namide;)—]\’9 -acetyl-

norspermidine (132)

0
H
HN N\S

NH Oz

H H H

N

H,N \/\/N\/\/N\”/
0

The Dde group of resin 121 (0.20 g, 0.1 mmol) was removed (general procedure B) and
the resulting amine-resin capped with acetic anhydride (general procedure F). The Tfa
group was then removed (general procedure H) and Fmoc-Arg(Pmc)-OH coupled to the
resulting amine-resin (general procedure A). The Fmoc group was removed (general
procedure C) and cleavage from the resin accomplished (general procedure J). The

desired compound was purified as the TFA salt by semi-prep HPLC.

Semi-prep HPLC R, = 34.3 min (gradient 4), yield = 15 mg, 21%.

'H NMR (400 MHz, CD;0D): 83.99 (t, 1H, J = 6.5, Arg aCH), 3.50-3.19 (m, 6H,
2 x CONHCHa;, Arg 6CH,), 3.12-2.95 (m, 4H, CH,NHCH,), 2.73 (t, 2H, J
=7, ArCH,), 2.62 (s, 3H, ArCHjs), 2.60 (s, 3H, ArCHj3), 2.15 (s, 3H,
ArCHs), 2.04-1.86 (m, 11H, COCHs, ArCH,CH,, Arg fCHo, 2 x
NHCH,CH,CH,NH), 1.68 (t, 2H, J = 7, Arg yCH,), 1.36 (s, 6H, C(CHs),).

LRMS (ESI): 596.5 [M+H]" (100), 618.5 [M+Na]" (35).
HRMS (ESI): Found 596.3581, CysHsoN7OsS requires 596.3589.
HPLC 14.1 min, 100% (A =220 nm, gradient 2).
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NI-L-Arginle,Z,5,7,8-pentamethvlchroman-6-sulf0namide)—N9 -hexanovl-

norspermidine (133)
0
H
HNY N_ s
NH O
H H H
N _~No~N
HoN \n/\/\/
0 o)

The Dde group of resin 121 (0.20 g, 0.1 mmol) was removed (general procedure B), the
resulting amine-resin capped with hexanoic anhydride (general procedure G) and the Tfa
group removed (general procedure H). Fmoc-Arg(Pmc)-OH was coupled to the resulting
amine-resin (general procedure A), the Fmoc group removed (general procedure C) and
cleavage from the resin accomplished (general procedure J). The desired compound was

purified as the TFA salt by semi-prep HPLC.

Semi-prep HPLC 2 = 39.3 min (gradient 4), yield = 8 mg, 10%.

'"H NMR (400 MHz, CD;0D): 6 4.01 (t, 1H, /= 6.5, Arg aCH), 3.54-3.18 (m, 6H,
Arg 8CH,, 2 x CONHCHo,), 3.13-3.05 (m, 4H, CH;NHCH,), 2.72 (t, 2H, J
= 6.5, ArCH,), 2.62 (s, 3H, ArCHj3), 2.61 (s, 3H, ArCHs), 2.24 (t, 2H, J =
7.5, COCHo), 2.15 (s, 3H, ArCH;), 2.07-1.86 (m, 8H, Arg BCHo,
ArCH,CH,, 2 x NHCH,CH,CH,NH), 1.73-1.59 (m, 4H, COCH,CHa,, Arg
yCH,), 1.40-1.30 (m, 10H, CH;CH,CH,, C(CHs),), 0.95 (t, 3H, J =7,

CH;CH,).
LRMS (ESI): 652.5 [M+H]" (100), 674.5 [M+Na]" (100), 326.9 [M+2H]** (70).
HRMS (ESI): Found 652.4213, C;3,HssN7OsS requires 652.4215.
HPLC 15.0 min, 100% (A =220 nm, gradient 2).
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NI-L—Trvptophanvl-L-arginvl-norspermidine (134), NI-L-trvptophanvl-L-

arginvl(2.,2,5,7.8-pentamethylchroman-6-sulfonamide)-norspermidine (135)

The Dde group of resin 121 (0.40 g, 0.2 mmol) was removed (general procedure B), the
resulting amine-resin Boc-protected (general procedure E) and the Tfa group removed
general procedure H). Fmoc-Arg(Pmc)-OH was coupled to the resulting amine-resin
(general procedure A), the Fmoc group removed (general procedure C) and Boc-
Trp(Boc)-OH coupled to the resulting amine-resin (general procedure A). Cleavage from
the resin was accomplished (general procedure J) and the desired compounds were

purified as the TFA salts by semi-prep HPLC.

N 1-L-Trvptophanvl—L-arginvl—norspermidine (134)

<« NH
H 0
N
HoN \:)kN/\/\N/\/\NHz
S a\l\H H

NH

HN)\NHz

Semi-prep HPLC R, = 18.2 min (gradient 4), yield = 7 mg, 6%.

'H NMR (400 MHz, CD;0D): 7.69 (d, 1H, /=175, ArCH), 7.41 (d, 1H, J=17.5,
ArCH), 7.27 (s, 1H, ArCH), 7.17 (t, 1H, J=7.5, ArCH), 7.09 (t, 1H, J =
7.5, ArCH), 4.36-4.23 (m, 2H, Arg aCH, Trp aCH), 3.49 (dd, 1H, J= 15,
6, Trp BCHH), 3.38-2.97 (m, 11H, Trp BCHH, Arg 6CH,,
NHCH,CH,CH,NHCH,CH,;CH,NH,), 2.13-2.05 (m, 2H, CH,CH,NH,),
1.93-1.56 (m, 6H, Arg BCH,, Arg yCH,, NHCH,CH,CH,NH).

LRMS (ESI): 474.4 [M+H]" (100).
HRMS (ESI): Found 474.3291, C3HyoNyO, requires 474.3299.
HPLC 10.8 min, 100% (A = 220 nm, gradient 2).
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N'-L-Tryptophanyl-L-arginyl(2.2,5,7,8-pentamethylchroman-6-sulfonamide)-

norspermidine (135)

~.NH
H ©
HoN N\;)]\N/\\/\N/\/\NHQ
= H H
o I

NH 0,

Semi-prep HPLC R, = 35.6 min (gradient 4), yield = 11 mg, 6%.

'H NMR

LRMS
HRMS
HPLC

(400 MHz, CD;0D): 8 7.67 (d, 1H, J =8, ArCH), 7.39 (d, 1H, /= 8,
ArCH), 7.25 (s, 1H, ArCH), 7.15 (t, 1H, /= 8, ArCH), 7.07 (t, 1H, J = 8,
ArCH), 4.44 (bs, 1H, Arg aCH), 4.23 (dd, 1H, J = 8, 6, Trp aCH), 3.46
(dd, 1, J = 15, 6, Trp BCHH), 3.38-3.19 (m, 3H, Trp CHH,
CONHCH,), 3.17-3.00 (m, 8H, Arg 8CH,, CH,NHCH,CH,CH>), 2.68 (t,
2H,J=6.5, ArCH,), 2.59 (s, 3H, ArCHs), 2.57 (s, 3H, ArCHs), 2.13-2.04
(m, 5H, ArCH;, CH,CH,NH,), 1.95-1.79 (m, 5H, Arg BCHH, ArCH,CHa,
NHCH,CH,CH,NH), 1.77-1.55 (m, 3H, Arg BCHH, Arg yCH,), 1.31 (s,
6H, C(CHs)a).

(ESI): 740.5 [M+H]" (90), 370.9 [M+2H]** (90).

(ESI): Found 740.4285, C37HssNyOsS requires 740.4276.

14.2 min, 100% (A = 220 nm, gradient 2).
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NI-L-Tlrvntophanvl—L-arginvl—N9 -acetyl-norspermidine (136), N-L-tryptophanyl-L-

arginvl(2,2,5,7 ,8-pentamethvlchroman-6-sulfonamide)—Ng—acetVl—norsnermidine

(137)

The Dde group of resin 121 (0.40 g, 0.2 mmol) was removed (general procedure B), the
resulting amine-resin capped with acetic anhydride (general procedure F) and the Tfa
group removed (general procedure H). Fmoc-Arg(Pmc)-OH was coupled to the resulting
amine-resin (general procedure A), the Fmoc group removed (general procedure C) and
Boc-Trp(Boc)-OH coupled to the resulting amine-resin (general procedure A). Cleavage
from the resin was accomplished (general procedure J) and the desired compounds were

purified as the TFA salts by semi-prep HPLC.

NI-L-TrvgtophanLl-L-:zlrginvl-N9 -acetyl-norspermidine (136)

_NH
e o
HoN N\;/KN/*\/\N/\/\N/U\
8 a\l\H H H

NH

HN? “NH,

Semi-prep HPLC R = 19.4 min (gradient 4), yield = 16 mg, 13%.

'H NMR (400 MHz, CD;OD): 8 7.66 (d, 1H, /=8, ArCH), 7.39 (d, 1H, /=8,
ArCH), 7.26 (s, 1H, ArCH), 7.15 (t, 1H, /=8, ArCH), 7.06 (t, 1H, J= 8,
ArCH), 4.30-4.24 (m, 2H, Arg aCH, Trp aCH), 3.45 (dd, 1H,J=15, 6.5,
Trp BCHH), 3.38-3.16 (m, 7H, Trp BCHH, 2 x CONHCH,, Arg 6CHo),
2.96-2.88 (m, 4H, CH,NHCH,), 1.95 (s, 3H, CH;CO), 1.90-1.80 (m, 4H, 2
x NHCH,CH,CH,NH), 1.78-1.57 (m, 4H, Arg BCH,, Arg yCH,).
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Be NMR

LRMS
HRMS
HPLC

(100 MHz, CD;0D): 8 174.3 (C), 174.2 (C), 170.4 (C), 158.7 (C), 138.1
(C), 128.4 (C), 125.8 (CH), 122.9 (CH), 120.4 (CH), 119.2 (CH), 112.6
(CH), 107.9 (C), 54.9 (CH), 54.8 (CH), 46.5 (CH,), 46.3 (CH,), 41.9
(CH,), 37.0 (CH,), 36.9 (CH,), 30.1 (CH,), 28.7 (CHy), 27.6 (CHy), 27.4
(CH,), 26.3 (CH,), 22.5 (CHs).

(ESI): 258.9 [M+2H]* (100), 516.5 [M+H]" (46).

(ESI): Found 516.3410, C,5H42NoO;5 requires 516.3405.

11.1 min, 100% (A = 220 nm, gradient 2).

N 1-L-Trypto;Lhagxl-L-arginvl( 2.2.5.7.8-pentamethylchroman-6-sulfonamide)-N’-

acetvi-norspermidine (137)

< NH
e 0
HoN N\;/U\N/\/\N/\/\N/U\
o H\H H H

NH 0,
HN)\N’S

H

Semi-prep HPLC R, = 37.0 min (gradient 4), yield = 21 mg, 12%.

'H NMR

(400 Mz, CD,OD): § 7.70 (d, 1H, J=8, ArCH ), 7.42 (d, 1H, /=38,
ArCH), 7.29 (s, 1H, ArCH), 7.18 (t, 1H, /=8, ArCH), 7.10 (¢, 1H, J =8,
ArCH), 4.46 (bs, 1H, Arg aCH), 4.26 (t, 1H, J =7, Trp aCH), 3.49 (dd,
1H, J = 15, 6, Trp BCHH), 3.37-3.23 (m, 5H, Trp CHI, 2 x CONHCH,),
3.20-3.12 (m, 2H, Arg 5CH,), 3.05-2.97 (m, 4H, CH,NHCH,), 2.71 (t, 2H,
J=6.5, AICH,CH,), 2.62 (s, 3H, ArCH;), 2.61 (s, 3H, ArCH;), 2.14 (s,
3H, ArCHs), 1.98 (s, 3H, COCHs), 1.92-1.82 (m, 6H, 2 x
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B NMR

LRMS
HRMS
HPLC

NHCH,CH,CH,;NH, ArCH,CH,), 1.80-1.69 (m, 2H, Arg BCH,), 1.67-
1.58 (m, 2H, Arg yCH,), 1.35 (s, 6H, C(CH3),) .

(100 MHz, CD;0D): 6 174.5 (C), 174.3 (C), 170.2 (C), 158.6 (C), 154.9
(), 138.3 (), 136.5 (C), 136.1 (C), 134.4 (C), 128.4 (C), 125.7 (CH),
125.1 (C), 123.0 (CH), 119.5 (CH), 119.2 (C), 119.0 (CH), 112.6 (CH),
107.9 (C), 75.0 (C), 54.8 (CH), 54.4 (CH), 46.6 (CH,), 46.5 (CHy), 37.0
(CH,), 33.8 (CH»), 30.3 (CH,), 28.8 (CHy,), 27.7 (CH,), 27.5 (CH,), 26.9
(CHas), 22.5 (CHy), 22.4 (CHj3), 19.0 (CHs), 17.9 (CHj), 12.3 (CHs).
(ESI): 782.7 [M+H]" (100), 804.7 [M+Na]" (55).

(ESI): Found 782.4357, C35HeoNoOgS requires 782.4382.

14.7 min, 100% (A = 220 nm, gradient 2).

NI-L-Trvntophanvl—L-arginvl—]\’9 -hexanovl-norspermidine (138), Nl-L-trvptophanxl-

L-arginvi(2.,2.5,7 ,8—nentamethvlchroman—6—sulf0namid§)-N9 -hexanoyl-

norspermidine (139)

The Dde group of resin 121 (0.40 g, 0.2 mmol) was removed (general procedure B), the

resulting amine-resin capped with hexanoic anhydride (general procedure G) and the Tfa

group removed (general procedure H). Fmoc-Arg(Pmc)-OH was coupled to the resulting

amine-resin (general procedure A), the Fmoc group removed (general procedure C) and

Boc-Trp(Boc)-OH coupled to the resulting amine-resin (general procedure A). Cleavage

from the resin was accomplished (general procedure J) and the desired compounds were

purified as the TFA salts by semi-prep HPLC.
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NI-L-Trvntophanvl-L-ar,t.{invl-]\’9 -hexanovyl-norspermidine (138)

NH
X o 0
HoN N\;/U\N/\/\N/\/\N/U\/\/\
5 E\I\H H H

NH

A

HNZ “NH,

Semi-prep HPLC R; = 26.6 min (gradient 4), yield = 14 mg, 10%.

'H NMR

LRMS
HRMS
HPLC

(400 MHz, CD;0D): § 7.70 (d, 1H, J = 8, ArCH), 7.42 (d, 1H,J =8,
ArCH), 7.28 (s, 1H, ArCH), 7.18 (t, 1H, /=8, ArCH), 7.10 (t, 1H, J = 8,
ArCH), 4.33 (dd, 1H, J= 8, 6, Arg aCH), 4.27 (dd, 1H, J=8, 6, Trp
aCH), 3.49 (dd, 1H, J =15, 6, Trp BCHH), 3.38-3.20 (m, 7H, Trp BCHH,
Arg 8CH,, 2 x CONHCHS,), 3.03-2.90 (m, 4H, CH,NHCH,), 2.22 (t, 2H, .J
=17.5, COCH,), 1.90-1.59 (m, 10H, Arg BCH,, Arg yCH,, 2 x
NHCH,CH,CH,NH, CH,CH,CO), 1.39-1.27 (m, 4H, CH;CH,CH,), 0.92
(t, 3H, =7, CH;CH,).

(ESI): 286.9 [M+2H]** (100), 572.4 [M+H]" (70), 594.4 [M+Na]" (15).
(ESI): Found 572.4041, C,5Hs50NoQO5 requires 572.4031.

12.8 min, 100% (A = 220 nm, gradient 2).
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NI-L-Trvptophanvl—L-aminvl( 2.2.5.7 ,8-pentamethvlchroman—6-sulf0namide)—N9 -

hexanovl-norspermidine (139)

NH
0o o
HoN N\:/lkN/\/\N/\/\N/U\/\/\
S E\LH H H
NH 0,
HN N'S
H

Semi-prep HPLC R; = 41.7 min (gradient 4), yield = 14 mg, 7%.

'HNMR (400 MHz, CD;0OD): § 7.71 (d, 1H, /= 8, ArCH), 7.44 (d, 1H, /=8,
ArCH), 7.29 (s, 1H, ArCH), 7.19 (t, 1H, J= 8, ArCH), 7.11 (t, 1H, J =8,
ArCH), 4.50 (bs, 1H, Arg oCH), 4.26 (t, 1H, J= 7, Trp aCH), 3.49 (dd,
1H, /=15, 6, Trp BCHH), 3.39-3.14 (m, 7H, Trp PCHH, Arg 8CH,, 2 x
CONHCH,), 3.09-2.97 (m, 4H, CH,NHCH,), 2.72 (t, 2H, J =7,
ArCH,CH,), 2.63 (s, 3H, ArCHs), 2.61 (s, 3H, ArCH;), 2.22 (t, 2H, J =
7.5, COCH,), 2.15 (s, 3H, ArCHs), 1.97-1.83 (m, 6H, ArCH,CHo, 2 x
NHCH,CH,CH,NH), 1.82-1.71 (m, 2H, Arg BCH,), 1.70-1.57 (m, 4H,
CH,CH,CO, Arg yCH,), 1.39-1.28 (m, 10H, C(CH3),, CH;CH,CHy), 0.94
(t, 3H, J =7, CH;CH,).

LRMS (ESI): 420.0 [M+2H]*" (100), 860.7 [M+Na]"* (50), 838.7 [M+H]" (45).

HRMS (ESI): Found 838.5002, C43HgsNoOgS requires 838.5008.

HPLC 15.5 min, 100% (A = 220 nm, gradient 2).
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NLN -bis-(L-Tryptophanvl)-norspermidine (140)

«_NH «_NH
H H H =
N -
HoN \/\/N\/\/N\n/\NH2
O o

The Dde groups of resin 108 (0.20 g, 0.13 mmol) were removed (general procedure B),

Boc-Trp(Boc)-OH coupled to the resulting amine-resin (general procedure A) and

cleavage from the resin accomplished (general procedure 1). The desired compound was

purified as the TFA salt by semi-prep HPLC.

Semi-prep HPLC R, = 21.4 min (gradient 4), yield = 17 mg, 21%.

'H NMR

Be NMR

LRMS
HRMS
HPLC

(400 MHz, CD;0D): § 7.62 (d,2H,J=17.5,2 x ArCH), 740 (d, 2H, J =
7.5,2x ArCH), 7.22 (s, 2H, 2 x ArCH), 7.16 (t, 2H, /=75, 2 x ArCH),
7.08 (t,2H,J=17.5,2 x AtCH), 4.11 (t,2H, J=17.5, 2 x Trp aCH), 3.42-
3.16 (m, 8H, 2 x Trp BCH,, 2 x CONHCH,), 2.65 (t,4H, /=7,
CH,NHCH,), 1.71 (tt,4H, J =7, 7, 2 x CH,CH,CH,).

(100 MHz, CD;0D): § 170.9 (C), 138.2 (C), 128.4 (CH), 125.5 (CH),
123.0 (CH), 120.3 (CH), 119.1 (CH), 112.7 (C), 108.1 (C), 55.3 (CH),
46.2 (CH,), 37.4 (CH,), 28.8 (CHy), 27.1 (CHy).

(ESI): 504.4 [M+H]" (100), 526.4 [M+Na]* (11).

(ESI): Found 504.3087, C,3H33N-0; requires 504.3082.

12.3 min, 100% (A =220 nm, gradient 2),
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NI-L-Arginyl( 2.,2.5.7 ,S-J)entamethvlchroman—6-sulf0namide)—N9 - -arginyl-

porspermidine (141), N ,1\J9—bis-(L-A1‘ginyl(2.2,5ﬂ S-pentamethylechroman-6-

sulfonamide))-norspermidine {142)

The Dde groups of resin 108 (0.40 g, 0.26 mmol) were removed (general procedure B),
Fmoc-Arg(Pmc)-OH coupled to the resulting amine-resin (general procedure A) and the
Fmoc group removed (general procedure C). Cleavage from the resin was accomplished
(general procedure J) and the desired compounds were purified as the TFA salts by semi-
prep HPLC.

NI-L-Arginvl( 2.2.5,7 .8-pentamethvlchroman—6-sulf0namide)-N9 -L-arginyl-

norspermidine (141)

0O
N NH
HN N HN
YOS Y-
NH Y2 /rNH
H H Ho £
N -
H,N N\/\/N\/\/ \[(\NHZ
0] 0]

Semi-prep HPLC R, = 31.0 min (gradient 4), yield = 14 mg, 7%.

'"H NMR (400 MHz, CD;0D): 6 3.97-3.87 (m, 2H, 2 x Arg aCH), 3.50-3.16 (m,
8H, 2 x Arg 6CH,, 2 x CONHCH,), 3.10 (t, 4H, /= 7.5, CHLNHCH,),
2.69 (t, 2H, /=7, ArCH,CH,), 2.59 (s, 3H, ArCHa), 2.58 (s, 3H, ArCHa),
2.12 (s, 3H, ArCH3), 2.03-1.83 (m, 10H, 2 x Arg BCH,, 2 x
NHCH,CH,CH,NH, ArCH,CH,), 1.74-1.61 (m, 4H, 2 x Arg yCH,), 1.33
(s, 6H, C(CHzs),).

LRMS (ESI): 356.1 [M+2H]*" (100), 710.7 [M+H]" (23).
HRMS (ESI): Found 710.4500, C3,HgoN1;05S requires 710.4494.
HPLC 13.3 min, 100% (A = 220 nm, gradient 2).
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N‘,j\’9 -bis-(I-Arginvyl(2.,2.5.7.8-pentamethylchroman-6-sulfonamide))-norspermidine

a42)

Semi-prep HPLC R, = 40.7 min (gradient 4), yield = 18 mg, 6%.

"H NMR (400 MHz, CD;0D): 3 3.96 (t, 2H, /= 6.5, 2 x Arg aCH), 3.50-3.08 (m,
12H, 2 x NHCH,CH,CH,;NH, 2 x Arg 6CH,), 2.67 (t,4H,J=7,2x
ArCH,CHy), 2.58 (s, 6H, 2 x ArCHjs), 2.56 (s, 6H, 2 x ArCH;s), 2.11 (s,
6H, 2 x ArCHj), 2.03-1.81 (m, 12H, 2 x Arg BCHa, 2 x ArCH,CH,, 2 x
NHCH,CH,CH,NH), 1.64 (t,4H, /=7, 7,2 x Arg yCH,), 1.32 (s, 12H, 2

x C(CHs),).
LRMS (ESI): 489.1 [M+2H]2+ (100), 998.6 [M+Na]" (12).
HRMS (ESI): Found 976.5475, C4sH78N1104S; requires 976.5471.

HPLC 15.5 min, 100% (A = 220 nm, gradient 2).
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Boc-L-trvptophanvl—(Boc)—NG -2.2.5.7.8-pentamethylchroman-6-sulfonamide-L-

arginine (144)
0
— Nko/k
0 H ©
4LO/U\N N\;/Lkma
H g -\L

NH o
A8t

N
H

HN

To a stirred solution of Boc-Trp(Boc)-OH (0.25 g, 0.6 mmol) and N-hydroxy succinimide
(0.71 g, 0.6 mmol) in THF (5 mL) at 0 °C was added DCC (0.13 g, 0.6 mmol). After 2
hours, the reaction mixture was filtered and the filtrate concentrated in vacuo to yield a
white foam. The crude product was dissolved in DMF (5 mL) and a solution of H-
Arg(Pmc)-OH (0.27 g, 0.6 mmol) and NEt; (86 uL, 0.6 mmol) in DMF (2 mL) was
added. The reaction mixture was stirred overnight and concentrated in vacuo. The residue
was taken into water (50 mL), extracted with EtOAc (4 x 50 mL), the organic extracts
combined, dried (MgSO4) and concentrated in vacuo to yield the title compound as a

white solid (0.39 g, 77%).

Mpt 203-206 °C.

R 0.37 (EtOAc/hexane, 1:1).

"H NMR (400 MHz, CD;0D): 6 8.05 (d, 1H,J=7.5, ArCH), 7.59 (d, 1H,J=17.5,
ArCH), 747 (s, 1H, ArCH), 7.24 (t, 1H,J="17.5, ArCH), 7.17 (t, 1H, J =
7.5, AtrCH), 4.41-4.32 (m, 2H, Arg aCH, Trp aCH), 3.22-3.10 (m, 3H,
Trp BCHH, Arg 5CH,), 2.92 (dd, 1H, J = 14.5, 9, Trp BCHH), 2.61 (t, 2H,
J=1, ArCH,), 2.53 (s, 3H, ArCHj3), 2.51 (s, 3H, ArCHj3), 2.06 (s, 3H,
ArCHs), 1.90-1.73 (m, 3H, Arg CHH, ArCH,CH,), 1.70-1.58 (m, 10H,
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BCNMR

IR

LRMS
HRMS
HPLC

Arg BCHH, CO,C(CHs)3), 1.55-1.45 (m, 2H, Arg yCH>), 1.34-1.23 (m,
15H, COC(CHs)s, C(CHs ).

(100 MHz, CD;0D): 8 174.7 (C), 174.3 (C), 157.6 (C), 154.7 (C), 151.0
(©), 136.8 (C), 136.5 (C), 136.1 (C), 134.7 (C),131.8 (C), 125.4 (CH),
125.0 (C), 123.6 (CH), 120.1 (CH), 119.3 (C), 117.5 (C), 116.0 (CH), 84.6
(C), 80.7 (C), 74.8 (C), 55.9 (CH), 53.2 (CH), 41.5 (CH,), 34.7 (CH,),
33.8 (CHy), 30.1 (CH,), 28.7 (CH3), 28.4 (CH3), 27.0 (CH3), 22.3 (CHy),
19.0 (CHs), 17.9 (CHs), 12.3 (CHa).

v (cm™): 3300, 1728, 1547, 1453, 1368, 1252, 1157.

(ESI): 827.5 [M+H]" (100%), 849.5 [M+Na]" (92%).

(ESI): Found 849.3797, C4,HssNgO10SNa requires 849.4008.

12.0 min, 100% (A = 220 nm, gradient 1).

L-Tryptophanvl-L-arginine (145), L-Trvptophanvl—NG-2,2,5,7,8-

pentamethylchroman-6-sulfonamide-L-arginine (146)

144 (0.10 g, 0.1 mmol) was treated with a solution of TFA/thioanisole/DCM/water

(10:2:7:1, 5 mL) at room temperature for 30 min. The reaction mixture was concentrated

in vacuo, the resulting oily residue dissolved in TFA, precipitated from ice-cold Et,O and

lyophilized. The desired compounds were purified as the TFA salts by semi-prep HPLC.

L-Tryptophanvl-L-arginine (145)
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Semi-prep HPLC R; = 22.0 min (gradient 4), yield = 12 mg, 33%.

'H NMR

BC NMR

LRMS
HRMS
HPLC

(400 MHz, CD;0D): $ 7.76 (d, 1H, /= 7.5, ArCH), 7.56 (d, I1H, /=175,
ArCH), 7.42 (s, 1H, ArCH), 7.30 (t, 1H, J=17.5, ArCH), 7.21 (t, 1H, J =
7.5, ArCH), 4.37-4.52 (m, 2H, Arg oCH, Trp aCH), 3.60-3.42 (m, 2H,
Trp BCH.), 3.34-3.25 (m, 2H, Arg 8CH,), 2.16-1.64 (m, 4H, Arg BCH,,
Arg yCH,).

(100 MHz, CD5;0D): 6 175.0 (C), 170.9 (C), 158.1 (C), 137.7 (C), 128.1
(C), 126.0 (CH), 122.9 (CH), 120.3 (CH), 119.0 (CH), 112.7 (CH), 107.4
(C), 54.7 (CH), 53.6 (CH), 41.7 (CHa), 29.5 (CHy), 28.1 (CHy), 25.5
(CHy).

(ESI): 361.1 [M+H]" (100).

(ESI): Found 361.1978, C;7H;5N¢Os requires 361.1982,

11.6 min, 100% (A = 220 nm, gradient 2).

L-Tryptophanyl-N® -2,2,5,7,8-pentamethylchroman-6-sulfonamide-L-arginine (146)

Semi-prep HPLC R; = 42.6 min (gradient 4), yield = 15 mg, 24%.

'H NMR

(400 MHz, CD;0D): § 7.73 (d, 1H, J = 7.5, ArCH), 7.41 (d, 1H, J = 7.5,
ArCH), 7.27 (s, 14, ArCH), 7.17 (t, 1H, J = 7.5, ArCH), 7.09 (t, 1H, J =
7.5, AtCH), 4.46 (dd, 1H, J= 8.5, 4.5, Arg oCH), 4.24 (dd, 1H, /=9, 5.5,
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3¢ NMR

LRMS
HRMS
HPLC

Trp aCH), 3.50 (dd, 1H, J = 15, 5.5, Trp BCHH), 3.29-3.15 (m, 3H, Trp
BCHH, Arg 8CH,), 2.70 (t, 2H, J =7, ArCH,), 2.59 (s, 3H, ArCH,), 2.57
(s, 3H, ArCHs), 2.13 (s, 3H, ArCHjs), 2.02-1.91 (m, 1H, Arg BCHH), 1.86
(t, 2H, J = 7.0, ArCH,CH,), 1.82-1.71 (m, 1H, Arg BCHH), 1.69-1.59 (m,
2H, Arg yCH,), 1.34 (s, 6H, C(CHa),).

(100 MHz, CDs;0D): $ 174.4 (C), 170.2 (C), 158.0 (C), 154.8 (C), 138.3
(C), 136.6 (C), 136.2 (C), 134.3 (C), 128.3 (C), 125.8 (CH), 125.1 (C),
122.9 (CH), 120.3 (CH), 119.5 (C), 119.1 (CH), 112.6 (CH), 107.8 (C),
75.0 (C), 54.8 (CH), 53.6 (CH), 41.5 (CHy>), 33.8 (CH,), 29.9 (CH,), 28.8
(CH,), 26.9 (CHs), 22.3 (CHy), 18.9 (CHs3), 17.8 (CH3), 12.2 (CHa).

(ESI): 627.4 [M+H]" (100), 649.4 [M+Na]" (48).

(ESI): Found 627.2972, C31H43NgOsS requires 627.2960.

15.8 min, 100% (A = 220 nm, gradient 2).

Single Point Screening of Library at 100 uM

Assays were performed using 1 mL total volume, containing ammonium acetate buffer
(50 mM NH4OAc, pH 7.5), EDTA (1 mM), NADPH (100 uM), nortrypanothione
disulfide (30 uM), TR (2 nM) and inhibitor (100 uM). Initial rates were recorded at 340

nm at inhibitor concentrations of 100 uM. Data were collected in triplicate and compared

to a control containing no inhibitor to determine the % inhibition. Initial rate data are

displayed in Table 15.
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Compound | v (AAsec™” x 10°) | v control (AAsec™ x 10%) | % Inhibition
110 0.613 4.526 86
125 4.852 5.119 5
126 4,979 5.119 3
127 4.890 5.119 4
128 5.124 5.119 0
129 4.992 5.119 2
130 5.008 5.119 2
131 3.558 4.526 21
132 2.382 4.526 47
133 0.544 4.526 88
134 3.204 4,526 29
135 2.951 4.526 35
136 2.276 4.526 50
137 0.232 4.526 95
138 0.507 4.526 89
139 0.174 4.526 96
140 0.641 5.222 74
141 0.896 5.222 88
142 1.348 5.222 83
145 5.167 5222 1
146 4.476 5.222 14

Table 15: Initial rate data from 100 M screening.

Single Point Screening of Library Hits at 10 uM

Assays were performed as described above at an inhibitor concentration of 10 uM. Initial

rate data are displayed in Table 16.
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Compound | v (AAsec™ x 10°) | v control (AAsec™ x 10%) | % Inhibition
110 3.019 4792 37
131 4.850 4.792 -1
132 4.447 4.792 7
133 2.545 4.792 7
134 4.903 4.792 -2
135 4.692 4.792 2
136 4515 4.792 6
137 1.754 4.792 63
138 3.225 4.792 33
139 2267 4.792 53
140 3.648 4.792 24
141 1.990 4.792 58
142 0.718 4.792 85

Table 16: Initial rate data from 10 uM screening.

Enzymatic Assays with Nortrypanothione as Variable Substrate

Studies were performed as described in Section 4.2. Initial rate data are shown in Tables
17-28.
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[Substrate] (uM) | v (AAsec™ x 10%) at specified [Inhibitor]
0 20uM | 50 uM | 100 uM

5 1.074 | 0921 | 0.786 0.586

10 1917 | 1449 | 1.195 1.029

15 2.533 | 2.091 | 1.608 1.266

20 2762 | 2.365 | 2.043 1.581

25 2.962 | 2.654 | 2.246 1.727

30 3352 | 2796 | 2.452 2.039

Ve 5764 | 4919 | 4.799 3.976

“value obtained from Grafit non-linear regression analysis
Table 17: Initial rate data for N'-L-arginyl(2,2,5 ,7,8-pentamethylchroman-6-

sulfonamide)-norspermidine (131).

[Substrate] (uM) | v (AAsec™ x 10°) at specified [Inhibitor]
0 30uM | 60 uM | 120 uM

5 0.934 | 0608 | 0.521 0.331

10 1.863 | 1.194 | 0861 | 0.605

15 2287 | 1416 | 1.087 | 0844

20 2706 | 1.793 | 1411 | 0927

25 3.057 | 2.134 | 1589 1.279

30 3.115 | 2260 | 1.761 1.266

Vinax 6.043 | 4817 | 3725 | 3.166

Table 18: Initial rate data for N 1-L-arginyl(2,2,5,7,8-pentamethylchroman-6-
sulfonamide)-N’-acetyl-norspermidine (132).
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[Substrate] (uM) | v (AAsec™ x 10%) at specified [Inhibitor]

0 S5uM | 10uM | 20 uM

5 1.192 | 0.645 0.418 0.235

10 1.967 | 1.034 0.754 0.363

15 2456 | 1314 0.936 0.524

20 2797 | 1.575 1.058 0.642

25 3.076 | 1.880 1.234 0.777

30 3.199 | 1948 1.367 0.747

Vinax 5227 | 3.595 2.369 1.596

Table 19: Initial rate data for N'-L-arginyl(2,2,5,7,8-pentamethylchroman-6-

sulfonamide)-N’-hexanoyl-norspermidine (133).

[Substrate] (uM) | v (AAsec™ x 10%) at specified [Inhibitor]
0 40uM | 80 uM | 160 uM

5 1.137 | 0846 | 0660 | 0387

10 1.863 | 1444 | 1.096 | 0.846

15 2287 | 1.870 | 1.533 1.189

20 2706 | 2.117 | 1.782 1.541

25 3.057 | 2410 | 2.123 1.661

30 3115 | 2695 | 2357 1.924

Vinax 4915 | 4.648 | 5220 | 5.399

Table 20: Initial rate data for N'-L-tryptophanyl-L-arginyl-norspermidine (134).
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[Substrate] (uM) | v (AAsec™ x 10%) at specified [Inhibitor]
0 30uM | 60 uM | 120 uM

5 1.502 | 1.091 0.896 0.599

10 1.894 | 1.580 1.334 1.097

15 2576 | 2.192 1.846 1.438

20 2.864 | 2.479 2.087 1.820

25 3.104 | 2.890 2.325 1.924

30 3374 | 2.960 2.623 2.151

Vinax 4711 | 4974 4.441 4.193

Table 21: Initial rate data for N'-L-tryptophanyl-L-arginyl-N-acetyl-norspermidine
(136).

[Substrate] (uM) | v (AAsec™ x 10%) at specified [Inhibitor]
0 50 uM | 100 uM | 200 uM

5 1.152 | 0518 0.287 0.177

10 1.894 | 0.879 0.539 0.323

15 2576 | 1.189 0.829 0.498

20 2.864 | 1.537 0.951 0.571

25 3.104 | 1.870 1.238 0.743

30 3.374 | 2.237 1.432 0.922

Vinax 4.895 | 10499 | 4.938 5.270

Table 22: Initial rate data for N'-L-tryptophanyl-L-arginyl-N’ -hexanoyl-norspermidine
(138).
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[Substrate] (uM) | v (AAsec™” x 10%) at specified [Inhibitor]

0 5 uM 10 uM 20 uM

5 1.140 | 0.781 0.481 0.230

10 1.703 | 1.432 0.886 0.342

15 2414 | 1.752 1.097 0.496

20 2551 | 2.119 | 1459 | 0522

25 2923 | 2.110 1.777 0.597

30 3.378 | 2.555 1.571 0.694

Vinax 5.811 | 4.081 3.300 1.176

Table 23: Initial rate data for N' -L-tryptophanyl-L-arginyl(2,2,5,7 8-

pentamethylchroman-6-sulfonamide)-norspermidine (135).

[Substrate] (uM) | v (AAsec™ x 103) at specified [Inhibitor]

0 5uM 10 uM 20 uM

5 1.733 | 1.166 0917 0.552

10 2534 | 1.652 1.216 0.751

15 2933 | 1.895 1.587 0.983

20 3.068 | 2.083 1.664 1.001

25 3.282 | 2.330 1.721 1.314

30 3416 | 2.612 1.916 1.318

35 3.434 | 2.450 1.852 1.466

Vinax 4339 | 3201 2.328 2.114

Table 24: Initial rate data for N' -L-tryptophanyl-L-arginyl(2,2,5,7,8-

pentamethylchroman-6-sulfonamide)-N’-acetyl-norspermidine (137).
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[Substrate] (uM) | v (AAsec” x 10°) at specified [Inhibitor]

0 5uM | 10uM | 20 uM

5 1.004 | 0.507 0.338 0.190

10 1.869 | 0.899 0.526 0.328

15 2278 | 1217 0.834 0.490

20 2511 | 1.547 0.965 0.598

25 2971 | 1.710 1.107 0.651

30 3.320 | 1.839 1.222 0.720

Vinax 6.088 | 3.910 2.798 1.592

Table 25: Initial rate data for N' -L-tryptophanyl-L-arginy}(2,2,5,7,8-

pentamethylchroman-6-sulfonamide)-N’-hexanoyl-norspermidine (139).

[Substrate] (uUM) | v (AAsec’] x 10%) at specified [Inhibitor]
0 1I5puM | 30uM | 60 uM

5 1.355 0.824 0.556 0.368

10 1.954 1.088 0.844 0.677

15 2.630 1.792 1.481 0.883

20 2.891 2.122 1.656 1.198

25 3.115 2.523 2.051 1.437

30 3.463 2.657 2.221 1.690

Vimax 5.366 6.334 6.661 8.323

Table 26: Initial rate data for N',.N” -bis-(L-tryptophanyl)-norspermidine (140).
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[Substrate] (M) | v (AAsec™ x 10%) at specified [Inhibitor]
0 5uM | 10uM | 20 uM

5 1.041 | 0.628 | 0.463 0.289

10 1.896 | 1.234 | 0822 | 0491

15 2482 | 1676 | 1214 | 0815

20 2977 | 2.054 | 1589 | 0911

25 3298 | 2359 | 1.810 1.135

30 3458 | 2448 | 1810 1.315

Vimax 7.118 | 5283 | 4518 | 4.99%

Table 27: Initial rate data for N' -L-arginy}(2,2.5,7,8-pentamethylchroman-6-
sulfonamide)-N"-L-arginyl-norspermidine (141).

[Substrate] (uM) | v (AAsec™ x 10%) at specified [Inhibitor]

0 1 uM 2 uM 4 uM

5 1.101 1.082 0.692 0.343

10 2.186 1.704 1.017 0.723

15 2.630 2.213 1.534 0.843

20 2.739 2.571 1.673 1.037

25 3.017 2.714 1.878 1.250

30 3.303 2.946 2.076 1.257

Vinax 5.323 4.508 3.629 2.460

Table 28: Initial rate data for Nl,N9 -bis-(L-arginyl(2,2,5,7 8-pentamethylchroman-6-

sulfonamide))-norspermidine (142).
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