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ABSTRACT

The polyene macrolide amphotericin B (AmB) remains a critically vital antifungal as the
last line of defense against a wide range ofthifieeatening fungal pathogen. Despite its clinical
usage for over half a century, AmB has evaded the developmentictllji relevant microbial
resistance. AmB has been shown to form ion channels similar to that of their protein counterparts,
which has led to the proposal that AmB kills yeast cells via membrane permeabilization. The
capacity for ion channel formation awgitotoxicity of AmB are thought to be dependent upon
membranous sterol, but the role of sterols in this mechanism and whether membrane
permeabilizaton and biological activity are even linked has remained unclear. Thus, the complete
understanding of the rokanism of action of AmB would enable the development of new
antifungals with an improved therapeutic index, as well as guide the pursuit of new antimicrobials
that evade resistance.

To elucidate the operative mechanism, we pursued a systematic fungtmnaldeletion
strategy where derivatives of AmB are synthesized lacking a single protic functional group to
understand its role in AmBés activity. The C3
critical for ion channel formation and so we accesbedlerivative lacking the C35 hydroxyl via
an iterative crossoupling (ICC) strategy. The resulting derivative maintained the capacity to bind
membranous ergosterol, but could no longer cause membrane permeabilization. Despite the lack
of channel actity, this derivative still demonstrated potent fungicidal activity. Deletion of the
mycosamine sugar yielded a derivative that could no longer bind ergosterol and was completely
inactive against yeast. Collectively, these results led us to conclude tipaintiaey mechanism
by which AmB Kkills yeast is the binding of the ergosterol and that channel formation is a
compl ementary mechanism that marginally 1incre
toxicity to humans is likely due to the binding of thh@jor mammalian sterol: cholesterol.

Given the importance of the mycosamine appendage on the binding of sterol, we pursued
an atomistic understanding of this interactio
proposed to be critical in binding batterols. Surprisingly, derivatives lacking or epimerizing the
C26 hydroxyl mai ntained the capacity to bind
Consistent with sterol binding being the operative mechanism for toxicity, both derivatives
exhibited potent antifungal activity but no toxicity in human cells and mice. However, synthetic

access to both derivatives limited their further pursuit. We hypothesized that the sterol selectivity



resulted from a ligandelective allosteric modification and pased that a similar effect could be
achieved by derivatization of the accessible
analogues, the new AmB ureas also demonstrated a preferential binding for ergosterol over
cholesterol. This corresponded withithgotent activity against a wide range of fungal pathogens

as well as their substantial decrease in toxicity to human cells and mice. Despite their decreased
toxicity, the AmB ureas maintained the ability to evade resistance similar to that of the parent

compound.
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CHAPTER 1

CURRENT UNDERSTANDING OF THE MECHANISM OF
ACTION OF AMPHOTERIGN B

Portions of this chapter were adapted from Endo, M. M.; Cioffi, A. G.; Burke, MbyD. Lett.
2016 27, 337354.

1-1 AMPHOTERICIN B: THEHIGHLY TOXIC ARCHETYPE FORRESISTANCEEVASIVE
ANTIMICROBIALS
Invasive fungal infections represent a major health crisiebeggsare responsible fonore
than 1.5 million deathsach year, a figure exceeding thatihermalaria or tuberculosisEungal
pathogens account for approximately 10% ofhalspital acquied infections with the&Candida
species beinthefourthmost common microbial systemic infectibRurthermore, invasive fungal
infections mayactuallybe substantially underreported due to the difficulties of diagfasisthe
high occurrence rate of f& negatives in conventional blood cultut@us, the development of
a safe and effective antifungal therapy stands to have a significant impact on human global health.
In 1953, William Gold and his colleagues isolated the natural product amphotricin
(AmB, 1.1) from the soil bacteriunstreptomyces nodosws the banks of the Orinoco River
region of Argentind”’ Prior to this discovery, the prognosis for patients with systemic fungal
infections was extremely grim as mortality rates were near £f008%ever AmB, as anew potent
and broaespectrum antifungal dramatically changed the outlook for patients undergoing treatment
for invasive fungal infectiorf$®and has remained the last line of defense against a wide range of
fungal pathogens.

. o Me
Amphotericin B o/S?'g.oH
1.4 NH
®

Figure 1.1 Chemical structure of amphotericin B (AmB).



Despite its clinical usage for over half a century, there hbaeavery few reports of the
emergence of clinically relevaresistance to AmB, which is in stark contrast to the history of all
otherclinically significantantimicrobialst! This may potentially be due to the unselective nature
of AmB. Generally less selective pharmacological action is associated with reduced vulnerability
to resistance as well as increased toxitifiy. AmB is exceptionajl toxic to human cells,
especially kidneyells!* which limits the dose and/or duration of treatment with AMBus, the
development of less toxic derivatives of AmB would have an incredible impact on human health.
However, this would require understarglinow AmB Kkills both yeast and human cells. Despite
extensive studies for over half a century, the mechanism by which AmB igdd»athcell types

remains unclear.

1-2 ION CHANNEL HYPOTHESIS

One of the earliest studies to attempt to elucidate the mechanism of action for AmB came
from Kinsky in 1961 wher@efound that AmB caused a decrease in the dry weight of the mycelial
mats ofNeurosporacrassaalong with the presence of cytoplasmic cdustits in the growth
medium*>16This ledKinsky to concludehat the mechanism of AmB was due to the alteration of
permeability in the cell's membrane. There were three potential mechanisms to how AmB was
permeabilizing membranes: gross membrane dismipibnophoric transport, or discrete ion
channel formatior(Figure 1.2A) Andreoli and coworkers utilized planar lipid bilayer assay to
observe that the electrical resistance had decreased while the physical integrity of the membrane
was maintained in theresence of AmB’ Based on these results, gross membrane disrtiption
highly unlikely mechanism. To distinguish between the other two mechanisms, Finklestein and
coworkers compared the electrophysiological properties of AmB with the known ionophore
valinomycin '8 Valinomycinmediated conductandacreasedinearly with concentration, while
AmB-mediated conductance increased proportionally to a large power of concentration
Furthermore, the conductance due to valinomycin addition increased with ingresaaperature,
while AmB-promoted conductance decreased with increasing temperature. These observed
differences are inconsistent with AmB behaving as an ionophore. However, it was not until 1976
that the direct observation of the discrete AmB single lanoels was made by Ermishkin and

coworkerswith the planar lipid bilayer techniqd® These single ion channels displayed gating



and ion selectivity properties that are typically attributed to protein ion channels. These remarkable
characteristics heeled to AmBbecominghe archetype for ion chanr@Irming small molecules.

From 19731974, Andreol?®?! Finkelstein and Holz? and de Kruijff and Demét
proposed the barrstave model fothe AmB ion channel (Figure 1.2Bn this model, eight AmB
molecules seHassemble to form the transmembrane pdhe hydrophobic polyene is oriented
outward to interact with the lipid membrane while the hydrophilic polyol lines the inside of the
channel enabling ion conductance. The bastave model was furtheraahced by Ermiskin and
coworkers based on a series of electrophysiology studies using AmB derivatives that were
modified atthe C41 carboxylate and/or3Cammoniunt? Modification of either charged
functional group significahg diminished the lifetime ofthe open channel, which led to the
proposal that the positive and negative charges of AmB were critical in stabilizing the
supermoleculachannelstructure via intermoleculaaltbridges between the C4arloxylate of
one AmB and the & ammonium ora neighboring AmB(Figure 1.B and 1.Z). Molecular
dynamics (MD) studies further supported the hypothesis of this critical intermolecular salt

bridge?>2’
A B

Figure1.2The <c¢cl assical i on c ha(@AphRepresentatibredf thefion avzelimalipddilayecnerinbrand. y .
(B) Birdos eye view of the computational model for zehe putat
the ion channel supermolecular structure.

To study this putative intermolecular shtidge,Murata and coworkers synthestzAmB
dimers that linked the C4darboxylate obne AmB molecule with the C&mmonium of another
with linkages of varying length@Figure 1.3.22 These dimers displayed little to no biological
activity. However, the dimer th the longest linked.4 was able to permeabilize membranes

similar to AmB in a solution phase NMBased assay This led to the reasoning that either the



intermolecular salt bridge is not present in the ion channel or that a certain distance/fleibility
required for this interaction for activity. It is important to note that AmB dimers were also
synthesized that omtained intermolecular linkages between the C4darboxylaté® or C3'
ammoniuny? Like the G1-C3' AmB dimer?® the membrane permeabilization activiof these
conjugates also had linkage lenglpendence. However, antifungal activity was not reported
This calls intoquestion the importance dhe proposed AmB ion channel to the observed
antimycotic properties. Furth@ore, these covalently modified derivatives contain an inherent
steric interference, which makes proper evaluation of the potential intermolecular salt bridge

difficult to assess.

Figure 1.3 Chemical structures of covalently linked dimers of AmB.

In addition to the salt bridgemolecular dynamicsexperimentspredicted further
stabilization of the ion channel from thgdrogen bond networketweerthe C8hydroxyl ofone
molecule of AmB with the C@ydroxyl ofa neighboring AmB moleculé&® Interestingly the C8
hydroxyl is installed as a pepblyketide synthase (PKS) modification via a cytochrome P450
monooxygease encoded by HmaphlLgene. Inactivation of themphLgene led to the biosynthesis
of C8deoxyamphotericin B (C8deOAmMA.5).3? This derivative maintained potent antifungal
activity (~fourfold decrease in activity relative to AmB) demonstratingetthérthe G hydroxyl
is not necessary in stabilizing the ion channel or that perhaps the ion channel is not required for

antifungalactivity.



