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andida albicans is the fourth major cause of  bloodstream 
infections and is the leading cause of  invasive fungal 

infections in immunocompromised patients21. The mortality rate 
for C. albicans infections is as high as 20-35% 3, 5, 12.  Candidemia 
causes an increase in morbidity and mortality, as well as increases 
in length of  hospital stay, which leads to an increased cost of  care. 
Unfortunately, the treatment options for life-threatening fungal 
infections are limited, especially when compared to those available 
for bacterial infections. Antifungal drug development is urgently 
needed in order to prevent and treat these invasive fungal infections.  

In addition to the pressing issue of  developing new therapeutic 
treatments for invasive fungal infections, there are complications 
to their development. Since fungi, like human cells, are eukaryotic, 
many biochemical and cellular processes are conserved between 
IXQJL�DQG�KXPDQV��7KLV�SUHVHQWV�GLIÀFXOWLHV�LQ�GHYHORSLQJ�WUHDW-
PHQWV�WKDW�VSHFLÀFDOO\�WDUJHW�IXQJL�ZLWKRXW�KDUPLQJ�WKH�SDWLHQW��
One approach to accelerate the process of  antifungal drug develop-
PHQW�LV�WR�LGHQWLI\�DQG�H[SORUH�WKH�HIÀFDF\�RI �GUXJV�FXUUHQWO\�LQ�XVH�
for other purposes. In a recent screen of  a library of  FDA-approved 
GUXJV��ZH�LGHQWLÀHG�D�VHW�RI �FDOPRGXOLQ�LQKLELWRUV��LQFOXGLQJ�WKH�
estrogen receptor antagonist tamoxifen (TAM), that have direct 
antifungal activity7.  Although the antifungal activity of  TAM had 
been previously described in S. cerevisiae and C. albicans, its in 
vitro activity had never been fully characterized prior to work in 
our laboratory1, 20.  

In a recent publication from our lab, we showed that TAM and 
its analog clomiphene have good in vitro activity toward pathogenic 
yeasts (Candida species and Cryptococcus neoformans) and display 
in vivo activity toward C. albicans. Mechanistic studies in S. cerevi-
siae strongly suggest that TAM targets calmodulin (CaM) as part 
of  its antifungal mode of  action. CaM is a small calcium binding 
protein that functions by binding and activating many downstream 
effectors . The binding to downstream partners can happen in a 
calcium-dependent or calcium-independent manner. In fungi, CaM 
plays an important role in several critical cellular processes such as 
PLWRVLV��SURWHLQ�WUDIÀFNLQJ��H[RF\WRVLV��F\WRVNHOHWDO�VWUXFWXUH�DQG�
polarized growth [6. Accordingly, TAM was shown to inhibit new 
bud formation, disrupt actin polarization, and block CaM from 
binding to its target protein Myo2 in S. cerevisiae.  

In most eukaryotes, CaM genes are >95% conserved between 
species. However, yeast calmodulin genes are only 70% identical 
and lack one of  the 4 Ef-hand binding domains found in human 
calmodulin. These structural differences may explain why TAM 
OHYHOV�VXIÀFLHQW�WR�NLOO�\HDVW�DUH�WROHUDWHG�LQ�KXPDQV��7KLV�IDFW�DOVR�
suggests that other CaM targeting molecules may be attractive 
antifungal drugs.  

Two cellular processes that are CaM dependent in fungi are 
hyphae formation and cell wall biosynthesis. Both of  these pro-
cesses are relevant to antifungal therapy because the ability of  C. 
albicans to form hyphae is required for virulence and the cell wall 
is required for cell integrity.  

We hypothesized that TAM analogs and other CaM inhibiters 
would block hyphae formation and affect cell wall architecture in 
C. albicans��7R�WHVW�WKLV�K\SRWKHVLV��ZH�����FRQÀUPHG�WKDW�7$0�
displayed phenotypes consistent with CaM inhibition in C. albicans, 
����DVVHVVHG�WKH�DELOLW\�RI �WKHVH�FRPSRXQGV�WR�EORFN�ÀODPHQWRXV�
growth formation; and (3) probed the effects of  TAM and CaM 
LQKLELWRUV�RQ�����Ƣ�JOXFDQ�DUFKLWHFWXUH��,Q�DGGLWLRQ������ZH�WHVWHG�
TAM in combination with the known antifungal, caspofungin, for 
any in vitro synergistic interaction.  

MATERIALS AND METHODS
yeast Strains, media and culture conditions

C. albicans strain SC5314 was used for most experiments. C. 
albicans were grown overnight at 37°C in yeast extract-peptone-
dextrose medium or RPMI 1640. Yeast peptone dextrose (YPD) 

C

Figure 1: Schematic drawing of  an MIC plate. Rows represent replicates. 
Columns represent drug dosage. Blue color represents growth while yellow 
represents clear wells.

was prepared using published recipes4. RPMI 1640 medium con-
taining 0.165 M MOPS (pH 7) was prepared according to Clinical 
DQG�/DERUDWRU\�6WDQGDUGV�,QVWLWXWH��&/6,��SURFHGXUHV����ƬJ�P/�
uridine was added to YPD agar plates14.

Minimum Inhibitory Concentration (MIC) 
7KH�0,&�RI �D�GUXJ�LV�GHÀQHG�DV�WKH�ORZHVW�FRQFHQWUDWLRQ�RI �

an antifungal agent needed to visibly prevent growth of  the initial 
LQRFXOXP�RI �\HDVW�FHOOV�DIWHU����KRXUV�����Ƭ/�RI �DQ�LQLWLDO�LQRFX-
OXP��ÀQDO�FRQFHQWUDWLRQ���[�����&)8�P/��RI �6&�����ZDV�SODWHG�
in a 96 well clear bottom plate. A two-fold serial dilution of  the 
drug of  choice was added in successive columns along the 96 well 
SODWHV�����Ƭ/�RI �530,�0236���'062�ZDV�DGGHG�WR�NHHS�ÀQDO�
'062�FRQFHQWUDWLRQ�DW��������DORQJ�ZLWK����Ƭ/�RI �GUXJ�IRU�D�
WRWDO�YROXPH�RI �����Ƭ/�SHU�ZHOO��7KH�&D0�LQKLELWRUV�DQG�DQWLIXQJDO�
GUXJV�ZHUH�WHVWHG�LQ�WKH�IROORZLQJ�UDQJHV������ƬJ�P/�WR��ƬJ�P/�
for tamoxifen and its analogs and 250 ng/mL to 1.8 ng/mL for 
caspofungin (all diluted in RPMI/MOPS + DMSO).  The plates 
were incubated at 37oC for 24 and 48 hours. Figure 1 is a schematic 
drawing of  an MIC plate.  

Fractional Inhibitory Concentration (FIC)
Once the MIC’s were determined for CAS and CaM inhibitors, 

D�FKHFNHUERDUG�H[SHULPHQW�ZDV�SHUIRUPHG�����Ƭ/�RI �DQ�LQLWLDO�
LQRFXOXP��ÀQDO�FRQFHQWUDWLRQ���[�����&)8�P/��RI �6&�����ZDV�
plated on a 96 well plate. Drug A was added in decreasing concen-
trations across the columns, while drug B was added in decreasing 
concentrations across the rows. The plate was incubated at 37oC and 
the results were recorded at 24 and 48 hrs. The fractional inhibitory 
concentration (FIC) was calculated for each drug combination8. 

The Fractional inhibitory concentration (FIC) was calculated 
using the following formula:  

FIC index = FIC of  drug A + FIC of  drug B
FIC of  drug A = MIC of  drug A in combination /MIC of  

drug A alone
FIC of  drug B = MIC of  drug B in combination /MIC of  

drug B alone

6\QHUJ\�LV�GHÀQHG�DV�DQ�),&�LQGH[�RI ��������,QGLIIHUHQFH�LV�
GHÀQHG�DV�DQ�),&�LQGH[�RI �������EXW�RI �������$QWDJRQLVP�LV�
GHÀQHG�DV�DQ�),&�LQGH[�RI �!����8. Figure 2 is a schematic drawing 
of  an FIC plate.   

Calcium Suppression Assay
Two different YPD mixtures were made. From 2X-YP, a solu-

tion of  2% dextrose YPD and a solution of  2% dextrose YPD with 
30mM of  calcium were made. The solutions were divided into 2 

ÁDVNV�RI �HTXDO�YROXPH��0,&�FRQFHQWUDWLRQV�RI �GUXJ�DQG�WKH�YHKLFOH�
(DMSO) were added to the YPD and YPD + Ca2+ media. SC5314 
were grown overnight at 37°C and the optical density (OD) was 
recorded in the morning. The concentration of  cells was adjusted 
WR�����2'��ORJ�SKDVH��LQ�DOO�ÁDVNV��7KH�JURZWK�ZDV�PHDVXUHG�ZLWK�
a spectrophotometer for 6 hours using the corresponding media 
(YPD or YPD+ Ca2+) as a blank.  

Budding assay
SC5314 was grown overnight at 37°C in YPD to stationary 

phase. The stationary phase culture was diluted 1:200 in YPD. 
�����DQG��Ƭ/�RI �WKH�GLOXWHG�FHOOV�ZHUH�DGGHG�WR���P/�<3'�ÁDVNV�
and grown overnight at 37oC. This protocol ensured that the cells 
were in log phase in the morning. The cells were then adjusted to 
0.1 OD in the morning. The cells were treated with the drug for 4 
hours at 37oC. The number and type of  buds were then counted 
using a light microscope.   

Actin staining
SC5314 was grown according to the budding protocol described 

above. After counting the number and size of  buds, the cells were 
À[HG�LQ�����IRUPDOLQ�DQG�LQFXEDWHG�DW�URRP�WHPSHUDWXUH�IRU����
min.  The cells were then washed and resuspended in 1mL PBS 
ZLWK���Ƭ/�RI �D�����8�P/�),7&�SKDOORLGLQ�GLOXWHG�LQ�PHWKDQRO�
and left to sit for 10min. The cells were then washed in PBS and 
REVHUYHG�ZLWK�D�),7&�ÀOWHU���

Filamentous growth assay
SC5314 was grown overnight at 37°C in YPD to stationary 

phase. A 1:50 dilution of  SC5314 was incubated for 2hrs with rota-
tion in medium M199 at 37°C in the presence or absence of  sub-
MIC concentrations of  drug. The cells were then enumerated by 
OLJKW�PLFURVFRS\�DQG�WKH�SHUFHQW�ÀODPHQW�IRUPDWLRQ�ZDV�FRXQWHG��

,PPXQRÁXRUHVFHQFH�$VVD\��,)$�
SC5314 was grown overnight at 37°C in YPD to stationary 

SKDVH���Ƭ/�RI �WKH�RYHUQLJKW�FXOWXUH�ZDV�DGGHG�WR��P/�<3'��7KH�
GLOXWHG�FXOWXUHV�ZHUH�WUHDWHG�ZLWK���ƬJ�P/�RI �7$0��725��&/0��
PRO, and TFP, 1.25ng/mL CAS (positive control) and DMSO 
(negative control) overnight. After treating the cells overnight, the 
cells were washed three times in PBS. The cells were suspended in 
block solution (3% BSA in PBS) for 15min with rotation at 4°C. 
7KH\�ZHUH�UHVXVSHQGHG�LQ�DQWL�Ƣ�JOXFDQ�SULPDU\�DQWLERG\��%LRVXS-
plies Inc., Parksville, Australia) diluted into block solution for two 
hours at 4°C with rotation. The cells were then washed in PBS 
and resuspended in a secondary Goat anti-mouse IgG with Texas 
red in the dark for 60-90 minutes at 4°C with rotation wrapped 
in aluminum foil. The cells were then imaged using a microscope 

Tamoxifen analogs:
Tamoxifen (TAM)
Toremifene (TOR)
Clomiphene (CLM)

Antipsychotics:
7ULÁXRSHUD]LQH��7)3�

Prochloroperazine (PRO)
Echinocandins:

Caspofungin (CAS)

Table 1. Compounds tested for antifungal activity.Figure 2: Schematic drawing of  an FIC plate. Rows represent replicates. Columns 
represent drug dosage. Blue color represents growth while yellow represents 
clear wells.
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andida albicans is the fourth major cause of  bloodstream 
infections and is the leading cause of  invasive fungal 

infections in immunocompromised patients21. The mortality rate 
for C. albicans infections is as high as 20-35% 3, 5, 12.  Candidemia 
causes an increase in morbidity and mortality, as well as increases 
in length of  hospital stay, which leads to an increased cost of  care. 
Unfortunately, the treatment options for life-threatening fungal 
infections are limited, especially when compared to those available 
for bacterial infections. Antifungal drug development is urgently 
needed in order to prevent and treat these invasive fungal infections.  

In addition to the pressing issue of  developing new therapeutic 
treatments for invasive fungal infections, there are complications 
to their development. Since fungi, like human cells, are eukaryotic, 
many biochemical and cellular processes are conserved between 
IXQJL�DQG�KXPDQV��7KLV�SUHVHQWV�GLIÀFXOWLHV�LQ�GHYHORSLQJ�WUHDW-
PHQWV�WKDW�VSHFLÀFDOO\�WDUJHW�IXQJL�ZLWKRXW�KDUPLQJ�WKH�SDWLHQW��
One approach to accelerate the process of  antifungal drug develop-
PHQW�LV�WR�LGHQWLI\�DQG�H[SORUH�WKH�HIÀFDF\�RI �GUXJV�FXUUHQWO\�LQ�XVH�
for other purposes. In a recent screen of  a library of  FDA-approved 
GUXJV��ZH�LGHQWLÀHG�D�VHW�RI �FDOPRGXOLQ�LQKLELWRUV��LQFOXGLQJ�WKH�
estrogen receptor antagonist tamoxifen (TAM), that have direct 
antifungal activity7.  Although the antifungal activity of  TAM had 
been previously described in S. cerevisiae and C. albicans, its in 
vitro activity had never been fully characterized prior to work in 
our laboratory1, 20.  

In a recent publication from our lab, we showed that TAM and 
its analog clomiphene have good in vitro activity toward pathogenic 
yeasts (Candida species and Cryptococcus neoformans) and display 
in vivo activity toward C. albicans. Mechanistic studies in S. cerevi-
siae strongly suggest that TAM targets calmodulin (CaM) as part 
of  its antifungal mode of  action. CaM is a small calcium binding 
protein that functions by binding and activating many downstream 
effectors . The binding to downstream partners can happen in a 
calcium-dependent or calcium-independent manner. In fungi, CaM 
plays an important role in several critical cellular processes such as 
PLWRVLV��SURWHLQ�WUDIÀFNLQJ��H[RF\WRVLV��F\WRVNHOHWDO�VWUXFWXUH�DQG�
polarized growth [6. Accordingly, TAM was shown to inhibit new 
bud formation, disrupt actin polarization, and block CaM from 
binding to its target protein Myo2 in S. cerevisiae.  

In most eukaryotes, CaM genes are >95% conserved between 
species. However, yeast calmodulin genes are only 70% identical 
and lack one of  the 4 Ef-hand binding domains found in human 
calmodulin. These structural differences may explain why TAM 
OHYHOV�VXIÀFLHQW�WR�NLOO�\HDVW�DUH�WROHUDWHG�LQ�KXPDQV��7KLV�IDFW�DOVR�
suggests that other CaM targeting molecules may be attractive 
antifungal drugs.  

Two cellular processes that are CaM dependent in fungi are 
hyphae formation and cell wall biosynthesis. Both of  these pro-
cesses are relevant to antifungal therapy because the ability of  C. 
albicans to form hyphae is required for virulence and the cell wall 
is required for cell integrity.  

We hypothesized that TAM analogs and other CaM inhibiters 
would block hyphae formation and affect cell wall architecture in 
C. albicans��7R�WHVW�WKLV�K\SRWKHVLV��ZH�����FRQÀUPHG�WKDW�7$0�
displayed phenotypes consistent with CaM inhibition in C. albicans, 
����DVVHVVHG�WKH�DELOLW\�RI �WKHVH�FRPSRXQGV�WR�EORFN�ÀODPHQWRXV�
growth formation; and (3) probed the effects of  TAM and CaM 
LQKLELWRUV�RQ�����Ƣ�JOXFDQ�DUFKLWHFWXUH��,Q�DGGLWLRQ������ZH�WHVWHG�
TAM in combination with the known antifungal, caspofungin, for 
any in vitro synergistic interaction.  

MATERIALS AND METHODS
yeast Strains, media and culture conditions

C. albicans strain SC5314 was used for most experiments. C. 
albicans were grown overnight at 37°C in yeast extract-peptone-
dextrose medium or RPMI 1640. Yeast peptone dextrose (YPD) 
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Figure 1: Schematic drawing of  an MIC plate. Rows represent replicates. 
Columns represent drug dosage. Blue color represents growth while yellow 
represents clear wells.

was prepared using published recipes4. RPMI 1640 medium con-
taining 0.165 M MOPS (pH 7) was prepared according to Clinical 
DQG�/DERUDWRU\�6WDQGDUGV�,QVWLWXWH��&/6,��SURFHGXUHV����ƬJ�P/�
uridine was added to YPD agar plates14.

Minimum Inhibitory Concentration (MIC) 
7KH�0,&�RI �D�GUXJ�LV�GHÀQHG�DV�WKH�ORZHVW�FRQFHQWUDWLRQ�RI �

an antifungal agent needed to visibly prevent growth of  the initial 
LQRFXOXP�RI �\HDVW�FHOOV�DIWHU����KRXUV�����Ƭ/�RI �DQ�LQLWLDO�LQRFX-
OXP��ÀQDO�FRQFHQWUDWLRQ���[�����&)8�P/��RI �6&�����ZDV�SODWHG�
in a 96 well clear bottom plate. A two-fold serial dilution of  the 
drug of  choice was added in successive columns along the 96 well 
SODWHV�����Ƭ/�RI �530,�0236���'062�ZDV�DGGHG�WR�NHHS�ÀQDO�
'062�FRQFHQWUDWLRQ�DW��������DORQJ�ZLWK����Ƭ/�RI �GUXJ�IRU�D�
WRWDO�YROXPH�RI �����Ƭ/�SHU�ZHOO��7KH�&D0�LQKLELWRUV�DQG�DQWLIXQJDO�
GUXJV�ZHUH�WHVWHG�LQ�WKH�IROORZLQJ�UDQJHV������ƬJ�P/�WR��ƬJ�P/�
for tamoxifen and its analogs and 250 ng/mL to 1.8 ng/mL for 
caspofungin (all diluted in RPMI/MOPS + DMSO).  The plates 
were incubated at 37oC for 24 and 48 hours. Figure 1 is a schematic 
drawing of  an MIC plate.  

Fractional Inhibitory Concentration (FIC)
Once the MIC’s were determined for CAS and CaM inhibitors, 

D�FKHFNHUERDUG�H[SHULPHQW�ZDV�SHUIRUPHG�����Ƭ/�RI �DQ�LQLWLDO�
LQRFXOXP��ÀQDO�FRQFHQWUDWLRQ���[�����&)8�P/��RI �6&�����ZDV�
plated on a 96 well plate. Drug A was added in decreasing concen-
trations across the columns, while drug B was added in decreasing 
concentrations across the rows. The plate was incubated at 37oC and 
the results were recorded at 24 and 48 hrs. The fractional inhibitory 
concentration (FIC) was calculated for each drug combination8. 

The Fractional inhibitory concentration (FIC) was calculated 
using the following formula:  

FIC index = FIC of  drug A + FIC of  drug B
FIC of  drug A = MIC of  drug A in combination /MIC of  

drug A alone
FIC of  drug B = MIC of  drug B in combination /MIC of  

drug B alone

6\QHUJ\�LV�GHÀQHG�DV�DQ�),&�LQGH[�RI ��������,QGLIIHUHQFH�LV�
GHÀQHG�DV�DQ�),&�LQGH[�RI �������EXW�RI �������$QWDJRQLVP�LV�
GHÀQHG�DV�DQ�),&�LQGH[�RI �!����8. Figure 2 is a schematic drawing 
of  an FIC plate.   

Calcium Suppression Assay
Two different YPD mixtures were made. From 2X-YP, a solu-

tion of  2% dextrose YPD and a solution of  2% dextrose YPD with 
30mM of  calcium were made. The solutions were divided into 2 

ÁDVNV�RI �HTXDO�YROXPH��0,&�FRQFHQWUDWLRQV�RI �GUXJ�DQG�WKH�YHKLFOH�
(DMSO) were added to the YPD and YPD + Ca2+ media. SC5314 
were grown overnight at 37°C and the optical density (OD) was 
recorded in the morning. The concentration of  cells was adjusted 
WR�����2'��ORJ�SKDVH��LQ�DOO�ÁDVNV��7KH�JURZWK�ZDV�PHDVXUHG�ZLWK�
a spectrophotometer for 6 hours using the corresponding media 
(YPD or YPD+ Ca2+) as a blank.  

Budding assay
SC5314 was grown overnight at 37°C in YPD to stationary 

phase. The stationary phase culture was diluted 1:200 in YPD. 
�����DQG��Ƭ/�RI �WKH�GLOXWHG�FHOOV�ZHUH�DGGHG�WR���P/�<3'�ÁDVNV�
and grown overnight at 37oC. This protocol ensured that the cells 
were in log phase in the morning. The cells were then adjusted to 
0.1 OD in the morning. The cells were treated with the drug for 4 
hours at 37oC. The number and type of  buds were then counted 
using a light microscope.   

Actin staining
SC5314 was grown according to the budding protocol described 

above. After counting the number and size of  buds, the cells were 
À[HG�LQ�����IRUPDOLQ�DQG�LQFXEDWHG�DW�URRP�WHPSHUDWXUH�IRU����
min.  The cells were then washed and resuspended in 1mL PBS 
ZLWK���Ƭ/�RI �D�����8�P/�),7&�SKDOORLGLQ�GLOXWHG�LQ�PHWKDQRO�
and left to sit for 10min. The cells were then washed in PBS and 
REVHUYHG�ZLWK�D�),7&�ÀOWHU���

Filamentous growth assay
SC5314 was grown overnight at 37°C in YPD to stationary 

phase. A 1:50 dilution of  SC5314 was incubated for 2hrs with rota-
tion in medium M199 at 37°C in the presence or absence of  sub-
MIC concentrations of  drug. The cells were then enumerated by 
OLJKW�PLFURVFRS\�DQG�WKH�SHUFHQW�ÀODPHQW�IRUPDWLRQ�ZDV�FRXQWHG��

,PPXQRÁXRUHVFHQFH�$VVD\��,)$�
SC5314 was grown overnight at 37°C in YPD to stationary 

SKDVH���Ƭ/�RI �WKH�RYHUQLJKW�FXOWXUH�ZDV�DGGHG�WR��P/�<3'��7KH�
GLOXWHG�FXOWXUHV�ZHUH�WUHDWHG�ZLWK���ƬJ�P/�RI �7$0��725��&/0��
PRO, and TFP, 1.25ng/mL CAS (positive control) and DMSO 
(negative control) overnight. After treating the cells overnight, the 
cells were washed three times in PBS. The cells were suspended in 
block solution (3% BSA in PBS) for 15min with rotation at 4°C. 
7KH\�ZHUH�UHVXVSHQGHG�LQ�DQWL�Ƣ�JOXFDQ�SULPDU\�DQWLERG\��%LRVXS-
plies Inc., Parksville, Australia) diluted into block solution for two 
hours at 4°C with rotation. The cells were then washed in PBS 
and resuspended in a secondary Goat anti-mouse IgG with Texas 
red in the dark for 60-90 minutes at 4°C with rotation wrapped 
in aluminum foil. The cells were then imaged using a microscope 

Tamoxifen analogs:
Tamoxifen (TAM)
Toremifene (TOR)
Clomiphene (CLM)

Antipsychotics:
7ULÁXRSHUD]LQH��7)3�

Prochloroperazine (PRO)
Echinocandins:

Caspofungin (CAS)

Table 1. Compounds tested for antifungal activity.Figure 2: Schematic drawing of  an FIC plate. Rows represent replicates. Columns 
represent drug dosage. Blue color represents growth while yellow represents 
clear wells.
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ZLWK�D�7H[DV�UHG�ÀOWHU�VHW���

RESULTS
TAM-treated C. albicans display phenotypes consistent with 
CaM inhibition.  

These phenotypes include defects in proper actin polarization 

and budding. First, to determine whether TAM acts through CaM 

in C. albicans as it has been previously shown in S. cerevisiae, calcium 

suppression assays were completed with MIC concentrations of  

TAM. Figure 3 displays the results of  this experiment. The DMSO 

�XQWUHDWHG��\HDVW�VKRZHG�VLJQLÀFDQW�JURZWK��7KH�'062�SOXV�FDO-
cium treated yeast showed similar growth to the untreated sample; 

these both acted as controls. The TAM- treated yeast showed no 

growth as expected. The yeast treated with TAM plus calcium 

VKRZHG�VLJQLÀFDQW�JURZWK�VLPLODU�WR�WKH�XQWUHDWHG�VDPSOH��([WUDFHO-
lular calcium suppressed TAM toxicity since the TAM plus calcium 

treated yeast grew like the untreated yeast. The toxicity of  TAM can 

be suppressed by growing C. albicans in high extracellular calcium, 

which is consistent with a calmodulin-based mechanism of  activity. 

In order to test TAM’s effect on proper actin localization, C. 
albicans were treated with sub-MIC concentrations of  TAM and 

stained with a FITC-phalloidin antibody. During budding, actin 

cables are formed along the long axis of  the yeast which is impor-

tant for establishing cell polarity. CaM is required for proper actin 

localization as well as new bud formation. Figure 4 shows the effect 

of  increasing doses of  TAM on actin localization in C. albicans. In 

Figure 3: TAM may act as a CaM inhibitor in Candida albicans. Growth of  yeast in the presence of  extracellular calcium suppresses phenotypes due to CaM 

antagonism. To determine whether TAM acts through CaM in Candida, calcium suppression assays were completed. Candida albicans were grown overnight and 

then diluted to 0.1 OD in the morning. The treatment was added and the growth was measured with a spectrophotometer for 6 hours. 32Ƭg/mL of  TAM was used 

for this assay. The TAM-treated yeast showed no growth, while the TAM plus calcium-treated yeasts grew like the untreated control because the extracellular calcium 

suppressed TAM toxicity.   

Figure 4: TAM may cause actin depolarization in C. albicans by disrupting the CaM signaling pathway. During budding, actin cables are formed along the axis of  

WKH�\HDVW�ZKLFK�DUH�LPSRUWDQW�IRU�HVWDEOLVKLQJ�FHOO�SRODULW\��&D0�LV�UHTXLUHG�IRU�SURSHU�DFWLQ�ORFDOL]DWLRQ��$W�EXG�VFDUV��WKHUH�LV�DQ�LQFUHDVH�LQ�DFWLQ�ÀODPHQWV�ZKLFK�
were detected with FITC-phalloidin. In the untreated sample, the actin is localized at the bud scars. As the dosage of  TAM is increased, the actin becomes less 

localized. This can be seen as increasing green spots throughout the cell. TAM therefore disrupts actin localization.  

the untreated sample, the actin is localized to areas of  polarized 

growth. As the dosage of  TAM is increased, the actin becomes less 

localized. This can be seen as increasing green spots throughout 

the cell. TAM therefore disrupts actin localization. Thus, TAM 

may cause actin depolarization in C. albicans by disrupting the CaM 

signaling pathway.

Proper actin polarization is required for normal bud formation. 

Therefore, if  TAM causes actin de-polarization, it can cause a defect 

in budding. C. albicans were treated with increasing doses of  TAM 

and the number of  buds was enumerated by light microscopy. The 

bud size was categorized as no-bud, small bud and other. A small 

bud is one that is less than half  the size of  the mother cell. Buds 

that were larger were characterized as other. The mean from three 

separate experiments is presented in Figure 5. As the concentration 

of  TAM was increased, there was an increase in small buds and a 

decrease in larger buds.  Therefore, this indicates that TAM inhib-

its the transformation of  buds from small to large in C. albicans, a 

defect in budding, which is also consistent with a CaM inhibitory 

mode of  action.

&DOPRGXOLQ�LQKLELWRUV�EORFN�ÀODPHQW�IRUPDWLRQ�LQ�C. albi-
cans. 

After  showing that TAM appears to act through the CaM signal-

ing pathway in C. albicans, we also tested the other CaM inhibitors 

for antifungal activity in previous experiments. The structures of  

these CaM inhibitors are shown in Figure 6. They include toremi-

fene (TOR), clomiphene (CLM), prochloroperazine (PRO), and 

WULÁXRSHUD]LQH��7)3���7KH�0,&�IRU�DOO�WKH�&D0�LQKLELWRUV�LV���ƬJ�
mL in C. albicans. It was important to determine the MIC of  these 

drugs since we want to perform experiments at sub-MIC concen-

trations of  drugs to prevent cell death and allow for the formation 

RI �ÀODPHQWV��
After C. albicans were incubated in Medium 199 for 2 hours, 

ÀODPHQWV�ZHUH�HQXPHUDWHG�ZLWK�D�OLJKW�PLFURVFRSH��6XE�0,&�FRQ-

centrations of  TAM were used to determine the effects of  different 

FRQFHQWUDWLRQV�RQ�WKH�QXPEHU�RI �ÀODPHQWV�IRUPHG��)LJXUH���VKRZV�

the average results of  3 experiments with error bars of  the number 

RI �ÀODPHQWV�IRUPHG�ZLWK�WKH�GLIIHULQJ�FRQFHQWUDWLRQV�RI �7$0��
7$0�WUHDWHG�\HDVW�VKRZHG�D�GHFUHDVH�LQ�ÀODPHQW�IRUPDWLRQ��7KHUH�
ZDV�D�VLJQLÀFDQW�GHFUHDVH�LQ�ÀODPHQW�IRUPDWLRQ������ÀODPHQWV��DW�
��ƬJ�P/��ZKLFK�LV�KDOI �WKH�0,&���

Similar experiments were done with the TAM analogs, TOR, 

352��&/0��DQG�7)3����ƬJ�P/�RI �HDFK�GUXJ�ZDV�XVHG�VLQFH�WKDW�
ZDV�WKH�FRQFHQWUDWLRQ�RI �7$0�DW�ZKLFK�WKHUH�ZDV�D�VLJQLÀFDQW�
GHFUHDVH�LQ�ÀODPHQW�IRUPDWLRQ��)LJXUH���LV�D�JUDSK�RI �WKH�UHVXOWV�
RI �WKHVH�H[SHULPHQWV��$OO�WKH�7$0�DQDORJV�VKRZHG�GHFUHDVHG�ÀOD-
ment formation. PRO and TFP were more effective at preventing 

ÀODPHQW�IRUPDWLRQ�WKDQ�725�RU�&/0���

Calmodulin inhibitors alter cell wall architecture in C. albi-
cans. 

The cell wall is composed primarily of  mannoproteins and 

Ƣ�JOXFDQV��7KH�PDQQRSURWHLQV�VSDQ�WKH�RXWVLGH�DQG�LQVLGH�RI �WKH�
cell wall and are important in tethering the cell wall to the plasma 

PHPEUDQH��7KH�RXWHU�PDQQRSURWHLQV�SURWHFW�WKH�LQQHU�Ƣ�JOXFDQ�
structure, which comprises the core structural component of  the 

cell wall along with chitin microtubules. If  the cell wall structure 

LV�GLVUXSWHG�E\�D�FHOO�ZDOO�WDUJHWLQJ�GUXJ��WKHQ�WKH�Ƣ�JOXFDQV�ZLOO�
become exposed. The primary antibody binds to the exposed 

����Ƣ�JOXFDQV�RQ�WKH�FHOO�ZDOO��7KH�H[WHQW�RI �����Ƣ�JOXFDQ�H[SRVXUH�
FDQ�EH�HQXPHUDWHG�XVLQJ�D�VHFRQGDU\�UHG�ÁXRUHVFHQW�DQWLERG\��7KLV�
experiment was done to determine whether TAM analogs would 

LQFUHDVH�WKH�Ƣ�JOXFDQ�H[SRVXUH��GLVUXSW�WKH�FHOO�ZDOO��DV�7$0�KDV�
already been shown to do.  

:H�FKRVH������QJ�P/�RI �&$6�DQG���ƬJ�P/�RI �7$0�DQG�LWV�
analogs, both sub-MIC concentrations, to see if  the drug disrupts 

the cell wall without killing the cells. If  the cells were killed, then 

DOO�WKH�Ƣ�JOXFDQV�LQ�WKH�FHOO�ZDOOV�ZRXOG�EH�H[SRVHG��FDXVLQJ�WKH�
ZKROH�FHOO�WR�ÁXRUHVFH�UHG�����

SC5314 in log phase were used. The caspofungin-treated C. 
albicans�VKRZHG�VLJQLÀFDQW�UHG�VWDLQLQJ�DORQJ�WKH�SHULPHWHU�RI �WKH�
cells compared to the negative control (DMSO) which was barely 

)LJXUH����7$0�LQKLELWV�WKH�WUDQVIRUPDWLRQ�IURP�VPDOO�WR�ODUJH�EXG�LQ�&��DOELFDQV��6&�����FHOOV�ZHUH�FXOWXUHG�RYHUQLJKW�ZLWK�WKH�UHVSHFWLYH�GUXJ�FRQFHQWUDWLRQV��À[HG�
with formalin in the morning and observed under a light microscope. The bud size was categorized as no-bud, small bud and other. A small bud is one that is less 

than half  the size of  mother cell. Buds that are larger were characterized as other. The mean from three separate experiments is presented. Error bars indicate the 

standard deviation. As the concentration of  TAM was increased, there was an increase in small buds and a decrease in larger buds. 
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ZLWK�D�7H[DV�UHG�ÀOWHU�VHW���

RESULTS
TAM-treated C. albicans display phenotypes consistent with 
CaM inhibition.  

These phenotypes include defects in proper actin polarization 

and budding. First, to determine whether TAM acts through CaM 

in C. albicans as it has been previously shown in S. cerevisiae, calcium 

suppression assays were completed with MIC concentrations of  

TAM. Figure 3 displays the results of  this experiment. The DMSO 

�XQWUHDWHG��\HDVW�VKRZHG�VLJQLÀFDQW�JURZWK��7KH�'062�SOXV�FDO-
cium treated yeast showed similar growth to the untreated sample; 

these both acted as controls. The TAM- treated yeast showed no 

growth as expected. The yeast treated with TAM plus calcium 

VKRZHG�VLJQLÀFDQW�JURZWK�VLPLODU�WR�WKH�XQWUHDWHG�VDPSOH��([WUDFHO-
lular calcium suppressed TAM toxicity since the TAM plus calcium 

treated yeast grew like the untreated yeast. The toxicity of  TAM can 

be suppressed by growing C. albicans in high extracellular calcium, 

which is consistent with a calmodulin-based mechanism of  activity. 

In order to test TAM’s effect on proper actin localization, C. 
albicans were treated with sub-MIC concentrations of  TAM and 

stained with a FITC-phalloidin antibody. During budding, actin 

cables are formed along the long axis of  the yeast which is impor-

tant for establishing cell polarity. CaM is required for proper actin 

localization as well as new bud formation. Figure 4 shows the effect 

of  increasing doses of  TAM on actin localization in C. albicans. In 

Figure 3: TAM may act as a CaM inhibitor in Candida albicans. Growth of  yeast in the presence of  extracellular calcium suppresses phenotypes due to CaM 

antagonism. To determine whether TAM acts through CaM in Candida, calcium suppression assays were completed. Candida albicans were grown overnight and 

then diluted to 0.1 OD in the morning. The treatment was added and the growth was measured with a spectrophotometer for 6 hours. 32Ƭg/mL of  TAM was used 

for this assay. The TAM-treated yeast showed no growth, while the TAM plus calcium-treated yeasts grew like the untreated control because the extracellular calcium 

suppressed TAM toxicity.   

Figure 4: TAM may cause actin depolarization in C. albicans by disrupting the CaM signaling pathway. During budding, actin cables are formed along the axis of  

WKH�\HDVW�ZKLFK�DUH�LPSRUWDQW�IRU�HVWDEOLVKLQJ�FHOO�SRODULW\��&D0�LV�UHTXLUHG�IRU�SURSHU�DFWLQ�ORFDOL]DWLRQ��$W�EXG�VFDUV��WKHUH�LV�DQ�LQFUHDVH�LQ�DFWLQ�ÀODPHQWV�ZKLFK�
were detected with FITC-phalloidin. In the untreated sample, the actin is localized at the bud scars. As the dosage of  TAM is increased, the actin becomes less 

localized. This can be seen as increasing green spots throughout the cell. TAM therefore disrupts actin localization.  

the untreated sample, the actin is localized to areas of  polarized 

growth. As the dosage of  TAM is increased, the actin becomes less 

localized. This can be seen as increasing green spots throughout 

the cell. TAM therefore disrupts actin localization. Thus, TAM 

may cause actin depolarization in C. albicans by disrupting the CaM 

signaling pathway.

Proper actin polarization is required for normal bud formation. 

Therefore, if  TAM causes actin de-polarization, it can cause a defect 

in budding. C. albicans were treated with increasing doses of  TAM 

and the number of  buds was enumerated by light microscopy. The 

bud size was categorized as no-bud, small bud and other. A small 

bud is one that is less than half  the size of  the mother cell. Buds 

that were larger were characterized as other. The mean from three 

separate experiments is presented in Figure 5. As the concentration 

of  TAM was increased, there was an increase in small buds and a 

decrease in larger buds.  Therefore, this indicates that TAM inhib-

its the transformation of  buds from small to large in C. albicans, a 

defect in budding, which is also consistent with a CaM inhibitory 

mode of  action.

&DOPRGXOLQ�LQKLELWRUV�EORFN�ÀODPHQW�IRUPDWLRQ�LQ�C. albi-
cans. 

After  showing that TAM appears to act through the CaM signal-

ing pathway in C. albicans, we also tested the other CaM inhibitors 

for antifungal activity in previous experiments. The structures of  

these CaM inhibitors are shown in Figure 6. They include toremi-

fene (TOR), clomiphene (CLM), prochloroperazine (PRO), and 

WULÁXRSHUD]LQH��7)3���7KH�0,&�IRU�DOO�WKH�&D0�LQKLELWRUV�LV���ƬJ�
mL in C. albicans. It was important to determine the MIC of  these 

drugs since we want to perform experiments at sub-MIC concen-

trations of  drugs to prevent cell death and allow for the formation 

RI �ÀODPHQWV��
After C. albicans were incubated in Medium 199 for 2 hours, 

ÀODPHQWV�ZHUH�HQXPHUDWHG�ZLWK�D�OLJKW�PLFURVFRSH��6XE�0,&�FRQ-

centrations of  TAM were used to determine the effects of  different 

FRQFHQWUDWLRQV�RQ�WKH�QXPEHU�RI �ÀODPHQWV�IRUPHG��)LJXUH���VKRZV�

the average results of  3 experiments with error bars of  the number 

RI �ÀODPHQWV�IRUPHG�ZLWK�WKH�GLIIHULQJ�FRQFHQWUDWLRQV�RI �7$0��
7$0�WUHDWHG�\HDVW�VKRZHG�D�GHFUHDVH�LQ�ÀODPHQW�IRUPDWLRQ��7KHUH�
ZDV�D�VLJQLÀFDQW�GHFUHDVH�LQ�ÀODPHQW�IRUPDWLRQ������ÀODPHQWV��DW�
��ƬJ�P/��ZKLFK�LV�KDOI �WKH�0,&���

Similar experiments were done with the TAM analogs, TOR, 

352��&/0��DQG�7)3����ƬJ�P/�RI �HDFK�GUXJ�ZDV�XVHG�VLQFH�WKDW�
ZDV�WKH�FRQFHQWUDWLRQ�RI �7$0�DW�ZKLFK�WKHUH�ZDV�D�VLJQLÀFDQW�
GHFUHDVH�LQ�ÀODPHQW�IRUPDWLRQ��)LJXUH���LV�D�JUDSK�RI �WKH�UHVXOWV�
RI �WKHVH�H[SHULPHQWV��$OO�WKH�7$0�DQDORJV�VKRZHG�GHFUHDVHG�ÀOD-
ment formation. PRO and TFP were more effective at preventing 

ÀODPHQW�IRUPDWLRQ�WKDQ�725�RU�&/0���

Calmodulin inhibitors alter cell wall architecture in C. albi-
cans. 

The cell wall is composed primarily of  mannoproteins and 

Ƣ�JOXFDQV��7KH�PDQQRSURWHLQV�VSDQ�WKH�RXWVLGH�DQG�LQVLGH�RI �WKH�
cell wall and are important in tethering the cell wall to the plasma 

PHPEUDQH��7KH�RXWHU�PDQQRSURWHLQV�SURWHFW�WKH�LQQHU�Ƣ�JOXFDQ�
structure, which comprises the core structural component of  the 

cell wall along with chitin microtubules. If  the cell wall structure 

LV�GLVUXSWHG�E\�D�FHOO�ZDOO�WDUJHWLQJ�GUXJ��WKHQ�WKH�Ƣ�JOXFDQV�ZLOO�
become exposed. The primary antibody binds to the exposed 

����Ƣ�JOXFDQV�RQ�WKH�FHOO�ZDOO��7KH�H[WHQW�RI �����Ƣ�JOXFDQ�H[SRVXUH�
FDQ�EH�HQXPHUDWHG�XVLQJ�D�VHFRQGDU\�UHG�ÁXRUHVFHQW�DQWLERG\��7KLV�
experiment was done to determine whether TAM analogs would 

LQFUHDVH�WKH�Ƣ�JOXFDQ�H[SRVXUH��GLVUXSW�WKH�FHOO�ZDOO��DV�7$0�KDV�
already been shown to do.  

:H�FKRVH������QJ�P/�RI �&$6�DQG���ƬJ�P/�RI �7$0�DQG�LWV�
analogs, both sub-MIC concentrations, to see if  the drug disrupts 

the cell wall without killing the cells. If  the cells were killed, then 

DOO�WKH�Ƣ�JOXFDQV�LQ�WKH�FHOO�ZDOOV�ZRXOG�EH�H[SRVHG��FDXVLQJ�WKH�
ZKROH�FHOO�WR�ÁXRUHVFH�UHG�����

SC5314 in log phase were used. The caspofungin-treated C. 
albicans�VKRZHG�VLJQLÀFDQW�UHG�VWDLQLQJ�DORQJ�WKH�SHULPHWHU�RI �WKH�
cells compared to the negative control (DMSO) which was barely 

)LJXUH����7$0�LQKLELWV�WKH�WUDQVIRUPDWLRQ�IURP�VPDOO�WR�ODUJH�EXG�LQ�&��DOELFDQV��6&�����FHOOV�ZHUH�FXOWXUHG�RYHUQLJKW�ZLWK�WKH�UHVSHFWLYH�GUXJ�FRQFHQWUDWLRQV��À[HG�
with formalin in the morning and observed under a light microscope. The bud size was categorized as no-bud, small bud and other. A small bud is one that is less 

than half  the size of  mother cell. Buds that are larger were characterized as other. The mean from three separate experiments is presented. Error bars indicate the 

standard deviation. As the concentration of  TAM was increased, there was an increase in small buds and a decrease in larger buds. 

Volume 9   Issues 1 & 2   Fal l  2010 -  Spring 2011 sa.rochester.edu/jur



26 27

b
i
o
c
h
e
m

i
s
t
r
y

k
o
s
e
l
n
y

visible.  This shows that caspofungin altered the cell wall so that 
the 1,3-Ƣ�JOXFDQV�ZHUH�DFFHVVLEOH�WR�DQWL�����Ƣ�JOXFDQ�DQWLERGLHV��
This has been previously shown by the Wheeler and Fink lab19, thus 
WKH�FDVSRIXQJLQ�WUHDWHG�FHOOV�DFW�DV�D�SRVLWLYH�FRQWURO�IRU�Ƣ�JOXFDQ�
exposure.  

The vehicle (DMSO) treated cells showed minimal red staining 
along the perimeter of  the cells.  Compared to the DMSO-treated 
cells, the TAM, TOR, PRO and TFP-treated cells had increased 
����Ƣ�JOXFDQ�H[SRVXUH�DV�VKRZQ�LQ�)LJXUH�����7$0��7)3�DQG�352�
had brighter signal than TOR-treated C. albicans at this dose. This 
assay showed that C. albicans cell wall architecture is disrupted by 
the CaM inhibitor treatment.  

TAM enhances the activity of  the cell-wall-targeted antifungal 
caspofungin (CAS). 

TAM was tested in combination with the known antifungal, 
CAS, to see if  there was any synergistic interaction between the 
two drugs. Figure 10 shows the FIC value calculated for the com-
bination of  TAM and CAS. As described above, an FIC index of  
������LQGLFDWHV�V\QHUJ\��ZKLOH�DQ�),&�LQGH[�RI �������EXW�RI ������
LQGLFDWHV�LQGLIIHUHQFH��$QWDJRQLVP�LV�GHÀQHG�DV�DQ�),&�LQGH[�RI �!�
4.08. The combination of  TAM and CAS had an FIC index of  0.75. 
This combination showed a potential interaction in vitro, although, 
according to this calculation, 0.75 is considered indifferent. A value 
of  0.75 indicates a possible additive effect since the addition of  
an additional drug to CAS lowered its MIC four-fold at half  the 
MIC of  TAM. Since TAM has been shown to disrupt the cell wall, 
TAM treatment sensitizes the yeast cell to further inhibition of  the 
Ƣ�JOXFDQ�DUFKLWHFWXUH�E\�&$6���

DISCUSSION 

S. cerevisiae have diverged evolutionarily from C. albicans and 
therefore have some structural and biochemical differences2. In 
addition, there are differences in antifungal activity between these 
WZR�VSHFLHV��)RU�H[DPSOH��WKH�0,&�RI �7$0�LQ�6��FHUHYLVLDH�LV���ƬJ�
mL, while the MIC in C. albicans�LV���ƬJ�P/��'HVSLWH�WKLV�GLYHUJHQW�
evolution, they do share some similar phenotypes.  We therefore 
experimented to see if  the mode of  action of  TAM in C. albicans 
was similar to that in S. cerevisiae. Through calcium suppression 
assays, we showed that TAM works as an antifungal by disrupting 
the CaM signaling pathway similar to S. cerevisiae. 

As described above, proper actin localization is important for 
cellular function and morphology. TAM has been shown to dis-
rupt proper actin localization within the cell. Cells undergo actin 
rearrangement to regulate such critical processes as endocytosis, 
cytokinesis, cell polarity, and cell morphogenesis. Early in G1, un-
budded cells select a future bud site, and assemble polarity factors 
as well as actin cable to the site of  new bud formation9. When the 
cells are exposed to TAM, this process is disrupted as a result of  
TAM’s interaction with CaM. As a CaM inhibitor, TAM disrupts 
the normal signaling leading to proper actin localization. Since the 
cells are not able to properly form their actin cytoskeleton, new 
EXG�IRUPDWLRQ�DQG�ÀODPHQW�IRUPDWLRQ�SURFHVVHV�DUH�DOVR�DIIHFWHG����
:H�KDYH�VKRZQ�WKDW�&D0�LQKLELWRUV�EORFN�ÀODPHQW�IRUPDWLRQ�

and new bud formation at concentrations below MIC. Blocking 
ÀODPHQW�IRUPDWLRQ�KDV�EHHQ�SURSRVHG�DV�D�ZD\�WR�WUHDW�IXQJDO�
LQIHFWLRQV�EHFDXVH�VXFK�ÀODPHQWV�DUH�UHTXLUHG�IRU�YLUXOHQFH7. By 
themselves these CaM inhibitors have the potential to be effective 
antifungals since they are relatively non-toxic. In addition, these 
compounds could be used in combination with known antifungals 
WR�LPSURYH�DFWLYLW\��7KH\�PD\�KDYH�JUHDWHU�HIÀFDF\�ZKHQ�FRPELQHG�
with antifungals that have direct killing affects.  
7KH�����Ƣ�JOXFDQ�LPPXQRÁXRUHVFHQFH�DVVD\V�VKRZHG�WKDW�XSRQ�

7$0��725��352�DQG�7)3�WUHDWPHQW��WKH�Ƣ�JOXFDQ�FHOO�ZDOO�VWUXF-
ture is disrupted. The extent of  disruption is different among the 
different CaM inhibitors since their relative activities may be differ-
ent. These drugs may have similar characteristics to the known cell 
wall stressors such as CAS. This provides insight into the potential 
antifungal mechanism of  these CaM inhibitors. We have also shown 
that CaM inhibitors are additive with cell wall inhibitors. The CaM 
LQKLELWRUV�PD\�VHQVLWL]H�WKH�FHOO�WR�IXUWKHU�LQKLELWLRQ�RI �Ƣ�JOXFDQ�
cell wall architecture by CAS, thus suggesting that combination 
therapy may be feasible.   

Overall, this research has direct clinical relevance. Since caspo-
fungin and the CaM inhibitors are FDA approved, if  we identify 
VLJQLÀFDQWO\�DFWLYH�FRPSRXQGV��WKHVH�UHVXOWV�FRXOG�EH�UDSLGO\�WUDQV-
lated to clinical studies. If  these drugs are found to be effective 
anti-fungal drugs, they could also be put into rapid use because 
information about their safety and pharmacology is already known. 
It is our hope that these experiments will help improve the outcome 
for patients with these opportunistic infections.   

ACkNOWLEDGMENTS
I want to thank every one in the Krysan and Wellington Labs 

for all their support and friendship over the past two years. I have 
learned so much and grown tremendously as a scientist. Thank you 
to Lou for helping me with my experiments and being a great lunch 

Figure 6: Molecular structures of  CaM inhibitors.  

buddy. Thank you to Damian and Melanie for being great mentors. 
I want to also thank Dr. Butler and Dr. Dumont for agreeing to 
serve on my thesis defense committee.  

REFERENCES
1. Beggs, WH (1993). Anti-Candida activity of  the anti-cancer drug tamoxifen. Res 
Commun Chem Pathol Pharmacol 80:125-128.
2. Calderone, RA.  Candida and Candidiasis. ASM Press: Washington, DC, 2002; 20.   
3. Dagenais, T. R., and N. P. Keller. (2009). Pathogenesis of  Aspergillus fumigatus 
in Invasive Aspergillosis. Clin Microbiol Rev 22:447-465.
4. Dean, Neta (1995).  Yeast glycosylation mutants are sensitive to aminoglycosides.  
Proc. Natl. Acad. Sci. 92:1287-1291.  
5. Gudlaugsson, O., S. Gillespie, K. Lee, B. J. Vande, J. Hu, S. Messer, L. Herwaldt, M. 
Pfaller, and D. Diekema. (2003). Attributable mortality of  nosocomial candidemia, 
revisited. Clinical Infectious Diseases 37:1172-1177.
6. Kraus, P R., and Heitman J. (2003). Coping with stress: calmodulin and calci-
neurin in model and
pathogenic fungi. Biochem Biophys Res Commun 311:1151-1157.
7. Krysan, D. J., and L. Didone. (2008). A high-throughput screening assay for small 

Figure 7: Filament formation is inhibited by TAM treatment, which may lead to decreased virulence.  Filament formation is a key factor in C. albicans virulence. 
Filament formation was induced in C. albicans DW�YDULRXV�GRVHV�RI �7$0�DQG�TXDQWLÀHG�E\�OLJKW�PLFURVFRS\��7KH�GDWD�SUHVHQWHG�LV�WKH�PHDQ�RI �WKUHH�LQGHSHQGHQW�
H[SHULPHQWV�DQG�WKH�HUURU�EDUV�UHSUHVHQW�WKH�6'��3URSLGLXP�LRGLGH�VWDLQLQJ�LQGLFDWHG�WKDW�!����RI �FHOOV�ZHUH�YLDEOH�DW�WKH�WLPH�RI �WKH�ÀODPHQWRXV�JURZWK�DVVD\��

Figure 8: Filament formation was induced in C. albicans at 16ƬJ�P/�WDPR[LIHQ��WRUHPLIHQH��SURFKORURSHUD]LQH��FORPLSKHQH�DQG�WULÁXRSHUD]LQH�DQG�TXDQWLÀHG�E\�
light microscopy. The data presented is the mean of  three independent experiments and the error bars represent the SD. Propidium iodide staining indicated that 
!����RI �FHOOV�ZHUH�YLDEOH�DW�WKH�WLPH�RI �WKH�ÀODPHQWRXV�JURZWK�DVVD\��

molecules that disrupt yeast cell integrity. J.Biomol.Screen. 13:657-664.
8. Meletiadis J, Verweij PE, Te Dorsthorst DT, Meis JF (2005).  Medical Mycology.  
43:133-152. 
9. Moseley, JB, Goode, BL (2006).  The Yeast Actin Cytoskeleton: from Cellular 
Function to Biochemical Mechanism.  Microbiol Mol Biol Rev. 70(3): 605-645.   
10. Paranjape, V, Roy BG, Datta A (1990).  Involvement of  calcium, calmodulin and 
protein phosphorylation in morphogenesis of  Cadida albicans. Journal of  General 
Microbiology 136: 2149-2154.
11. Parsons AB, Lopez A, Givini TE, Williams DE, Gray CA, Porter J, Chua G, 
Sopko R, Brost RL, Ho CH, Wang J, Ketela T, Brenner C, Brill JA, Fernandez GE, 
Lorenz TC, Payne GS, Ishihara S, OhyaY, Andrews B, and Boone C (2006). Explor-
LQJ�WKH�PRGH�RI�DFWLRQ�RI �ELRDFWLYH�FRPSRXQGV�E\�FKHPLFDO�JHQHWLF�SURÀOLQJ�LQ�
yeast. Cell 126:611–625.  
12. Patterson, T. F. (2005). Advances and challenges in management of  invasive 
mycoses. Lancet 366:1013-1025.
13. Pfaller MA, Sheehan DJ, Rex JH (2004).  Determination of  Fungicidal Activities 
against Yeasts and Molds: Lessons Learned from Bactericidal Testing and the Need 
for Standardization.  Clinical Microbiology Reviews. 17(2):268-280.    
14. Reference Method for Broth Dilution Antifungal Susceptibility Testing of  Yeast; 
Approved Standard Second Edition.  NCCLS.  M27-A2.  Vol. 22 No. 15. 

Volume 9   Issues 1 & 2   Fal l  2010 -  Spring 2011 sa.rochester.edu/jur



26 27

b
i
o
c
h
e
m

i
s
t
r
y

k
o
s
e
l
n
y

visible.  This shows that caspofungin altered the cell wall so that 
the 1,3-Ƣ�JOXFDQV�ZHUH�DFFHVVLEOH�WR�DQWL�����Ƣ�JOXFDQ�DQWLERGLHV��
This has been previously shown by the Wheeler and Fink lab19, thus 
WKH�FDVSRIXQJLQ�WUHDWHG�FHOOV�DFW�DV�D�SRVLWLYH�FRQWURO�IRU�Ƣ�JOXFDQ�
exposure.  

The vehicle (DMSO) treated cells showed minimal red staining 
along the perimeter of  the cells.  Compared to the DMSO-treated 
cells, the TAM, TOR, PRO and TFP-treated cells had increased 
����Ƣ�JOXFDQ�H[SRVXUH�DV�VKRZQ�LQ�)LJXUH�����7$0��7)3�DQG�352�
had brighter signal than TOR-treated C. albicans at this dose. This 
assay showed that C. albicans cell wall architecture is disrupted by 
the CaM inhibitor treatment.  

TAM enhances the activity of  the cell-wall-targeted antifungal 
caspofungin (CAS). 

TAM was tested in combination with the known antifungal, 
CAS, to see if  there was any synergistic interaction between the 
two drugs. Figure 10 shows the FIC value calculated for the com-
bination of  TAM and CAS. As described above, an FIC index of  
������LQGLFDWHV�V\QHUJ\��ZKLOH�DQ�),&�LQGH[�RI �������EXW�RI ������
LQGLFDWHV�LQGLIIHUHQFH��$QWDJRQLVP�LV�GHÀQHG�DV�DQ�),&�LQGH[�RI �!�
4.08. The combination of  TAM and CAS had an FIC index of  0.75. 
This combination showed a potential interaction in vitro, although, 
according to this calculation, 0.75 is considered indifferent. A value 
of  0.75 indicates a possible additive effect since the addition of  
an additional drug to CAS lowered its MIC four-fold at half  the 
MIC of  TAM. Since TAM has been shown to disrupt the cell wall, 
TAM treatment sensitizes the yeast cell to further inhibition of  the 
Ƣ�JOXFDQ�DUFKLWHFWXUH�E\�&$6���

DISCUSSION 

S. cerevisiae have diverged evolutionarily from C. albicans and 
therefore have some structural and biochemical differences2. In 
addition, there are differences in antifungal activity between these 
WZR�VSHFLHV��)RU�H[DPSOH��WKH�0,&�RI �7$0�LQ�6��FHUHYLVLDH�LV���ƬJ�
mL, while the MIC in C. albicans�LV���ƬJ�P/��'HVSLWH�WKLV�GLYHUJHQW�
evolution, they do share some similar phenotypes.  We therefore 
experimented to see if  the mode of  action of  TAM in C. albicans 
was similar to that in S. cerevisiae. Through calcium suppression 
assays, we showed that TAM works as an antifungal by disrupting 
the CaM signaling pathway similar to S. cerevisiae. 

As described above, proper actin localization is important for 
cellular function and morphology. TAM has been shown to dis-
rupt proper actin localization within the cell. Cells undergo actin 
rearrangement to regulate such critical processes as endocytosis, 
cytokinesis, cell polarity, and cell morphogenesis. Early in G1, un-
budded cells select a future bud site, and assemble polarity factors 
as well as actin cable to the site of  new bud formation9. When the 
cells are exposed to TAM, this process is disrupted as a result of  
TAM’s interaction with CaM. As a CaM inhibitor, TAM disrupts 
the normal signaling leading to proper actin localization. Since the 
cells are not able to properly form their actin cytoskeleton, new 
EXG�IRUPDWLRQ�DQG�ÀODPHQW�IRUPDWLRQ�SURFHVVHV�DUH�DOVR�DIIHFWHG����
:H�KDYH�VKRZQ�WKDW�&D0�LQKLELWRUV�EORFN�ÀODPHQW�IRUPDWLRQ�

and new bud formation at concentrations below MIC. Blocking 
ÀODPHQW�IRUPDWLRQ�KDV�EHHQ�SURSRVHG�DV�D�ZD\�WR�WUHDW�IXQJDO�
LQIHFWLRQV�EHFDXVH�VXFK�ÀODPHQWV�DUH�UHTXLUHG�IRU�YLUXOHQFH7. By 
themselves these CaM inhibitors have the potential to be effective 
antifungals since they are relatively non-toxic. In addition, these 
compounds could be used in combination with known antifungals 
WR�LPSURYH�DFWLYLW\��7KH\�PD\�KDYH�JUHDWHU�HIÀFDF\�ZKHQ�FRPELQHG�
with antifungals that have direct killing affects.  
7KH�����Ƣ�JOXFDQ�LPPXQRÁXRUHVFHQFH�DVVD\V�VKRZHG�WKDW�XSRQ�

7$0��725��352�DQG�7)3�WUHDWPHQW��WKH�Ƣ�JOXFDQ�FHOO�ZDOO�VWUXF-
ture is disrupted. The extent of  disruption is different among the 
different CaM inhibitors since their relative activities may be differ-
ent. These drugs may have similar characteristics to the known cell 
wall stressors such as CAS. This provides insight into the potential 
antifungal mechanism of  these CaM inhibitors. We have also shown 
that CaM inhibitors are additive with cell wall inhibitors. The CaM 
LQKLELWRUV�PD\�VHQVLWL]H�WKH�FHOO�WR�IXUWKHU�LQKLELWLRQ�RI �Ƣ�JOXFDQ�
cell wall architecture by CAS, thus suggesting that combination 
therapy may be feasible.   

Overall, this research has direct clinical relevance. Since caspo-
fungin and the CaM inhibitors are FDA approved, if  we identify 
VLJQLÀFDQWO\�DFWLYH�FRPSRXQGV��WKHVH�UHVXOWV�FRXOG�EH�UDSLGO\�WUDQV-
lated to clinical studies. If  these drugs are found to be effective 
anti-fungal drugs, they could also be put into rapid use because 
information about their safety and pharmacology is already known. 
It is our hope that these experiments will help improve the outcome 
for patients with these opportunistic infections.   
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Figure 9: The C. albicans cell wall architecture is disrupted by TAM and TOR treatment, which may lead to their decreased virulence. CaM inhibitors disrupt yeast cell 
wall. 1,3-Ƣ-glucan exposure was evaluated in CaM inhibitor-treated Candida albicans by IFA. C. albicans yeast were treated with 16 Ƭg/mL of  drug. Following treatment, 
the samples were probed with anti-1,3-Ƣ-glucan antibody; primary antibody was detected by a Texas Red-labeled secondary antibody. Caspofungin is a known cell 
wall inhibitor; therefore, it was included as a positive control. Compared to the untreated (DMSO) cells, the TAM, TOR, PRO and TFP-treated cells have increased 
1,3-Ƣ-glucan exposure.  

Figure 10: MIC and FIC data for tamoxifen (TAM) and caspofungin (CAS) in C. albicans. 
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