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SUMMARY

Trypanosoma brucei, the causal agent for sleeping sickness, depends on ergosterol for growth.
Herein, we describe the effects of a mechanism-based inhibitor, 26-fluorolanosterol (26FL), which
converts in vivo to a fluorinated substrate of the sterol C24-methyltransferase essential for sterol
methylation and function of ergosterol and missing from the human host. 26FL showed potent
inhibition of ergosterol biosynthesis and growth of procyclic and bloodstream forms while it has
no effect on cholesterol biosynthesis or growth of human epithelial kidney cells. During exposure
of cloned ThSMT to 26-fluorocholesta-5,7,24-trienol, the enzyme is gradually killed as a
consequence of the covalent binding of the intermediate C25 cation to the active site (Keat/Kinact =
0.26 min-1/0.24 min1; partition ratio of 1.08) whereas 26FL is non-productively bound. These
results demonstrate that poisoning of ergosterol biosynthesis by a 26-fluorinated A24-sterol is a
promising strategy for developing new treatment for trypanosomiasis.
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INTRODUCTION

The parasitic protozoan, Trypanosoma brucei, the etiological agent for sleeping sickness, is
naturally transmitted by the blood-sucking tsetse fly (Glossina) (Van Den Abbeele et al.,
1999). Sleeping sickness is endemic in 36 African countries, with 300,000 new cases and
approximately 10,000 deaths per year and > 60 million people at risk (WHO, 2013). Disease
development of Human African Trypanosomiasis (HAT) is marked by an initial
hemolymphatic stage which can progress to the central nervous system after the parasite
crosses the blood brain barrier yielding a late meningoencephalitic stage that is deadly.
Current chemotherapy options are stage-specific and limited to stage 1 drugs - pentamidine
and suramin, and stage 2 drugs - melarsoprol and eflornithine and are compromised by
adverse side reactions, diminishing efficacy in several geographical regions, and complexity
of use (Barrett, 2010; Ferrins et al., 2013). Many of these drugs have been in use since the
1950’s. Taken together, there is a pressing need to develop chemotherapeutics with novel
mechanisms of action for the treatment of life-threatening HAT infections.

Phylogenomic and chemical studies reveal distinct differences in the genetic and metabolite
compositions of protozoan and animal sterol metabolomes which produce ergosterol and
cholesterol, respectively (Fugi et al., 2014; Nes, 2011; Roberts et al., 2003). This diversity in
sterol metabolism between T. brucei and its human host has presented the intriguing
possibility that protozoan biochemistry could be selectively inhibited. Indeed, our recent
discovery shows there is an essential requirement for hormonal levels of ergosterol to
“spark” (signal) cell proliferation of T. brucei bloodstream forms (Figure 1A) which cannot
be satisfied solely by cholesterol salvaged from the host (Haubrich et al., 2015). These
studies, plus the demonstration that inhibitors shown to block enzymes in the post-squalene
segment of ergosterol biosynthesis pathway prevent growth of many protozoan parasites
without effect on cultured animal cells (Gigante et al., 2009; Gros et al., 2006; Gunatilleke et
al., 2012; Lepesheva et al., 2007; Lepesheva and Waterman, 2011; Lorente et al., 2004;
Lovieno et al., 2014; Porta et al., 2014; Rahman and Pascal., 1990; Zhou et al., 2007)
confirms our idea. Consequently, there is an effort underway to probe ergosterol
biosynthesis targets with the aim to identify new drugs to treat specific neglected tropical
diseases considered ergosterol-dependent.
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Most of the earlier research on lead development for new drugs resulted from the accidental
observation of the biological effects of natural products or from screening organic
compounds (Pink et al., 2005), whereas little attention has been directed toward druggable
enzymes of ergosterol biosynthesis. In our search for effective ergosterol biosynthesis
inhibitors to treat protozoan infections, we were guided by the seminal work on the
repurposed drug - eflornithine (DL-a-difluoromethylornithine, DFMO), a fluorinated
substrate mimic of L-ornithine decarboxylase (ODC) shown to control flux through the
polyamine pathway, associated with cell growth and differentiation. Mechanism-based
inactivation of this enzyme proceeds via pyridoxal phosphate-assisted decarboxylative
elimination of fluoride to produce a fluorinated Michael acceptor that is captured by an
active site cysteine residue (Andrews et al., 2014; Poulin et al., 1992). In addition, inhibition
of this enzyme in Gambian sleeping sickness interferes with spermidine formation that,
thereby produce parasite death (Heby et al., 2003). Importantly, a contributing factor to the
treatment success of eflonithine is the significant differences in sensitivities of the parasite
and animal ODC to the inhibitor.

Recently, the steroidal inhibitor 14a-methylenecyclopropyl A7-24(25)-dihydrolanosterol
(MCP) fashioned to complex with T. brucei sterol 14a-demethylase (14-SDM) and prevent
cell growth has emerged as an alternative to medical azoles to disrupt ergosterol homeostasis
(Hargrove et al., 2012). The proposed mechanism of action of MCP to interfere with sterol
14-demethylation by irreversible binding to ToSDM differs from azoles which interact with
the CYP51 enzyme as adduct to the heme iron as well as noncovalently with the substrate
binding site (Hargrove et al., 2011). An entirely analogous strategy is well established in the
area of aromatase inhibitors, where suicide substrates of the estrogen biosynthetic pathway
enzymes have been shown to be potent drugs in breast cancer therapy (Bruegemeier et al.,
2005). Azoles, however, suffer the disadvantage of being general P450 inhibitors, their
efficacy depending on a greater affinity for the protozoan P450145p\m Versus the mammalian
P45014spm, and some of them can bind concurrently to P450 enzymes and related steroid
side chain metabolizing enzymes showing a lack of specificity (Lepesheva and Waterman,
2011). A more exact approach in the design of anti-parasite agents has been the development
of phyla-specific steroidal inhibitors of sterol C24-methyltransferase (24-SMT) catalysis,
such as, 25-azalanosterol. These high energy intermediate analogs can block ergosterol
biosynthesis and halt cell growth by inhibiting specifically sterol methylation which does
not occur in animals (Liu and Nes, 2009).

Given the key role of fluorinated small molecules as pharmacological agents in regulation of
cholesterol biosynthesis and metabolism (Kauffman et al., 2000), and the demonstration that
fluorinated cholesterols can replace cholesterol as a membrane insert and support growth of
fungal sterol auxotrophs (Kauffman et al., 2000; Matsumori et al., 2008; Zundel et al.,
1989), there has been remarkably little work reported on the influence of fluorinated
compounds in ergosterol production and processing by protozoa. In our group, we reported
fluoro substituents attached to the cycloartenol side chain at C24 or C26 that do not affect
binding affinities to soybean 24-SMT (EC 2.1.1.143) as a consequence of the steric
similarity between a fluorine and hydrogen atom (Patkar et al., 2013; Wang et al., 2008). On
the other hand, the fluorine can exert a strong influence on the electronic environment that
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thereby affects intermediate cation formation and timing of the C24-methylation reaction.
These effects promote partitioning toward covalent modifications over turnover catalyzed by
24-SMT (i.e., route 1—2—4 versus 5, 6 or 7, Figure 1B). This property of enzyme
inactivation for ergosterol biosynthesis inhibitors could, unlike the ammonium-side chain
containing sterols or medical azoles, disrupt ergosterol homeostasis without markedly
affecting the sterol composition of treated-cells, the basis for a safe yet potent drug that
could be used in combination therapy with existing therapeutics.

In this paper, we provide metabolite differences and biological effects together with
mechanistic understanding for a novel class of fluorinated trypanocide evaluated using
cultures of T. brucei and human epithelial kidney (HEK) cells and the cloned ToSMT. We
were interested to identify a highly efficient substrate-mediated inhibitor of TOSMT (EC
2.1.1.41) that in its covalent inactivation affords a low partition ratio in which relatively few
of the intermediate molecules formed are necessary to kill the enzyme while those that
convert to methyl product leave the active site and become inert metabolites. The results
reported here provide a new route to fluorinated functionality for “suicide substrate”
poisoning of an essential enzyme in ergosterol biosynthesis. We also observed that 26FL is a
steroidal prodrug that produces growth inhibition in the low micromolar range
complementary to the previously described use of fluorinated substrate-based inhibitors that
target the enzyme that controls flux through the polyamine pathway in T. brucei.

26-Fluorolanostero 1(26-FL) Inhibits Growth of T. brucei Cells but not of HEK Cells

Exploitation

To assess the growth effect of a fluorosterol designed as a mechanism-based inhibitor of
TbSMT, cell-based studies were performed with 26FL. The compound added at various
concentrations to the medium of T. brucei procyclic (PCF) and bloodstream (BSF) forms
and human epithelial kidney (HEK) cell cultures generated 1Cgq values of approximately 3
UM for PCF and 16 pM for BSF (Figure 2) while 26FL had no effect on HEK cell growth up
to 100 uM (data not shown). The dose of 26FL causing 50% cell growth inhibition
correlates to a moderate therapeutic index [EDsonek/EDsobloodstream] O 6.2 with cells
remaining viable even at the 1C99 value of the drug (Haubrich et al., 2015).

of metabolic differences

To determine the underlying biochemistry responsible for the differences in growth response
to 26FL, we considered the inhibitor to block the target enzyme, 24-SMT, in the ergosterol
biosynthesis pathway. In agreement with our proposal, treated PCF showed a dose-
dependent drop in ergosterol content that corresponds to zero-line growth inhibition
equivalent to the inoculum. GC-MS analysis of neutral lipids of PCF treated cells at the ICsg
of 26-FL show a loss of ergosterol at RRT 1.11 (Figure 2, Panel A), otherwise the sterol
profile is similar to the previously reported control (Lepesheva and Waterman, 2011). In our
GC conditions, ergosterol and cholesta-5,7,24-trienol effectively co-elute, however,
ergosterol can be detected in the mass spectrum at approximately 1-3 % the sterol mixture or
at even lower concentrations at approximately .5% total sterol through selected ion
monitoring (SIM) for appropriate ions (e.g., M*, 396 and M*- 33, 363 (-CHj3- -H,0)) (Zhou
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etal., 2007) (Figure S1). At the ICgq of 26FL, trace amounts of three new fluorinated
metabolites (<1% total sterol) were evident at the baseline of the chromatogram. When the
drug is added at the 1Cqq value, the fluorinated compounds accumulate (~5% of total sterol)
to greater levels in the sterol mixture than at 1Cgq values which allow for an interpretation of
their mass spectra; two of them elute on the front and back-side of the peak corresponding to
an ergosterol isomer- ergosta-5,7,25(27)-trienol (RRTc- 1.17, M* 396) and a third
compound elutes late in the chromatogram with a mobility typical of an “oxysterol”. Based
on knowledge of chromatographic and mass spectral identification of the endogenous
metabolites of the ergosterol biosynthesis pathway and oxysterols that contain a hydroxyl
group in the side chain, coupled with the GC retention factor calculated for a 26-hydrogen to
26-fluorine moiety of 1.06 (Nes et al., 1988; Nes et al., 2012; Patkar et al., 2013; Xu et al.,
1988), two new fluorinated steroidal “monols” were identified as 26-fluorocholesta-5,7,24-
trienol (RRTc-1.16, M* 400) and 26-fluoroergosta-8,25(27)-dienol (RRTc- 1.21, M* 414,
M* - HF 396; M*- CH3 — HF, 381, M* - H,0O- HF- 2H; Figure 3B1 and 3B2, respectively).
Mass spectra of the fluorinated sterol metabolites contain contaminant ions from
ergosta-5,7,25(27)-trienol (Figure S1B). A third new compound eluting at RRTc 1.39 (M*
missing, M*- HF 414, M* - H,0- HF, 378; Figure 3B-3) is tentatively identified as the
steroidal “diol” 26-fluoro 3,25-dihydroxyergost-8-enol. A similar enzyme-generated diol
with the cycloartenol nucleus was identified from incubation of 26-fluorocycloartenol with
soybean 24-SMT (Patkar et al., 2013). The parent compound 26FL was also present in the
fluorinated sterol mixture as a minor component in the GC tail corresponding to the diol at
RRTc of 1.40 (M* 444). The identification of an apparent abortive product of the C24-
methylation reaction in the form of a “diol” (3C as *-3) is consistent with the intermediate
cation intercepted by an active site nucleophile generating enzyme inactivation (Patkar et al.,
2013). Thus, most of the 26FL accumulated by cells (< 95%) is converted to 26-fluorinated
metabolites and the apparent inactivation of TOSMT by enzyme-activated 26-
fluorozymosterol is likely reason for blocked zymosterol conversion to ergosta-8,25(27)-
dienol and loss of ergosterol in cells.

Sterol analyses were conducted on neutral lipids of HEK cells cultured in the presence and
absence of 26FL (at 100 pM). GC-MS analysis of the neutral lipids of control (Figure 4A)
and treated-cells (Figure 4B) showed exclusively cholesterol or cholesterol accompanied by
a set of 26-fluorosterol compounds that represent approximately 40% total cellular sterol; of
the 26FL accumulated by cells, approximately half of it converts to inert products. Based on
the 26H- to 26F - retention factor for standards bearing a 26-hydrogen atom (lanosterol
RRTc, 1.31, M* 426) and 26-fluorine atom (26-fluorolanosterol RRTc, 1.41, M* 444; Figure
4D, star-3) and comparison of the RRTc and mass spectra (Figure 4C) of the 26-fluorosterol
metabolites to the data established for intermediates in the cholesterol biosynthesis pathway
(Nes, 2011), three metabolites detected in the treated cells are new (Figure 4C, compare with
endogenous sterol mass spectra shown in Figure S2); 26-fluoro 4,4,-dimethyl cholesta-8,24-
dienol (RRTc- 1.46, M* 430; Figure 4D, star-4), 26-fluoro 4a-methyl cholesta-8,24-dienol
(RRTc- 1.26, M* 416; Figure 4D, star-2) and 26-fluoro cholesta-8,24-dienol co-eluting with
cholesta-7,24-dienol (RRT-1.12, M* 402 and M* 384, respectively, Figure 4D, star- 1).
Selective ion monitoring for molecular weights of compounds that could represent sterols
with C24-reduced side chains (e.g., M* 404 for 26-fluorocholesterol) failed to reveal any
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additional fluorosterol metabolites. It is worth mentioning as in the 26-fluorolanosterol-
treated PCF incubation where ergosta-8,25(27)-dienol accumulates, in the 26-
fluorolanosterol-treated HEK cells olefinic sterols with a double bond in the side chain
A?4(25)_position accumulate as well which suggest a general blockage of sterol reductase
enzymes in these cultures. The accumulation of fluorinated sterols in HEK cells appears to
have no apparent harmful effect on growth as expected (Zundel et al., 1989).

26-Fluorolanosterol is a Reversible Inhibitor of TOSMT

Inhibitor dissociation constants (K;) for C24-methylation of 26-fluorolanosterol were based
on initial reaction rate measurements with varied inhibitor concentrations (Nes et al., 2003;
Nes et al., 2012). The fluorinated analog, 26FL, was incubated with cloned TOSMT under
the standard reaction conditions used previously for the conversion of zymosterol to methyl
product. As judged by GC-MS analysis, there is no product formation by ToSMT catalysis
(Figure 5A) even after prolonged incubation or with different concentrations of protein up to
5 mg. This substrate, although not productively bound, exhibited a K; value of 85 pM with
competitive-type kinetics relative to zymosterol (Figure 5B) similar to the previously
reported K; value of lanosterol of 126 uM (Haubrich et al., 2015). Substrate protection is
evident from the kinetics where addition of analog slows down the rate of enzyme inhibition
while addition of substrate overcomes the inhibition by the analog. These results and the
active conversion to metabolite following uptake by cells indicate that 26FL itself is not
likely responsible for the growth inhibition.

Products of the TbSMT C24-Methylation with 26-Fluorocholesta-5,7,24-trienol

In order to determine whether the 26FL metabolite 26-fluorozymosterol could show suicide
substrate properties toward TOSMT in a cell-free system we considered to prepare 26-
fluorozymosterol as a substrate. However, due to a paucity of zymosterol for the synthetic
work another analog was chosen to test with the enzyme. Because cholesta- 5,7,24-trienol
shows similar competency to zymosterol in acceptance by ToSMT (Lepesheva and
Waterman, 2011), we reasoned the fluorinated analog of cholesta-5,7,24- trienol could be
prepared from commercially available ergosterol and tested as an alternative analog. 26-FCT
paired with SAM was incubated with cloned TOSMT. GC-MS analysis (Figure 5C) showed
that the early eluting compound at 18 minutes possesses a A%/ system (ions at m/z 128, 143,
157, 158 and 159 similar to the substrate (Figure S3) and C24-methy! side chain (ions at m/z
414 (M™), 400, 380, 367, 349) typical of a methylated fluorosterol. The late eluting
compound at approximately 21.9 minutes also contained a A> system (ions at m/z 128, 143,
157, 158 and 159) and a C24-alkylated side chain with a hydroxyl group (ions at m/z 432 (=
M* missing), 412, 400, 365 and 347); these enzyme-generated products correspond to 26-
fluoroergosta-5,7,25(27)-trienol and 26-fluoro 3,25-dihydroxyergosta-5,7-dienol,
respectively (Figure 5D). The percent conversion of fluorinated analog to methyl product is
approximately 25% while the ratio of C24- methyl turnover product to C24-methyl abortive
product (Figure 1B) is approximately 8. The identification of a key abortive product (as the
fluorinated diol), suggesting the ternary complex is arrested following formation of the first
high energy intermediate, agrees with the proposed reaction steps of sterol C24-methylation
catalyzed by TOSMT outlined in Figure 1B. It is noteworthy in the total ion current
chromatogram in Figure 3A, that the retention factor for the 26-fluoro-25-hydroxy group
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(sterol 2 = RRTc, 1.29) versus 26-fluoro-A25(27) -group (sterol 3 = RRTc, 1.50) of 1.16
determined in the enzyme assay with 26-fluorocholesta-5,7,24-trienol matches the retention
factor of 1.16 for the same side chain pair in 26-flouro- ergosta-8,25(27)-dienol (RRTc 1.21)
and 26-fluoro 3,25-dihydroxyergost-8-enol (1.39) identified in the whole cells studies from
incubation of 26-fluorolanosterol. The substrate analog evidently was capable to uncouple
the reaction sequence catalyzed by TbSMT affording the production of the corresponding
steroidal diol, the abortive product representative of the methyl intermediate bound to the
enzyme.

Determination of Kinetic Parameters

To assess the relative rate of enzyme-catalyzed methylation of 26-FCT versus zymosterol,
both substrates were examined in the linear range of enzymatic activity (5- 150 uM) with the
same lysate preparation of recombinant enzyme. The fluoroanalog is methylated at
approximately 9 % the rate of zymosterol conversion to ergosta-8,25(27)-dienol while
yielding similar K, values of 25 + 2 uM, comparable to our previous finding of a K, 47 uM
for zymosterol and a Ky, of 25 uM for cholesta-5,7,24-trienol, respectively (Liu et al., 2011;
Zhou et al., 2006). Using a concentration of 50 micrograms of native tetramer ToSMT
approximated from the SDS-PAGE gel of the enzyme preparation reported previously (Zhou
et al., 2006), the ket values are estimated for 26-fluorocholesta-5,7,24-trienol of 0.26 mint
compared to an estimated kqy; for zymosterol of 2.88 min-1 which is the same value as
before (Zhou et al., 2006). However, these turnover numbers are approximately an order of
magnitude greater from our previously reported value of 0.6 min-L. In the latter case, the
enzyme was purified to homogeneity using a series of chromatographic steps that involve
anion exchange columns (Zhou et al., 2006). We tracked down the observed differences in
catalytic competence and determined they arise from the allosteric capabilities of the
enzyme operating in its native tetrameric form. Previously, we showed sigmoidal behavior
of the pure enzyme toward SAM (S-adenosyl-L-methinione) (Nes et al., 1998). Now, we
discovered that ATP bound to the 24-SMT in pre-Q column preparations is released from
the active form during the purification procedure involving a Q-column chromatography
step. Importantly, ATP at physiological concentrations of 400 UM (Rodriguez and Parks,
1981) is a positive allosteric effector of cloned yeast 24-SMT and TbSMT activity and
restores completely the dramatic loss of enzyme activity following Q-column
chromatography (Marshall, 2001; and unpublished results). When cAMP is added to fungal
cultures, the effect on ATP levels is associated with an increase in ergosterol, presumably by
activation of 24-SMT (Sardari et al., 2003).

The product outcome from incubation of 26FCT with TOSMT showed reaction with SAM
and that the substrate analog binds specifically to the active site. Additionally, the kinetic
behavior shows binding is almost as tight as that of the natural substrate. Finally, replacing
the C26 hydrogen in the zymosterol system by fluorine retards the rate of C24- methylation,
a reaction known to proceed through multiple carbonium high energy intermediates
generates a single 26-fluoro abortive product. Thus, it is quite possible that the coupled
methylation and deprotonation reactions catalyzed by ThSMT are discrete steps (Figure 1B)
whereas the same reaction catalyzed by the yeast 24-SMT operates in a concerted manner to
produce a single A24(28) - product (Nes et al., 1998).
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Further evaluation of 26-fluorocholesta-5,7,24-trienol as an analog for ToOSMT was based
upon inhibition kinetics of 26FCT against varying concentrations of zymosterol and fixed
amounts of SAM using an E. coli preparation of the cloned enzyme. The double-reciprocal
plot of sterol methylation activity in the presence of several concentrations of the fluorinated
compound is shown in Figure 5E. The data clearly indicate that the sterol is a competitive
inhibitor of the sterol methylase with respect to zymosterol showing a K; of 75 uM. These
data and that of product distributions from incubation with 26FCT are consistent with the
observation of accumulation of 26-fluoroergosta-8,25(27)-dienol in treated cells. Thus, the
notion that 26-fluorozymaosterol is a substrate mimic of zymosterol is confirmed by kinetic
studies as well as by metabolic conversions catalyzed by TOSMT.

Inactivation of ThSMT

Stable metabolites of 26FL did not inhibit TOSMT through a reversible mechanism of
inhibition. To assess the alternative irreversible mechanism of inhibition, we performed
time-course experiments using the cloned enzyme which confirmed inactivation
accompanying the methyl intermediate formation with half-maximal values for each
occurring within 10 minutes (Figure 5, Panel F). ToOSMT activity declined by a pseudo-first-
order process with a half-life of 2.82 min-1. The rate of inactivation of TOSMT was
saturable, with a maximum rate of inactivation, Kinact Of 0.24 min-! +0.01 min and a K; of
89 UM, similar to that reported from the steady-state K; determinations reported in Figure 5,
Panel E. These values compare favorably with the kinetic parameters for the normal
substrate zymosterol. As expected, no inactivation occurred when the incubations were
carried out with sterol only, consistent with absolute dependency of the co-substrates for the
reaction to generate covalently bound product (Figure 1, Panel B).

DISCUSSION

Drug discovery for neglected tropical diseases falls into two broad categories of molecular
target-based and phenotypic approaches (Gilbert, 2013). Significant problem with NTD drug
resistance includes specificity and variant mechanisms of resistance (Barrett et al., 2011;
Chitanga et al., 2011). These overarching problems need to be addressed in order for any
single compound to treat trypanosomiais patients successfully. In the search for the next
generation of anti-parasitic agents, work on trypanosome sequences coupled with
biochemical investigations has pinpointed the sterol C24-methyltransferase in the ergosterol
biosynthesis pathway as a potential drug target. The substrate specificity of this crucial
catalyst reveals limited steroidal modifications that could be processed by the enzyme.
Nonetheless, structure-activity analyses of a range of steroidal inhibitors incubated with 24-
SMTs across kingdoms provide foundation for a tractable chemical start point. It has been
demonstrated that substrate mimics compete with the natural acceptor of 24-SMT for a
common catalytic site, and may occur with reversible inhibitors (azasterols) as enzyme-
bound transition state analogs or with irreversible inhibitors (fluorinated olefins) as enzyme-
bound abortive intermediates. Whichever mechanism applies to the steroidal inhibitor in
vitro, it is clear that complete blockage of 24-SMT activity by these compounds can offer a
proof-of-principle for such enzyme-targeted approaches. When suicide substrates compared
to tight binding steroidal inhibitors of 24-SMT show relevant differences in their effects on
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ergosterol biosynthesis in treated cells, it could represent sequence-specific recognition in
the formation of a covalent complex, the basis for phyla-specific inhibitors. Criteria for anti-
parasite hits, leads and drug candidates in the design and testing of new enzyme inhibitors to
block TbSMT in T. brucel have been met by our test analogs in this and previous studies-
i.e., the compound is active with 1Cgq of < 10 pM, active in vivo against parasites at a doses
of < 100 mg per kg and not overly toxic in animals at efficacious dose such that analogs can
be obtained (Pink et al., 2005).

Preferential inhibition is gained in the suicide substrate approach to enzyme inactivation in
ergosterol biosynthesis which exploits analog specificity of ToSMT. The inhibition constant
K;j for a substrate analog describes its level of specificity and the reversible equilibrium
between enzyme and inhibitor for the initial inhibitor binding step; the K; dissociation
constant of enzyme-inhibitor complex (El), | is inhibitor concentration, S is substrate
concentration and P the product concentration while ke, describes the catalytic turnover
number and Kjnhip, expressed by the kinact constant, describes the time-dependent rate of
enzyme inactivation (Walsh, 1984) (Scheme 1).

Mechanistically for 26-flourinated analogs to act as an irreversible inhibitor the compounds
should serve as substrates of the Michaelis complex and convert to a methylated
intermediate cation (1*) similar to the processing of zymosterol by TbSMT. The resulting
fluorinated intermediate has the ability to capture an apoprotein residue through competing
processes that involve partitioning toward deprotonation and turnover (E + IP*) typical of
the natural substrate (path b) or inactivation (E-1*) characteristic of the steroidal inhibitor
(path a) as shown in Scheme 1. The functional inhibition of the enzyme is determined by the
relative rates of each of these pathways and in particular the formation of the E-1* species.

One example of the in vitro potency of sterol C24-methyltransferase inhibitors is through
comparison via the ratios of their Kn,/Kj values, thus the larger the ratio the greater the
competitive inhibition. When tested against T)SMT, The 26-fluoro substituted analogs
exhibited K,/K; ratios for 26FL of 25/85 (= 0.29) and for 26FCT of 25/75 (= 0.33) (this
study) compared to a K,/K; ratio for 25-azalanosterol of 47/.039 (= 1205) reported
previously (Zhou et al., 2006). While it is notable that the azasteroids are three orders of
magnitude greater in effectiveness as inhibitors of cell-free TOSMT, they do not show a
corresponding potency in terms of in vivo growth inhibition of cultured T. brucei cells. Thus
26FL, like 25-azalanosterol, inhibit PCF growth at approximately 1 uM.

Another way to assess altered catalytic capacity of TOSMT to fluorinated analog is through
examination of both concentration-dependent and time-dependent inhibition kinetics. Here,
the partition ratio is the key indicator of potential in vivo specificity and utility. The
substrate partition ratio [Keat/Kinact] for a TOSMT mechanism-based inhibitor is operationally
defined as the number of inhibitor molecules that are methylated per unit time before one
enzyme molecule is irreversibly inactivated. While the efficacy of these compounds can
vary according to the chemical design, e.g., addition of a terminal methylene cyclopropane,
sulfur, or fluorine substituent in the sterol side chain (Kanagasabai et al., 2004; Nes et al.,
2012; Zhou et al., 2006), the lower the partition ratio, the less drug is needed to kill a given
enzyme and potential toxic product release becomes null. A completely efficient suicide
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substrate that targets TOSMT would generate a partition ratio close to 1 and in so doing
show desirable drug properties of specificity and low toxicity (Walsh, 1984). In studies of
26FCT tested with TOSMT, we determined the analog is a poor substrate for turnover;
however, it irreversibly inactivated the enzyme in a saturable way implying that a Michaelis-
complex forms, but partitions to favor the inactivation pathway. The partition ratio of 1.08
shows 26FCT to be one of the most highly efficient mechanism-based inhibitors thus far
reported in the pharmaceutical literature.

Another critical factor in suicide substrate effectiveness for inhibition of ergosterol
biosynthesis relates to their ability to be accumulated by cells and then out-compete the
natural substrate for acceptance by the sterol methyltransferase enzyme. In previous work
with suicide substrates designed to inhibit 24-SMT in pathogenic fungi, the compounds
showed predicted in vitro activity but failed to be taken up by the fungi (Ganapathy et al.,
2011). If these analogs are accumulated by the parasite, they must successfully bind to
TbSMT at concentrations several times higher than the K, values of zymosterol which
correlates to its endogenous steady-state concentration of 0.1% total sterol yielding 145 fg/
cell. In the current study, 26FL-treated cells showed evidence for uptake and metabolism of
the drug to include products of TOSMT catalysis. However, despite no significant change in
the endogenous sterol profile except for a loss of ergosterol, the detection of 26-fluorosterol
metabolites at the approximate level of 1% is consistent with 26-fluorozymosterol formed to
a level that outcompetes the zymosterol available for TOSMT. Notably, as the exogenous
amount of 26FL supplied to the cells was increased, providing for more endogenous 26-
fluorozymosterol, the cell growth fell accordingly. In contrast to our observations with 25-
azalanosterol-treated procyclic cells where cells at the drug 1Cgg generated a higher total
endogenous sterol content than treated cells at ICgq or controls (thereby suggesting an up-
regulation of ergosterol biosynthesis enzymes), for the 26FL-treated cells there was no
significant change in the endogenous sterol composition as the concentration of drug
increased from 1Csq or I1Cgq. Thus, suicide substrates of TOSMT may be considered the
ultimate physiological inhibitor for ergosterol biosynthesis and as a potential therapeutic
because it remains bound to the enzyme for the lifetime of the target in the cell and its effect
specific on ergosterol formation.

SIGNIFICANCE

Trypanosomes have evolved to be ruthless parasites of their animal hosts. In this and our
previous studies, we endeavored to develop a new strategy to treat trypanosomasis that
involves the inhibition of crucial enzymes in the ergosterol biosynthesis pathway of T.
brucei. This advance, particularly suited for specific combinations of mechanistically-
distinct inhibitors of TOSMT and ThSDM, can be fashioned to kill rather than simply halt
cell proliferation and in so doing overcome conventional resistance factors. Indeed, by
incubating a medical azole with 25-azalanosterol paired at their ICsq values of 1-3 uM in the
growth media of T. brucei showed synergy resulting in cell death (Haubrich et al., 2015).

This is the first time that fluorinated sterols have been tested as anti-parasitic agents. Our
results show the promise of these compounds as prodrugs, specifically 26-fluorolanosterol,
that can enter the ergosterol biosynthesis pathway, convert to a substrate analog of an
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indispensible enzyme and through catalysis inhibit sterol C24-methylation and cell growth.
The partition ratio for 26FCT against TOSMT of 1.08 compares favorably for eflonithine
against ODC of approximately 3.3 (Pegg et al., 1987), which suggest the basis of selective
and potent antitrypanosomal action of fluorinated inhibitors could be the relatively slow
turnover of TOSMT which in complex with activated analogs completely inactivates the
catalyst, as reported for eflornithine against TbODC (Wang, 1991). This constitutive
property of inhibitor-protein interactions may explain the minimal change in the course and
equilibrium of metabolic sequences in treated T. brucei cells which receive the bulk amount
of membrane sterol (cholesterol) from the host. Taking into account the above-described
experiments and their results regarding 26- fluorinated sterols, indicate that mechanism-
based inhibitors targeting the sterol methylation enzyme might be a promising and useful
additional agent in the therapeutic armamentarium for the treatment of sleeping sickness and
other protozoan infections.

EXPERIMENTAL PROCEDURES

Strain, culture procedures and cellular sterol analysis

A T. brucel strain 427 was grown at Meharry Medical College in SDM-79 medium
(procyclic form) with 10% heat-inactivated FBS (Atlanta Biologicals), referred to as full-
growth medium (FGM) at 27 °C. Blood-stream forms originating from cells grown in rats
(Sprague Dawley male rats from Harlan Laboratories) fed the standard rat chow (PicLab
Rodent diet) were cultured at 37 00 in HMI-9 medium supplemented with 10% heat-
inactivated FBS as previously described (Haubrich et al., 2015). Human epithelial kidney
cells (HEK 293T) purchased from ATCC (Manassas, VA) and grown in RPMI medium
supplemented with 20% heat-inactivated FBS. Both cultures were maintained in a
humidified atmosphere containing 5% CO,. Cell counting was done with a Neubauer
hemocytometer. The procyclic (PCF) and bloodstream forms (BSF) cultures were seeded at
different densities of 2-3 x 108\ cells/ml or 1 x 10° cells/ml, respectively, in tissue-culture
flasks. Cell densities were maintained in the range of 0.5-1 x 107 cells/ml for the PCF and
0.1-1 x 10 cells/ml for the BSF by re-inoculation in fresh medium. Cells were harvested by
centrifugation. HEK cell viability of HEK cells was monitored by the trypan blue dye
exclusion method. To evaluate the growth inhibition effect, the cells were incubated with
26-fluorolanosterol as a 1% (v/v) solution in dimethyl sulfoxide in the concentration range
0-100 uM. Cells treated with 1% DMSO alone served as controls. The concentrations of
26FL causing 50% growth inhibition (EDsgg, 50% effective dose) was calculated from dose-
response curves. The selectivity of the inhibitor for the parasite was estimated as ratio EDsq
(HEK 293T) / EDsg BSF) (Hoet et al., 2004). Protozoan cells, collected by centrifugation,
were saponified (10% KOH in methanol at reflux for 30 min) and the neutral lipid obtained
by dilution with water and extraction into hexanes was analyzed by GC-MS.

Recovery and analysis of sterols from cultured cells

Procyclic and bloodstream forms and HEK cells were harvested at growth arrest in the
presence or absence of 26- fluorolanosterol at the 1C5y and 1Cgq concentrations of the
compound for TB cells or 30 uM compound for HEK cells. Cell pellets were split with an
internal standard of 5a-cholestane added to one of the cell pellets. Cells were saponified
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with 10% methanolic KOH and extracted with hexanes. The neutral lipids were analyzed by
GC-MS against cholesterol as a chromatographic reference. Mass spectra data were
compared to those obtained from authentic standards.

Enzyme assay and product analysis

The activity assays and analysis of enzyme-generated products were performed in analogous
fashion to Zhou et al., 2007. A brief description of these protocols using the cloned ToOSMT
is described in the Supplemental Experimental Procedures.

Mechanism-based inactivation experiments

The soluble enzyme fraction containing TOSMT (100,000 g supernatant fraction, 75 ug, 600
ul) in the standard assay buffer was incubated at 35 °C for up to 10 min at 0 uM (control),
25, 50 and 100 uM 26- fluorocholesta-5,7,24-trienol at 2, 5, 8 and 10 min and the samples
placed on dry ice ethanol-pre-cooled test tubes to prevent catalysis. The samples were then
thawed on ice and the unbound inhibitor and SAM removed by repeated filtration using a
Centricon (YM-10 membrane). Following treatment, the remaining enzyme activity was
measured by comparison with the enzymatic activity of assays carried out under the standard
assay conditions with saturated concentrations of zymosterol (100 M) paired with 3H-SAM
(100 uM). The logarithmic percentage of enzyme activity was plotted against incubation
time of the enzyme-inhibitor mixture to determine the half-life (Ty,) of inactivation as
previously described (Marshall, 2011; Nes et al., 2008). Chemical labeling of TOSMT by 26-
fluorosterol was carried out using 3 mg/mL in standard lysate assay in overnight incubation.
The abortive product covalently bound to the enzyme was released from the enzyme-sterol
complex by saponification and the resulting neutral lipids composed of steroidal monols and
diols (from ester formation in the active site) analyzed by GC-MS.

Compound Synthesis

The synthetic scheme (Figure S4) and detailed experimental procedures for the preparation
and characterization of the 26-fluorosterols tested in this study are described in
Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Overall biosynthetic pathway from lanosterol to ergosterol (ERG) showing functional
aspects of different sterols (A) and C24-methylation reaction scheme showing conversion of
A?*-substrate to a kill or turnover methyl product (B). Formation of these alternative
outcomes requires preliminary formation of a C24-methyl high energy intermediate (HEI)
cation. 26-Fluorolanosterol, 26FL.
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Figure 2.
Growth response of Trypanosoma brucei procyclic forms (PCF) or bloodstream form (BSF)

to increasing concentrations of 26-fluorolanosterol. Growth curves were performed in
triplicate conducting three independent experiments described in the Experimental
Procedures; error bars are not shown because, in most cases, they approximate the data
symbols.
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Figure 3.

GC-MS analysis of neutral lipids from 26-fluorolanosterol-treated procyclic forms (at 1ICsq
concentration of inhibitor): Panel A shows the total ion chromatogram of total sterols
isolated from treated cells with inset showing the mass spectrum corresponding to the GC
peak of cholesta-5,7,24-trienol (M* 382) and ergosterol (M* 396). Panels B1 and B2
represent the mass spectra from GC peaks on the front and back side of the peak
corresponding to cholesta-5,7,24-trienol at the 1Cqq concentration of inhibitor. Panel C
represent the GC peak eluting late at RRTc 1.39 at the ICqg concentration of the inhibitor.
Panel C represents the uncommon ergosterol biosynthesis pathway in Trypanosoma brucei
with structures having a star detected in the GC-MS analysis of 26-fluorolanosterol
treatments.
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GC-MS analysis of neutral lipids from 26-fluorolanosterol-treated HEK cells. Panel A is
total ion chromatogram of HEK control while Panel B is total ion chromatogram of 26-
fluorolanosterol-treated cells. Panel C shows the mass spectra for the four 26-fluorosterols
detected in the chromatogram and labeled in peaks 1 to 4; peak with star is a non-steroidal
compound. Panel D shows the conical pathway for conversion of lanosterol to cholesterol
with starred compounds corresponding to 26-fluorosterol metabolites shown in Panel B.
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Figure 5.
Enzyme-generated product distributions and kinetic analyses of 26-fluorolanosterol (26FL)

and 26-fluorocholesta-5,7,24-trienol (26FCT) incubated with TOSMT. Panel A, Total ion
chromatogram of 26-fluorolanosterol incubated with TOSMT and Panel B, Lineweaver-Burk
plot of 26FL inhibition of TOSMT activity. Panel C, Capillary GC separation of methylated
products synthesized from 26FCT by ToSMT with Panel D showing the corresponding
structures. Panel E, Linweaver-Burk plot of 26FCT inhibition of TbSMT activity. Panel E,
Time-dependent inactivation of TOSMT by 26FCT. Values plotted are the mean of duplicate
determinations which varied by less than 5%.
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Scheme 1.
Kinetic schemes for the interaction of TOSMT with substrate analogs.

In 1- binding of enzyme (E) and A%4-sterol substrate (S) followed by enzyme catalysis with
formation of methyl product (P). In 2- inhibitor (I) binds to enzyme followed by activation

via methylation (E.I*) and this intermediate can partition along path b and dissociate from

the active site (E + IP*) or enter into path a and irreversibly bind to the enzyme (E-I*).
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