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ABSTRACT:

Fungal infections have become a serious medicdlg@nmo due to the high infection
rate and the frequent emergence of drug resistaBgealene epoxidase (SE) and
140-demethylase (CYP51) are considered as the imgoaatifungal targets, they can
show the synergistic effect on antifungal therdpyhe study, a series of active fragments
were screened through the method of De Novo LinH, these active fragments with the
higher Ludi_Scores were selected, which can sh@anotivious binding ability with the
dual targets (SE, CYP51). Subsequently, three sefi¢garget compounds with naphthyl
amide scaffolds were constructed by connectingetisese fragments, and their structures
were synthesized. Most of compounds showed théuagal activity in the treatment of
pathogenic fungi. It was worth noting that compaaib@b-5and17a-2with the excellent
broad-spectrum antifungal properties atsdibited the obvious antifungal effects against
drug-resistant fungi. Preliminary mechanism studg Iproved these target compounds
can block the biosynthesis of ergosterol by inmigitthe activity of dual targets (SE,
CYP51). Furthermore, target compourlds5 and 17a-2 with low toxicity side effects
also demonstrated the excellent pharmacologicattsfinvivo. The molecular docking
and ADMET prediction were performed, which can guilde optimization of subsequent
lead compounds.

Key Words: Fungal infections; Dual-Target; Inhibitors; Orgasynthesis; Antifungal
activity




1. Introduction

Over the past two decades, the incidence of fungakttions has been increasing
dramatically, especially the emergence of systdomngal infection and fungal resistance,
it has presented a serious threat to human heBRtB].These infections occurrence has
resulted from many factors, such as the widespabade of broad-spectrum antibiotics,
immunosuppressants, radiotherapy and chemothemams dn clinic, which seriously
destroyed the normal physiological function in hant@ody [4-7]. However, we have
lacked of the effective treatment for these furdjakases. This requires us to constantly
develop new antifungal drugs to cope with the grgproblems.

At present, the clinically available antifungal atgecan be divided into two different
classes based on their structure characteristic3dyuding antibiotics (e.g., polyenes,
echinocandins) and small molecular compounds (eagoles, acrylamines and
5-fluorocytosine) [8-11]. Of those, acrylamines amzble antifungal agents as small
molecular compounds are currently most widely usedirst-line antifungal therapy
(Figure 1), especially there has still a large number oflezaompounds reported
constantly [12-15]. They can block the ergosteriosynthesis by inhibiting separately
the activity of squalene epoxidase (SE) and-ddmethylase (CYP51) [16,17,18]. When
the ergosterol content decreased, fungal cell pabitiey and osmotic pressure would
change [19,20]. At the same time, some toxic endoge intermediates (e.g., lanosterol
and 14a-methyl-3-6-diol) also were accumulated digpin the fungal cells, which
eventually lead to fungal death [21,22]. In additiazoles (e.g., miconazole, fluconazole,
albaconazole) and acrylamides (e.g., butenafimbin@fine, naftifine) drugs can also be
selected as the combination drugs to treat fungdéction, especially for the
drug-resistant emergence of pathogenic fungi [33,24ey exhibited the obvious
synergistic effects and excellent antifungal attiun vitro [25]. However, several factors
have limited their practical applications, such @seven absorption, cytotoxicity,
drug resistant and low bioavailability [26,27]. Tamre, there is still an urgent task to
develop novel antifungal agents. Dual-target droigsulti-target drugs can avoid these
disadvantages through the simultaneous inhibitidnsignaling pathways [28,29].
Dual-target or multi-target drugs can regulate ipldtlinks in the disease network
system by combining more than two targets. Theltiagusynergy effect improve the
efficacy of drugs and reduce the development ofgdmsistance. In addition, these
inhibitors generally have weak affinity with biologl targets, which can greatly reduce
the occurrence of adverse drug reactions [30,3aseB on this principle, we aimed to
construct the novel dual-target antifungal inhilstdoy analyzing the active sites of
dual-target (SE, CYP51).



Butenafine Terbinafine Naﬂﬂme

Janssen I @ F Actaws

O g TR Fed

N r\

Jﬁ 'VYRVMY‘WE

SE Miconazole Fluconazole Albaconazole Compound 5 CYP51

Figure. 1 Structure of target enzymes (SE, CYP51) and theeseptative acrylamines (SE inhibitors)
and azole antifungal agents (CYP5L1 inhibitors).

In the study, we studied the structural charadiesiof acrylamine and azole drugs,
and constructed the different series of novel damget (SE, CYP51) antifungal
inhibitors using the method of fragment-based diisgovery (FBDD). Subsequently,
these target compounds were further synthesized, tiaeir antifungal activity were
evaluated invivo andvitro. At the same time, the preliminary action mechanigas also
explored and proved using cell-based and biochdragsays. This study will provide a
new direction to design the novel dual-target angfl inhibitors.

2. Results and discussion
2.1. Dual-target docking study based on active fragments

With the development of protein structure diffractitechnology, the crystal structure
of CYP51 has been resolved and studied [32]. Atstiree time, the homology model of
SE has also been constructed in our previous siB®ly However, it is still a great
challenge to discover the corresponding targetitdrs. This is because their binding
conformation is difficult to be determined in thenwentional molecular screening
process. De novo drug design is a brand-new methddgment-based drug discovery
(FBDD) [34,35]. It can be used to more accurat@iednine the location, orientation and
conformation of the core fragments in the differactive sites.
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Figure. 2. The screening of active fragments based on theeasites of duatarget enzymes (SE,
CYP51).

The drug-like fragment library was constructed, ahhcontain a series of different
kinds of organic fragments. De Novo Link, which @atach new fragments based on the
existing active groups, was selected as a classigadrtant fragment docking method,
and the value of Ludi_Score can accurately reftbet binding ability of docking
fragments in active sité={gure 2). In the study, these active fragments in librasgre
docked into the active sites of dual-target (SE,PSY). Some of organic fragments
demonstrated the strong binding ability, they canuftaneously produce this strong
interaction force with the key amino acid residuesjch distributed in the different
active sites. Ten preferred fragments with highugabf Ludi_Score were selected and
determined, which were summarizedrliable 1.

Table 1.The scoring values for preferred docking fragments

Name Fragment Potential Energy Ludi_Score
structure SE CYP51
1. 1-naphthoic acid ) 104.9261 331 348
VOH
2. 5-Amino-1-benzofuran (/:©/NH2 98.9786 279 316
0
3. Aminomethyl pyridine Y NH, 83.0628 308 324
Nz
4. 9H-pyrido[3,4-b] —\ 49.2029 287 301
indole N
N
H
5. 1-ethyl-1H-imidazole SN 97.1579 301 298
N\?,
6. N-methyl-1H-imidazole-1 o) 72.7368 284 296
-carboxamide (/\N’U‘N/
= H
7.2-Aminoacetophenone 0 103.2519 314 291
8. N-phenylmethanetriamine H 49.0356 252 280
N\rNH2
©/ NH,
9. Cyclohexaneamine 55.6181 279 264
NH,

10. Resorcinol /@\ 86.6885 249 237
HO' OH




Subsequently, we analyzed the structures of théitohs (SE inhibitor: naftifine;
CYP51 inhibitor: compound) [30,33] and their binding mode in their corresgpiom
active sites. These screening fragmen{s2( 4) were located in their upper region of
active sites (SE, CYP51). Among them, the naphiitagment {) with the highest value
of Ludi_Score (SE: 331; CYP51: 348) can form thestr&table interactions with the
surrounding key amino acid residues, which wergritiged in the active regions (A)
(Figure 3 As-Az). Moreover, it also is the main chain group of paund5 (CYP51
inhibitor) and naftifine (SE inhibitor). Thereforege discarded the active fragmeris4),
and selected to retain the naphthyl fragment asrtai@ chain group to design the new
target compound. In addition, we further analyzeel active site characteristics of the
dual target, it can be seen that their hydrophtdature groups were distributed in the all
central region of active sites (SE, CYP51), whictlicates that organic fragments should
retain a certain of hydrophobic properti€sgre 3 B;-B,). Based on the above result,
we found that these screening fragmegi®s5, 7, 9)with the proper scoring value can
satisfy a certain degree of hydrophobic propertiegy were distributed in the active
regions (B, C), and produced the proper superposipphenomenon with ligand
molecules in the active sites of dual-target (SEPEL). It is noteworthy that these
nitrogen-containing fragment8,(5 can also form the key coordination bonds inteoact
with heme in active site of CYP5Eigure 3 C;-C»).
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Figure. 3. (A;-A3) The superposition model based on the structurerbinafine and compound 5.
(B1-B,) The distribution of feature groups in SE and CYR&live site.(C;-C,) The combination
pattern of active fragments in the active regiohSB and CYP51.
2.2. The design of antifungal agents

On this basis, three series of dual-target targetpounds with the common naphthyl
fragment as main chain group were designed basebeodifferent splicing methods of
active fragmentsHigure 4). At first, the pyridyl fragment3) can replace the phenyl



group of naftifine and the azole group of compodipcand exert their corresponding
biological functions in the different active sitdherefore, the pyridyl fragmenB)(was
selected as the core groups of dual-target targetpounds. This specific connection
method was performed to construct the sefigsrget compoundsF{gure 4 Ag). In
addition, the phenyl and cyclohexane fragment9)were bound into the region A of SE
and the region B of CYP51, the imidazole fragmé&htas docked in the region B of SE
and the region A of CYP51. Finally, these fragmemmbinations were connected as a
whole, and the serie®, 3 target compounds were produced though the differen
connecting method${gure 4 Ay, As).
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Figure 4. Design of naphthylamide derivatives as novel daajet antifungal inhibitors using the
method of FBDD.

In order to further verify the design rationalithese target compounds were docked
into the active sites of SE and CYP51, respectivEfyey can be combined in the active
sites of dual-target, and these core fragments puengerly distributed in the key regions
of the active sitesHjgure 5 A, Ay). At the same time, these target compounds can als
be superimposed with ligand molecules (SE inhibiteaftifine; CYP51 inhibitor:
compoundb), and they show the higher matching degree. Theltrendicates that these
target compounds can simultaneously satisfy thigilolision characteristics of dual-target
inhibitors Figure 5 By, By, B3). Based on the detailed analysis of dual-targeét (SYP51)
docking model and molecular superposition modeliy tetructures were further modified
and optimized as the leading compounds. We expe¢htgdhese compounds may have
the dual-target antifungal activity, and the sulosed biological activity evaluation has
confirmed the design rationality.



Figure 5. (A1-A,) Docking results of these representative target comg@s with dual-target (SE,
CYP51);(B1-B3) Molecular superposition model of target compounih ligand molecular (naftifine,
compoundb).
2.3. Chemistry

The synthetic route of key intermediats, b-1, 2, 3, 4vas illustrated irScheme 1
The commercially available L-Glycine, Glycine, Alae, Valine, Serine2-1, 2, 3, 4
were selected as the starting material, and theg @issolved in ethanol, and refluxed
with SOC} for 5 h, the amino acid ethyl ester hydrochlorf8el, 2, 3, 3 were obtained
[36]. Next, the amino acid ester hydrochloride wseparately treated with the
1-naphthoic acid1@ and 2-naphthoic acidLb) in the presence of condensing agent to
give the key intermediatedd, b-1, 2, 3, % Target compoundsga-1, 2, 3, 4and7b-1, 2,
3, 4were prepared according the procedures, which h@asrsinScheme 2The methyl
group was introduced into the key intermediates p-1) through methylation reaction,
and formed the intermediates produ&as, (b-1). Next, they can be directly hydrolyzed to
obtain the corresponding organic acifia,(b-1). Finally, the target compounds, b-1, 2,
3, 4were synthesized via amination reaction.

Q O . HCI
PR
OH —> O/\ (0] Ri=H
NH, NH, H =
Ar- N /\ —
2-1,2 3, 4 3_]’ 2, 3’ 4 b > \n/ () RZ_CH3
Ar: O Ryy R3=CH(CH5),

k) i)

|

______ o j\ 4a-1,2,3,4

OO - QO A
1a 1b 1a, 1b

Scheme 1Reagents and conditions: (a) Ethanol, SO@flux, 2-5 h; (b) EDCI, HOBt, DIEA, 80 °C,
7h.

R4=CH20H
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Scheme 2.Reagents and conditions: (a) £HK,COs, THF, 60 °C, 5 h; (b) 2 N NaOH solution,
MeOH, 60 °C, 2 h; (c) HATU, DIEA, DMF, amine (amimyridine or aminomethyl pyridine), 80 °C, 7
h.

The synthetic route of the target compoud@s, b-1, 2, 3, 4, Svas illustrated in
Scheme 3First, the imidazole group was introduced inte kiey intermediateslg, b-4
to afford the intermediate produ@a, b[37]. Subsequently, they were further converted
into the corresponding organic acid3a( b) through hydrolysis reaction. Finally, the
target compounddlOa, b-1, 2, 3, 4, 5Swere synthesized from organic acids and
aminomethylpyridine via amidation reaction.
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Scheme 3Reagents and conditions: (a) CDI, imidazole, 703:6h; (b) 2 N NaOH solution, MeOH,
60 °C, 5 h; (c) HATU, DIEA, DMF, amine, 80 °C, 7 h.

The synthetic route of the target compoufds, b-1, 2, 3and18 a, bwas illustrated
in Scheme 4 First, the key intermediatedd, b-1, 2, 3 were hydrolyzed and converted
into the corresponding organic aciddd, b-1, 2, 3 Next, these organic acidég, b-1;
11a, b-1, 2, 3)were separately treated with the aminoacetophetmrabtain the key
intermediates13a, b-1, 2, 3;14a, . Subsequently, the treatment of intermediates was
treated with formaldehyde and NaHg@n MeOH/H,O to produce the hydroxyl
compoundsi5a, b-1, 2, 3; 16a, b)j38]. Finally, these compound$a, b-1, 2, 3; 16a, b)
were further reacted with CDI and imidazole to abthe target compound&qa, b-1, 2,
3; 18a, b.
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Scheme 4.Reagents and conditions: (a) 2N NaOH solution, Me®® °C, 2 h; (b) EDCI, HOBt,
DIEA, 80 °C, 7h; (c) 37% CD (aqg), NaHC@, EtOH, 6 h; (d) Imidazole, CDI, G)EN, 70 °C, 5 h.
2.4. In vitro antifungal activity of target compounds

In the study, all target compounds were selectedviduate their invitro antifungal
activity against pathogenic fungi through the peols of the National Committee for
Clinical Laboratory Standards (NCCLS) [39,40], ati tested strain contains four
pathogenicCandida (C. alb., Candida albicans;, C. gla., Candida glabrata; C. kru.,
Candida krusei; C. tro., Candida tropicalis) and one AspergillusA. fum., Aspergillus
fumigatus). Naftifine and fluconazole (FCZ) were selectedhesreference drugs.

The antifungal activities of target compounds wstienmarized irfable 2. It was
observed that most of compounds exhibited thewnygdl activity against. alb., C. gla.,
C. kru. andC. tro. in vitro. These target compounds, which contéda:2, 7b-2, 7b-4,
10a-4, 10a-5, 10b-1, 10b-4, 10b-5, 17a-1, 17a-A-27 18aand 18b, showed a certain
of antifungal activity againsCandida in the range of 0.125-0.pg/mL. Of these, these
target compounds7p-2, 10b-4, 10b-5 17a-1 17a-2and18b) with the range of Mlgy
value (0.125-0.2ug/mL) againstC.alb, C.gla. and C.tro., which canshow the similar
potency with the control drugs (fluconazole: Oi@BmL, naftifine: 0.25-0.5ug/mL). In
addition, the target compoundsb¢2, 7b-4,10b-4, 10b-5, 17a-2, 17b-2nd 18b) also
exhibited the obvious antifungal activities agai@skru. with 0.25 pg/mL. However,
most of compounds have an unsatisfactory inhibiteffect on A. fum. It was
noteworthy that compound®-2, 10b-5and17a-2shows the most potent activity against
Afum. with MICso values 4 pg/mL. Subsequently, we preliminarily lgred the
structure-activity relationship of target compoundts should be mentioned that the
different position of naphthyl fragment as main ibhaan retain a certain effect on
antifungal activity. At the same time, the chang@side chain fragments can increase the



Table 2.1n vitro antifungal activities of the target compounti8@so, ng/mL).

antifungal activity and the antibacterial spectrdtrwas worth noting that the pyridine
group can also replace azole group to maintairathiéungal activity.

Compd R MIC 5o, Hg/mL
C.alb. C.gla. Ckru. Ctro. A.fum.
7a-1 4-aminopyridine 0.5 0.5 0.5 1 8
7a-2 3-aminopyridine 0.25 0.25 0.5 0.25 >16
7a-3 4-pyridinemethaneamine 1 1 2 0.5 8
Ta-4 3-pyridinylmethylamine 0.5 2 0.5 0.25 >16
7b-1 4-aminopyridine 0.25 0.5 1 0.25 8
7b-2 3-aminopyridine 0.125 0.25 0.25 0.125 4
7b-3 4-pyridinemethaneamine 0.25 2 0.5 1 8
7b-4 3-pyridinylmethylamine 0.5 0.5 0.25 0.25 >16
10a-1 cyclohexanamine 0.5 0.25 0.5 1 >16
10a-2 cyclopentanamine 0.5 2 0.5 0.5 >16
10a-3 phenylmethanamine 0.5 0.5 1 0.25 8
10a-4 4-methylaniline 0.25 0.25 0.5 0.5 >16
10a-5 4-pyridinemethaneamine 0.25 0.5 0.5 0.25 8
10b-1 cyclohexanamine 0.5 0.25 0.5 0.5 >16
10b-2 cyclopentanamine 0.25 0.25 1 0.5 8
10b-3 phenylmethanamine 0.5 1 1 0.5 >16
10b-4 4-methylaniline 0.125 0.25 0.25 0.25 8
10b-5 4-pyridinemethaneamine 0.25 0.125 0.25 0.25 4
17a-1 H 0.25 0.25 0.5 0.125 8
17a-2 methyl 0.125 0.25 0.25 0.125 4
17a-3 Isopropyl 0.25 0.5 1 0.5 >16
17b-1 H 0.25 1 0.5 0.25 >16
17b-2 methyl 0.25 0.5 0.25 0.125 8
17b-3 Isopropyl 0.5 1 1 0.5 >16
18a H 0.5 0.25 0.5 0.25 8
18b H 0.125 0.25 0.25 0.25 8
Fluconazole - 0.25 0.25 1 0.25 >16
Naftifine - 0.5 0.25 2 0.5 8

Abbreviations: C. alb., Candida albicans (ATCC 10231);C. gla., Candida glabrata (ATCC

0001); C. kru., Candida krusei (ATCC 6258);C. tro., Candida tropicalis (ATCC 1369);A.

fum., Aspergillus fumigatus (KM8001).
25.1n vitro antifungal activity against fluconazole-resistant strains of Candida
albicans

Currently, azole antifungal agents, especiallydheazole, have been widely applied in
the clinical practice for many years, they havedpied the excellent treatment effect.



However, the emergence of drug-resistant fungi besome more and more frequent,
which has been an important medical problem faatiing shallow and systemic fungal
infection. Therefore, it's very important to furthievestigate the biological activity of
target compounds against fluconazole-resistaninstrén the study, these fluconazole-
resistant strain 17#, CaR, 632, 901 and 90&.alb. were selected as the test strains. Of
there, strain 17# and strain CaR were isolated #DS patients. The result was shown
in Table 3. The potent compound§7b-2, 10b-5, 17a-2)and the reference drugs
(fluconazole, naftifine)were selected to evaluate their antifungal activithuconazole
was inactive against the fluconazole-resistanirgtraith the MIGovalues > 16 pg/mL.
Compounds(7b-2, 10b-5, 17a-2)and naftifine exhibited the moderate antifungal
activities against strains 17# and CaR with MlGalues in the range of 24&/mL. In
addition, compound4.0b-5 and 17a-2 also displayed a certain of antifungal activity
against strains 632 and 901 with M¢Gralues in the range of 448g/mL. It's worth
noting that compoundl7a-2 showed the the best antifungal activity against
fluconazole-resistant strains 17#, CaR and 901 Wit@sy values in the range of 2-4

ug/mL.
Table 3.1nvitro antifungal activities of the target compounti8 5o, pg/mL).
Compd MIC 50, ug/mL
Strain 17# Strain CaR Strain 632 Strain 901 Strain 904
7b-2 8 4 >16 >16 >16
10b-5 4 8 8 4 >16
17a-2 2 4 8 4 4
Naftifine 8 >16 8 >16 8
Fluconazole >16 >16 >16 >16 >16

Abbreviations: strain 17# CaR, 632, 901 904, fluconazole-resistant strain @andida albicans,
Strains 17#and CaR were provided by Institute of Microbiologyhinese Academy of Sciences.
Strains 632, 901 and 904 were provided by the Skbblitary Medical University.

2.6. Density analysis of Candida albicansin different treatment groups

Observing the change of fungal cell density witffedent target compounds is an
important index to evaluate the antifungal effica¢yarget compounds. In the study, the
untreated group and treated groups with positivetrob drugs (fluconazole, naftifine)
and target compound4@b-5 17a-2 were set, respectively. Their density was exmlore
by polarizing microscopy in the particular concations (10 nm/mL).

In the untreated group€, alb. (ATCC SC5314kxhibited the significant proliferation
ability, the density of fungal cells increased tpiwith the prolong of treatment time,
and a large number of cell germination and sporeswwobserved in nutrient solution
(Figure. 6 A; »). In the treated groups with positive control dragsl target compounds,
the tendency of cell proliferation was obviouslyibited, and cell density has gradually
decreased with the prolong of treatment time. Trapgrtion of Candida cells in the
division phase was significantly lower than theraated group, and some cells even have
the fracture phenomendifrigure. 6 By >E; ). These results indicated that the target



compounds X0b-5 17a-2 show the same antifungal effect with the positoantrol
drugs (fluconazole, natftifine), they can signifidgnaffect the changes of fungal cell
density by inhibiting the fungal cells proliferatio

A Untreated - Treatedwith ¢ | Treated with ), Treated with ' Treated with
1 1 fluconagole - nafifiee ©  Compound106-5 '  Compound 17a-2
:Cell l:oimﬁ: 66, k¥ cé count: 68 3 “Cell count: 60 Cell count: 69 " Cell count: 68 *
A, 2 B, : - G s “ D, s 5 -
Cell count: 99 Cell count: 39 . Cell count: 32 -Cell count: 29 " Cell count: 35

Figure 6. The density changes of fungal cell in differeetatment groupsAG-A,: UntreatedB;-B,:
FluconazoleC;-C,: Natftifine; D;-D,: CompoundLOb-5 E;-E,: CompoundL7a-2).

In order to further evaluate the antifungal effica¢ target compound4.0b-5 17a-2.
The survival and mortality rates Gf alb. in different treatment groups were studied. The
results showed that the survival rate of fungdsoghs as high as 97% in untreated group,
and cell size exhibits the state of uniform digttibn Figure 7). In the treated groups
with target compoundslQb-5 17a-2), their survival rates of fungal cells fall to tthé%
and 11%, respectively. Moreover, the sizes of §vinngal cells also decreased to 7.53
um and 7.5lum from the 8.29um. The result further confirmed that compouridb-5
andl17a-2can significantly affect the physiological funct®of fungal cell, they not only
can effectively inhibit the fungal cell proliferat, but also can kill the existing fungal
cells.
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Figure 7. The survival and mortality rate @ alb. cells in different treatment group4:(untreatedB:
compoundlOb-5 C: and compound7a-2.
2.7. Morphological analysis of Candida albicans in the treatment groups with target
compounds 17a-2

In order to further understand the effect of pnefércompoundl7a-2 on the cell
morphology, the morphological changes of tGandida cells were observed using
transmission electron microscopy (TEM) [41,42].tAe early stage, the structure ©f
alb., cells mostly exists in the shape of ellip&ytoplasm was uniformly distributed in
the inner region of the fungal cells. The fungdl oeembrane and wall were located at



the edge of cellsTheir boundary can be clearly distinguished, armivsthe smooth and
transparent characteristicBigure 8 A;-Aj). When the fungal cells were treated with
compoundl7a-2for 72h, the clear boundary between the colonypmgulation began to
disappear, and the smooth surfaces changed inio¢igalar structure. At the same time,
some specific phenomena occurred in the cytoplasegions, such as edema cavitation,
disordered ridge arrangement, and exfoliation eigfoendoplasmic reticulum particles
(Figure 8 B;-B). With the further prolongation of treated timel4h), the fungal cells
have completely cracked, only residual fungal eelll and membrane structure were left
(Figure 8 G-C5). The preliminary result suggests that the taogehpoundl7a-2 can
destroy the structure of cell membrane and affeetasmotic pressure of fungal cell. It
can eventually lead to the rupture and death ajduoells.

Figure 8. The morphological structure changestofalb. cells treated with target compouhda-2in
the different time periodsAg-A,: 0 h;B;-By: 72h;C1-Cy: 144h).
2.8. Molecular mechanism and enzyme activity of target compounds

In order to further study the antifungal mechananarget compound<Qb-5 17a-2),
the sterol composition change Gf alb. SC5314 cells in different treated groups were
analyzed. The untreated group and positive coulnags(fluconazole, naftifine)-treated
group were set as reference. The assay has beegssfudly used in studying the action
mechanism of antifungal agents on the sterol bitbegis pathways [35, 42]. The sterol
profifile results were summarized Trable 4.
Table 4. Analysis of sterol composition i@.alb. by LC-MS?2

Compd. Concentration % of total sterols. alb.)
(ng/mL) Ergosterol Squalene  Lanosterol Eburicol Unknown
sterol
10b-5° 0.125 68.4 9.2 3.8 13.6 5.0
0.5 35.6 145 7.2 37.9 4.8
4 13.2 20.5 10.9 49.3 6.1

17a-2 0.125 66.4 7.9 2.8 17.5 5.4



0.5 29.9 21.6 8.7 34.0 5.8

4 10.8 27.9 12.5 42.6 6.2
Naftifine®  0.125 735 16.8 3.7 1.9 4.1
0.5 40.8 39.2 9.4 5.7 4.9
4 15.9 56.8 12.5 9.7 5.1
Fluconazole 0.125 78.5 - 5.1 12.8 3.6
0.5 43.9 - 8.9 425 4.7
4 12.7 1.3 16.3 64.5 5.2
Control® - 95.1 - - 1.4 35

& AbbreviationsC.alb., Candida albicans (ATCC SC5314).
® Treated with target compounti§b-5, 17a-2

¢ Treated with naftifine.

4 Control (no drug).

In the untreated control, the content of ergosterolthe fungal cell membrane
contained 95.1% of the sterol fraction, while squal and lanosterol was not observed,
and other unknown sterols contained only 3.5%. Wiknalb. was treated with
fluconazole at 0.125-4 ug/mL for 48 h, the contehergosterol in the cell membrane
decreased to 12.7% from 95.1%, the content of ebluincreased sharply to 56.8%,
while squalene and lanosterol contents didn't emeesignificantly. These changes of this
components are due to the competitive inhibiticivag of target enzyme CYP51, which
are consistent with previously published studiesthie treated group with naftifine, the
content of ergosterol reduced to 15.9% from 95.Htd the contents of squalene,
lanosterol and eburicol were accumulated. In paldic the content of squalene increased
sharply to 56.8%. These changes were caused lopthpetitive inhibition of CASE ir€.
alb. The ergosterol content was significantly reduted3.2% and 10.8%, respectively.
Interestingly, the treatment with compound®b-5 and 17a-2 also resulted in the
noticeable accumulation of squalene (20.5%, 27 &3d)eburicol (49.3%, 42.6%), These
results suggested that these novel compounds casedathe potent disruption of
ergosterol biosynthesis by inhibiting the doublexéd (SE, CYP51) activity if€. alb.,
which was similar with the accepted mechanism afcdhazole and natftifine.
Subsequently, the dual-target (SE, CYP51) enzyneaatiivity of compound4.0b-5 and
17a-2 was tested Table 5. Compared with naftifine (SE, k = 0.284 uM) and
fluconazole (CYP51, 1§ = 0.116uM), they displayed a certain degree of dual-target
enzymatic activity with 16 values ranging from 0.537-1.158V, the study further
proved their dual-target inhibitory activity.

Table 5. The dual-target (SE, CYP51) enzymatic activitgofmpounds 10b-5 and 17a-2

Compd IC 50 (UM)
SE CYP51
10b-5 0.685 1.153
17a-2 0.961 0.537

Naftifine 0.284 -



Fluconazole - 0.116

@Used as positive control.
2.9. In vitro human plasma stability assay

The stability of the target compound in human plassian important indicator to
maintain the medicinal property [42]. Based on rthamtifungal activities invitro.
Compoundsl0b-5 and 17a-2 were further selected to evaluate its stabilityhimman
plasma. In the study, these target compourits5 and17a-2were incubated in human
plasma for 60 min and 120 min, respectively. Thegult was shown iffable 6, these
target compounds exhibited the excellent metabstidbility at same times (120 min:
remaining 91.6% and 92.1%, respectively), whichidat® that these compounds can
maintain their medicinal efficacy mvo for a long time.

Table 6.In vitro human plasma stability of compounds 10b-5 and2L.7a-

Compd. Stability in Human Blood Plasma
% Remaining at 60 min % Remaining at 120 min
10b-5 94.5 91.6
17a-2 96.3 92.1

2.10. In vivo study of toxicity and therapeutic efficacy

The potential toxicity and therapeutic effect ofimntarget compounds igivo is an
important index during the process of new drug tgweent. The pharmacodynamic
properties of the preferred compouh@b-5 and 17a-2 were further evaluated in mice
[42].

In this study, we constructed the fungal infectimouse models by subcutaneous
injection, and the body weights of mouse in the#érént treatment groups were
monitored, and their body weights did not displag significant differences during the
whole treatment periotH& E (hematoxylin—eosin staining) was performed to olas¢he
morphology of tissue after in the different treatgdups, which was shown kigure 9.
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Figure 9. The morphological changef fungal infections tissues in different treatmegnbups A:
Saline;B: CompoundlOb-5; C: Compoundl7a-2.

In the treated group with saline, the arrangemémndothelial tissue cells begins to
display the irregular distribution characteristitbe space of some endothelial cells
increases significantly, and their configuratioscalindergoes a certain change. At the
same time, a large number of nuclear gathers imnfieeted region was observed, which
indicates that the pathogenic fungal infection &pgeared, and the region has produced
the corresponding immune response. In the treataapg with target compound®b-5



and 17a-2 we found that these tissue cells reappeared thiéoron distribution
characteristics and the complete state in the funggction region. It is worth noting that
the aggregation of cell nuclear in the infected ioeghas also disappeared,
which suggested that these target compounds canifisagtly treat the endogenous
fungal infection, and the infected tissues havelga#ly returned to normal stat€hese
H&E results further demonstrated the synergistic fiertic effect of the compounds.

o)

Figure 10. The histological imagesf H/E staining (lung, liver, spleen, kidney and heartnf the
different treatment groupsA(.s: Salineg B; 5. CompoundLOb-5 C;.s: CompoundlL7a-2.

Subsequently, the in vivo safety of the compounds further evaluated. Their main
organs (heart, liver, spleen, kidney, and lung)ensaparated and collected in the different
treatment groups. The structures of the viscesalg cells in these different treatment
groups were similar, and they didn’t show the obsionorphological changes or cell
damageFigure 10. Moreover, the blood urea nitrogen (BUN), asparéaténotransferase
(AST) and the alanine aminotransferase (ALT) aredrtant indexes that can directly
reflect the function of kidney and liver. We care ghat the AST, ALT and BUN levels
didn't show the significant difference (p>0.05)tihe different treatment groups, which
indicated the compoundi0b-5 and 17a-2 did not have the obvious hepatic and renal
toxicity (Table 7). In summary, the target compounds have the arg#lactivityin vivo,
and they can significantly inhibit the proliferatiof fungi in mice with low toxicity.

Table 7. The analysis of plasma biochemical levels witffiedént treatment groups

Group AST(IU/L) ALT(IUL) BUN (mmol/L)
Saline 104.7+5.2 105+8.3 6.8+0.4
Compound 10b-5 108.6+6.3 102+12.6 7.3+0.9
Compound 17a-2 112.345.9 106+7.4 6.4+0.7

2.11. Molecular docking

In order to better understand the binding modeaofet compound.7a-2 it was
docked into the dual-targets enzymes (SE and CYBEQ) alb., using the CDOCKER
program [43,44], the SE homology modeld CYP51 (PDB: 5TZ1) served as the



docking templates to generate the binding modegésalepicting the proposed binding
modes were generated using PyMOL, and the reselts shown ifrable 8 andFigure
11

Table 8.Molecular docking results of target compouirth-2with dual-target (SE, CYP51)

Compd -CDOCKER -CDOCKER Absolute Energy  Target Enzyme
ENERGY INTERACTION ENERGY
17a-2 24.53 42.85 57.44 SE
17a-2 21.15 39.92 49.51 CYP51
Naftifine 34.65 47.72 60.67 SE
Fluconazole 27.72 44.76 65.94 CYP51

In the SE docking model, the binding energies afgeét compound 1(7a-2
(CDOCKER ENERGY: -24.53 kcal/mol; CDOCKER INTERAGIN ENERGY:
—-42.85 kcal/mol) were lower than naftifine (CDOCKHERNERGY: -21.15 kcal/mol;
CDOCKER INTERACTION ENERGY: -39.92 kcal/mol), whicindicated the target
compounds can form the more stable interactions plagitive control naftifine. It can be
seen that the active site of SE exhibited the loolgmn shape, compouriya-2 was
properly docked into the active site, and its dogkconformation were displayed in
Figure 11 A-As. The naphthyl group of compountiga-2 can bind in the upper region
of the active site, and form-alkylation with the key amino acid residues (Tyt, Arg
134, Leu 249 and Tyr 251). In addition, the pheamydl imidazole groups were located in
the bottom region, they can produce the hydrophbbid interaction with Leu 398, Cys
416, Val 427 and Pro 430, respectively. At the séime, the compound7a-2also can
properly docked into the active chamber of the C¥Rbigure 11 B-B3). The
CDOCKER ENERGY and CDOCKER INTERACTION ENERGY vatueere predicted
as —24.65 and —-45.38 kcal/mol, respectively, whiltlose to the docking value of
fluconazole (CDOCKER ENERGY: -21.15 kcal/mol; CDOER INTERACTION
ENERGY: -39.92 kcal/mol). The naphthyl group wasrreunded with the key
hydrophobic residues (Pro 230, Phe 235, Leu3763HisTyr 505, and Ser 507), the
interaction ofr-alkylation with Pro 230 and Leu 376 was produdéds worth noting
that the imidazole group plays an important rolkicl occupied the bottom region of the
active site. It can form the key coordination bomdth FE* of heme (The coordinate
bond length is 2.707 A). Additionally, the phenybgp can form tha-= interaction with
Phe 126. In summary, the docking result have cowfil that the target compounds can
match well in the binding cavity of dual-target (SEYP51), and t form the stable
combination mode.



Figure. 11. Docking models of representative compoura-2with dual-target (SE, CYP51)A()
The binding mode of the preferred compouldda-2 with CASE. @,) The interaction mode of
compoundl7a-2in the active site of SEAE) The interaction between the compourté-2and SE on
the 2D diagram.R;) The docking results of the preferred compouhds-2 with CYP51. B,) The
interaction mode of compounti7a-2 in the active site of CYP51B§) The interaction mode of
compoundl7a-2in the active site of CYP51.
2.12. Theoretical evaluation of ADME/T properties

The properties of ADMET can reflect the procesthefbody's absorption, distribution,
metabolism, and excretion of foreign chemicals. réfeee, the evaluation of ADMET
properties is an important condition to ensure dhey-ability of the target compounds
[45]. In the study, the ADME/T properties of targeimpounds were predicted, which
was shown irFigure 12.
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Figure 12. The evaluation plot of Alog P and PSA for thetaliget compounds. The 95% and
99% confidence limit ellipses that correspond @ ititestinal absorption and BBB (blood-brain
barrier) models. Abbreviations: ADME/T, absorptiatistribution, metabolism, excretion and
toxicity; A log P, the logarithm of the partitiomficient between octanol and water; PSA, polar
surface area; 2D, two-dimensional.

The analogous 95% and 99% confidence ellipseshi®rbiood-brain barrier (BBB)
penetration and human intestinal absorption (HIAswepresented in the biplbigure
12. All the target compounds and the control drugddinazole) were positioned in the
confidence regions for HIA, which indicate thesempounds have appropriate HIA
properties. At the same time, most of compounds bBlve a certain permeability of
blood-brain barrier, it reflects that these compisihave a certain therapeutic effect on
fungal infection of nervous system.

Table 9. The ADME/T prediction of target compounds companéth naftifine and fluconazole.

ADME/T parameters Series 1 Series 2 Series 3 Naftifine Fluconazole
compounds compounds compounds
Alog P98? 1.638~1.645 2.139~2.741 2.139~3.466 4.863 0.750
pPSA 62.025 76.831 84.674,94.132 3.352 76.556
Aqueous solubility 3 2,3 2,3 2 4
HIA® 0 0 0 1 0
PPB*® Highly bound  Highly bound  Highly bound Highly bound Highly bound
BBB penetratior 3 3 3 0 3
CYP450 2D6 binding 0 0 0 0 1
Hepatotoxicity Non-Toxic Non-Toxic Non-Toxic Non-Xiz Toxic
DTP" Toxic, Toxic Toxic Toxic Toxic
Non-Toxic
FDA rodent Non- Non- Non- Non- Non-
carcinogenicity carcinogen carcinogen carcinogen carcinogen carcinogen
Ames mutagenicity Non-mutagen  Non-mutagen  Non-mariag Non-mutagen  Non-mutagen
Skin sensitization Non-irritant Non-Irritant, Non-Irritant, Irritant Irritant
Irritant Irritant
Skin irritating Non-irritant Non-irritant Non-iitant Mild-irritant Non-irritant

a.Alog P98 (atom-based Id®) ([1-2.0 or(17.0: very low absorption). PSA (polar surface area) (>150: very low

absorption).c. Level of aqueous solubility predicted: 0 (extrem&w), 1 (very low, but possible), 2 (low), 3

(good), 4 (optimal), 5 (too soluble), 6 (warningolecules with one or more unknown A IBgcalculations)d. HIA

(human intestinal absorption), level of human itites absorption prediction: 0 (good), 1 (moderag)poor), 3

(very poor).e. PPB, plasma protein bindin§. BBB (blood brain barrier), level blood brain barrigenetration
prediction: O (very high penetrate), 1 (high), Z2¢hum), 3 (low), 4 (undefinedy. Prediction cytochrome P4502D6
enzyme inhibition (0: non-inhibitor; 1: inhibitor). DTP, development toxicity potential. FDA, food and drug

administration.

These detailed values of ADME/T properties were rmanizedTable 9. The A logP
and PSA of target compounds are the important ptiegeof drug bioavailability. We can



see that the target compounds with PSA < 140, <2A logP < 7.0 have high oral
bioavailability, these compounds have proper aligorpr permeation, and they can be
effectively absorbed in human intestine and hightyind with plasma protein. At the
same time, those target compounds can also renh@nNbn-Hepatotoxicity, Low
inhibitory activity on CYP450 2D6, which indicatetthat the target compound can
maintain structural stability during the phase oétabolism. For toxicity risk, these
compounds are non-carcinogenic, non-mutagenic amdirntating. Although some of
compounds demonstrate a certain degree of DTP kimds&nsitization, we believe that
the further structural modifications can reducedbmpounds' toxicity profiles.
3. Conclusions

At present, the phenomenon of invasive fungal imdecand drug-resistant fungi is
more and more frequent in clinical practice, whsgriously threatens people's health.
The design of dual-target (SE, CYP51) antifungdiibitors was considered as an
effective coping strategy. In the study, the cqoesling fragment library was
constructed by extracting the active groups of comrantifungal inhibitors, and they
were docked into the active sites of dual-targeugh the method of De Novo Link.
These core groups with the higher MCSS_Score valme selected to design the
fragment-based novel antifungal inhibitor. Subsetlyethree series of target compounds
were constructed and synthesized, their correspgraltifungal activity was evaluated.
The most of target compounds exhibit the moderatextellent antifungal activity.
Among these, compound®b-5 and 17a-2 not only displayed the most remarkable in
vitro activity againstCandida spp. andA. fum., but also had the obvious inhibitory effect
on fluconazole-resistanC.alb. strains. In order to further understand the action
mechanism of target compounds, the analysis oblstamposition and the study of
dual-target enzyme inhibition were performed. Theget compounds can block the
biosynthesis of ergosterol and destroy the stractof fungal cell membranes by
inhibiting the activity of dual-target (SE, CYP5Notably, the compound$0b-5 and
17a-2 with low toxicity and the excellent blood plasmalstity also exhibited the
obvious antifungal activity irvivo. At the same time, the target compounds can match
well with the dual-target (SE, CYP51) binding cavitin summary, these results
demonstrate that these target compounds have tkatjad to be developed as the novel
antifungal inhibitor.
4. Experimental section
4.1. General methods for chemistry

All reagents used in the experiment were procurethfEnergy Chemical, Aladdin,
Bide and Sinopharm Company (except special instmictvithout additional purification,
and the solvents were purifified according to ttedard procedures. The reactions were
monitored by thin layer chromatography (TLC). ahd &nalysis was performed on Silica
Gel 60 F254 plates (Jiangyou, Yantai), which wasdu® monitor the reaction process.
The silicagel (200-300 mesh) from Qingdao Oceann@ita&s (Qingdao, Shandong,
China) was used for column chromatography. Theingeftoints of all compounds were



determined and corrected with a Bichi Melting PoB#540 apparatus (Buchi
Labortechnik, Flawil, Switzerland). The liquid chmatograph mass spectrometer
(LC-MS) were determined in ESI mode on a Shimad408.C-MS (Shimadzu, Japan).
Nuclear magnetic resonanc¢el{NMR and**C-NMR) spectra were recorded on a Bruker
500 MHz NMR spectrometer with TMS as an internahdird. The coupling constants
(J) are reported in Hertz, and the peak multipésitvere expressed as follows: s, singlet;
d, doublet; t, triplet; g, quartet; dd, doubletdafublet; dt, doublet of triplet; td, triplet of
doublet; ddd, doublet of doublet of doublet; m, tiplt; br, broad peak.

4.2. General procedure for the synthesis of amino acid ethyl ester hydrochloride (3-1, 2,
3,4)

Thionyl chloride (3.0 equiv) was slowly dripped anthe ethanol solution. Then,
L-amino acids (Glycine, Alanine, Valine, Serine)0(Bquiv) were dissolved in the mixed
solution, respectively. The mixed solution was bdato reflux for 3-6 h. When the
reaction liquid becomes transparent, the reactioxtunes were concentrated under
reduced pressure to give the white s¢Bel, 2, 3and4).

4.3. General procedure for the synthesis of key intermediate compounds (4a-1, 2, 3, 4;
4b-1, 2, 3, 4)

The appropriate 1-naphthoic acid and 2-naphthoid (1 equiv) and HATU (1.2 equiv)
were added into anhydrous DMF, respectively. Thetune was stirred at room
temperature for 2 h. Then, amino acid ethyl esyeirdchloride 8-1, 2, 3, 41.0 equiv)
and DIEA (3.0 equiv) were added, the mixed solutias heated at 80 °C for 6 h. The
reaction process was monitored by TLC analysiserAihe completion of reaction, the
reaction mixture was poured into ice water, andaeteéd with ethyl acetate, the organic
phase was dried though X0, overnight. Finally, the desired intermediate coommts
(4a-1, 2, 3, 4; 4b-1, 2, 3, 4yere obtained under vacuum distillation.

4.4. General procedure for the synthesis of compounds (5a-1; 5b-1)

The intermediate compoundéatl or 4b-1; 1.0 equiv), KCO;(3 equiv) and CH (2
equiv) were dissolved in tetrahydrofuran solutibhen, the mixed solution was stirred in
the conditions of room temperature for 5 h. Thectiea process was monitored by TLC
analysis. After the completion of reaction, the e was poured into ice water, and
extracted with ethyl acetate, the organic phase dviasl by NaSO, overnight. Finally,
the desired compounds were obtained under vacustitiation.

4.5. General procedure for the synthesis of compounds (6a-1; 6b-1)

The compounds5@-1 or 5b-1; 1.0 equiv) were dissolved into methanol solut{@
mL), the solution of 2N sodium hydroxide (20 mL) svadded. Then, the reaction
mixture was stirred at 60 °C for 7 h. The reacpoocess was monitored by TLC analysis.
After the completion of reaction, the methanol #olu was removed under vacuum
distillation, pH was adjusted to 2-3 by dilute hychloric acid solution, and the white
solid was filtered and dried to give the desirethpounds.

4.6. General procedure for the synthesis of target compounds (7a-1, 2, 3, 4 and 7b-1, 2,
3,4)



The key intermediates@-1 or 6b-1; 1.0 equiv) and HATU (1.2 equiv) were added into
DMF, respectively. The mixture was stirred at rodemperature for 2 h. The
4-aminopyridine, 3-aminopyridine, 4-pyridinemethamene or 3-pyridinylmethyl amine
(1.2 equiv) and DIEA (2.0 equiv) were added, arartixture was heated at 80 °C for 7
h. The reaction process was monitored by TLC arsalpdter the completion of reaction,
the reaction mixture was poured into ice water, amttacted with ethyl acetate, the
organic phase was dried by 188, overnight, and the solvent was removed under
vacuum. The resulting solid was dried to give theied compounds. The crude product
was purified by silica gel column chromatographyi¢Cl,: MeOH =100:3).

4.7. General procedure for the synthesis of target compounds (8a; 8b)

The intermediatesi@-4 or 4b-4; 1.0 equiv), CDI (1.2 equiv.) and imidazole (1duw.)
were added to acetonitrile. The mixture was heatetD °C for 2 h, and then cooled to
room temperature. The solvent was removed undernwacThe residue was dissolved in
ethyl acetate, washed with water thrice, dried dvaSO, and filtered. The filtrate was
concentrated to afford the target compourgis 80 as a white solid. The crude product
was purified by silica gel column chromatography{Cl,: MeOH =100:3).

4.8. General procedure for the synthesis of key intermediate compounds (9a; 9b)

The compounds8@ or 8b; 1.0 equiv) were dissolved into methanol solut{@®@ mL),
the solution of 2N sodium hydroxide (20 mL) was @didThen, the reaction mixture was
stirred at 60 °C for 2 h. The reaction process masitored by TLC analysis. After the
completion of reaction, the methanol solution wereeved under vacuum distillation, pH
was adjusted to 2-3 by dilute hydrochloric acidusoh, and white solid was filtered and
dried to give the desired compounds.

4.9. General procedure for the synthesis of key intermediate compounds (10a-1, 2, 3, 4,
5; 10b-1, 2, 3, 4, 5)

The appropriate key intermediate organic aBalqr 9b;1 equiv) and HATU (1.2 equiv)
were added into anhydrous DMF, respectively. Thetune was stirred at room
temperature for 2 h. Then, amino intermediates éfdiv) and DIEA (3.0 equiv) were
added, the mixed solution was heated at 80 °C fdr. @he reaction process was
monitored by TLC analysis. After the completionrefction, the reaction mixture was
poured into ice water, and extracted with ethyltates the organic phase was dried over
NaSO, overnight. Finally, the desired compounds wereaioletd under vacuum
distillation.

4.10. General procedure for the synthesis of key intermediate compounds (11a-1, 2, 3;
11b-1, 2, 3; 6a-1; 6b-1)

The intermediates4@-1, 2, 3, 4or 4b-1, 2, 3, 4 1.0 equiv) were dissolved into
methanol solution (10 mL), the solution of 2N sadilydroxide (20 mL) was added.
Then, the reaction mixture was stirred at 60 °C Toh. The reaction process was
monitored by TLC analysis. After the completionreéction, the methanol solution was
removed under vacuum distillation, pH was adjuste@-3 by dilute hydrochloric acid
solution, and white solid was filtered and driedjtee the desired compoun¢kla-1, 2,



3; 11b-1, 2, 3; 6a-1; 6b-1)
4.11. General procedure for the synthesis of key intermediates (13a-1, 2, 3; 13b-1, 2, 3;
14a; 14b)

The appropriate key intermediate organic acldsql, 2, 3; 11b-1, 2, 3; 6a-1; 6b-1
equiv) and HATU (1.2 equiv) were added into anhydr®MF, respectively. The mixture
was stirred at room temperature for 2 h. Then, aagatophenone (1.1 equiv) and DIEA
(3.0 equiv) were added, the mixed solution wasdteat 80 °C for 6 h. The reaction
process was monitored by TLC analysis. After thengletion of reaction, the reaction
mixture was poured into ice water, and extracteth wihyl acetate, the organic phase
was dried over N&O, overnight. Finally, the desired compounds wereaioled under
vacuum distillation.

4.12. General procedure for the synthesis of key intermediates (15a-1, 2, 3; 15b-1, 2, 3;
16a; 16b)

To a solution of the key intermediate compourid3afl, 2, 3; 13b-1, 2, 3; 14a; 14b;
1.0 equiv) in ethanol, NaHGJO0.5 equiv) and 37% formaldehyde solution (1.5iequ
were added. The mixture was stirred at 50 °C fdr, 481d then the organic solvent was
removed under vacuum. The residue was dissolvexCiM and washed with water, brine
sequentially. The organic phase was dried overSRaand filtered. The filtrate was
concentrated and purified by silica column to dgive compoundslba-1, 2, 3; 15b-1, 2,
3; 16a; 16b)as a white solid.

4.13. General procedure for the synthesis of target compounds (17a-1, 2, 3; 17b-1, 2, 3;
18a; 18b)

The intermediateslfa-1, 2, 3; 15b-1, 2, 3; 16a; 16,0 equiv), CDI (1.2 equiv.) and
imidazole (1.0 equiv) were added to acetonitrillee Tixture was heated at 70 °C for 2 h
and then cooled to room temperature. The solverst iganoved under vacuum. The
residue was dissolved in ethyl acetate, washed waiter thrice, dried over N8O, and
filtered. The filtrate was concentrated to affoné target compound4fa-1, 2, 3; 17b-1,
2, 3; 18a; 18 as a white solid. The crude product was purifsgdsilica gel column
chromatography (C¥Cl,: MeOH =100:3).

4.13.1. N-methyl-N-(2-oxo-2-(pyridin-4-ylamino)ethyl)-1-naphthamide (7a-1)

The product was obtained as a white solid; yie@1%; mp: 155.2—-157.9°CH NMR
(500 MHz, DMSO)6 10.97 (s, 1H), 8.48 (d, J = 6.0 Hz, 1H), 8.38Jd; 6.1 Hz, 1H),
8.11 (d, J = 8.2 Hz, 1H), 8.01 (d, J = 8.1 Hz, ZH§8 (d, J = 6.1 Hz, 2H), 7.62 — 7.57 (m,
2H), 7.48 (d, J = 6.9 Hz, 1H), 7.45 (d, J = 6.1 HH), 3.17 (s, 2H), 2.82 (s, 3HY’C
NMR (126 MHz, DMSO)s 170.76, 168.73, 150.94, 150.83, 146.01, 134.98,383
129.30, 128.77, 127.50, 126.97, 125.89, 125.53,1824113.70, 113.60, 50.92, 38.38.
ESI-MS m/z: 318 [M-H]; 320 [M+H]"; 342 [M+NaJ. HPLC purity 98.4%. Retention
time: 5.550 min, eluted with 20% purified water/8@8éthanol.

4.13.2. N-methyl-N-(2-oxo-2-(pyridin-3-ylamino)ethyl)-1-naphthamide (7a-2)

The product was obtained as a white solid; yief3%; mp: 161.5-164.1°CH NMR

(500 MHz, DMSO0)6 10.96 (s, 1H), 8.89 (d, J = 2.0 Hz, 1H), 8.66Jd&; 2.1 Hz, 1H),



8.30 (d, J =4.6 Hz, 1H), 8.12 (d, J = 8.2 Hz, 18401 (d, J = 8.1 Hz, 2H), 7.71 — 7.54 (m,
4H), 7.42 — 7.39 (m, 1H), 3.17 (s, 2H), 2.82 (s).3¥C NMR (126 MHz, DMSO)5
170.71, 168.07, 144.67, 141.21, 136.21, 135.00,383329.26, 128.75, 127.48, 126.95,
126.53, 125.89, 125.57, 124.15, 50.65, 38.33. ESIiz: 318 [M-H[; 320 [M+HT;
342 [M+Na]. HPLC purity 99.1%. Retention time: 5.823 min,tetliwith 20% purified
water/80% methanol.

4.13.3. N-methyl-N-(2-oxo-2-((pyridin-4-ylmethyl)amino)ethyl)-1-naphthamide (7a-3)

The product was obtained as a white solid; yieRl4%; mp: 158.2-165.3°CGH NMR
(500 MHz, DMSOQ)5 8.74 (t,J = 6.0 Hz, 1H), 8.52 (d] = 5.8 Hz, 1H), 8.45 (d] = 5.7
Hz, 1H), 8.12 — 8.06 (m, 1H), 8.02 — 7.98 (m, 2HK0 — 7.54 (m, 2H), 7.34 (4,= 5.5
Hz, 1H), 7.02 (dJ = 5.4 Hz, 1H), 4.44 (d] = 5.9 Hz, 2H), 3.16 (s, 2H), 2.78 (s, 3HC
NMR (126 MHz, DMSO)é 170.62, 168.98, 149.99, 149.91, 148.89, 135.08,363
129.22, 128.71, 127.39, 126.92, 125.85, 124.17,5822122.43, 53.51, 50.08, 38.36.
ESI-MS m/z: 332 [M-HI; 334 [M+HJ"; 356 [M+Na]. HPLC purity 98.8%. Retention
time: 4.930 min, eluted with 20% purified water/8@%thanol.

4.13.4. N-methyl-N-(2-oxo-2-((pyridin-3-ylmethyl)amino)ethyl)-1-naphthamide (7a-4)

The product was obtained as a white solid; yieRi6%; mp: 162.2—-166.7°CH NMR
(500 MHz, DMSO)5 8.69 (t,J = 5.8 Hz, 1H), 8.56 (d] = 1.5 Hz, 1H), 8.48 (dd] = 4.7,
1.3 Hz, 1H), 8.11 — 8.06 (m, 1H), 7.99 {ds 8.7 Hz, 2H), 7.74 (d] = 7.9 Hz, 2H), 7.58
(s, 1H), 7.46 (dJ = 7.1 Hz, 2H), 7.38 (d] = 3.1 Hz, 1H), 4.43 (d] = 5.8 Hz, 2H), 3.14
(s, 2H), 2.77 (s, 3H)*C NMR (126 MHz, DMSO) 170.58, 168.75, 149.21, 149.16,
148.60, 135.55, 135.09, 133.36, 129.48, 129.20,702827.40, 126.92, 125.67, 123.96,
123.88, 53.54, 50.02, 38.31. ESI-MS m/z: 332 [M:H334 [M+HJ; 356 [M+Nal.
HPLC purity 99.0%. Retention time: 5.005 min, etuteith 20% purified water/80%
methanol.

4.13.5. N-methyl-N-(2-oxo-2-(pyridin-4-ylamino)ethyl)-2-naphthamide(7b-1)

The product was obtained as a white solid; yieRi3%; mp: 156.8—-160.5°CH NMR
(500 MHz, CDC}) 6 9.50 (s, 1H), 8.68 (s, 1H), 8.32 (dd+ 4.7, 1.0 Hz, 1H), 8.10 (4,
= 8.0 Hz, 1H), 8.01 (s, 1H), 7.92 — 7.85 (m, 3H}6/(s, 3H), 7.22 (dd] = 8.3, 4.8 Hz,
1H), 4.36 (s, 2H), 3.21 (s, 3H)®*C NMR (126 MHz, CDCJ) & 173.19, 167.53, 145.13,
141.30, 134.91, 134.05, 132.51, 131.61, 128.54,.862727.75, 127.62, 126.99, 124.21,
123.62, 53.69, 39.61. ESI-MS m/z: 318 [M-HB20 [M+HJ[; 342 [M+Na]. HPLC
purity 98.9%. Retention time: 5.947 min, elutedha20% purified water/80% methanol.
4.13.6. N-methyl-N-(2-oxo-2-(pyridin-3-ylamino)ethyl)-2-naphthamide(7b-2)

The product was obtained as a white solid; yie@4%; mp: 163.7-168.2°CH NMR
(500 MHz, CDC}) 6 9.53 (s, 1H), 8.68 (s, 1H), 8.31 (dds 4.9, 1.0 Hz, 1H), 8.11 (4,
= 9.3 Hz, 1H), 8.03 (s, 1H), 7.92 — 7.87 (m, 3H}6/(s, 3H), 7.18 (dd] = 8.6, 4.9 Hz,
1H), 4.38 (s, 2H), 3.23 (s, 3H)®*C NMR (126 MHz, CDGJ) & 172.32, 167.28, 145.55,
140.74, 128.80, 127.87, 127.65, 123.50, 123.35,882222.32, 122.20, 121.88, 121.55,
119.46, 52.07, 41.22. ESI-MS m/z: 318 [M-HB20 [M+HJ[; 342 [M+Na]. HPLC
purity 99.3%. Retention time: 5.671 min, elutednw20% purified water/80% methanol.



4.13.7. N-methyl-N-(2-oxo-2-((pyridin-4-ylmethyl)amino)ethyl)-2-naphthamide(7b-3)

The product was obtained as a white solid; yield9%; mp: 161.8-166.2°¢H NMR
(500 MHz, DMSO)5 8.51 (d,J = 20.1 Hz, 3H), 7.96 — 7.84 (m, 3H), 7.71 (s, THR2 —
7.48 (m, 3H), 7.30 (s, 1H), 7.16 (s, 1H), 4.44J& 38.4 Hz, 2H), 4.01 (s, 1H), 3.15 (s,
3H).*%C NMR (126 MHz, HDMSO) 171.80, 168.98, 149.69, 148.45, 133.60, 133.12,
132.51, 128.39, 127.83, 127.21, 126.81, 126.33,5824124.33, 122.44, 54.50, 51.05,
38.60. ESI-MS m/z: 332 [M-H] 334 [M+H]; 356 [M+Na]. HPLC purity 98.5%.
Retention time: 5.011 min, eluted with 20% purifigdter/80% methanol.

4.13.8. N-methyl-N-(2-oxo-2-((pyridin-3-ylmethyl)amino)ethyl)-2-naphthamide(7b-4)

The product was obtained as a white solid; yie®4%; mp: 169.4-173.0°CH NMR
(500 MHz, DMSO)5 8.50 (d,J = 16.4 Hz, 3H), 7.90 — 7.86 (m, 3H), 7.73 (s, THR7 —
7.52 (m, 3H), 7.38 (s, 1H), 7.15 (s, 1H), 4.46J& 27.6 Hz, 2H), 4.06 (s, 1H), 3.13 (s,
3H). *C NMR (126 MHz, HDMSOY 172.26, 168.79, 149.86, 148.12, 136.42, 133.67,
133.52, 133.12, 132.53, 131.92, 128.49, 128.33,112827.83, 127.69, 127.28, 127.06,
126.33, 124.38, 122.75, 54.23, 50.55, 39.29. ESIAMS 332 [M-HT; 334 [M+H]; 356
[M+Na]*. HPLC purity 99.5%. Retention time: 5.150 min, teth with 20% purified
water/80% methanol.
4.13.9.N-(1-(cyclohexylamino)-3-(1H-imidazol-1-yl)-1-oxopropan-2-yl)-1-naphthamide
(10a-1)

The product was obtained as a white solid; yie@8%; mp: 132.6-138.1°CH NMR
(500 MHz, DMSO)5 8.79 (d,J = 8.5 Hz, 1H), 8.07 (d] = 7.7 Hz, 1H), 8.01 (d] = 8.2
Hz, 1H), 7.96 (dJ = 8.6 Hz, 2H), 7.62 (s, 1H), 7.57 — 7.45 (m, 4HR0 (s, 1H), 6.92 (s,
1H), 4.92 (tdJ = 9.4, 4.8 Hz, 1H), 4.29 (ddd= 23.7, 13.9, 7.3 Hz, 2H), 3.69 — 3.51 (m,
1H), 1.87 — 1.66 (m, 4H), 1.33 — 1.12 (m, 6HC NMR (126 MHz, DMSOY 169.09,
168.27, 138.27, 134.58, 133.52, 130.46, 130.11,742828.57, 127.12, 126.72, 125.86,
125.73, 125.37, 120.26, 54.72, 48.28, 47.63, 3228065, 24.90. ESI-MS m/z: 389
[M-H]™"; 391 [M+H]"; 413 [M+NaJ. HPLC purity 99.5%. Retention time: 5.484 min,
eluted with 20% purified water/80% methanol.
4.13.10.N-(2-(cyclopentylamino)-3-(1H-imidazol - 1-yl)- 1-oxopropan-2-yl)-1-naphthami
de (10a-2)

The product was obtained as a white solid; yie@5%; mp: 137.2-140.3°¢H NMR
(500 MHz, DMSO)5 8.78 (d,J = 8.9 Hz, 1H), 8.24 (d] = 11.3 Hz, 1H), 8.03 — 7.95 (m,
3H), 7.64 (s, 1H), 7.56 — 7.47 (m, 4H), 7.21 (s),16494 (s, 1H), 4.91 (td,= 7.5, 6.2 Hz,
1H), 4.29 (ddd) = 18.6, 12.7, 9.8 Hz, 2H), 4.10 — 4.01 (m, 1H351- 1.46 (m, 8H)'*C
NMR (126 MHz, DMSO)sé 166.03, 163.99, 139.83, 135.61, 133.37, 130.29,4%?
128.02, 127.71, 127.52, 123.90, 119.84, 53.77, H24¥.46, 32.67, 32.54, 24.74.
ESI-MS m/z: 375 [M-HJ; 377 [M+H]; 399 [M+Na]. HPLC purity 99.3%. Retention
time: 5.004 min, eluted with 20% purified water/8@%thanol.
4.13.11.N-(1-(benzylamino)-3-(1H-imidazol-1-yl)-1-oxopropan-2-yl)-1-naphthamide
(10a-3)



The product was obtained as a white solid; yief3%; mp: 141.6-145.8°GH NMR
(500 MHz, DMSO) 8.97 (d,J = 9.8 Hz, 1H), 8.75 (] = 7.3 Hz, 1H), 8.48 (s, 1H), 8.03
—7.99 (m, 3H), 7.93 — 7.86 (m, 1H), 7.78 (s, THRE5 — 7.63 (m, 2H), 7.31 — 7.24 (m,
6H), 6.84 (s, 1H), 4.99 (td,= 11.4, 6.8 Hz, 1H), 4.42 — 4.40 (m, 2H), 4.36@ &, 7.9 Hz,
2H). *C NMR (126 MHz, DMSO)s 170.19, 167.98, 140.01, 138.61, 135.45, 133.00,
130.94, 129.54, 129.15, 128.47, 128.06, 127.48,0427124.07, 120.75, 55.66, 48.23,
44.51. ESI-MS m/z: 397 [M-H] 399 [M+HJ; 421 [M+Na]. HPLC purity 99.1%.
Retention time: 5.108 min, eluted with 20% purifigdter/80% methanol.
4.13.12.N-(3-(1H-imidazol -1-yl)-1-0xo-1-(p-tolylamino) pr opan-2-yl)- 1-naphthamide
(10a-4)

The product was obtained as a white solid; yied9%; mp: 137.6—-143.9°CH NMR
(500 MHz, DMSO) 8.96 (d,J =5.9 Hz, 1H), 8.77 (1) = 6.3 Hz, 1H), 8.46 (s, 1H), 8.05
—8.03 (m, 3H), 7.97 — 7.83 (m, 1H), 7.73 (s, THp2 (dd,J = 9.9, 3.9 Hz, 2H), 7.37 (@,
= 7.4 Hz, 2H), 7.23 (dd] = 15.1, 5.7 Hz, 4H), 6.91 (s, 1H), 4.99 @d; 9.7, 4.5 Hz, 1H),
4.54 — 4.38 (m, 2H), 1.23 (s, 1HJC NMR (126 MHz, DMSOY¥ 170.54, 166.43, 140.06,
137.16, 136.37, 133.12, 131.18, 130.65, 129.33,762828.31, 128.23, 128.11, 127.65,
127.30, 124.13, 119.80, 56.05, 48.66, 29.27. ESIfM& 399 [M+H]; 421 [M+Na].
HPLC purity 99.3%. Retention time: 5.108 min, etuteith 20% purified water/80%
methanol.
4.13.13.N-(3-(1H-imidazol - 1-yl)-1-oxo-1-((pyridin-4-ylmethyl Jamino)propan-2-yl)-1-na
phthamide (10a-5)

The product was obtained as a white solid; yieRI7%; mp: 145.2-149.6°CH NMR
(500 MHz, DMSO) 8.91 (d,J = 7.3 Hz, 1H), 8.72 (1} = 6.8 Hz, 1H), 8.42 (s, 1H), 8.00
—7.97 (m, 3H), 7.89 (dl = 7.4 Hz, 1H), 7.75 (s, 1H), 7.56 (m, 2H), 7.28.22 (m, 4H),
7.02 (s, 1H), 6.84 (s, 1H), 4.94 (W= 9.7, 4.5 Hz, 1H), 4.53 — 4.36 (m, 2H), 4.073(4).
13C NMR (126 MHz, DMSO) 169.99, 164.28, 145.49, 142.31, 139.98, 135.38,983
131.07, 128.74, 127.91, 127.29, 124.69, 120.36,4B156.59, 51.70, 47.99. ESI-MS
m/z: 400 [M+HJ; 422 [M+Na]. HPLC purity 99.3%. Retention time: 5.108 min,teti
with 20% purified water/80% methanol.
4.13.14.N-(1-(cyclohexylamino)-3-(1H-imidazol - 1-yl)- 1-oxopropan-2-yl )-2-naphthamid
e (10b-1)

The product was obtained as a white solid; yie@W2%; mp: 131.6-135.4°8 NMR
(500 MHz, DMSO) 8.84 (d,J = 8.5 Hz, 1H), 8.45 (s, 1H), 8.11 @5 7.8 Hz, 1H), 8.07
—7.95 (m, 4H), 7.90 (dd,= 8.6, 1.5 Hz, 1H), 7.62 (td,= 7.2, 1.3 Hz, 2H), 7.31 (s, 1H),
7.02 (s, 1H), 4.93 (td] = 9.1, 4.9 Hz, 1H), 4.41 (ddd,= 23.5, 13.9, 7.3 Hz, 2H), 3.58 —
3.54 (m, 1H), 1.79 — 1.65 (m, 4H), 1.32 — 1.12 6id). *C NMR (126 MHz, DMSO)»
168.20, 166.89, 137.79, 134.73, 132.51, 131.48,362928.34, 128.29, 128.25, 128.11,
127.29, 124.69, 120.94, 54.68, 48.33, 48.23, 323@%5, 25.63, 24.98. ESI-MS m/z:
389 [M-H]"; 391 [M+H]'; 413 [M+Na]. HPLC purity 99.6%. Retention time: 5.484 min,
eluted with 20% purified water/80% methanol.
4.13.15.N-(1-(cyclopentylamino)-3-(1H-imidazol - 1-yl)- 1-oxopropan-2-yl)-2-naphthami



de (10b-2)

The product was obtained as a white solid; yie®ti26; mp: 137.6-141.8°CH NMR
(500 MHz, DMSO)5 8.77 (d,J = 8.5 Hz, 1H), 8.14 (d] = 7.1 Hz, 1H), 8.01 (dJ = 8.1
Hz, 1H), 7.96 (ddJ = 7.7, 5.2 Hz, 2H), 7.62 (s, 1H), 7.53 (ddd; 22.4, 13.2, 2.4 Hz,
4H), 7.19 (s, 1H), 6.92 (s, 1H), 4.92 ({5 9.5, 4.8 Hz, 1H), 4.29 (ddd,= 23.7, 13.9,
7.3 Hz, 2H), 4.06 (dd] = 13.4, 6.5 Hz, 1H), 1.89 — 1.51 (m, 8KC NMR (126 MHz,
DMSO) & 168.66, 166.87, 137.88, 134.72, 132.51, 131.5®.3R2 128.34, 128.28,
128.11, 127.29, 124.69, 120.75, 54.66, 51.01, 48R567, 32.54, 23.95, 23.92. ESI-MS
m/z: 375 [M-HT; 377 [M+H]"; 399 [M+Na]. HPLC purity 99.4%. Retention time: 5.583
min, eluted with 20% purified water/80% methanol.
4.13.16.N-(1-(benzylamino)-3-(1H-imidazol-1-yl)-1-oxopropan-2-yl)-2-naphthamide
(10b-3)

The product was obtained as a white solid; yie@46o; mp: 143.6-148.3°CH NMR
(500 MHz, DMSO)5 8.95 (d,J = 8.5 Hz, 1H), 8.74 (1 = 5.9 Hz, 1H), 8.45 (s, 1H), 8.15
—7.95 (m, 3H), 7.94 — 7.81 (m, 1H), 7.75 (s, THR9 — 7.51 (m, 2H), 7.43 — 7.17 (m,
6H), 6.87 (s, 1H), 4.97 (tdl = 9.7, 4.5 Hz, 1H), 4.60 — 4.25 (m, 4HJC NMR (126
MHz, DMSO) s 169.50, 167.05, 139.50, 138.12, 134.72, 132.49,553 129.33, 128.76,
128.31, 128.23, 128.11, 127.65, 127.30, 124.75,4B2(5.08, 47.53, 42.76. ESI-MS
m/z: 399 [M+HJ; 421 [M+Na]. HPLC purity 99.2%. Retention time: 5.350 min,tetil
with 20% purified water/80% methanol.
4.13.17.N-(3-(1H-imidazol - 1-yl)- 1-oxo- 1-(p-tolylamino) propan-2-yl)-2-naphthamide
(10b-4)

The product was obtained as a white solid; yie@d4%; mp: 143.6—-148.3°CH NMR
(500 MHz, DMSO) 8.96 (d,J = 9.2 Hz, 1H), 8.79 (d] = 7.9 Hz, 1H), 8.46 (s, 1H), 8.06
—7.95 (m, 4H), 7.82 - 7.71 (m, 1H), 7.62 (s, TH}4 (dddJ = 30.5, 14.8, 4.8 Hz, 5H),
7.22 (s, 1H), 6.94 (s, 1H), 4.94 (b= 9.4, 4.8 Hz, 1H), 4.28 (ddd= 23.7, 13.9, 7.3 Hz,
2H), 1.15 (s, 3H).*C NMR (126 MHz, DMS0)é 170.36, 167.76, 140.40, 138.56,
135.71, 133.14, 131.23, 128.76, 128.31, 128.23,6627127.30, 121.30, 56.76, 48.75,
31.07. ESI-MS m/z: 399 [M+H] 421 [M+NaJ. HPLC purity 99.2%. Retention time:
5.034 min, eluted with 20% purified water/80% meibla
4.13.18.N-(3-(1H-imidazol-1-yl)-1-oxo-1-((pyridin-4-ylmethyl Jamino) propan-2-yl)-2-na
phthamide(10b-5)

The product was obtained as a white solid; yie166; mp: 146.2—-150.6°CH NMR
(500 MHz, DMSO)5 8.82 (d,J = 5.9 Hz, 1H), 8.45 (d] = 8.1 Hz, 1H), 8.17 (d] = 6.2
Hz, 1H), 7.98 — 7.93 (m, 3H), 7.79 (s, 1H), 7.62J¢& 8.1Hz, 1H),7.52 (ddd] = 13.5,
9.8, 7.8 Hz, 5H), 7.19 (s, 1H), 6.87 (s, 1H), 4®@# J = 9.4, 4.8 Hz, 1H), 4.26 (ddd,=
17.3, 10.5, 5.8 Hz, 2H), 4.05 (s, 3HJC NMR (126 MHz, DMSO) 170.31, 165.70,
141.48, 137.11, 136.06, 135.67, 133.68, 133.12,0831129.63, 128.23, 128.11, 127.91,
127.30, 125.56, 123.53, 122.01, 118.39, 56.59,3818.37. ESI-MS m/z: 400 [M+H]
422 [M+Na]. HPLC purity 99.4%. Retention time: 4.124 min,tetliwith 20% purified
water/80% methanol.



4.13.19.N-(2-((3-(1H-imidazol -1-yl)-1-oxo- 1-phenyl propan-2-yl Jamino)-2-oxoethyl )-1-
naphthamide(17a-1)

The product was obtained as a white solid; yieRi766; mp: 161.2—-164.9°CH NMR
(500 MHz, DMSO)5 8.81 — 8.63 (m, 2H), 8.28 — 8.16 (m, 1H), 8.01)&,7.6 Hz, 3H),
7.97 —7.94 (m, 1H), 7.66 (d,= 7.3 Hz, 1H), 7.61 (d) = 2.2 Hz, 1H), 7.59 — 7.48 (m,
6H), 7.19 (s, 1H), 6.85 (s, 1H), 5.64 ({5 8.3, 4.7 Hz, 1H), 4.40 (ddd,= 22.6, 14.2,
6.5 Hz, 2H), 3.86 (qdJ = 16.3, 6.0 Hz, 2H)*C NMR (126 MHz, DMSO) 197.11,
169.42, 169.37, 138.38, 135.15, 134.67, 134.19,5833.30.43, 130.29, 129.24, 128.95,
128.74, 128.54, 127.08, 126.66, 126.20, 125.80,3525120.58, 54.81, 46.69, 42.82.
ESI-MS m/z: 425 [M-H]; 427 [M+H]"; 449 [M+Na]. HPLC purity 99.4%. Retention
time: 4.841 min, eluted with 20% purified water/8@%thanol.
4.13.20.N-(1-((3-(1H-imidazol -1-yl)-1-oxo0-1-phenyl propan-2-yl Jamino)-1-oxopropan-2
-yl)-1-naphthamide(17a-2)

The product was obtained as a white solid; yieRi5%; mp: 165.2—-169.1°CH NMR
(500 MHz, DMSO)5 8.86 (d,J = 8.5 Hz, 1H), 8.71 (d] = 8.4 Hz, 1H), 8.62 (d] = 6.9
Hz, 1H), 8.19 — 8.15 (m, 1H), 7.99 @= 7.4 Hz, 4H), 7.78 (d] = 7.5 Hz, 1H), 7.54 (d,
J=9.9 Hz, 6H), 7.24 (s, 1H), 6.86 (s, 1H), 5.50) {t= 8.9, 3.9 Hz, 1H), 4.45 (§,=7.2
Hz, 1H), 4.36 — 4.28 (m, 2H), 1.00 @= 7.2 Hz, 3H)°C NMR (126 MHz, DMSOY
197.30, 182.47, 168.98, 138.51, 135.35, 134.74,513333.14, 132.54, 130.22, 129.36,
129.12, 128.98, 128.66, 128.53, 127.07, 126.62,0626.25.84, 125.33, 120.68, 55.00,
49.35, 46.40, 17.32. ESI-MS m/z: 441 [M+¥HK63 [M+Na]. HPLC purity 98.9%.
Retention time: 4.879 min, eluted with 20% purifigdter/80% methanol.
4.13.21.N-(1-((3-(1H-imidazol -1-yl)-1-oxo- 1-phenyl propan-2-yl Jamino)-3-methyl-1-oxo
butan-2-yl)-1-naphthamide(17a-3)

The product was obtained as a white solid; yie@4o; mp: 168.7-171.5°CH NMR
(500 MHz, DMSO)5 8.90 (d,J = 8.4 Hz, 1H), 8.44 (d] = 8.7 Hz, 1H), 7.99 (dddl =
17.5, 9.2, 8.2 Hz, 5H), 7.63 (d,= 16.6 Hz, 2H), 7.58 — 7.45 (m, 6H), 7.23 (s, 16185
(s, 1H), 5.70 (tdJ = 8.5, 4.6 Hz, 1H), 4.51 (di,= 14.1, 4.8 Hz, 1H), 4.32 (ddd~ 12.4,
8.5, 5.7 Hz, 2H), 1.95 — 1.82 (m, 1H), 0.82 Jd&= 6.7 Hz, 6H).**C NMR (126 MHz,
DMSO) & 197.19, 171.38, 168.98, 138.42, 135.28, 134.98.1¥3 133.63, 133.51,
130.24, 129.15, 129.02, 128.91, 128.66, 128.55,0027126.62, 125.96, 125.77, 125.35,
120.49, 59.19, 54.68, 46.73, 30.58, 19.50. ESI-M& @67 [M-H]; 469 [M+H]['; 491
[M+Na]*. HPLC purity 99.2%. Retention time: 5.991 min, teth with 20% purified
water/80% methanol.
4.13.22.N-(2-((3-(1H-imidazol -1-yl)-1-oxo0-1-phenyl propan-2-yl Jamino)-2-oxoethyl )-2-
naphthamide (17b-1)

The product was obtained as a white solid; yie@166; mp: 159.3-164.8°CH NMR
(500 MHz, DMSO) 8.91 (d,J = 5.7 Hz, 1H), 8.74 (d] = 8.3 Hz, 1H), 8.47 (s, 1H), 7.99
(dt,J=17.0, 8.0 Hz, 6H), 7.68 — 7.57 (m, 4H), 7.53 &, 7.7 Hz, 2H), 7.22 (s, 1H), 6.88
(s, 1H), 5.58 (tdJ = 8.3, 4.7 Hz, 1H), 4.53 — 4.23 (m, 2H), 3.86 (d#id 42.1, 16.5, 5.9
Hz, 2H).*C NMR (126 MHz, DMSOY 197.09, 169.52, 167.04, 135.19, 134.67, 134.15,



132.57, 131.74, 129.34, 129.22, 128.91, 128.29,202828.13, 128.09, 127.22, 124.68,
54.82, 43.05, 21.53. ESI-MS m/z: 425 [M-H}#27 [M+H]"; 449 [M+Na]. HPLC purity
99.4%. Retention time: 5.108 min, eluted with 208tified water/80% methanol.
4.13.23.N-(1-((3-(1H-imidazol -1-yl)-1-oxo- 1-phenyl propan-2-yl yJamino)-1-oxopropan-2
-yl)-2-naphthamide(17b-2)

The product was obtained as a white solid; yie@5%; mp: 165.2—-169.7°CH NMR
(500 MHz, DMSO) 8.83 (d,J = 8.3 Hz, 1H), 8.59 (d] = 7.0 Hz, 1H), 8.48 (s, 1H), 8.07
—8.01 (m, 1H), 8.00 — 7.88 (m, 4H), 7.66 (s, TH®4 — 7.56 (m, 4H), 7.50 @,= 7.7 Hz,
2H), 7.23 (s, 1H), 6.87 (s, 1H), 5.45 (5 8.9, 4.2 Hz, 1H), 4.54 (dd,= 14.1, 4.1 Hz,
1H), 4.41 — 4.22 (m, 2H), 1.09 (d,= 7.2 Hz, 3H).**C NMR (126 MHz, DMSO)5
197.47, 172.84, 166.67, 138.49, 135.62, 135.40,6434.33.84, 132.54, 131.75, 129.30,
128.97, 128.91, 128.64, 128.26, 128.14, 128.07,1827124.92, 120.70, 55.22, 49.52,
46.44, 17.58. ESI-MS m/z: 439 [M-H]441 [M+H]'; 463 [M+Na]. HPLC purity 98.9%.
Retention time: 5.437 min, eluted with 20% purifigdter/80% methanol.
4.13.24.N-(1-((3-(1H-imidazol -1-yl)-1-oxo- 1-phenyl propan-2-yl Jamino)-3-methyl-1-oxo
butan-2-yl)-2-naphthamide(17b-3)

The product was obtained as a white solid; yie@5%; mp: 168.7-173.2°CH NMR
(500 MHz, DMSO)5 8.97 (d,J = 4.7 Hz, 1H), 8.62 (d] = 8.3 Hz, 1H), 8.44 (d] = 8.8
Hz, 2H), 8.04 (d,J = 7.4 Hz, 1H), 7.98 (dd] = 12.1, 6.5 Hz, 4H), 7.77 (d,= 7.6 Hz,
1H), 7.62 (ddJ = 8.7, 6.1 Hz, 5H), 7.20 (s, 1H), 7.15 (s, 1Hp3H(ddd,J = 14.7, 9.4,
5.1 Hz, 1H), 4.62 — 4.42 (m, 1H), 4.28 (dtr 16.3, 6.6 Hz, 2H), 2.17 (d1,= 13.5, 6.8
Hz, 1H), 0.93 (dJ = 6.7 Hz, 6H)*C NMR (126 MHz, DMSO} 192.06, 171.43, 166.96,
141.13, 138.36, 136.56, 135.34, 134.62, 133.98,1P3332.52, 131.79, 129.39, 129.31,
129.00, 128.20, 128.08, 127.13, 125.02, 120.484544.59, 46.24, 30.23, 19.50, 19.30.
ESI-MS m/z: 467 [M-H]; 469 [M+H]"; 491 [M+Na]. HPLC purity 99.4%. Retention
time: 6.232 min, eluted with 20% purified water/8@%thanol.
4.13.25.N-(2-((3-(1H-imidazol -1-yl)-1-oxo- 1-phenyl propan-2-yl Jamino)-2-oxoethyl )-N-
methyl-1-naphthamide(18a)

The product was obtained as a white solid; yie@8%; mp: 161.5-166.4°CH NMR
(500 MHz, DMSOQO)5 8.91 (d,J = 8.4 Hz, 1H), 8.03 (d] = 7.5 Hz, 1H), 8.00 — 7.96 (m,
2H), 7.66 (dJ = 8.5 Hz, 4H), 7.63 (s, 1H), 7.55 (di5= 11.1, 5.7 Hz, 5H), 7.22 (s, 1H),
7.03 (s, 1H), 5.80 — 5.67 (m, 1H), 4.58 — 4.37 @), 3.97 (s, 2H), 2.56 (s, 3HY’C
NMR (126 MHz, DMSO)s 197.16, 170.40, 168.49, 138.41, 135.61, 135.18,243
133.34, 129.42, 129.26, 128.94, 128.71, 127.41,9126.25.56, 124.17, 122.13, 120.61,
54.74, 49.59, 46.75, 37.74. ESI-MS m/z: 439 [M:Hl41 [M+H]"; 463 [M+Na]. HPLC
purity 99.4%. Retention time: 6.328 min, elutedha20% purified water/80% methanol.
4.13.26.N-(2-((3-(1H-imidazol -1-yl)-1-oxo- 1-phenyl propan-2-yl Jamino)-2-oxoethyl )-N-
methyl-2-naphthamide(18b)

The product was obtained as a white solid; yie®158; mp: 164.8—-169.2°¢1 NMR
(500 MHz, DMSQO)5 8.61 (d,J = 16.5 Hz, 1H), 8.02 (dl = 7.5 Hz, 1H), 7.95 — 7.92 (m,
2H), 7.67 — 7.59 (m, 5H), 7.57 — 7.53 (m, 5H), 7(&71H), 7.16 (s, 1H), 5.73 (dd,=



8.3, 4.8 Hz, 1H), 4.23 (ddd,= 78.1, 14.0, 9.1 Hz, 2H), 3.84 (s, 2H), 2.723(d). **C
NMR (126 MHz, DMSO)s 196.92, 170.62, 168.10, 137.83, 135.44, 135.1@,7113
134.09, 133.22, 129.77, 129.20, 128.96, 128.66,57271.26.40, 125.26, 123.51, 121.62,
120.71, 53.40, 48.80, 46.40, 38.16. ESI-MS m/z: [A8H]"; 441 [M+H]"; 463 [M+Na].
HPLC purity 99.4%. Retention time: 4.842 min, etuteith 20% purified water/80%
methanol.

4.14. Ligand preparation and protein structure preparation

Ligand preparation was performed using LigPrep,cwhncluded adding all hydrogen
atoms, adjusting the bond order and generatingghBrmations with low energy. Protein
structure preparation: The SE homology model aagbtbtein crystals structure of CYP51
(5TZ1) were processed with the protein preparathmdule in the DS 3.5. The program
was performed as follows: Added all hydrogen atoopsimized the side chain of amino
acid residues, completed the loop area and pradriaie structure at the specified pH
value. At the same time, CHARMm forcefield was gssd to ligand molecule and
receptor protein.

4.15. Docking simulations

In order to evaluate the binding modes betweewvadtagments (or target compound
17a-2 with target enzymes (SE, CYP51), the moleculackdagy was performed using
MCSS (or CDOCKER). First, the binding region of aystallized ligand was selected as
the active center of target enzyme. The paramdtactive sphere was set to 12 A, the
active sites coordinate of SE (-18.929, 72.6938@3). and CYP51 (70.589, 66.306,
4.328) were determined. The maximum conformation 8&t to 10, and all other options
were kept as the default settings during the darknocess.

4.16. Antifungal activity test in vitro

The antifungal activity of target compounds wade@sising the standard guidelines,
which described in the National Committee for GialiLaboratory Standards (NCCLYS),
and the invitro minimum inhibitory concentrations (MK value was defined as the
lowest concentration of antifungal inhibitor wit@% fungus inhibitory effect. Naftifine
and fluconazole were selected as positive conttaisd In the study, the pathogenic fungi
were cultured using the Sabouraud medium, and anécplar fungal solution was added
into 24-well culture plate. The different concetitra gradient was set to 0.0625, 0.125,
0.5, 1, 2, 4, 8 and 1pg/mL, respectively. They were serially dripped inb@ growth
medium with different strains. Subsequently, thegravstatically cultured in the 35 °C
incubator, and the Ml results were observed and recorded.

4.17. The experiment of Transmission Electron Microscopy (TEM)

According to the test protocol of NCCLS.alb. SC5314 was selected as the test strain.
The concentration of target compouhda-2 in the fungal solution was adjusted to 4
ug/mL, and they were incubated at 35 °C. Subseqyéhd bacterial solution was sampled
at different time points (72h, 144h), and they wkxed in 4°C refrigerators with 3%
glutaric acid, washed with PBS solution. Finalhgse samples were further stained with
uranium osmium for 30 min, they were observed usiaigsmission electron microscopy.



4.18. The analysis experiment of sterol componentsfor C. alb. cells
In this processC.alb. SC5314 was selected as the test strain. Naf@imefluconazole
were purchased as the positive control drug. Indtuely, the concentration of target
compounds was set to 0.128/mL, 0.5ug/mL and 4ug/mL. After 48 hours of cultivation,
the different groups of wet bacteria are conceattraind washed with PBS, and the sterol
component was extracted using petroleum ethersdhent was removed under reduced
pressure. Finally, the product was dissolved inhametl solution (10 mL), filtered and
detected by LC-MS. The chromatographic conditioresenselected with Phenomenex
Luna Gg(2.50 mmx4.6 mm, im) column. The mobile phase was methanol-wate2§98:
the flow rate was 1 mL/mih and the detection wavelength was 210 nm. The pesk
ratio of each component is calculated.
4.19. The study of dual-target enzyme inhibition
The target enzymes (SE, CYP51) were extracted f@mib. SC5314 by the
corresponding enzyme-reagent boxes. The differententrations of target compounds
and 50ug target enzyme were dissolved in 2Q0buffer (50 mm Tris, pH 7.4, 150 mM
KCI, 10 mm MgC}, 2 mm NADPH, 0.lum squalene or eburicol) solution, respectively.
They were incubated for 30 min at 37. Finally, the acetonitrile solution (128.) was
added to terminate the reaction, the reaction mextuas centrifuged at 10000 g. The
CYP51 activity was quantified according to the agnption of substrate. The content of
eburicol was detected by HPLC. The substrate (sgealwas treated with sulfuric acid
and formaldehyde to produce the yellow complex. Bte activity was quantified
according to the consumption of substrate. The ctlete was carried out by
spectrophotometer (400 nm wavelength).
4.20. In vivo Therapeutic Efficacy
First, the fungal infection mouse models was cameséd, andC.alb. SC5314 was
injected into the mouse abdomen by subcutaneoastion. Subsequently, these mouse
with abdominal Candida infection were randomly divided into three group4)
Saline solution-injected group; (2) Compoud@b-5injected group; (3) Compound
17a-2injected group. Therapy was continued through abdal injection for 7 days.
Finally, these mice tissues, including the heanters, spleen, lung, kidney, and
endothelial tissue in abdominal infection, werevieated and collected immediately for
H/E histology analysis. All of the animal experimemisre conducted under approved
protocols of the Institutional Animal Care and Wemmittee of Liaocheng University.
4.21. ADME/T prediction
The pharmacokinetic properties and toxicity (ADMEAFe an important index of the
drug-forming property of target compounds. In thedy, the target compounds were
predicted using the DS ADMET program in Discoveriudto 3.5. The specific
operation process was performed as follows: Rt&t,small molecule compound files
containing target compounds were imported. Thea,"&DMET descriptors” module
was selected and opened, the prediction items ¢agusolubility, blood brain barrier
penetration, CYP2D6 binding, hepatotoxicity, initest absorption and plasma protein



binding) were set as research objects in the pdaearbeowser, respectively. Finally, the
program was run to obtain the corresponding results
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Table 1. The scoring values for preferred docking fragments

Name Fragment Potential Energy Ludi_Score
structure SE CYP51
1. 1-naphthoic acid o) 104.9261 331 348
O”
2. 5-Amino-1-benzofuran 4 NH, 98.9786 279 316
0
3. Aminomethyl pyridine Y NH, 83.0628 308 324
Nz
4. 9H-pyrido[3,4-b] —\ 49.2029 287 301
indole N
N
H
5. 1-ethyl-1H-imidazole SN 97.1579 301 298
N\a
6. N-methyl-1H-imidazole-1 0] 72.7368 284 296
-carboxamide 7 N -
7. 2-Aminoacetophenone (0] 103.2519 314 291
©)K/NH2
8. N-phenylmethanetriamine H 49.0356 252 280
N_NH,
@ NH,
9. Cyclohexaneamine 55.6181 279 264
NH,
86.6885 249 237

10. Resorcinol /@\
HO OH




Table 2.1nvitro antifungal activities of the target compounds (MikG/mL).

Compd R MIC, pg/mL
C.alb. C.gla. Ckru. Citro. A.fum.
7a-1 4-aminopyridine 0.5 0.5 0.5 1 8
7a-2 3-aminopyridine 0.25 0.25 0.5 0.25 >16
7a-3 4-pyridinemethaneamine 1 1 2 0.5 8
7a-4 3-pyridinylmethylamine 0.5 2 0.5 0.25 >16
7b-1 4-aminopyridine 0.25 0.5 1 0.25 8
7b-2 3-aminopyridine 0.125 0.25 0.25 0.125 4
7b-3 4-pyridinemethaneamine 0.25 2 0.5 1 8
7b-4 3-pyridinylmethylamine 0.5 0.5 0.25 0.25 >16
10a-1 cyclohexanamine 0.5 0.25 0.5 1 >16
10a-2 cyclopentanamine 0.5 2 0.5 0.5 >16
10a-3 phenylmethanamine 0.5 0.5 1 0.25 8
10a-4 4-methylaniline 0.25 0.25 0.5 0.5 >16
10a-5 4-pyridinemethaneamine 0.25 0.5 0.5 0.25 8
10b-1 cyclohexanamine 0.5 0.25 0.5 0.5 >16
10b-2 cyclopentanamine 0.25 0.25 1 0.5 8
10b-3 phenylmethanamine 0.5 1 1 0.5 >16
10b-4 4-methylaniline 0.125 0.25 0.25 0.25 8
10b-5 4-pyridinemethaneamine 0.25 0.125 0.25 0.25 4
17a-1 H 0.25 0.25 0.5 0.125 8
17a-2 methyl 0.125 0.25 0.25 0.125 4
17a-3 Isopropyl 0.25 0.5 1 0.5 >16
17b-1 H 0.25 1 0.5 0.25 >16
17b-2 methyl 0.25 0.5 0.25 0.125 8
17b-3 Isopropyl 0.5 1 1 0.5 >16
18a H 0.5 0.25 0.5 0.25 8
18b H 0.125 0.25 0.25 0.25 8
Fluconazole - 0.25 0.25 1 0.25 >16
Naftifine - 0.5 0.25 2 0.5 8

Abbreviations: C. alb., Candida albicans (ATCC 10231);C. gla., Candida glabrata (ATCC
0001); C. kru., Candida krusei (ATCC 6258);C. tro., Candida tropicalis (ATCC 1369);A.
fum., Aspergillus fumigatus (KM8001).



Table 3.1nvitro antifungal activities of the target compounds (MikG/mL).

Compd MIC, pg/mL
Strain 17# Strain CaR Strain 632 Strain 901 Strain 904
7b-2 8 4 >16 >16 >16
10b-5 4 8 8 4 >16
17a-2 2 4 8 4 4
Naftifine 8 >16 8 >16 8
Fluconazole >16 >16 >16 >16 >16

Abbreviations: strain 17# CaR, 632, 901 904, fluconazole-resistant strain @andida albicans;
Strains 17#and CaR were provided by Institute of Microbiolo@hinese Academy of Sciences.
Strains 632, 901 and 904 were provided by the SEbilitary Medical University.

Table 4. Analysis of sterol composition i@.alb. by LC-MS?

Compd. Concentration % of total sterols@. alb.)
(ng/mL) Ergosterol  Squalene  Lanosterol Eburicol Unknown
sterol
10b-5’ 0.125 68.4 9.2 3.8 13.6 5.0
0.5 35.6 14.5 7.2 37.9 4.8
4 13.2 20.5 10.9 49.3 6.1
17a-2 0.125 66.4 7.9 2.8 17.5 5.4
0.5 29.9 21.6 8.7 34.0 5.8
4 10.8 27.9 12.5 42.6 6.2
Naftifine 0.125 73.5 16.8 3.7 1.9 4.1
0.5 40.8 39.2 9.4 5.7 4.9
4 15.9 56.8 12.5 9.7 5.1
Fluconazole 0.125 78.5 - 5.1 12.8 3.6
0.5 43.9 - 8.9 42.5 4.7
4 12.7 1.3 16.3 64.5 5.2
Control® - 95.1 - - 1.4 3.5

& AbbreviationsC.alb., Candida albicans (ATCC SC5314).
® Treated with target compounii€b-5, 17a-2

¢ Treated with naftifine.

4 Control (no drug).



Table 5. The dual-target (SE, CYP51) enzymatic activitgompounds 10b-5 and 17a-2

Compd IC 50 (UM)
SE CYP51
10b-5 0.685 1.253
17a-2 0.961 0.537
Naftifine 0.284 -
Fluconazole - 0.116

#Used as positive control.

Table 6.In vitro human plasma stability of compounds 10&r8 17a-2.

Compd Stability in Human Blood Plasma
% Remaining at 60 min % Remaining at 120 min
10b-5 94.5 91.6
17a-2 96.3 92.1

Table 7. The analysis of plasma biochemical levels witlfiedént treatment groups

Group AST(IU/L) ALT(IU/L) BUN (mmol/L)
Saline 104.7+5.2 10548.3 6.8+0.4
Compound 10b-5 108.6+6.3 102+12.6 7.3+0.9
Compound 17a-2 112.345.9 106+7.4 6.4+0.7

Table 8.Molecular docking results of target compourith-2with dual-target (SE, CYP51)

Compd -CDOCKER -CDOCKER Absolute Energy Target Enzyme
ENERGY INTERACTION ENERGY
17a-2 24.53 42.85 57.44 SE
17a-2 21.15 39.92 49.51 CYP51
Naftifine 34.65 47.72 60.67 SE

Fluconazole 27.72 44.76 65.94 CYP51




Table 9. The ADME/T prediction of target compounds companeidh the

naftifine and

fluconazole.
ADME/T parameters Series 1 Series 2 Series 3 Naftifine Fluconazole
compounds compounds compounds
Alog P98? 1.638~1.645 2.139~2.741 2.139~3.466 4.863 0.750
pPSA 62.025 76.831 84.674,94.132 3.352 76.556
Aqueous solubility 3 2,3 2,3 2 4
HIA® 0 0 0 1 0
PPB® Highly bound Highly bound Highly bound Highly bound Highly bound
BBB penetratior} 3 3 3 0 3
CYP450 2D6 bindind 0 0 0 0 1
Hepatotoxicity Non-Toxic Non-Toxic Non-Toxic Non-Jic Toxic
DTP" Toxic, Toxic Toxic Toxic Toxic
Non-Toxic
FDA' rodent Non- Non- Non- Non- Non-
carcinogenicity carcinogen carcinogen carcinogen carcinogen carcinogen
Ames mutagenicity Non-mutagen  Non-mutagen  Non-nartag Non-mutagen  Non-mutagen
Skin sensitization Non-irritant Non-Irritant, Non-Irritant, Irritant Irritant
Irritant Irritant
Skin irritating Non-irritant Non-irritant Non-iitant Mild-irritant Non-irritant

a. Alog P98 (atom-based Id®) ([1-2.0 or(17.0: very low absorptionh. PSA (polar surface area) (>150: very low

absorption).c. Level of aqueous solubility predicted: 0 (extremédy), 1 (very low, but possible), 2 (low), 3

(good), 4 (optimal), 5 (too soluble), 6 (warningolecules with one or more unknown A |Bgcalculations)d. HIA

(human intestinal absorption), level of human itited absorption prediction: 0 (good), 1 (moderag)poor), 3

(very poor).e. PPB, plasma protein bindin§. BBB (blood brain barrier), level blood brain barrigenetration
prediction: 0 (very high penetrate), 1 (high), 2¢tum), 3 (low), 4 (undefinedy. Prediction cytochrome P4502D6

enzyme inhibition (0: non-inhibitor; 1: inhibitor)h. DTP, development toxicity potentidl. FDA, food and drug

administration.
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Highlights
1. The novel dual-target antifungal drugs were constructed by fragment-based drug
design.
2. Compounds 10b-5 and 17a-2 showed excellent antifungal activity in vivo and in

vitro.

3. Compounds 17a-2 exhibits excellent inhibitory activity against drug-resistant
pathogenic fungi.

4. Preliminary mechanism studies of compound 10b-5 and 17a-2 were proved.

5. The target compounds 10b-5 and 17a-2 show excellent drug-forming properties.
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