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INTRODUCTION

Fungal infections are among the common causes of 
death, especially in individuals with a weakened im-
mune system. These infections may be neglected, but 
they can be dangerous, contrary to common belief. 
There are few and limited treatments available to treat 
invasive fungal infections. A number of natural medi-
cines derived from plants are used to treat the fungal 
diseases. Discovery of antifungal agents is much slower 
than antibacterial agents. Because fungi are eukary-
otes, fungal-damaging substances can also often dam-
age the host, so the antifungal agent developments are 
usually slow. 

As a hallmark of eukaryotic cells, the genetic material is 
separated in a compartment surrounded by the nucle-
ar membrane. The nuclear membrane separates DNA 
and translation, allowing transcription to be regulated 
in various ways. It also allows for differential processing 
and selective export of the synthesized mRNA. 

The nuclear envelope consists of double lipid bilayers, 
the outer and inner nuclear membranes (1). The outer 
layer is continuous with the endoplasmic reticulum, 
which hosts ribosomes that carry out translation. Nucle-
ar pore complexes (NPCs), which are large multiprotein 
structures that pass through the double bilayer struc-
ture, allow and regulate the passage of substances into 
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ABSTRACT

Objective: Fungi are invasive species responsible for infections in many people around the world and which severely affect 
the immune system. The opportunistic pathogenic species, such as Candida species and Aspergillus fumigatus, can cause 
death in people with weakened immune systems. Natural medicines derived from plants are often used to treat fungal 
diseases. In connection with our efforts to unearth possible cellular targets of antimicrobial agents, in this study, we aimed to 
determine the functional consequences of benzyl alcohol treatment on the nuclear membrane. 

Materials and Methods: We analysed the nuclear membrane distortions caused by benzyl alcohol in Saccharomyces 
cerevisiae cells using Nup49-GFP reporter strain. We also studied cellular distributions of various fluorescently tagged nuclear-
cytoplasmic shuttling proteins to determine any functional disturbances in nuclear pore complexes upon benzyl alcohol 
treatment. Localization of 51.5 kDa protein LexA-NES-GFP and 61.8 kDa protein Pho4(Δ157-164)-GFP to the nucleus in yeast 
cells was key for evaluating the effect upon diffusion limit of pores.

Results: By analyzing the distribution of fluorescently tagged nuclear localization signal or nuclear export signals bearing 
reporter proteins between the nucleus and cytoplasm, we have shown that the nuclear membrane becomes leaky upon 
benzyl alcohol treatment. 

Conclusion: The diffusion limit across the nuclear membrane in yeast cells is increased upon benzyl alcohol treatment. We 
believe that these findings not only increase our understanding of the mode of action of benzyl alcohol bearing antifungal 
agents, but also help widening their use.
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and out of the nucleus. They are the gatekeepers mediating the 
exchange of essential compounds between the nucleoplasm 
and the cytoplasm (2-6). Ions and small metabolites can freely 
diffuse through NPCs. However, for the transport of large mole-
cules with MW >40 kDa, active transport is necessary (7-12). This 
active transport into and out of the nucleus is governed by a 
large family of transport receptors called karyopherins in yeast 
(7, 13, 14). Although NPC structures differ between species such 
as size and variation in individual proteins, their overall struc-
tures are conserved from yeasts to mammals (3, 5, 10). 

Benzyl alcohol is a known membrane fluidizer, and recently 
we demonstrated that it is active against yeast cells (15). In this 
study, we set out to determine its cellular target in Saccharomy-
ces cerevisiae cells. For this purpose, we studied possible defects 
in the yeast nuclear membrane structure and function upon 
treatment with benzyl alcohol. We believe that these studies 
not only increase our understanding of the mechanism of ac-
tion of alcoholic antifungal agents, but also open up new possi-
bilities for the therapy of fungal infections. 

MATERIALS AND METHODS

Strains and Growth Conditions 
YPH499 (MATa ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 
his3-Δ200 leu2-Δ1) (16) was used as the Saccharomyces cerevisi-
ae strain in this study. pRS315-GFP-NUP49, pADH1-NLS-2GFP-
TRP1, pADH1-NES-YFP-TRP1, pRS315-npl3[S411A]-GFP, pRS314-
LexA-NES-GFP and pRS314-Pho4(∆157-164)-GFP reporters were 
a generous gift from Prof. Karsten Weis, and used according to 
the previously described protocols (20). Yeast cells were grown 
until the early exponential phase in yeast extract peptone glu-
cose medium (YPD) at 25°C while shaking. Then cells were treat-
ed with 1% benzyl alcohol for 15 minutes and analysed using 
fluorescence microscopy as explained below. 1% benzyl alco-
hol corresponds to 10xMIC value.

Minimum Inhibitory Concentration (MIC) Measurement 
The minimum inhibitory concentration (MIC) measurement 
was performed in a similar procedure in our previous study (15). 
S. cerevisiae cells were cultured overnight at 25°C in YPD broth 
and were suspended in YPD to give a final density of 1 × 106 
CFU/mL. Benzyl alcohol dissolved in dimethyl sulfoxide (DMSO) 
was prepared with the serial dilution method and put in a 24-
well microtiter plate. After that, S. cerevisiae cells were added 
to each well. Suspension of yeast cells in the medium without 
benzyl alcohol or any other additives as well as yeast cells in the 
medium with only DMSO were tested as controls. 24-well mi-
crotiter plates were incubated at 25 °C. The MIC was determined 
after 48 h. Viability of yeasts was deduced based on turbidity.

Extracellular pH Measurement
S. cerevisiae cells were incubated at 25°C in 20 mL of YPD un-
til the exponential growth phase, harvested and washed twice 
with sterilized dH2O. The pellet was then resuspended in ster-
ilized dH2O. About 50 mg wet weight of yeast cells were used 
for each experiment. 2% glucose was added and incubated for 
20 min while shaking. At this point, 5 and 10 mM benzyl alco-
hol was added, and extracellular pH was recorded using an HI 
98127 water proof pH meter (HANNA, USA).

Fluorescence Microscopy 
Still images of non-fixed cells were captured at room tempera-
ture with a wide-field epifluorescence microscope (Axio Imag-
er.A1; Carl Zeiss MicroImaging) equipped with 100x NA 1.45 oil 
immersion objective (Plan-Fluar; Carl Zeiss MicroImaging), a 
Cascade:1K camera (Photometrics) and Metamorph software 
(Universal Imaging). At least 1000 cells were analysed for each 
data set. Representative figures for each analysis were com-
bined together after adjusting contrast and brightness.

MTT Mitochondrial Functionality Assay
Yeast cells were incubated at 25°C in 20 mL of YPD until the ex-
ponential growth phase, harvested and then resuspended in 
sterilized dH2O, 1:1 (w/v). 0.05 M glucose, 0.4 mg/ml MTT, 1% 
benzyl alcohol was added to yeast cells and incubated at 30 °C 
for 15 min. The MTT reduction was determined using a spectro-
photometer at 570 nm.

RESULTS 

Nuclear Membrane is Distorted in Benzyl Alcohol Treated 
Yeast Cells 
We have previously reported the antifungal activities of various 
terpenoids as well as benzyl alcohol (with MIC value of 5-10 
mM) against yeast Saccharomyces cerevisiae (15). Recently, we 
extended our studies on the mode of action of benzyl alcohol. 
We have shown that the fungal cell wall is impaired by the ac-
tion of benzyl alcohol and the cell membrane integrity is dis-
rupted (17). The damage on the cell membrane triggers H+ ion 
intake, revealed by an increase in extracellular pH (Figure 1). 

Furthermore, visualization of the nuclear membrane by means 
of labelling the nuclear pore complex protein Nup49 with GFP, 
revealed that yeast cells had highly deformed nuclear mem-
branes (Figure 2) (17, 18). The effect of benzyl alcohol on the 
nuclear envelope can be seen as early as 15 min after its appli-
cation. 

Figure 1. Effect of benzyl alcohol on the extracellular pH of yeast 
cells. Control corresponds to the measurements without any 
benzyl alcohol addition. The data represent the average of at 
least three independent experiments.
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Transport through the Nuclear Membrane is Compromised 
in Benzyl Alcohol Treated Yeast Cells 
Later, we tested whether the benzyl alcohol treated cells mis-
localize the NLS-GFP (SV40 nuclear localization signal reporter 
protein fused with GFP) and NES-YFP (SV40 nuclear export signal 
reporter protein fused with YFP) reporters (Figure 3). In wild type 
cells with functional NPC, we expect the NLS reporter protein to 
be found entirely in the nucleus and the NES reporter protein to 
be excluded from the nucleus and found in the cytoplasm (20). 
As shown in Figure 2, both reporters were mislocalized upon 
benzyl alcohol treatment in some yeast cells, pointing to a de-
fect in NPC function (21, 22). Note that mislocalization of these 
reporters takes somewhat longer than (ca. 1h) the morphological 
changes observed at the nuclear envelope (15 min).

In order to demonstrate defects in NPC function in benzyl al-
cohol treated cells in a more quantitative manner, we used a 
reporter based on the yeast shuttling protein Npl3 described by 
Madrid et al. (20, 23). Npl3 is mainly nuclear and Npl3-GFP local-
izes correctly to the nucleus both in the absence and presence of 

benzyl alcohol (data not shown). However, while Npl3[S411A]-
GFP reporter localizes mainly to the nucleus before treatment, 
benzyl alcohol treated cells show a marked increase in cells with 
cytoplasmic Npl3[S411A]-GFP reporter signal (Figure 4). 

Diffusion Limit through the Nuclear Membrane is Increased 
in Benzyl Alcohol Treated Yeast Cells
In order to test the diffusion limit through NPCs, we used report-
er proteins LexA-NES-GFP and Pho4(Δ157-164)-GFP. Both 51.5 
kDa protein LexA-NES-GFP and 61.8 kDa protein Pho4(Δ157-

Figure 2. Nuclear envelope phenotype of benzyl alcohol treated 
cells. a) Yeast cells were transformed with pRS315-GFP-NUP49 
and analyzed using fluorescence microscopy. b) Yeast cells, 
transformed with pRS315-GFP-NUP49, were treated with 1% 
benzyl alcohol for 15 min and analyzed with fluorescence 
microscopy. Bars, 5 μm.

Figure 4. Npl3[S411A]-GFP reporter was mislocalized in benzyl 
alcohol treated cells. Wild type cells were transformed with pRS315-
npl3[S411A]-GFP reporter, and analyzed before and after benzyl 
alcohol treatment, with fluorescence microscopy. Bars, 5 μm. 

Figure 5. Diffusion limit is increased in wild type cells upon benzyl 
alcohol treatment. Wild type cells were transformed with pRS314-
LexA-NES-GFP reporter, and analyzed before and after benzyl 
alcohol treatment, with fluorescence microscopy. Bars, 5 μm.

Figure 3. NLS-GFP and NES-YFP reporters were mislocalized in 
benzyl alcohol treated cells. Wild type cells were transformed with 
pADH1-NLS-2GFP-TRP1 and pADH1-NES-YFP-TRP1 reporters, 
and analyzed before and after benzyl alcohol treatment, with 
fluorescence microscopy. Arrows show the nucleus. Bars, 5 μm. 
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164)-GFP were excluded from the nucleus in yeast cells, but 
mislocalized inside the nucleus upon benzyl alcohol treatment 
(Figures 5 and 6). Thus, the diffusion limit increased upon ben-
zyl alcohol application. 

Mitochondria is Intact in Benzyl Alcohol Treated Yeast Cells
Disruption of the cell membrane as well as defects in nuclear 
pore function raises the question whether other organelles are 
also affected. In order to test this question, we performed an 
MTT mitochondrial functionality assay (24). This analysis re-
vealed that benzyl alcohol treated cells have functional mito-
chondria, with no detectable loss in MTT activity (Figure 7). 

DISCUSSION

We have previously shown that benzyl alcohol acts as an anti-
fungal agent against S. cerevisiae cells (15), and causes defects 
in the cell wall and cell membrane structures (17). In this study, 
we wanted to unearth any effects of benzyl alcohol on the or-
ganelle membranes of yeast cells. Visualization of the nuclear 
membrane by means of labelling the Nup49 protein a protein 
in the structure of nuclear pore complex that is embedded to 
the nuclear membrane with GFP, revealed that benzyl alcohol 
treated yeast cells had highly deformed nuclear membranes 
(Figure 2).

We have recently reported that certain stress conditions, in-
cluding benzyl alcohol treatment, cause a reduction in Pom34 
protein levels in up to 20% of untreated cells after incubation 
with the compound (19). Benzyl alcohol treatment mislocalized 
POM34 mRNA towards the cytoplasmic fraction, reducing the 
translation of Pom34 protein. Since Pom34 is a protein in the 
structure of nuclear pore complexes (NPC), the gateways be-
tween the nucleus and cytoplasm, we asked whether benzyl 
alcohol treatment might affect NPC function. We first tested 
whether the benzyl alcohol treated cells mislocalized the NLS-
GFP (SV40 nuclear localization signal reporter protein fused 
with GFP) and NES-YFP (SV40 nuclear export signal reporter 
protein fused with YFP) reporters (Figure 3). In wild type cells 
with functional NPC, we expect NLS reporter protein to be 
found entirely in the nucleus and the NES reporter protein to 
be excluded from the nucleus and found in the cytoplasm (20). 
However, both reporters were mislocalized upon benzyl alco-
hol treatment in some yeast cells, pointing to a defect in NPC 
function (21, 22). 

In order to demonstrate defects in NPC function in benzyl al-
cohol treated cells in a more quantitative manner, we used a 
reporter based on the yeast shuttling protein Npl3 described by 
Madrid et al. (20, 23). Npl3 is a nuclear protein, and accordingly 
Npl3-GFP is exclusively nuclear in yeast cells, spectroscopically 
no detectable cytoplasmic signal in wild-type cells is observed. 
The Npl3[S411A]-GFP mutant, which cannot undergo Ser411 
phosphorylation, in contrast, partially mislocalizes to the cyto-
plasm (20, 23). Although Npl3[S411A]-GFP reporter localized 
mainly to the nucleus in wild type cells before treatment, benzyl 
alcohol treatment caused an increase in cells with cytoplasmic 
Npl3[S411A]-GFP (Figure 4). This result is similar to the mislocal-
ization of the same reporter in NPC defective cells (20).

Ions and small metabolites can freely diffuse through NPCs; 
however, molecules possessing a mass >40 kDa cannot diffuse 
and have to be actively transported (25). In order to test the 
diffusion limit through NPCs, we used reporter proteins LexA-
NES-GFP and Pho4(Δ157-164)-GFP, having an MW greater than 
the diffusion limit in yeast cells (26, 27). Both 51.5 kDa protein 
LexA-NES-GFP and 61.8 kDa protein Pho4(Δ157-164)-GFP were 
excluded from the nucleus in wild type cells, but mislocalized 
inside the nucleus upon benzyl alcohol treatment (Figure 5 and 
6). This result is also similar to the mislocalization of the same 

Figure 7. Mitochondria remains intact upon benzyl alcohol 
treatment. Optical density was measured at 570 nm using a 
spectrophotometer in order to determine the MTT reduction by 
yeast cells.

Figure 6. Diffusion limit is increased in wild type cells upon 
benzyl alcohol treatment. Wild type cells were transformed with 
pRS314-Pho4(∆157-164)-GFP reporter, and analyzed before and 
after benzyl alcohol treatment, with fluorescence microscopy. 
Bars, 5 μm.
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reporters in NPC defective cells (20). Thus, we conclude from 
these observations that wild type cells treated with benzyl alco-
hol show various defects in nuclear pore function and diffusion 
limit is increased in these cells. 

CONCLUSION

Considering our previous results showing that benzyl alcohol 
inhibits translation of Pom34 protein, a transmembrane protein 
in the structure of NPC, we propose that this antifungal agent 
targets NPC structures. Benzyl alcohol causes structural and 
functional defects in the NPC, which perhaps contributes to 
the antifungal activity of this molecule (28). These observations 
extend our understanding of the mechanism of action of mem-
brane fluidizer alcohols against yeast cells. 

Acknowledgement: pRS315-GFP-NUP49, pADH1-NLS-2GFP-
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LexA-NES-GFP and pRS314-Pho4(∆157-164)-GFP reporters are 
generous gift of Prof. Karsten Weis (20).

Peer Review: Externally peer-reviewed. 

Conflict of Interest: Author declared no conflict of interest. 

Financial Disclosure: Author declared no financial support.

REFERENCES

1.	 D’Angelo MA and Hetzer MW. The role of the nuclear envelope in 
cellular organization. Cell Mol Life Sci 2006; 63: 316-32.

2.	 Cook A, Bono F, Jinek M, Conti E. Structural biology of nucleocyto-
plasmic transport. Annu Rev Biochem 2007; 76: 647-71.

3.	 Yang Q, Rout MP, Akey CW. Three-dimensional architecture of the 
isolated yeast nuclear pore complex: functional and evolutionary 
implications. Mol Cell 1998; 1: 223-34.

4.	 Rout MP, Aitchison JD, Suprapto A, Hjertaas K, Zhao Y, Chait BT. The 
yeast nuclear pore complex: composition, architecture, and trans-
port mechanism. J Cell Biol 2000; 148: 635-51.

5.	 Cronshaw JM, Krutchinsky AN, Zhang W, Chait BT, Matunis MJ. 
Proteomic analysis of the mammalian nuclear pore complex. J Cell 
Biol 2002; 158: 915-27.

6.	 Reichelt R, Holzenburg A, Buhle EL Jr, Jarnik M, Engel A, Aebi U. 
Correlation between structure and mass distribution of the nucle-
ar pore complex and of distinct pore complex components. J Cell 
Biol 1990; 110: 883-94.

7.	 Mosammaparast N, Pemberton LF. Karyopherins: from nucle-
ar-transport mediators to nuclear-function regulators. Trends Cell 
Biol 2004; 14: 547-56.

8.	 Mansfeld J, Guttinger S, Hawryluk-Gara LA, Pante N, Mall M, Galy 
V, Haselmann U, Muhlhausser P, Wozniak RW, Mattaj IW, Kutay U, 
Antonin W. The conserved transmembrane nucleoporin NDC1 is 
required for nuclear pore complex assembly in vertebrate cells. 
Mol Cell 2006; 22: 93-103.

9.	 Stavru F, Hulsmann BB, Spang A, Hartmann E, Cordes VC, Görlich 
D. NDC1: a crucial membrane-integral nucleoporin of metazoan 
nuclear pore complexes. J Cell Biol 2006; 173: 509-19.

10.	 Schwartz TU. Modularity within the architecture of the nuclear 
pore complex. Curr Opin Struct Biol 2005; 15: 221-6.

11.	 Alber F, Dokudovskaya S, Veenhoff LM, Zhang W, Kipper J, Devos 
D, Suprapto A, Karni-Schmidt O, Williams R, Chait BT, Rout MP, Sali 
A. Determining the architectures of macromolecular assemblies. 
Nature 2007; 450: 683-94.

12.	 Alber F, Dokudovskaya S, Veenhoff LM, Zhang W, Kipper J, Devos D, 
Suprapto A, Karni-Schmidt O, Williams R, Chait BT, Sali A, Rout MP. 
The molecular architecture of the nuclear pore complex. Nature 
2007; 450: 695-701.

13.	 Suntharalingam M, Wente SR. Peering through the pore: nuclear 
pore complex structure, assembly, and function. Dev Cell 2003; 4: 
775-89.

14.	 Macara IG. Transport into and out of the nucleus. Microbiol Mol 
Biol Rev 2001; 65: 570-94.

15.	 Konuk HB, Ergüden B. Phenolic –OH group is crucial for the anti-
fungal activity of terpenoids via disruption of cell membrane in-
tegrity. Folia Microbiololica 2020; 65: 775-83.

16.	 Sikorski RS, Hieter P. A system of shuttle vectors and yeast host 
strains designed for efficient manipulation of DNA in Saccharomy-
ces cerevisiae. Genetics 1989; 122: 9-27.

17.	 Ergüden B. Saccharomyces cerevisiae Outer and Inner Membranes 
are Compromised upon Benzyl Alcohol Treatment. Int J Memb Sci 
Tech 2021; 8: 35-9.

18.	 Thaller DJ, Lusk CP. Fantastic nuclear envelope herniations and 
where to find them. Biochem Soc Trans 2018; 46: 877-89. 

19.	 Sezen B. Reduction of Saccharomyces cerevisiae Pom34 protein 
level by SESA network is related to membrane lipid composition. 
FEMS Yeast Research 2015; 15: fov089.

20.	 Madrid AS, Mancuso J, Cande WZ, Weis K. The role of the integral 
membrane nucleoporins Ndc1p and Pom152p in nuclear pore 
complex assembly and function. J Cell Biol 2006; 173: 361-71.

 21.	 Meseroll RA, Cohen-Fix O. The Malleable Nature of the Budding 
Yeast Nuclear Envelope: Flares, Fusion, and Fenestrations. J Cell 
Physiol 2016; 231: 2353-60.

22.	 Brown JT, Alexandra JH, Christopher MW, Belanger KD. Character-
ization of nuclear pore complex targeting domains in Pom152 in 
Saccharomyces cerevisiae. Biology Open 2021; 10: bio057661.

23.	 Gilbert W, Siebel CW, Guthrie C. Phosphorylation by Sky1p pro-
motes Npl3p shuttling and mRNA dissociation. RNA 2001; 7: 302-
13.

24.	 Sanchez NS, Königsberg M. Using Yeast to Easily Determine Mito-
chondrial Functionality with 1-(4,5-Dimethylthiazol-2-yl)-3,5-di-
phenyltetrazolium Bromide (MTT) Assay. Biochem Mol Biol Edu 
2006; 34: 209-12.

25.	 Frey S, Richter RP, Gorlich D. FG-rich repeats of nuclear pore pro-
teins form a three-dimensional meshwork with hydrogel-like 
properties. Science 2006; 314: 815-17.

26.	 Ribbeck K, Gorlich D. The permeability barrier of nuclear pore 
complexes appears to operate via hydrophobic exclusion. EMBO 
J 2002; 21: 2664-71.

27.	 Ribbeck K, Gorlich D. Kinetic analysis of translocation through nu-
clear pore complexes. EMBO J 2001; 20: 1320–30.

28.	 Takahashi U, Hamada K, Iwahashi H. Critical Damage to the Cellu-
lar Organelles of Saccharomyces cerevisiae Under Sublethal Condi-
tions Upon High Pressure Carbon Dioxide Treatment. High Pres-
sure Res 2019; 39: 273-9.


