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ABSTRACT

Azole antifungals inhibit the biosynthesis of ergosl, the fungal equivalent of cholesterol in
mammalian cells. Here we report an investigatiornhef activity of coumarin-substituted azole
antifungals. Screening against a paneCandida pathogens, including a mutant lacking CYP51,
the target of antifungal azoles, revealed that thyme is inhibited by triazole-based
antifungals, whereas imidazole-based derivativege haore than one mode of action. The
imidazole-bearing antifungals more effectively reeld trailing growth associated with
persistence and/or recurrence of fungal infectidhan triazole-based derivatives. The
imidazole derivatives were more toxic to mammal@eills and more potently inhibited the
activity of CYP3A4, which is one of the main causészole toxicity. Using live cell imaging,
we showed that regardless of the type of azole ftimyescent 7-diethylaminocoumarin-based
azoles localized to the endoplasmic reticulum, dhganelle that harbors CYP51. This study
suggests that the coumarin is a promising scaffold development of novel azole-based

antifungals that effectively localize to the fungall endoplasmic reticulum.



INTRODUCTION

The incidence of severe fungal infections has risiegrply in recent decades, due in large
part to a considerable increase in the number ofunosuppressed and/or immunocompromised
patients.[1,2] Moreover, fungal infections are gmsingly being caused by drug-resistant strains
with members oCandida genus, in particulaCandida albicans andCandida glabrata, the most
frequently encountered fungal pathogens.[3—7] Tlamdifungal drug development is a high
priority.

Alarmingly, prevention and treatment of fungal ictfens relies on a very limited number of
drugs belonging to three main classes: the aztilegpolyenes, and 5-fluorocytosine.[8-10] The
azole antifungals are commonly used as first Inreatment of both topical and invasive fungal
infections worldwide.[11,12] Members of the azolass inhibit lanosterol 4demethylase
(CYP51), a cytochrome P450 that catalyzes a deragitny step in the biosynthesis of the
fungal plasma-membrane sterol ergosterol.[13—15hblyg, an orthologue of the fungal CYP51
is found in mammals, and humans express many ayioeh P450 enzymes.[14] First-
generation azole drugs such as ketocona#glar(iconazole Z), and clotrimazole3) can cause
hepatotoxic effects, impairment of gastrointestiaatl endocrine functions, and skin irritation.
The second-generation azoles.( itraconazole 4) and fluconazole)) and third-generation
drugs {.e., voriconazole §) and posaconazol&)j display markedly improved safety profiles
and better oral bioavailability.[16] Unfortunateljpowever, all three generations of azole
antifungals inhibit mammalian cytochrome P450sI87 Global increase in cases of resistance
to antifungal azoles and side effects associatéh the systemic use of azole antifungals have

driven the exploration for new types of antifungables in recent years.[19—-24]
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Figure 1. Structures of clinically used antifungal azoleg, which were used as controls in this

study, and of coumarin- and quinolone-based argduazole derivative8-21.

In designing novel antifungal azoles, perturbationsthe activities of heme proteins,

especially P450 isoforms present in mammalian celisst be reduced or, ideally, avoided. In
5



humans, CYP3A4 makes up the largest fraction of ttitel CYP content in the liver and
intestines; this enzyme is responsible for the baism of multiple small molecules. CYP3A4
is unique from other major CYPs in its exceptiopa#laxed substrate selectivity. As a result, it
is estimated that this enzyme is responsible faabwizing over 50% of the marketed drugs. As
a result, CYP3A4 inhibition is one of the main cesiof adverse drug/drug and drug/food
interactions. Unfortunately, all clinically usedtifungal azoles inhibit CYP3A4. Second- and
third-generation azole antifungals vary in CYP3Abibition potency4 and7 are more potent
inhibitors than ar® and6.[25-27]

CYP51 and a number of other enzymes involved inbibeynthesis of ergosterol localize
primarily to the endoplasmic reticulum (ER).[9,28y designing inherently fluorescent
antifungal azole derivatives we recently discovdtet certain azole antifungals localize mainly
to the mitochondria.[29] We therefore reasoned thase antifungal azoles do not reach their
target in the ER. Based on this hypothesis, we |ldped antifungal azol8 by attaching a 7-
(diethyl)-aminocoumarin fluorescent segment to piarmacophore of the antifungal azole
fluconazole %) (Figure 1).[30] Azole8 localizes primarily to the ER i€andida cells, and its
antifungal activity was 4- to 64-fold more potehtt that of fluconazole against a panel of
Candida strains.

To explore the potential of coumarin-based azolgfumgals we conducted a structure
activity relationship (SAR) investigation of a ation of coumarin-based and 2-quinolone-
based azoles that were systematically alteredwatdtuctural motifs. These compounds were
evaluated with respect to antifungal activity, maafeaction, subcellular localization, target

selectivity, and toxicity to mammalian cells.



RESULTS AND DISCUSSION

Synthesis of coumarin- and quinolone-based azole t#angals

To study the SAR of ER-localizing antifungal az@8ewe generated derivativ8s21 by
altering one or more of four different chemical ¢tionalities of this azole scaffold: the two
halogen atom substituents on the phenyl ring, #wearing, the hetero-atom (oxygen in the
coumarin scaffold or an NH in the 2-quinolone solaff, and the substituent at the C7 position
of the coumarin or 2-quinolone {fR,, respectively, Scheme 1). Several of the markaiede
antifungals includindl, 2, and4 (Figure 1) are racemic mixtures. Computer simulatedking
of the R andSenantiomers of aminocoumarin-based aflevealed that the interactions with
cytochrome P450DM take place through a similar imigdmode;[29] therefore, the azole
antifungals in this study were synthesized anduatatl as racemic mixtures.

Briefly, nucleophilic displacement of the chlorideom of commercially available-chloro-
2,4-di-halo-acetophenonds and1b by an imidazole or a triazole ring gave the cqoesling
azole intermediate compoun@s:d (Scheme 1). Conversion of the ketones2afd to the
corresponding racemic mixtures of epoxides usimgethylsulfoxonium iodide in the presence
of a base gave intermediatsd, which were then reacted with sodium azide to rdffo
intermediategla-d. Catalytic hydrogenation efa-d gave free amine intermediatBa-d, which
were coupled to the free carboxylic acid functidyadf the coumarins and 2-quinolones to yield
antifungal azoles-21 (Figure 1).Antifungal azole®-21were characterized By and**C NMR
as well as by*F NMR when applicable and by HRN®urities were>95% as determined by
HPLC (see Experimental section and Supplementaryeidh for NMR spectra and HPLC

traces).
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Scheme 1.Synthesis of coumarin- and 2-quinolone-based argdl azoles. Reagents and
conditions: a) NaHCg) toluene, reflux, 4 h; b) trimethylsulfoxonium idd, 20% NaOH,
toluene, 60 °C, 4 h; c) NaNDMF, 65 °C, 12 h; d) K palladium on carbon, isopropanol, room

temperature overnight; e) HATU, DIPEA, DMF, roormigerature overnight.

Coumarin-based azoles display potent antGandida activity

To test antifungal activity we chose 10 straingespnting different species 6andida, the
most common human fungal pathogenic genus, whialsecdoth superficial and systemic
infections (Table 1).[31] The chosen panel includ&dalbicans (Strains A-C),C. glabrata
(Strains D-F),C. parapsilosis (Strains G, H),C. guilliermondii (Strain I) andC. dubliniensis
(Strain J). To evaluate antifungal activity we detimed the minimal inhibitory concentration
(MIC) values for each of the azoles using the brotbrodilution method over a concentration
range of 0.007-64g/mL. The antifungal activities of azol@s21 and of seven clinically used
azoles including first-generatiot, 2, and3), second-generatiod @nd5), and third-generatior(

and7) were evaluated (Table 1).



Table 1.Minimal inhibitory concentration (MIC) values [uglh

Yeast Strains®

Comp. #| A B C D E F G H I J

1 0.007 0.007 0.007 1 1 0.06 0.007 0.007 0.007 0.007
2 0.007 0.007 0.007 2 1 0.06 0.06 0.003 0.06 0.06
3 0.007 0.007 0.007 4 0.5 0.06 0.007 0.007 0.007 0.007
4 0.007 0.007 0.007 1 1 0.125 0.007 0.03 0.03 0.06
5 0.5 0.25 0.25 64 64 8 1 2 4 4

6 0.007 0.007 0.007 0.5 2 0.125 0.015 0.03 0.06 0.06
7 0.007 0.007 0.007 1 1 0.125 0.015 0.03 0.03 0.03
8 0.06 0.06 0.03 4 16 8 0.125 1 1 1

9 0.015 0.06 0.06 8 8 2 0.015 0.125 0.5 0.5
10 0.03 0.03 0.03 4 16 4 0.06 0.5 0.25 0.5
11 0.015 0.03 0.03 4 2 0.25 0.015 0.06 0.125 0.25
12 0.125 0.125 0.25 >64 32 4 0.5 2 2 2

13 0.03 0.015 0.03 2 4 1 0.125 0.25 0.125 0.25
14 0.06 0.03 0.06 >64 >64 2 0.25 0.5 0.5 0.5
15 0.03 0.06 0.06 2 2 0.5 0.125 0.5 0.25 0.25
16 0.25 0.125 0.25 1 4 1 0.25 2 1 0.5
17 2 1 0.5 >64 64 16 2 8 8 8
18 0.25 0.125 0.5 32 8 4 0.25 2 1 4
19 1 2 4 >64 >64 >64 2 >64 >64 >64
20 1 1 0.5 64 >64 16 1 8 8 8
21 64 64 >64 >64 64 >64 >64 >64 >64 >64

[a] A = C. albicans 90028;B = C. albicans P-87;C = C. albicans SN152;D = C. glabrata 66032;E = C.
glabrata 2001; F = C. glabrata 192; G = C. parapsilosis 90018;H = C. parapsilosis 22019;1 = C.
guilliermondii T-47; J = C. dubliniensis T-99. MIC values were determined using the brotlubdie-
dilution method starting from a concentration ofy@dmL. Cells were grown in Casitone medium at 37 °C
under CQ for 24 h. Each concentration was tested in trgplc and results were confirmed in two
independent sets of experiments.



Displacement of the 1,2,4-triazole ring with an damole enhanced antifungal activity.
Compared to the 1,2,4-triazole-based antifungalea®) 10, 12, and14, the MIC values of the
corresponding imidazole-based compoufgd41, 13, and15, respectively, were 2- to 32-fold
lower against the majority of the tested straind arre equally potent against the rest. The
coumarin-based azol8s11, which contain a 7-diethylaminocoumarin, displayleel most potent
and broad spectrum antifungal activity.

Comparison between the MIC values of azbland azolel8, differing solely by the C7
substituent (R Scheme 1) of the coumarin segment, revealedtiieaalkyl group on the ether
did not significantly impact either spectrum ofiaity or potency. Interestingly, the 7-hydroxy
coumarin-based azofl did not inhibit the growth of any strain in thengh(MIC > 64 pg/mL,
Table 1). Although certain differences in the stuue of the alkyl ether at the C7-position of the
coumarin are tolerated, the presence of an alcahothis position completely abrogates
antifungal activity. This may be explained by timeampatibility of the hydrophilic alcohol in
the highly hydrophobic pocket at the catalytic domaf CYP51.[32,33] Of the 14 coumarin-
and 2-quinolone-based azoles, 7-diethylaminocourzased azoled0 and 11 and 7-(1-
ethylpropoxy)-coumarin based azol#8 and 15 displayed the best activity against the non-
albicansCandida strains tested.

Finally, similar to the third-generation azo&snd7, 7-diethylaminocoumarin-based azoles
8-11 and 7-(1-ethylpropoxy)-coumarin-based azd@sl5 displayed potent activity against the
testedC. albicans strains with MIC values of 0.007-0.125 pg/nilhese derivatives had better
antifungal activity than the second-generationfangal azoles, which, due to low cost, is most

commonly used for treatment of fungal infectiongidwide.
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Imidazole-based derivatives inhibit CYP51 as wellsother critical fungal processes

It was previously reported that, in addition to ibition of CYP51-mediated ergosterol
biosynthesis, clinically used azole antifungalshsasl and2 (Figure 1) inhibit the activity of a
variety of additional targets including the aciiedt of several membrane-bound enzymes.[8] To
identify the structural motifs associated with s#le inhibition of CYP51 and those that
contribute to other antifungal effects, we compatteel antifungal activities of representative
coumarin-based azoles in a mutant strain lackimgesoof both thERG11 and ERG3 genes.
ERG11 encodes CYP51, the target of antifungal azoles;iwis essential for fungal cell growth
under aerobic conditions when the C-5 sterol deastdencodindERG3 is expressed.[34,35]
TheergllAA erg3AA mutant strain is therefore viable despite the atsef CYP51.

The effects of 1,2,4-triazole-based az@emnd10 and imidazole-based azol@snd13 and
control drugs were analyzed using the disk diffnsassay against the double knockout strain
and the parental strain SN152 (Figure 2). A zongrofvth inhibition was visible after 24 hours
in plates seeded with the parental strain andddeaitith disks containing 1,2,4-triazole-based
azoles5, 6, 8, or 10; these compounds did not inhibit growth of #rg11AA erg3AA mutant,
however (Figure 2). These results indicate that &Y the main target of the 1,2,4-triazole-
based azole antifungals tested. The imidazole-bazselds {, 2, 9, and13) inhibited growth of
both the parental strain and of the mutant (FigteThus, the imidazole-based azoles affect

more than one process in the fungal cells.
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C. albicans SN152 (Parental)

Figure 2. Activity of azole antifungals against CYB1-deficient yeast.C. albicans strains
SN152 (parental) and theegl1AA erg3AA mutant were plated onto casitone plates and allowed
to grow in the presence of a disk containing 25fithe indicated compound a0 °Cfor 24 h.

Photographs of representative plates are shown.
12



Imidazole-based compounds reduce drug tolerance

Fungal susceptibility is commonly determined quatitrely in vitro by analysis of MIC
values after 24 of growth in the presence of the tested antinfiicioagent. However, MIC
measurements do not measure residual growth, a&suetl tolerance or trailing.[36,37]
Tolerance occurs when subpopulations of fungakaallltiply despite prolonged exposure to
an antifungal drug, and this property can contebtd the persistence and/or recurrence of
fungal infectionsAn increase in MIC value after exposure to a dsughdicative of tolerance.
To evaluate the level of tolerance, we compared NMilDes after 24 hours of incubation to those

measured after 48 hours against twalbicans and twoC. glabrata strains (Table 2).

Table 2. MIC values [ug/mL] at 24 and 48 holirs.
Yeast strain

Compound C. albicans 90028 |C. albicans SN152 |C. glabrata 66032 |C. glabrata 192

24 hours | 48 hours| 24 hours|48 hours|24 hours|48 hours |24 hours |48 hours
1 0.007 0.007 0.007 0.007 1 4 0.06 0.125
2 0.007 0.015 0.007 0.015 2 4 0.06 0.125
3 0.007 0.007 0.007 0.007 4 4 0.06 0.25
4 0.007 0.007 0.007 0.007 1 >64 0.125 0.125
5 0.5 0.5 0.25 1 64 >64 8 8
6 0.007 0.007 0.007 0.007 0.5 4 0.125 0.25
7 0.007 0.007 0.007 0.007 1 >64 0.125 0.125
8 0.06 0.125 0.03 0.125 4 >64 8 >64
9 0.015 0.06 0.06 0.125 8 32 2 4
10 0.03 0.06 0.03 0.06 4 >64 4 >64
11 0.015 0.03 0.03 0.06 4 >64 0.25
12 0.125 0.5 0.25 0.5 >64 >64 4
13 0.03 0.06 0.03 0.06 2 4 1
14 0.06 0.06 0.06 0.06 >64 >64 2 >64
15 0.03 0.06 0.06 0.06 2 >64 0.5 1
[a] MIC values were determined using the broth dewliiution method staring from a concentratior
64 pg/mL. Cells were grown in Casitone medium at 37ut@er CQ. Each concentration was teste
triplicate, and results were confirmed in two indiegent sets of experiments.
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Tolerance was more significant for te glabrata strains than for th€. albicans strains.
We observed higher MIC values for all tested azébe<C. glabrata ATCC 66032 at 48 hours
than at 24 hours (Table 2). Interestingly, of theically used azoles, the imidazole-based drugs
1, 2, and 3 maintained better efficacy over time with 48-h®dlC values no more than two
double dilutions higher than 24-hour MIC valuesiagieC. glabrata ATCC 66032 (Table 2). In
contrast, significant trailing growth @&. glabrata ATCC 66032 was observed for the triazole-
based compounds 5, 6, and7 (Table 2). For example, the 48-hour MIC7olvas 64-fold higher
than the 24-hour MIC value against this strain.

The coumarin-based azol8sl5 are pairs of compounds that vary solely in the ezioig.
Although MIC values measured after 48 hours weneegaly higher than those at 24 hours,
there was less tolerance in samples treated witttazoles9, 11, 13, and15 than in samples
treated with triazoles, 10, 12, and 14. Since we showed that the antifungal activity of the
imidazoles is not based solely on the inhibitiorlCMP51, the reduction in trailing growth likely

results from the non-CYP51-targeted activity of itnédazole-based compounds.

Imidazole ring leads to more potent inhibition of uman CYP3A4

Inhibition of human CYP3A4 is an undesired activityat is associated with the toxicity of
antifungal azoles.[18] The ability of the coumabased azoles to inhibit CYP3A4 was
determined in an assay with recombinant human CYF[38] The results are summarized in
Table 3. Of the clinically used azoles tested, ammlesl and3 potently inhibited CYP3A4 with
3 displaying the most potent enzymatic inhibitionamg all antifungals tested in this study
(Table 3). Of the clinically used triazoles testBdyas the poorest CYP3A4 inhibitor, whereas

the third-generation azolépotently inhibited the enzyme. Similar to the eféeof the imidazole

14



ring on antifungal activity, comparison between ihaibition of CYP3A4 by the triazole
derivatives of coumarin-based azo&sl0, 12 and14 and their corresponding imidazole-based
compounds, 11, 13 and15 revealed that the imidazole ring leads to more mgatghibition of
this CYP. An exception was observed for aminocoumaased triazolé8 and its imidazole

derivative9, which had similar Ig values (~1uM, Table 3).

Table 3. CYP3A4 inhibition by azole derivativés.

Compound 1Cs0 [MM]

1 0.1826 £ 0.0337
3 0.0670 £ 0.0089
5 23.9698 + 4.8783
6 >2.58

7 0.6721 £ 0.1696
8 1.0223 £ 0.1403
9 1.3123 £ 0.2440
10 0.3512 £ 0.0426
11 0.1272 £ 0.0104
12 >2.5

13 0.3320 £ 0.0482
14 >2.8

15 0.2515 £ 0.0558

[a] Inhibition of CYP3A4 was quantified in an assay with recombf
CYP3A4. Experiments were performed in duplicate3@t °C. [b] The
highest tested concentration duestubility limitations under the ass
conditions.

These results suggest that, in general, imidaza¢ed antifungal azoles are more effective
inhibitors of CYP3A4 and are, therefore, less CYRBlective than the corresponding triazole-

based antifungal azoles. These results also sugiggisthe residual antifungal activity of the

15



coumarin-based azoles bearing an imidazole-rinthenstrain lacking CYP51 may stem from

non-selective inhibition of other heme-containingmaoxygenases in fungal cells.

Imidazole ring is associated with toxicity to mamméaan cells

We next quantified the effects of the antifungablag on the viability mammalian HepG2
cells, an immortalized human liver hepatocellularcmoma cell line, and HEK-293T cells, an
immortalized human embryonic kidney cell line. Wedsed coumarin-based azol&8 and 14,
which bear 1,2,4-triazole rings, and the correspupdmidazole analoguedl and 15,
respectively, as well a§, 5, 6, and 7. The cells were treated with each of the azoles at
concentrations ranging from 5 to pM for 24 h, after which cell viability was evaludteising
the 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltet@dium bromide (MTT) assay. The maximal
tested concentration of 50M was determined based on solubility limitationssoime of the
coumarin-based azoles and control drugs. Notablheamaximal concentration tested, none of
azole antifungals reduced viability of the mamnrakalls tested by more than 4@Fgure 3).

Of the clinically used azoleg, and7 were the most toxic, arfdlhad the smallest effect on
cell viability (Figure 3). The clinically used agsl5, 6, and7 share the same pharmacophore
composed of a 1,2,4-triazole and difluorophenygrihe additional segments attached to the
pharmacophore in these clinically used antifungaus distinctly different (Figure 1). The fact
that 7 was more toxic to the tested mammalian cells twas 5 indicates that although the
imidazole ring has a major effect on mammalian ¢eXicity the moieties attached to the
pharmacophore moderate cell toxicity. Of coumawmsddl azoles tested, 7-
diethylaminocoumarin-based imidazdlé was the most toxic to both tested cells lines, tnad
corresponding triazold0 was the least toxic; the differences in the tayicof the 7-(1-

ethylpropoxy)-coumarin-based azolke$sand15 were less pronounced (Figure 3).

16
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Figure 3. Viability of HEK-293T and HepG2 cells inthe presence of azole antifungalells

were allowed to grow in the presence of indicatedcentration of azole derivative for 24 h at
37°C. Viability is plotted as percent of vehicle-tred control cells. Experiments were

performed in triplicate, and the results were ol®difrom two independent experiments.

Subcellular distribution in live Candida cells is not affected byhe type of azole ring
We previously demonstrated the use of inherentlyortscent antifungal azoles for
determination of the subcellular distribution o timolecule in liveCandida cells during the first

few hours after exposure to the azole.[29,30,3%RhNlg, the subcellular distributions of the free
17



fluorescent dyes differed from those of the coroesiing fluorescent azole antifungals
suggesting that the staining pattern is not detegthby the dye segment alone.

Since there are distinctive differences in biolagiactivities of antifungal azoles depending
on the type of the azole ring, we asked if the eauhg affects subcellular distribution by
analyzing the subcellular localization of azofand9, which differ in their azole ring (1,2,4-
triazole and imidazole, respectively) contain thaliéthylaminocoumarin fluorophore that
proved suitable for live cell imaging experimem<Candida yeast cells. Subcellular localization
was evaluated i€andida albicans SN152 and irCandida glabrata 2001 yeast cells. A distinct
and typical circular ER structure around the nuckeaelope with peripheral cortical extensions
[39] was clearly visible in botliC. glabrata andC. albicans yeast cells stained with the azoles
(Figure 4). Previously, we showed that azole anghis with different fluorophores including
dansyl and cyanine 5 can localize to different naji@s.[29] However, staining patterns were
similar for azole8 and9. Although the activities of these two azoles v@senificantly in most
of the assays in this study, the results of therflacent imaging experiments clearly indicated

that the type of azole ring did not affect the sllutar distribution.
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Figure 4. Fluorescent imaging of azoles 8 and 9 in liv€andida cells. A-B) C. albicans
SN152 cells incubated for 60 min with az&dcyan,10 uM), C-D) C. albicans SN152 cells
incubated for 60 min with azo(yellow, 10 uM), E-F) C. glabrata 2001 cells incubated for 60
min with azole8 (cyan, 10 uM), and G-H)C. glabrata 2001 cells incubated for 60 min with
azole9 (yellow, 10uM). For each azole and yeast cell strain, the bifigtd image is shown on
the left and the fluorescent image is on the rigiite bandpass filters used to image the

fluorescent azoles were ex: 427 nm and em: 510Swzale bars, 5 pm.

CONCLUSIONS

A series of 11 coumarin-based and three 2-quinel@sed azoles were synthesized by
systematically altering four structural motifs. Rrcanalyses of biological activities of these
compounds, we were able to generate high-resolstioicture activity relationship insights. The
imidazole-containing antifungal azoles had highi#icacy against a diverse panel Gandida

pathogens than their corresponding 1,2,4-triazolalogues. Unlike the MIC values of the
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triazoles, the MIC values of the imidazole-bearaognpounds were more similar at 24 and 48
hours, indicating that the yeast strains are lelesant to the imidazole-based azoles. Since drug
tolerance is associated with persistence and re@sae of infection, this feature is of particular
importance. The antifungal activity of the triaztlased azoles was dependent on expression of
CYP51, the target of the azole antifungals. In @stf imidazole-based compounds displayed
antifungal activity against a mutant lacking CYPbMicating that imidazole-based azole
antifungals have additional modes of action. Thiglamole-based compounds were more toxic to
mammalian cells and more potently inhibited CYP3thén the triazole-based antifungals.
CYP3A4 is one of the most abundant human cytochrBat0s, a family of enzymes that are
important for the metabolism of endogenous and exogs compounds.

By taking advantage of the suitability of the 7tidaminocoumarin fluorescence for live-
cell imaging, we showed that although the typehef &azole ring affects the antifungal activity,
selectivity, and mode of action, it does not inflae the subcellular distribution of the azole
compounds in yeast cells. The two derivatives eatalll were identical except that one had a
triazole and the other an imidazole ring; both laeda to the ER. This is of particular
importance since we recently reported that by targethe drug to the ER, which harbors
CYP51, the antifungal activity of an azole antifahgan be enhanced. To conclude, this study
suggests that coumarin residues are promisingadaffor development of novel azole-based

antifungals that effectively localize to the endxgphic reticulum.
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EXPERIMENTAL SECTION
Chemistry

General methods and instrumentation:'H-NMR spectra were recorded on BrukerAvance™
400 or 500 MHz spectrometers, and chemical shigsadited in ppm) were calibrated to CRCI
(d = 7.26) when CDGlwas the solvent, to GOD (d = 3.31) when CEDD was the solvent and
to DMSO (d = 2.50) when DMSO was the solveHC-NMR spectra were recorded on
BrukerAvance™ 400 or 500 MHz spectrometers at 10025 MHz. **F-NMR spectra were
recorded on BrukerAvance™ 400 or 500 MHz spectremsett 375 or 470 MHz. Multiplicities
are reported using the following abbreviations: srglet, d = doublet, t = triplet, g = quartet, dd
= doublet of doublets, ddd = doublet of doubletdofiblets, td = triplet of doublets, quin =
quintet, m = multiplet. Coupling constanty @re given in Hertz. High-resolution electrospray
ionization (HRESI) mass spectra were measured \Maters Synapt instrument. Low-resolution
electrospray ionization mass spectra (ESI-MS) weeasured on a Waters 3100 mass detector.
Chemical reactions were monitored by TLC (MercKjc&igel 60 F254). Visualization was
achieved using a cerium molybdate stain (5 g {AEE(NG)s, 120 g (NH)sM0,0,4-4H,0, 80
mL H,SO,, 720 mL HO) or with UV lamp. All chemicals, unless otherwistated, were
obtained from commercial sources. Compounds werdfigil using Geduran® Si 60
chromatography (Merck). The preparative reversesphaigh-pressure liquid chromatography
(RP-HPLC) system used was an ECOM system equipjiadavb-pum, C-18 Phenomenex Luna
Axia column (250 mm x 21.2 mm). The flow rate w&sriL/min. Solvent A was $D, solvent

B was acetonitrile. Analytical RP-HPLC was perfothw a VWR Hitachi instrument equipped

with a diode array detector and an Alltech Apolld8Ceversed-phase column (5 m, 4.6 x 250
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mm). The flow rate was 1 mL/min. Solvent A was 0.I%A in H,O, solvent B was acetonitrile.
The SpectraMax i3x Platform spectrophotometer frbtalecular Devices was used for the

measurement of the excitation and absorbance spafdine fluorescent probes.

Compound 9. 7-Diethylaminocoumarin-3-carboxylic acid[40] (61gm0.23 mmol) was
dissolved in dry DMF (5 mL) under argon, treatwdh HATU (149 mg, 0.39 mmol) and
triethylamine (0.11 mL, 0.78 mmol), then stirred 1® min at 0 °C. To the reaction mixtufs,
(50 mg, 0.19 mmol) was added, and the solution stiaed at room temperature for 24 h. The
reaction was monitored by TLC (MeOH/DCM, 1:9). Upaompletion, the product was
extracted with ethyl acetate, washed witfOHdried over MgSQ) and concentrated to give the
crude product. The product was isolated by columematography on SiQusing a gradient of
MeOH/DCM as eluent to afford compour®d (70 mg, 71%). HRESI-M3wz calculated for
CoaH27FoN4O4, 497.2000; found for [M+H] 497.1996H NMR (400 MHz, CROD) § 8.55 —
8.51 (m, H-11, 1H), 7.53 — 7.43 (m, H-1, H-4, H-BB), 6.99 — 6.91 (m, H-6, 1H), 6.90 (s, H-2,
1H), 6.84 (tdJ = 8.4, 2.4 Hz, H-5, 1H), 6.80 — 6.73 (m, H-3, H-281), 6.51 (d,] = 3.2 Hz, H-
14, 1H), 4.53 (dJ = 14.5 Hz, H-7, 1H), 4.38 (d,= 14.4 Hz, H-7, 1H), 3.99 (d,= 14.0 Hz, H-

8, 1H), 3.89 (d,J = 14.0 Hz, H-8, 1H), 3.50 (§,= 7.1 Hz, H-15, 4H), 1.21 (8 = 7.0 Hz, H-16,
6H). *C NMR (100 MHz, CROD) § 164.84, 162.97 (dd'Jcr=234.1 Hz,*Jcr=12.5 Hz),
162.54, 159.09 (dd'Jc.r=244.9 Hz,%Jcr=12.0 Hz), 157.78, 153.32, 148.08, 137.95, 131.29,
130.42, 126.59, 124.18, 120.70, 110.84, 110.30,0008L03.52, 95.85, 75.28, 53.43, 44.58,

11.26."F NMR (375 MHz, CROD) § -110.14 (M, Ry, -113.29 (M, Fiho).

Compound 10. 7-Diethylaminocoumarin-3-carboxylic acid[40] (38gm0.15 mmol) was
dissolved in dry DMF (4 mL) under argon, treateith HATU (93 mg, 0.25 mmol) and

triethylamine (0.07 mL, 0.49 mmol), then stirred 1® min at 0 °C. To the reaction mixtufd
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(35 mg, 0.12 mmol) was added and the solution wiagd at room temperature for 24 h. The
reaction was monitored by TLC (petroleum etherfetlgetate, 2:8). Upon completion, the
product was extracted with ethyl acetate, washél HiO, dried over MgS@Q and concentrated
to give the crude product. The product was isol@gdolumn chromatography on SiQsing a
gradient of petroleum ether/ethyl acetate as elterafford compoundlO (65 mg, 100%).
HRESI-MS mVz calculated for GHsCl,NsOsNa, 552.1181; found for [M+N&] 552.1174H
NMR (500 MHz, CDC}) § 9.17 (t,J = 6.0 Hz, H-9, 1H), 8.55 (s, H-10, 1H), 8.19 (s2HLH),
7.81 (s, H-1, 1H), 7.76 (d = 8.6 Hz, H-3, 1H), 7.40 — 7.33 (m, H-5, H-11, 2M)15 (ddJ =
8.6, 2.1 Hz, H-4, 1H), 6.69 — 6.57 (m, H-8, H-1B)26.45 (d,J = 2.3 Hz, H-13, 1H), 4.79 (s, H-
6, 2H), 4.23 (ddJ = 14.6, 6.3 Hz, H-7, 1H), 3.97 (dd= 14.6, 5.9 Hz, H-7, 1H), 3.44 (= 7.1
Hz, H-14, 4H), 1.22 () = 7.1 Hz, H-15, 6H)**C NMR (125 MHz, CDCJ) 5 166.41, 162.35,
157.88, 153.02, 151.25, 148.49, 144.74, 137.08,653431.17, 130.84, 130.57, 129.95, 129.60,

127.53, 127.28, 110.19, 108.26, 96.58, 77.93, 58027, 45.16, 12.40.

Compound 11. 7-Diethylaminocoumarin-3-carboxylic acid[40] (54gm0.21 mmol) was
dissolved in dry DMF (5 mL) under argon, treatedhwHATU (132 mg, 0.35 mmol) and
triethylamine (0.1 mL, 0.71 mmol), then stirred fid min at 0 °C. To the reaction mixtués]
(50 mg, 0.18 mmol) was added, and the solution stiaed at room temperature for 24 h. The
reaction was monitored by TLC (MeOH/DCM, 1:9). Upaompletion, the product was
extracted with ethyl acetate, washed witfOkdried over MgS@ and concentrated to give the
crude product. The product was isolated by columematography on SiQusing a gradient of
MeOH/DCM as eluent to afford compourid (88 mg, 95%). HRESI-M3n/z calculated for
CoaH27CloN4Os, 529.1409; found for [M+H] 529.1413H NMR (400 MHz, CROD) & 8.53 (s,

H-11, 1H), 7.64 (dJ = 8.7 Hz, H-12, 1H), 7.52 — 7.45 (m, H-1, H-4, H361), 7.19 (dd = 8.7,
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2.2 Hz, H-5, 1H), 6.90 (s, H-2, 1H), 6.81 — 6.71, {#3, H-13, 2H), 6.51 (d] = 2.1 Hz, H-14,
1H), 4.91 (d,J = 14.5 Hz, H-7, 1H), 4.59 (s, H-9, 1H), 4.42 Jd; 14.5 Hz, H-7, 1H), 4.17 (d,

= 14.2 Hz, H-8, 2H), 3.49 (4, = 7.1 Hz, , H-15, 4H), 1.20 (8, = 7.1 Hz, H-16, 6H)*C NMR
(100 MHz, CROD) § 165.17, 162.72, 157.94, 153.50, 148.26, 138.03,183 134.43, 131.47,
131.08, 130.15, 129.50, 127.08, 126.63, 120.74,4710108.14, 96.01, 76.96, 52.21, 45.71,

44.74, 11.42.

Compound 12. 7-(1-Ethylpropoxy)-coumarin-3-carboxylic acid (2&g, 0.10 mmol) was
dissolved in dry DMF (1 mL) under argon, treateith HATU (74 mg, 0.19 mmol) and N,N-
diisopropylethylamine (0.06 mL, 0.34 mmol), theirred for 10 min at 0 °C. To the reaction
mixture,5a[41] (22 mg, 0.09 mmol) was added, and the solutvas stirred at room temperature
for 24 h. The reaction was monitored by TLC (MeOBID, 1:9). Upon completion, the product
was extracted with ethyl acetate, washed wit Hiried over MgS@Q and concentrated to give
the crude product. The product was isolated bymaolehromatography on Sj@sing a gradient
of MeOH/DCM as eluent to afford compoud@ (33 mg, 72%). HRESI-M®&Vz calculated for
CoeHa27F2N4Os, 513.1950; found for [M+H] 513.1951'H NMR (500 MHz, CROD) § 8.71 (s,
H-10, 1H), 8.35 (s, H-2, 1H), 7.78 (s, H-1, 1H)pY (d,J = 8.8 Hz, H-11, 1H), 7.51 (td,= 9.0,
6.6 Hz, H-3, 1H), 7.01 — 6.91 (m, H-5, H-12, H-BB{), 6.85 (tdJ = 8.4, 2.4 Hz, H-4, 1H), 4.78
(d,J = 14.4 Hz, H-6, 1H), 4.68 (d,= 14.4 Hz, H-6, 1H), 4.41 (quid,= 5.8 Hz, H-14, 1H), 4.02
(d,J = 13.9 Hz, H-7, 1H), 3.95 (d,= 14.1 Hz, H-7, 1H), 1.78 — 1.67 (m, H-15, 4HP®(t,J =
7.4 Hz, H-16, 6H)*C NMR (125 MHz, CROD) § 164.81, 163.69, 163.00 (dc.-=246.6 Hz,
3Jc.F=12.2 Hz),161.54, 159.43 (dd'Jc.r=245.6 Hz,3Jcr=11.9 Hz), 156.88, 150.03, 148.37,
144.75, 131.35, 130.00, 123.94, 114.69, 113.22,8¥1110.75, 103.65, 101.19, 80.94, 74.70,

55.59, 46.13, 25.65, 8.28F NMR (470 MHz, CROD) 5 -109.26 (M, g, -112.84 (M, Kino).
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Compound 13. 7-(1-Ethylpropoxy)-coumarin-3-carboxylic acid (3®g, 0.12 mmol) was
dissolved in dry DMF (1 mL) under argon, treateith HATU (78 mg, 0.21 mmol) and N,N-
diisopropylethylamine (0.07 mL, 0.40 mmol), theirretd for 10 min at O °C. To the reaction
mixture,5¢ (29 mg, 0.11 mmol) was added, and the solutionstiagd at room temperature for
24 h. The reaction was monitored by TLC (MeOH/DCNB). Upon completion, the product
was extracted with ethyl acetate, washed wit Hiried over MgS@ and concentrated to give
the crude product. The product was isolated bymmaolechromatography on Sj@sing a gradient
of MeOH/DCM as eluent to afford compou@ (34 mg, 60%). HRESI-M®&Vz calculated for
Co7H28FoN30s, 512.1997; found for [M+H] 512.1995*H NMR (400 MHz, CROD) § 8.76 (s,
H-11, 1H), 7.73 (dJ = 8.8 Hz, H-12, 1H), 7.57 — 7.47 (m, H-1, H-4, 2A)05 — 6.98 (M, H-6,
H-13, 2H), 6.97 (dJ = 2.3 Hz, H-14, 1H), 6.94 (s, H-2, 1H), 6.88 (id; 8.4, 2.4 Hz, H-5, 1H),
6.79 (s, H-3, 1H), 4.58 (d,= 14.6 Hz, H-7, 1H), 4.44 (m, H-7, H-15, 2H), 4@4J = 14.0 Hz,
H-8, 1H), 3.97 (dJ = 14.1 Hz, H-8, 1H), 1.82 — 1.69 (m, H-16, 4HQA.(t,J = 7.4 Hz, H-17,
6H). 1*C NMR (100 MHz, CROD) & 164.82, 163.70, 163.00 (dHlcr=246.7 Hz,3)cr=12.2
Hz), 159.15 (dd,'Jcr=247.1 Hz,%JcF=11.9 Hz), 156.87, 148.35, 137.96, 131.33, 130.48,
126.67, 120.67, 114.68, 113.27, 111.89, 110.85,5403101.22, 80.97, 75.15, 53.35, 46.36,

25.65, 8.26"°F NMR (375 MHz, CROD) 6 -110.11 (M, Fard, -113.24 (M, Fitho).-

Compound 14 7-(1-Ethylpropoxy)-coumarin-3-carboxylic acid (3#g, 0.12 mmol) was
dissolved in dry DMF (1 mL) under argon, treateith HATU (83 mg, 0.22 mmol) and N,N-
diisopropylethylamine (0.07 mL, 0.40 mmol), thenrst for 10 min at 0 °C. To the reaction
mixture,5b (34 mg, 0.12 mmol) was added, and the solutionstia®d at room temperature for
24 h. The reaction was monitored by TLC (MeOH/DCNB). Upon completion, the product

was extracted with ethyl acetate, washed witd Hilried over MgS@Q and concentrated to give

25



the crude product. The product was isolated bymaolehromatography on Sj@sing a gradient
of MeOH/DCM as eluent to afford compoutd (48 mg, 73%). HRESI-M®&Vz calculated for
CoaH27C2N4Os, 545.1359; found for [M+H]+, 545.13584 NMR (400 MHz, CROD) & 8.73 (s,
H-10, 1H), 8.39 (s, H-2, 1H), 7.81 (s, H-1, 1H)J (t,J = 8.5 Hz, H-3, H-11 2H), 7.49 (d,=

2.2 Hz, H-5, 1H), 7.25 (ddl = 8.6, 2.2 Hz, H-4 1H), 7.00 (dd,= 8.7, 2.3 Hz, H-12, 1H), 6.95
(d, J = 2.2 Hz, H-13, 1H), 5.12 (d,= 14.4 Hz, H-6, 1H), 4.82 (d,= 14.4 Hz, H-6, 1H), 4.43
(quin,J = 5.8 Hz, H-14, 1H), 4.28 (d,= 14.2 Hz, H-7, 1H), 4.20 (d,= 14.2 Hz, H-7, 1H), 1.81

— 1.69 (m, H-15, 4H), 0.99 (§,= 7.4 Hz, H-16, 6H)*C NMR (125 MHz, CROD) 5 164.83,
163.86, 161.55, 156.90, 150.02, 148.40, 144.83,8638.34.33, 131.40, 130.83, 130.25, 126.89,

114.69, 113.12, 111.87, 101.19, 80.93, 76.17, 54283, 25.64, 8.28.

Compound 15. 7-(1-Ethylpropoxy)-coumarin-3-carboxylic acid (2mMg, 0.10 mmol) was
dissolved in dry DMF (1.3 mL) under argon, treatath HATU (64 mg, 0.17 mmol) and N,N-
diisopropylethylamine (0.06 mL, 0.34 mmol), theirretd for 10 min at O °C. To the reaction
mixture,5d (25 mg, 0.09 mmol) was added, and the solutionstia®d at room temperature for
24 h. The reaction was monitored by TLC (MeOH/DCNB). Upon completion, the product
was extracted with ethyl acetate, washed wit® Hiried over MgS@ and concentrated to give
the crude product. The product was isolated bymaolehromatography on Sj@sing a gradient
of MeOH/DCM as eluent to afford compou8 (30 mg, 63%). HRESI-M$Vz calculated for
Co7H26C1oN30s, 544.1406; found for [M+H] 544.1403*H NMR (500 MHz, CROD) § 8.72 (s,
H-11, 1H), 7.69 (dJ = 8.8 Hz, H-12, 1H), 7.65 (d,= 8.7 Hz, H-4, 1H), 7.47 (m, H-1, H-6, 2H),
7.21 (ddJ = 8.7, 2.2 Hz, H-5, 1H), 6.99 (dd~= 8.8, 2.4 Hz, H-13, 1H), 6.93 (d~= 2.2 Hz, H-
14, 1H), 6.91 (s, H-2, 1H), 6.75 (s, H-3, 1H), 4(83J = 14.5 Hz, H-7, 1H), 4.48 — 4.36 (m, H-

7, H-15, 2H), 4.23 (dJ = 14.2 Hz, H-8, 1H), 4.18 (d,= 14.2 Hz, H-8, 1H), 1.78 — 1.66 (m, H-
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16, 4H), 0.96 (tJ = 7.4 Hz, H-17, 6H)**C NMR (125 MHz, CRQOD) 5 164.83, 163.84, 161.58,
156.90, 148.39, 137.88, 136.86, 134.32, 131.31,9530.30.14, 126.99, 126.63, 120.56, 114.69,

113.15, 111.88, 101.20, 80.94, 76.64, 51.96, 425@4, 8.28.

Compound 16.Coumarin-3-carboxylic acid[42] (74 mg, 0.39 mmaBs dissolved in dry DMF
(8 mL) under argon, treatedth HATU (298 mg, 0.79 mmol) and triethylamineZ@.mL, 1.57
mmol), then stirred for 10 min at 0 °C. To the teat mixture,5a/41] (100 mg, 0.39 mmol) was
added, and the solution was stirred at room tenwperdor 24 h. The reaction was monitored by
TLC (petroleum ether/ethyl acetate, 1:9). Upon cletngn, the product was extracted with ethyl
acetate, washed with,B, dried over MgS@Q and concentrated to give the crude product. The
product was isolated by column chromatography 0@, Sising a gradient of petroleum
ether/ethyl acetate as eluent to afford compal® 58 mg, 95%). HRESI-M®&Vz calculated
for CoiH177N4O4, 427.1218; found for [M+H] 427.1213'H NMR (500 MHz, CDC}) 5 9.16

(s, H-9, 1H), 8.82 (s, H-10, 1H), 8.10 (s, H-2, 1@B4 (s, H-1, 1H), 7.72 — 7.65 (m, H-11, H-
13, 2H), 7.61(m, H-3, 1H), 7.47 — 7.31 (m, H-121#-2H), 6.89 — 6.75 (m, H-4, H-5, 2H), 5.98
(s, H-8, 1H), 4.63 (qJ = 14.1 Hz, H-6, 2H), 3.95 (d,= 6.1 Hz, H-7, 2H)**C NMR (125 MHz,
CDCl) & 164.14, 162.95 (dd'Jc.r=246.0 Hz,*Jcr=12.3 Hz), 161.03, 158.73(dd)c.r=247.4
Hz, 3Jcr=11.5 Hz), 154.56, 151.63, 149.07, 144.58, 1341&R).07, 129.96, 125.48, 123.63,
118.37, 117.23, 116.76, 111.78, 104.23, 56.04,147BNMR (470 MHz, CDGJ) § -109.52 (m,

Fpara, ‘109.92 (m, Eftho).

Compound 17. 2-Oxo-1,2-dihydroquinoline-3-carboxylic acid (55gm0.29 mmol) was
dissolved in dry DMF (2 mL) under argon, treateith HATU (167 mg, 0.44 mmol) and N,N-
diisopropylethylamine (0.17 mL, 0.97 mmol), thenrstd for 10 min at 0 °C. To the reaction

mixture,5a[41] (64 mg, 0.25 mmol) was added, and the soluvas stirred at room temperature
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for 24 h. The reaction was monitored by TLC (MeOBMND, 1:9). Upon completion, the product
was extracted with ethyl acetate, washed wit Hiried over MgS@Q and concentrated to give
the crude product. The product was isolated bymaolehromatography on Sj@sing a gradient
of MeOH/DCM as eluent to afford compoud (43 mg, 40%). HRESI-M®&Vz calculated for
Co1H1FNsOs, 426.1378; found for [M+H] 426.1375H NMR (400 MHz, DMSO-¢) § 12.37
(s, H-15, 1H), 9.94 (t) = 5.7 Hz, H-9, 1H), 8.75 (s, H-10, 1H), 8.28 (S2H1H), 7.89 (dd, =
8.0, 1.0 Hz, H-11, 1H), 7.74 (s, H-1, 1H), 7.62ddd= 8.5, 7.3, 1.4 Hz, H-13, 1H), 7.44 — 7.34
(m, H-3, H-14, 2H), 7.28 — 7.22 (m, H-12, 1H), 7(t%6ld,J = 11.9, 9.2, 2.5 Hz, H-5, 1H), 6.92
(td,J = 8.5, 2.5 Hz, H-4, 1H), 6.28 (s, H-8, 1H), 4.66J = 14.4 Hz, H-6, 1H), 4.53 (d,= 14.3
Hz, H-6, 1H), 3.85 (dJ = 5.8 Hz, H-7, 2H)**C NMR (100 MHz, DMSO-g) & 163.72, 162.34
(dd, Yce=244.5 Hz 3Jc..=12.7 Hz), 162.26, 159.51 (dtllc r=245.9 Hz3Jcr=12.1 Hz), 151.07,
145.41, 144.46, 139.86, 133.23, 130.72, 130.22,192923.27, 121.59, 118.96, 115.70, 111.30,
104.42, 74.77, 55.70, 46.26F NMR (375 MHz, DMSO-g) 6 -107.97 (m, Farg, -112.31 (m,

Forth o) .

Compound 18.7-Methoxy-coumarin-3-carboxylic acid[43] (54 mg25 mmol) was dissolved
in dry DMF (3 mL) under argon, treatedith HATU (166 mg, 0.44 mmol) and N,N-
diisopropylethylamine (0.14 mL, 0.80 mmol), thenrstd for 10 min at 0 °C. To the reaction
mixture,5a[41] (53 mg, 0.21 mmol) was added, and the soluvas stirred at room temperature
for 24 h. The reaction was monitored by TLC (MeOBMND, 1:9). Upon completion, the product
was extracted with ethyl acetate, washed wit® Hiried over MgS@ and concentrated to give
the crude product. The product was isolated bymaolehromatography on Sj@sing a gradient
of MeOH/DCM as eluent to afford compoud8 (78 mg, 82%). HRESI-M$&Vz calculated for

CasH1gFoN4Os, 457.1324; found for [M+H] 457.1317"H NMR (400 MHz, DMSO-¢) § 8.88 —
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8.80 (m, H-9, H-10, 2H), 8.32 (s, H-2, 1H), 7.91 Jck 8.8 Hz, H-11, 1H), 7.78 (s, H-1, 1H),
7.43 (dd,J = 15.9, 8.9 Hz, H-3, 1H), 7.19 (dddi= 11.8, 9.2, 2.4 Hz, H-5, 1H), 7.11 @z 2.2
Hz, H-13, 1H), 7.05 (dd] = 8.7, 2.3 Hz, H-12, 1H), 6.98 (td= 8.6, 2.4 Hz, H-4, 1H), 6.35 (s,
H-8, 1H), 4.68 (dJ = 14.4 Hz, H-6, 1H), 4.58 (d,= 14.4 Hz, H-6, 1H), 3.95 — 3.79 (m, H-7, H-
14, 5H).**C NMR (125 MHz, CDGJ) 5 165.35, 164.88, 162.89 (ddlcr=250.0 Hz, Jc£=12.0
Hz), 161.43, 158.73 (dd'Jcr=246.3 Hz,%Jc=11.8 Hz), 156.90, 151.52, 148.95, 144.509,
131.13, 130.36, 123.74, 114.32, 113.35, 112.16,7111.04.19, 100.35, 56.11, 47.8% NMR

(470 MHz, CDC4) § -109.49 (M, Farg, -110.11 (M, Btno).

Compound 19. 7-Methoxy-2-ox0-1,2-dihydroquinoline-3-carboxylacid (38 mg, 0.17 mmol)
was dissolved in dry DMF (2 mL) under argon, trdateth HATU (146 mg, 0.39 mmol) and
N,N-diisopropylethylamine (0.12 mL, 0.69 mmol), thstirred for 10 min at 0 °C. To the
reaction mixtureba41] (46 mg, 0.18 mmol) was added, and the solutias stirred at room
temperature for 24 h. The reaction was monitored ThC (MeOH/DCM, 1:9). Upon
completion, the product was extracted with ethgtate, washed with @, dried over MgSQ
and concentrated to give the crude product. Thdymtowvas isolated by column chromatography
on SiQ using a gradient of MeOH/DCM as eluent to affommnpound19 (24 mg, 30%).
HRESI-MS 'z calculated for GH,oFsNs04, 456.1483; found for [M+H] 456.1480'H NMR
(400 MHz, DMSO-g) § 9.98 (t,J = 5.3 Hz, H-9, 1H), 8.67 (s, H-10, 1H), 8.33 (s2HLH), 7.80
(d,J = 8.7 Hz, H-11, 1H), 7.75 (s, H-1, 1H), 7.42 (dd 15.9, 8.9 Hz, H-3, 1H), 7.16 (dddi=
11.7, 9.2, 2.4 Hz, H-5, 1H), 7.00 — 6.82 (m, H-412| H-13, 3H), 6.46 (s, H-8, 1H), 4.68 (t=
14.3 Hz, H-6, 1H), 4.56 (d] = 14.3 Hz, H-6, 1H), 3.94 — 3.76 (m, H-7, H-15,)5HC NMR
(100 MHz, DMSO-¢) & 164.33, 163.37, 162.84, 162.30 (dds.r=244.2 Hz,2Jcr=12.4 Hz),

159.50 (dd,"Jc¢=246.0 Hz,°Jcr=12.2 Hz), 151.04, 145.43, 143.99, 142.49, 13118M.75,
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125.24, 118.20, 113.47, 112.92, 111.26, 104.37119874.84, 56.06, 55.87, 46.38F NMR

(375 MHz, DMSO-@) § -107.98 (M, Fary, -112.34 (M, Ftno)-

Compound 20.7-Chloro-2-oxo-1,2-dihydroquinoline-3-carboxylicid (55 mg, 0.25 mmol) was
dissolved in dry DMF (3 mL) under argon, treateith HATU (192 mg, 0.51 mmol) and N,N-
diisopropylethylamine (0.17 mL, 0.97 mmol), thenrst for 10 min at 0 °C. To the reaction
mixture,5a[41] (56 mg, 0.22 mmol) was added, and the soluvas stirred at room temperature
for 24 h. The reaction was monitored by TLC (MeOBMND, 1:9). Upon completion, the product
was extracted with ethyl acetate, washed wit Hilried over MgS@Q and concentrated to give
the crude product. The product was isolated bymaolehromatography on Sj@sing a gradient
of MeOH/DCM as eluent to afford compou@ (60 mg, 59%). HRESI-M®&Vz calculated for
Co1H17F:Ns03, 460.0988; found for [M+H] 460.0982'H NMR (400 MHz, DMSO-¢) § 12.49
(s, H-14, 1H), 9.94 (s, H-9, 1H), 8.79 (s, H-10,)18133 (s, H-2, 1H), 7.97 (d,= 8.6 Hz, H-11,
1H), 7.78 (s, H-1, 1H), 7.47 — 7.38 (m, H-3, H-28), 7.32 (ddJ = 8.5, 2.0 Hz, H-12, 1H),
7.19 (dddJ = 11.8, 9.2, 2.5 Hz, H-5, 1H9,96 (td,J = 8.5, 2.4 Hz, H-4, 1H), 6.34 (s, H-8, 1H),
4.69 (d,J = 14.4 Hz, H-6, 1H), 4.57 (d,= 14.3 Hz, H-6, 1H), 3.89 (d,= 5.7 Hz, H-7, 2H)**C
NMR (100 MHz, DMSO-@) § 163.58, 162.45, 162.30 (ddljcr=231.0 Hz,%Jc.r=13.1 Hz),
159.50 (dd,'Jc.r=246.3 Hz,3%Jcr=12.0 Hz), 151.08, 145.41, 143.76, 141.03, 1371%2.07,
130.71, 125.17, 123.39, 121.81, 117.88, 115.25,3011104.41, 74.76, 55.69, 46.28 NMR

(375 MHz, DMSO-¢) § -107.97 (M, Fard, -112.29 (M, Fino).

Compound 21.7-Hydroxycoumarin-3-carboxylic acid[43] (40 mg19.mmol) was dissolved in
dry DMF (6 mL) under argon, treatedth HATU (148 mg, 0.39 mmol) and triethylamine X0.
mL, 0.78 mmol), then stirred for 10 min at 0 °C. the reaction mixturesa41] (50 mg, 0.19

mmol) was added, and the solution was stirred @tréemperature for 24 h. The reaction was
30



monitored by TLC (MeOH/DCM, 1:9). Upon completiadhg product was extracted with ethyl
acetate, washed with,B, dried over MgS@Q and concentrated to give the crude product. The
product was isolated by column chromatography @ $ising a gradient of MeOH/DCM as
eluent to afford compoungl (70 mg, 81%). HRESI-M$z calculated for @Hi6F:N4OsNa,
465.0986; found for [M+N4] 465.0978H NMR (400 MHz, CROD) & 8.69 (s, H-10, 1H),
8.34 (s, H-2, 1H), 7.77 (s, H-1, 1H), 7.62 Jd 8.7 Hz, H-11, 1H), 7.50 (td,= 9.0, 6.6 Hz, H-

3, 1H), 6.94 (dddJ = 11.7, 8.8, 2.5 Hz, H-5, 1H), 6.88 — 6.80 (m, H#412, 2H), 6.73 (dJ =

1.9 Hz, H-13, 1H), 4.75 (m, H-6, 1H), 4.66 (b= 14.3 Hz, H-6, 1H), 4.53 (s, H-8, 1H), 4.01 (d,
J = 14.1 Hz, H-7, 1H), 3.94 (d] = 14.3 Hz, H-7, 1H)C NMR (125 MHz, DMSO-g¢) &
164.94, 162.54, 162.35 (dtlc.r=246.5 Hz 2Jc.r=13.0 Hz), 161.57, 159.51 (dtllc-=246.3 Hz,
3Jc.r=12.1 Hz), 156.89, 151.12, 148.79, 145.44, 132180,66, 125.08, 115.18, 112.14, 111.43,
111.27, 104.48, 102.27, 74.67, 55.60, 46" IBNMR (375 MHz, CROD) 5 -109.70 (m, Farg, -

113.29 (M, Bitho)-

Biological assays

Preparation of stock solutions of the tested compauals: Compounds3-21 were dissolved in
anhydrous DMSO to final concentrations of 5 mg/mhe antifungal drug4-7 were purchased
from Sigma Aldrich. All antifungal agents were dibg&d in anhydrous DMSO to a final

concentration of 5 mg/mL.

Minimal inhibitory concentration broth double-dilut ion assay: Minimal inhibitory

concentrations (MICs) were determined using thebtsdilution method in 96-well plates
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(Corning). Yeast strains were grown in Casitonettbtbhat was prepared from 9 g Casitone
(bacto-casitone), 5 g yeast extract, 11.5 g sodutnate dihydrate, 20 g glucose to a final
volume of 1000 mL. Starter cultures were incubdted24 h or 48 h (37 °C, 5% GQaerobic
conditions) and then diluted 1:100 into fresh medilCompounds dissolved in DMSO were
added to Casitone (34 stock solution in 1218L of Casitone), and serial double dilutions of
compounds in Casitone were prepared in flat-bottb@&well microplates (Corning) to enable
testing of concentrations ranging from 64 pg/mLO®@07 pg/mL. Control wells with no
compounds and wells without yeast cells contaimiagh tested concentration of the compounds
(blanks) were also prepared. An equal volume (I00of yeast suspensions in Casitone broth
was added to each well. The DMSO concentrationged@rirom 0.0012% to 1.3%. The final
inoculum was between 5 x 1GFU/mL and 5 x 1DCFU/mL. After incubation for 24 h at 37 °C
in 5% CQ, MTT (50 uL of a 1 mg/mL solution in ddjD) was added to each well followed by
additional incubation at 37 °C for 2 h. MIC valuesre defined as the lowest concentration of an
antifungal agent that causes a specified redudtiovisible growth as per the CLSI M27-A3
protocol. The magnitude of reduction in visible \gtbh was assessed using the following
numerical scale: 0, optically clear; 1, slightlyzka2, prominent decrease (~50%) in visible
growth; 3, slightly reduction in visible growth; @, no reduction in visible growth. The MIC
was defined based on reduction in growth to 0 dRdsults were confirmed in two independent

experiments, and each concentration was testeiplicate.

Live cell imaging: Cells were grown to log phase in liquid yeast edttnaeptone dextrose
overnight at 30 °C in a 10 mL tube. Cells were téiti1:10 and then incubated for 2 h at 30 °C

to log phaseThe azole8 and9 were added to a final concentration of . Cells were then
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incubated in the dark for a total of 60 min. Befareging, cells were washed once with PBS
buffer. A 2-uL aliquot of Candida cell sample was placed on a glass slide and coweitbda
glass coverslip. The cells were imaged on a MORE&ging system (TILL Photonics GmbH)
with an Olympus UPlanApo 100X 1.3 NA oil immersiobjective. The bandpass filter sets used

to image compoun8l and9 were excitation 427/10 nm and emission 510/20 nm.

Disk-diffusion assay: Antifungal activity againsC. albicans SN152 and against. albicans
ergl1AA erg3AA was confirmed by the disk diffusion assay. Straiese streaked from frozen
culture onto a YPD agar plate that was preparenh f6® g of YPD agar (Sigma) in a final
volume of 1000 mL. Plates were incubated for 24 B0a°C forC. albicans SN152 and 48 h for
C. albicans erg11AA erg3AA. Two or three colonies were placed into 1 mL oSP®lution, and
optical density (OD) was determined with a TECANiriite. OD was adjusted to 0.02 f@.
albicans SN152 and to 0.03 fdZ. albicans ergl1AA erg3AA by dilution with PBS, and 200L

of diluted culture from each strain was plated obhfemL Casitone plates and spread using
sterile beads (3 mm, Fisher Scientific). After thlates dried, a single disk (6-mm diameter,
Becton Dickinson) with 2qug of the drug being tested was placed in the cesfteach plate.
Plates were then incubated at 30 °C and photogdaphder the same imaging conditions after

24 h.

CYP3A4 inhibition assay: CYP3A4 activity was determined using a P450-Glo GXP assay
kit with Luciferin-PPXE according to manufacturepotocol. Briefly, CYP3A4 reactions were
carried out in a white polystyrene 96-well flat-twoh plate (Corning) by mixing 12,4 of test

compounds with 12.5L of membrane preparations containing recombinambdn CYP3A4.
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Controls were 12.4L of vehicle mixed with 12.5L of membranes without CYP3A4. The plate
was pre-incubated at 37 °C for 10 min, and thenuR%f NADPH regeneration reagent was
added to initiate the CYP3A4 reaction. The assasture was mixed briefly, and the plate was
incubated at 37 °C. After 15 min, Bl of reconstituted Luciferin Detection Reagent (Rega)
was then added to all the wells to terminate theP8A4 reaction. The reaction mixture was
mixed briefly and the plate was incubated at ro@mperature for 20 min to stabilize the
luminescent signal. Luminescence was measured @simGCAN microplate reader (Infinite

F200 Pro).

Cell viability assay: HEK-293T cells were cultured in DMEM medium (Thernkasher
Scientific) supplemented with 10% fetal bovine ser(lrhermo Fisher Scientific), 1% MEM
NEAA (Thermo Fisher Scientific), 1% sodium pyruvgfEhermo Fisher Scientific) and 1%
Penicillin-Streptomycin-Nystatin (Biological Induigs). HepG2 cells were cultured in RPMI
medium (Thermo Fisher Scientific) supplemented witfo fetal bovine serum, 1% MEM
NEAA, 1% sodium pyruvate, and 1% penicillin-streptein-nystatin. Cells were kept at a
temperature of 37C, with 5% CQ and 100% humidity. For analyses, 4000 HepG2 010700
HEK-293T cells in 70 pL were seeded in wells of 384l microplates (Greiner) pre-coated
with poly-D-lysine (10 pug/mL, Millipore). After 24ours, medium was replaced to 50 pL/well
of fresh medium, and compounds were added at ctnatiems ranging from 5 to 50 uM using a
D300e Digital Dispenser (Tecan) from 1 mM stockd @6 DMSO, 0.3% Tween in PBS. After
an additional 24 hours, 25 pL of XTT reagent solt{Biological Industries) was added to each
well. Plates were incubated for 2 hours af@G7and the absorbance of the wells was measured

at 475 nm with reference at 660 nm using a MageN#&tD00 pro plate reader (Tecan).
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Automated cell seeding, media replacement, and Addition was performed using EVO 200

Liquid Handling Robotic System (Tecan).
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The highlighted findings of this study are:

1. Imidazole-based aminocoumarin antifungals had superior potency compared to triazoles.
2. Imidazole antifungals reduced trailing growth associated with reoccurring infections.

3. Triazoles targeted CY P51, whereas imidazoles had additional modes of action.

4. Triazoles were less toxic to mammalian cells than imidazol es.

5. Aminocoumarin antifungals localized to the endoplasmic reticulum in Candida cells.



