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Abstract
Candidiasis is classified into superficial mycosis that appears on the surface of skin, and deep 

mycosis that appears in the internal organs, depending on pathological conditions. Deep mycosis is 

often an infection in which the fungus enters deep part of the body such as lung, liver, brain, etc., thus 

its prognosis is poor. In Japan, 30 - 50% of deep candidiasis is caused by Candida albicans, therefore, 

deep candidiasis caused by C. albicans is one of the infectious diseases for which the control is difficult. 

C. albicans is a dimorphic fungus that exhibits two forms, a yeast form and a hyphal form, depending 

on the growth environment. Dimorphic conversion from the yeast form to the hyphal form is caused 

by external environments such as growth temperature, pH, and serum. Since hyphal formation is 

associated with the pathogenicity of the yeast, elucidation of dimorphic transformation mechanism is 

important for understanding of pathogenicity and development of new therapeutic agents. In this study, 

I clarified the hyphal formation signal for morphological change of C. albicans from the yeast form to 

the hyphae form, simplified the hyphal induction conditions, and searched for hyphae formation 

inhibitors. 

In chapter 2, I explored two signaling pathways involved in morphological transformation in C. 

albicans. First, the mechanism of hyphal formation inhibition by the quorum-sensing molecule 

farnesol was elucidated. As a result, it was found that farnesol inhibits hyphal formation by suppressing 

the mitogen-activated protein kinase system. The Ca2+/calmodulin signal during hyphal formation in 

C. albicans was subsequently elucidated. Inhibition of hyphal formation by calmodulin inhibitors 

involved inhibition of hyphal-specific mRNA expression regulated by cyclic adenosine 

monophosphate-dependent protein kinase (cAMP-PKA). Furthermore, since calmodulin inhibitors did 

not affect the formation of intracellular cAMP during hyphal induction, the Ca2+/calmodulin signal of 

C. albicans was considered to induce hyphal formation by the expression of hyphal-specific mRNA 

downstream of cAMP in the cAMP-PKA system or from a pathway different from the cAMP-PKA 

system. 

In chapter 2, the dimorphic transformation of C. albicans was elucidated by analyzing the 

morphological transition signaling system from the yeast form to the hyphal form. Next, I focused on 

the hyphal induction conditions of C. albicans. The widely-used hyphal induction conditions for C. 

albicans include environmental conditions such as temperature (3 ), CO2, and pH, and the addition 

of hyphal inducers such as serum, N-acetylglucosamine (GlcNAc), or certain amino acids to a basal 

medium such as YPD, DMEM, or RPMI-1640 medium, which include a variety of factors such as 

carbohydrates, peptides, amino acids, vitamins, minerals, pH, and CO2 in the basal medium. These 

basal medium components also contain hyphal inducers. In addition, these components and 

concentrations vary between the basal media. Under such complicated hyphal induction conditions, it 

is difficult to elucidate dimorphic transformation mechanism by analyzing intracellular signaling 

pathways. Therefore, it is necessary to remove unnecessary factors for hyphal induction and simplify 
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the hyphal induction conditions in order to elucidate dimorphic transformation of C. albicans. 

In chapter 3, the complex hyphal induction conditions were simplified to a single component to 

identify the inducers that cause hyphal induction of C. albicans. Proline was identified when hyphal 

inducers were tested in RPMI-1640 medium. I found that proline caused hyphal induction only by 

adding 0.02 mM or more of proline alone to water. This allowed us to establish simplified hyphae 

induction conditions for C. albicans. 

In chapter 4, proline analogs were screened to search for hyphal formation inhibitors. As a result, L-

azetidine-2-carboxylic acid (AZC), L-4-thiazolidinecarboxylic acid (T4C), and -N-methyl-L-proline 

(mPro) were identified as effective hyphae formation inhibitors. Although these compounds were 

proline analogs, their inhibitory effects were different. AZC was able to inhibit both proline and 

GlcNAc, while T4C inhibited mainly proline, and mPro inhibited only GlcNAc. These results suggest 

that although proline and GlcNAc induce hyphal formation, their induction pathways are different. 

Since serum contains proline and GlcNAc, I hypothesized that these are key factors for serum-induced 

hyphal induction and evaluated whether inhibition of proline and GlcNAc by proline analogs can 

inhibit serum-induced hyphal induction. Since AZC, T4C, and mPro were able to inhibit hyphal 

formation of C. albicans by serum, proline and GlcNAc were identified as major hyphal inducers by 

serum. Furthermore, inhibition of proline and GlcNAc by AZC alone or a combination of T4C and 

mPro inhibited hyphal formation even at high serum concentrations. Furthermore, AZC or T4C in 

combination with mPro could inhibit the hyphal induction of C. albicans by serum without affecting 

cell growth in the yeast form. Since these drugs were able to suppress hyphal formation without 

suppressing the growth of C. albicans, it was considered that drugs targeting the inhibition of proline 

and GlcNAc would lead to the development of new therapeutic drugs that are unlikely to develop 

drug-resistant bacteria. 

In conclusion, our simplified hyphal induction approach allowed us to identify a serum-derived 

hyphal form inducer of C. albicans and to discover effective hyphal formation inhibitors. 
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1

Candida albicans Fig. 1.1 Candida glabrate Candida 

parapsilosis Candida tropicalis

 [1]

AIDS
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C. albicans C. albicans

[3]

C. albicans

29-47% C. albicans 4

 [4]

3 13

US$ 6000 29000  [5]
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Fig.1.2
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C. albicans

37 CO2 N-

GlcNAc  [9-19]

Table1.1 C. albicans Ras1

Ras1

[9, 10] A GlcNAc

A  [20] CO2

 [21] C. 

albicans Ras1 mitogen-

activated protein MAP cyclic adenosine monophosphate cAMP

cAMP-PKA Fig. 1.4 MAP

C. 

albicans MAP Cph1

 [22, 23] S. cerevisiae Ras MAPK

C. albicans

MAP  [24] cAMP adenosine triphosphate

ATP

C. albicans cAMP-PKA

EFG1 C. albicans

 [25, 26]

C. albicans HWP1 ALS

Agglutinin like sequence  [27, 

28]

 [29]

2

C. albicans
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Figure 1.4 C. albicans

C. albicans

C. 

albicans yeast peptone dextrose YPD 25 30

YPD Spider Lee’s DMEM M-199

RPMI-1640 GlcNAc 37

[9-19] GlcNAc

pH

CO2

C. albicans

Table 1.1

C. albicans

3 C. 

albicans

GlcNAc CO2 Spider
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Table1.1 C. albicans

GlcNAc

Lee’s +10% FCS

YPD+10% FBS 

Imidazole +10% Horse serum 

Imidazole +10 mM GlcNAc 

RPMI-1640+10% FBS 

YPD+20% FCS 

M-199

Ras1 cAMP-PKA

[9-10, 20, 

25-26, 29-

30] 

CO2 DMEM+5% CO2 cAMP-PKA [21] 

Spider

YPD+10% FBS 

YPD+10% FCS 

Spider

Spider +10% FBS 

GMM +10% FBS 

Lee’s

RPMI-1640

Ras1 MAP

[9-10, 23-

24, 31-

35] 

pH TC199  pH4.0-8.0 Rim101 Phr1 Phr2 [36-38] 

GlcNAc BYNB +0.1-100 mM GlcNAc Ngt1 Hxk1 Dac1 Nag1 [39] 

YPD+5% FBS MAP [40-41] 

 YPD+20% Horse serum  Czf1 Mkc1 [42] 
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azole polyene maclorides

Echinocandins 3  3 

Fig. 1.5 Azole

C14

Azole

Echinocandins -1,3-

Echinocandins

micafungin MCFG

C. albicans C. 

albicans Fazly 30,000

filastatin

Filastatin C. albicans

 [43] Pierc 20,000

C. albicans

 [44]

  [29, 45]

C. albicans

4 3
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Figure 1.5
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2 C. albicans

2.1

C. albicans

C. albicans 1×106 cells/mL

autoinducer

 [46] 2001 Hornby

30

1×107 cells/mL 24

farnesol  [47-48]

23 43

farnesol C. albicans

farnesol

farnesol C. albicans

farnesol mRNA

C. albicans Ca2+/

Roy GlcNAc C. albicans

Trifluoperazine TFP Ca2+ A23187

 [49] Sabie 1.5 mM CaCl2
C. albicans  [50] Lusia C. albicans

Ca2+ EDTA

 [51] C. albicans Ca2+/

C. albicans Ca2+/

Ca2+ Ca2+/

C. albicans Ca2+/

Ca2+/

C. albicans
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2.2

C. albicans NIH A-207 0.5% 2.0% 1.0%

24

Farnesol C. albicans

24 C. albicans 2

1×104 cells/mL RPMI-1640 Nissui Pharmaceutical, Tokyo, Japan

24-well farnesol Sigma Chemical, USA 3 M 30 

M 300 M 37 5% CO2 24

0.2% 10 L

15,000 rpm 3 590 nm

C. albicans

24 C. albicans 2

1×105 cells/mL 10% Fetal bovine serum FBS

24-well Trifluoperazine TFP SIGMA 

Chemical, USA 100 M N- 6-aminohexyl -5-chloro-

1-naphthalene-sulfonamide W-7 SIGMA Chemical, USA 250 M

cis-N- 2-phenylcyclopentyl -azcyclotridec-1-en2-amine MDL-

12-330A SIGAM Chemicals, USA 100 M 37 3

RT-PCR mRNA

24 C. albicans 2

1×105 cells/mL RPMI-1640 24-well

farnesol 30 M 300 M 37 5% CO2 3

mRNA

24 C. albicans 2

1×105 cells/mL 10% FBS 24-
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well TFP 100 M W-7 250 M MDL-12-330A

100 M 37 3

Cell-to-DNA Ambion, USA C. albicans cDNA library

PCR 10×PCR buffer 0.2 mM dNTPs 2.5 mM MgSO4 1 M 

cDNA 50 ng 50 L PCR 94  120 94

15 64  30 68  60 30 68  420

DNA Agilent 2100 Bioanalyzer Agilent Technologies, USA

mRNA

mRNA Actin1 ACT1

 [52]

C. albicans cAMP

cAMP Lorenz  [53] 24 C. 

albicans 2 1×105 cells/mL 10% 

FBS 24-well TFP 100 M  W-

7 250 M 37 60 180

300 2 Mini Beadbeater

0.3 mm glass beads Central Scientific Commerce, Tokyo, Japan

280 nm

cAMP EIA system-cAMP immunoassay Amersham Pharmaceutical Biotech, USA

cAMP C. albicans

24 C. albicans 2

1×105 cells/mL 10 mM cAMP SIGMA Chemical, USA 10% FBS

24-well TFP 100 M  W-7

250 M 37 3 3

30

t p 0.05
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2.3

2.3.1 farnesol C. albicans

2.3.1.1 Farnesol C. albicans

C. albicans NIH A-207 RPMI-1640 farnesol

C. albicans RPMI-1640 farnesol 3 

M 30 M 300 M 3 37 5% CO2 24

Table 2.1 Control 100%

farnesol 30 M 15% 300 M 0% farnesol

3 M farnesol 95% control

30 M farnesol RPMI-1640 C. albicans

Table 2.1 Effect of farnesol on hyphal transformation of C. albicans in RPMI-1640 medium 

 Hyphae cells 
1×105 cells/mL

Total cells 
1×105 cells/mL

Hyphae formation 
%

Control 40±5 40±5 100 

Farnesol 3 M 36±3 38±1 95 

Farnesol 30 M 5±1 33±1 15 

Farnesol 300 M 0 47±6 0 

2.3.1.2 Farnesol mRNA

farnesol C. albicans mRNA C. albicans

cAMP-PKA MAP

mRNA

C. albicans RPMI-1640 farnesol 30 M 300 M

37 5% CO2 3 cDNA library

PCR DNA cAMP-PKA

mRNA Fig. 2.1 A MAP mRNA

Fig. 2.1 B mRNA ACT1

Fig. 2.1 (A) cAMP-PKA mRNA ALS1 HYR1

HWP1 control farnesol MAP
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mRNA control 30 M 300 M

farnesol HST7 6 1 CPH1 GAP1 2 1

farnesol MAP mRNA

Figure 2.1 Expression of mRNAs in C. albicans Treated with Farnesol

C. albicans was cultured with and without farnesol for 3 h in RPMI-1640 medium. cAMP-PKA 

cascade (A), MAP kinase cascade (B) were analyzed by RT-PCR method.
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2.3.2 C. albicans Ca2+

2.3.2.1 C. albicans

C. albicans NIH A-207

cAMP-PKA

MDL-12-330A

C. albicans TFP 100 M W-7 250 M MDL-12-330A 100

M 10% FBS 37 3

Fig. 2.2 control

TFP W-7 MDL-12-330A

C. albicans

10% FBS

Figure 2.2 Effect of calmodulin Inhibitors on the hyphal transformation of C. albicans.

C. albicans was cultured in Sabouraud’s medium containing 10% FBS for 3 h. After incubation, 

growth forms of C. albicans were observed under a microscope. (A) Control; (B) TFP (100 M) added; 

(C) W-7 (250 M) added; (D) MDL-12-330A (100 M) added.
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2.3.2.2 mRNA

Ca2+/ TFP W-7

MDL-12-330A mRNA C. albicans 1×105

cells/mL 10% FBS TFP 100 M W-7

250 M MDL-12-330A 100 M 37 3

cDNA library PCR DNA C. 

albicans mRNA Fig. 2.3 mRNA

ACT1 Control TFP W-7 MDL-12-330A 

mRNA ALS3 ALS8 Fig. 2.3 ALS3 ALS8

cAMP-PKA EFG1 Ca2+/

cAMP-PKA MDL-12-330A

cAMP-PKA ATP cAMP

MDL-12-330A ALS3 ALS8

Figure 2.3 Expression of hyphae-specific mRNAs in C. albicans treated with calmodulin and 

adenylatecyclase inhibitors. C. albicans was cultured with or without inhibitor for 3 h, and the 

expression of hyphae-specific mRNAs were analyzed using the RT-PCR method.
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2.3.2.3 cAMP

cAMP-PKA mRNA

cAMP

C. albicans 1×105 cells/mL 10% FBS

TFP 100 M W-7 250 M 37

60 180 300 cAMP Fig. 

2.4 control TFP W-7 cAMP

C. albicans cAMP

Figure 2.4 Concentration in C. albicans treated with calmodulin Inhibitors

cAMP levels in C. albicans cultured with Sabouraud’s medium containing 10% FBS were measured 

at certain times.

2.3.2.4 cAMP Ca2+/
cAMP

C. albicans 1×105 cells/mL 10 mM cAMP

10%FBS TFP 100 M W-7 250 M

37 3 30 Fig. 2.5
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control 90 TFP W-7

180 cAMP

Figure 2.5 Effect of cAMP on the Inhibition of Hyphae Formation Induced by Calmodulin Inhibitors

C. albicans was mixed with 10 mM cAMP, and was cultured with or without calmodulin inhibitors 

in Sabouraud’s medium containing 10% FBS. The ratio of hyphal formation was measured at the
indicated time. , Control (10 mM cAMP); , TFP (100 M) + 10 mM cAMP; , W-7 (250 M) 

+ 10 mM cAMP.
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2.4

Farnesol C. albicans

farnesol

farnesol

30 M farnesol C. albicans

30 M farnesol

 [47, 48]

farnesol C. albicans

mRNA C. albicans

cAMP-PKA MAP

mRNA 30 M 300 M

farnesol MAP mRNA

cAMP-PKA mRNA 300 M farnesol

farnesol MAP

Fig. 2.6

MAP

farnesol

 [24] farnesol mRNA GAP1 general 

amino acid permease MAP

 [19] C. 

albicans  [12-16] farnesol

GAP1

C. albicans Ca2+/

C. albicans

C. albicans Ca2+/

TFP W-7 C. albicans

TFP W-7 C. albicans mRNA

mRNA ALS3 ALS8

ALS3 ALS8 cAMP-PKA EFG1

 [30] C. albicans Ca2+/ cAMP-PKA

C. albicans Ca2+/ cAMP-PKA cAMP

cAMP

TFP W-7 C. albicans cAMP
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cAMP control TFP W-7

cAMP cAMP TFP

W-7

C. albicans Ca2+/ cAMP-PKA

cAMP-PKA EFG1

Fig. 2.6
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Figure 2.6 C. albicans farnesol Ca2+/

Ras1

Cdc24

Cst20

Hst7

Cph1

Cyr1/
Cdc35

cAMP

Tpk1

Tpk2

Efg1

ATP

cAMP-PKAMAP

Ca2+/

TFP, W-7

Farnesol

GAP1 ALS, HYR1, HWP1
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2.5

2 mRNA

farnesol C. albicans MAP

Farnesol

C. albicans Ca2+/ cAMP-PKA cAMP

cAMP-PKA EFG1

C. albicans



30 

3 Candida. albicans

3.1

C. albicans

C. albicans

C. albicans 37

CO2 pH GlcNAc

in vitro YPD

Spider Lee’s DMEM M-199 RPMI-1640

 [9-19]

pH CO2

C. albicans

2 C. albicans

C. albicans

RPMI-1640 C. albicans
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3.2

C. albicans JCM1542 24 150 rpm

24

C. albicans 2 1×105 cells/mL

RPMI-1640 Nakalai Tesque, Kyoto, Japan 24-well

37 30 24

RPMI-1640

24 C. albicans 2

1×105 cells/mL 24-well

2.0 mg/mL 50×RPMI-1640 amino acid solution 1×, Sigma-

Aldrich: R7131, St. Louis, MO 100×RPMI-1640 vitamin solution 1×, Sigma-Aldrich: 

R7256 inorganic salts 100 mg/L Ca(NO3)2, 50 mg/L MgSO4, 400 mg/L KCl, 

6000 mg/L NaCl pH 6.5 - 7.5

24-well 37 24

RPMI-1640 C. albicans

1×105 cells/mL 24-well  L-

L- L- L- L-

L- L- L- L- L- L-

L- L- L- L- L-

Table 3.1 pH 6.5 - 7.5

24-well 37 24

Wako Pure Chemical Corporation Osaka, Japan

L- C. albicans

L- 96-well C. albicans

1×105 cells/mL 37 24
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3.3

3.3.1 RPMI-1640

C. albicans C. albicans 

JCM1542 RPMI-1640 C. albicans

RPMI-1640 37 24 C. albicans

Fig. 3.1 a C. albicans RPMI-1640 30 24

Fig. 3.1 a C. albicans

37

RPMI-1640 RPMI-1640

4

C. albicans 2 mg/mL 1×RPMI-1640 amino 

acid solution 1×RPMI-1640 vitamin solution inorganic salts 37 24

RPMI-1640 amino acid solution 31.7±9.3 m

Fig. 3.1 a RPMI-1640 52.0±7.3 m

2.0 mg/mL RPMI-1640 vitamin solution

12.0±6.8 m 14.4±7.3 m inorganic salts

RPMI-1640 RPMI-

1640 amino acid solution

RPMI-1640

Fig. 3.1 b Table 3.1 L-

50% L-

25% RPMI-1640 L-

C. albicans
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Figure 3.1 (a) Morphology of C. albicans and hyphal length under different hyphal-inducing 

conditions. Standard deviations are shown for each sample. (b) Effect of amino acids in the RPMI-
1640 medium. Cells of C. albicans (105 cells/mL) were incubated at 37 except for RPMI-1640 at 

30 for 24 h. RPMI-1640 amino acids and vitamins were purchased from Sigma-Aldrich and used 

at 1×concentration. Inorganic salts were 100 mg/L Ca(NO3)2, 50 mg/L MgSO4, 400 mg/L KCL, and 

6000 mg/L NaCl. The scale bar was applided to all images.

RPMI-

L-alanine (4.0 mg/mL) L-glutamic acid (4.0 mg/mL) L-phenylalanine (2.0 mg/mL)

L-arginine (4.0 mg/mL) L-proline (1.0 mg/mL) Water control

RPMI- RPMI-1640 amino acids

Glucose (2 mg/mL) RPMI-1640 vitamins Inorganic salts

(a)

(b)

52.0+7.3 31.7+9.3

12.0+6.8 14.4+7.3
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Table 3.1 Hyphal formation ability with amino acid in C. albicans

Amino acid Concentration (mg/mL) Hyphal formation 

L-alanine 4.0 + 

L-cysteine 0.4 - 

L-aspartic acid 4.0 - 

L-glutamic acid 4.0 + 

L-phenylalanine 2.0 + 

Glycine 4.0 - 

L-histidine 0.4 - 

L-methionine 0.4 - 

L-asparagine 1.4 - 

L-glutamine 2.0 - 

L-arginine 4.0 + 

L-serine 2.0 - 

L-isoleucine 0.2 - 

L-threonine 0.2 - 

L-hydroxyproline 2.0 - 

L-proline 1.0 +++ 

Water control  - 

-: <5% hyphal formation; +: >5% to <25% hyphal formation;++: >25% to 

<50% hyphal formation; +++: >50% hyphal formation. 

3.3.2 L-

L- C. albicans C. albicans

L- 37 24 0.02 mM

0.01 mM Fig. 

3.2 RPMI-1640 0.17 mM L-

RPMI-1640 C. albicans L-
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Figure 3.2 Hyphal induction in different concentration of L-proline. Cells of C. albicans (105 cells/mL) 
were incubated with various concentration of L-proline at 37 for 24 h. No hyphal formation was 

observed in 0.01 mM L-proline. The white scale bar (50 m) was applied to all images.

3.4

C. albicans RPMI-1640 Lee’s Spider YPD

YPD GlcNAc

[9-19]

C. albicans

C. albicans

RPMI-1640 RPMI-1640

0.02 mM

0.02 mM 37

C. albicans

10-50 mM 1000 1 0.02 mM

[12-16] 10-

50 mM

[12-16]

2.5 mM 0.32 mM

0.04 mM 0.02 mM 0.01 mM

20 mM
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 [14-16]

2 1 2

C. albicans

RPMI-1640 RPMI-1640

3.5

3 C. albicans

RPMI-1640 C. albicans

C. albicans

0.02 mM

C. albicans
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4 Candida. albicans

4.1

polyene maclorides azole

Echinocandins 3

C. albicans

C. albicans

2-[(2-

methylpyrimidin-5-yl)methyl]-7-{[4-(propan-2-yl)phenyl]methyl}-2,7-diazaspiro[4.5]decan-6-one
 [44]

 [29, 45]

C. albicans

3 RPMI-1640 C. albicans

L-

C. albicans

L-

C. albicans

4.2

C. albicans JCM1542 0.5% 2.0% 1.0%

24 150 rpm

C. albicans
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24

C. albicans 2 1×105 cells/mL

5 mM L- 24-well

20 mM 37 24

L-4-thiazolidinecarboxylic acid T4C; Sigma-Aldrich: T27502 tetrahydro-2-furoic acid THFA; 

Sigma-Aldrich: 341517 L-pipecolic acid Tokyo Chemical Industry Co., Ltd., Tokyo, Japan 

TCI : P1404 L-azetidine-2-carboxylic acid AZC; TCI: A1043 L-pyroglutamic acid TCI: 

P0573 -N-methyl-L-proline mPro; TCI: M2077 L-lactic acid TCI: L0165 N-

trifluoroacetyl-D-glucosamine TCI: T0973 100 mM

pH 6.5 - 7.5

GlcNAc FBS C. albicans

GlcNAc Wako Pure Chemical Corporation, Osaka, Japan FBS Thermo Fisher Scientific, 

Waltham, MA 96-well C. albicans

1×105 cells/mL GlcNAc 37 24

FBS 37 4

C. albicans

GlcNAc

24 C. albicans 2 1×105

cells/mL 10 mM GlcNAc 24-well

20 mM 37 24

100 mM pH 6.5 - 7.5

L- GlcNAc AZC T4C mPro

10 mM L- 5 mM GlcNAc

96-well AZC T4C mPro

C. albicans 1×105 cells/mL 37 24

AZC T4C mPro FBS FBS

96-well 20 mM AZC T4C mPro

 C. albicans 1×105 cells/mL 37 4
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AZC T4C mPro FBS

FBS 96-well 50 25 12.5 6.3%

AZC T4C mPro 20 10 5 mM

C. albicans 1×105 cells/mL 37 4

C. albicans

AZC T4C mPro C. albicans

24 C. albicans 2

1×105 cells/mL 2

1×105 cells/mL 20 mM AZC 20 mM T4C

20 mM mPro TVS062CA Biophotorecorder Toyo Seisakusho, Ltd, Chiba, 

Japan 30 70 rpm 660 nm 15

4.3

4.3.1 C. albicans

3

C. albicans

THFA [16, 54-57] T4C 
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Figure 4.1 Effect of proline analogs, proline metabolite inhibitors on 10 mM L-proline-induced 

hyphal formation. Cells of C. albicans (105 cells/mL) with various compounds (final 20 mM) were 
incubated at 37 for 24 h. The white scale bar (100 m) was applied to all images.
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Figure 4.2 Hyphal induction in different concentration of GlcNAc. Cells of C. albicans (105 cells/mL) 
were incubated with various concentration of GlcNAc at 37  for 24 h. No hyphal formation was 

observed in 0.003 mM GlcNAc. The white scale bar (100 m) was applied to all images. 
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Figure 4.3 Effect of proline analogs, proline metabolite inhibitors, and GlcNAc analog on 5 mM 

GlcNAc-induced hyphal formation. Cells of C. albicans (105 cells/mL) with various compounds 
(final 20 mM) were incubated at 37 for 24 h. The scale bar (100 m) was applied to all images.
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Figure 4.4 Effect of proline analogs on FBS-induced hyphal formation. Cells of C. albicans (105

cells/mL) with various compounds (20 mM) were incubated at 37  for 4 h. All assays were 

triplicated, and at least 30 cells were counted for hyphal formation percentage with standard deviations. 

The scale bar (100 m) was applied to all images. 
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Figure 4.5 Effect of proline analogs. (a) Effect of AZC on different concentration of FBS yeast-to-

hyphal transition. (b) Effect of simultaneous addition of T4C and mPro on yeast-to-hyphal transition 

in different concentration of FBS. C. albicans (105 cells/mL) with various compounds (final 
concentration was 20 mM) were incubated at 37 for 4 h. At least 30 cells were counted and all 

assays were triplicated. Standard deviation is shown for each sample. (c) Effect of proline analogs on 

yeast form growth of C. albicans. C. albicans cells (105 cells/mL) in Sabouraud’s medium were 
cultured with 20 mM AZC, 20 mM T4C, and 20 mM mPro, or without at 30 and OD 660 nm was 

recorded every 15 minutes by Biophotorecorder.
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