
 

 

 University of Groningen

Diffusion and localization of proteins in the plasma membrane of Saccharomyces cerevisiae
Syga, Lukasz

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Syga, L. (2018). Diffusion and localization of proteins in the plasma membrane of Saccharomyces
cerevisiae. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/d0010307-6c2b-45dc-ae0f-9208ffdeeafe


 

 

 

 

 

 

Diffusion and localization of proteins in the 
plasma membrane of Saccharomyces 

cerevisiae 
 

 

 

 

 

Łukasz Syga 
  



 

 

 

 

 

 

 

The work described in this thesis was carried out in the Membrane Enzymology 
group of the Groningen Biomolecular Sciences and Biotechnology Institute (GBB) 
of the University of Groningen and was financially supported by the BE-Basic R&D 
Program, which was granted a FES subsidy from the Dutch Ministry of Economic 
affairs, agriculture and innovation (EL&I). 

 

 

 

 

 

 

Cover design: Łukasz Syga 

Printed by: Optima Grafische Communicatie B. V., Rotterdam 

ISBN (printed version): 978-94-034-1223-8 

ISBN (electronic version): 978-94-034-1222-1 

 

 

 

 

 

Copyright © 2018 by Łukasz Syga. All rights reserved. No parts of this thesis may 
be reproduced, stored in a retrieval system, or transmitter in any form or by any 
means, without the permission of the author. 



 
 

 
 
 

Diffusion and localization of 
proteins in the plasma membrane 

of Saccharomyces cerevisiae 
 
 
 
 
 

PhD thesis  
 
 

to obtain the degree of PhD at the 
University of Groningen 
on the authority of the 

Rector Magnificus Prof. E. Sterken 
and in accordance with 

the decision by the College of Deans. 
 

This thesis will be defended in public on  
 

Friday 14 December 2018 at 09.00 hours 
 
 
 

by  
 
 
 

Łukasz Syga  

born on 24 June 1990 
in Bielawa, Polen 



Supervisors 
Prof. B. Poolman  
Prof. D.J. Slotboom  
 
 
 
 
Assessment Committee 
Prof. I.J. van der Klei  
Prof. B. Andre  
Prof. J. Kok 
  



Table of Contents 

Chapter 1: Introduction ................................................... 7 

Chapter 2: Method for immobilization of living and 
synthetic cells for high-resolution imaging and single-
particle tracking ............................................................. 25 

Chapter 3: Slow diffusion, steric exclusion and protein 
conformation determine the localization of plasma 
membrane transporter .................................................. 49 

Chapter 4: Possible causes of slow diffusion in the 
plasma membrane of Saccharomyces cerevisiae .......... 99 

Chapter 5: Summary, discussion, perspectives ........... 143 

Nederlandse Samenvatting .......................................... 151 

Streszczenie w języku polskim ...................................... 155 

Chapter 6: Acknowledgments ..................................... 159 

 

 

 



 



  P a g e  | 7 

Chapter 1: Introduction 
  



8 | P a g e  

  



  P a g e  | 9 

Introduction 

Yeasts are unicellular eukaryotic organisms that mankind has used for biochemical 
processes for millennia. Fermentation, a metabolic process in which a carbon source 
is converted into a product in the absence of exogenous electron acceptor, e.g. the 
conversion of glucose into ethanol, was already used to produce beer in ancient 
Egypt. A Dutch scientist, Antonie Philips van Leeuwenhoek (1632-1723) first saw 
yeast cells under the microscope in 1680. He watched globules floating through 
beer. The globules of yeast were formed by 6 smaller globules, which were “of the 
same size and fabric as the globules of our blood”. He observed single globules, and 
smaller aggregates, but he assumed the globule formed of 6 smaller globules to be 
“a perfect globule of yeast” and all singlets tend to this state. Van Leeuwenhoek 
thought that yeast is formed from flour by dehydration and rehydration; he made 
the observations 79 years before the cell theory was formulated1,2. The first impact 
of science on the brewing process can be traced to Emil Christian Hansen 
(1842-1909), who worked at Carlsberg Laboratory in Copenhagen, Denmark. 
Hansen realized in 1883 that the yeast used for brewing consisted of a mixture of 
different strains. Hansen then succeeded in the isolation of strains and made the 
brewing of beer more consistent by using single strains3. The word enzyme, first 
used by Wilhelm Kühne (1837-1900), comes from Greek ἔνζυμον, which means  “in 
yeast”. Yeast extracts were used by Eduard Buchner (1860-1917) to show that living 
cells are not required for fermentation4, for which he was awarded the Nobel Prize 
in 1907. Saccharomyces cerevisiae, a budding yeast, was the first eukaryote of which 
the genome was fully sequenced5. S. cerevisiae is an often-used model organism for 
biochemical and cell biological research. It is an eukaryote, which is relatively easy 
to work with. In many aspects it serves as excellent model of more complex 
eukaryotic organisms6,7. On top of that, yeasts are heavily used in the 
biotechnological industry, and it is difficult to name all the processes in which yeast 
is applied. A report by Business Communications Company Research stated that the 
global market for yeast products reached $7.1 billion in 2016, and the predictions 
are that in 2022 the number will have grown to $10.7 billion8. Yeasts produce a lot 
of different chemicals and proteins, but purification of biochemicals from the cells 
is still costly. For biotechnological applications it is generally beneficial if the cells 
can excrete the commodities. To make that possible, we need deeper 
understanding of the yeast plasma membrane and plasma membrane proteins, 
especially the delivery, stability (turnover), and mobility of the proteins.  

In my PhD thesis I have used S. cerevisiae to study the dynamics and localization of 
the proteins in the plasma membrane (Chapters 3 and 4). A brief introduction on 
the traffic of proteins to and from the plasma membrane is given below. 
An overview of the diffusion of proteins in biological membranes is given in the 
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introduction to Chapter 4. Part of my thesis work required improving the surface 
immobilization of cells to allow for measurements of protein localization and 
dynamics with higher precision; the newly developed immobilization method is 
presented in Chapter 2. 

 Transport of proteins to the plasma membrane 

In eukaryotes, ribosomes bound to mRNA for plasma membrane proteins are 
associated with the endoplasmic reticulum (ER). Most plasma membrane proteins 
are inserted into the ER membrane during the translation process. Subsequently, 
the proteins are transported via the Golgi to the desired compartment, while being 
modified during the trafficking.  ER to Golgi transport in yeast is dependent on 
a cytosolic GTP-binding protein Sar1p, which initiates this trafficking process. When 
Sar1p is placed under control of the GAL1 promoter, cells can grow on galactose 
(the Sar1p protein is produced in these cells), but the cells die upon transfer to 
glucose medium, in which the expression of SAR1 is repressed. Dead cells 
accumulate proteins in core-glycosylated form, as they remain in the ER before 
further processing can occur9. There are special regions in the ER named ER exit sites 
(ERES), or transitional ER in higher eukaryotes, where formation of vesicles for travel 
towards the Golgi takes place10. The transport between ER and Golgi happens via 
COPII vesicles, which are formed in vitro when Sar1p, Sec13p and Sec23p complexes 
are present. Sar1p initiates the process of formation of COPII vesicles when it is in 
the GTP-bound state. Subsequently, the Sec23p complex is recruited, which in turn 
recruits the Sec13p complex. These proteins form a COPII coat, which causes 
deformation of the membrane and release of the vesicle. The hydrolysis of GTP is 
followed by release of Sar1p and disassembly of the COPII coat, which is necessary 
for the fusion of the transport vesicles with the Golgi membrane11,12. The 
recruitment of ER proteins to COPII vesicles is dependent on an ER export signal, but 
many of the recruited proteins have none of the known localization signals13.  

The Golgi is made of multiple compartments called cisternae. ER transport vesicles 
fuse with the cisternae (early, or cis Golgi), which are different from the cisternae 
from which proteins are transported out of the Golgi (late, or trans Golgi). Proteins 
travel from the trans Golgi to specific membranes, such as the plasma membrane, 
via exocytotic vesicles. Maturation of the proteins occurs while they progress from 
the cis to trans Golgi. The cis-Golgi markers Rer1p, Sed5p14, or Vrg4p15 have been 
labeled fluorescently as have the trans-Golgi proteins Gosp115 or Sec7p14,15. 
Tracking cisternae over time was used to determine whether cisternae are stable 
compartments between which proteins are transported, or whether they mature 
together with the cargo. None of the observed cisternae showed markers 
exclusively present in the cis- or trans-Golgi for the lifetime of the compartment. 
Instead, in multiple cisternae cis-Golgi markers were replaced by trans-Golgi 
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markers, while none of the cisternae changed from trans- to cis-Golgi. Thus, the 
compartments of the Golgi are not stable structures and the cisternae mature with 
the transported proteins.  

In the trans-Golgi proteins are sorted and loaded into different vesicles depending 
on their target compartment. Plasma membrane proteins are transported via the 
secretory pathway. Randy Schekman was awarded the Nobel Prize in 2013 for his 
research on vesicular trafficking in yeast, in which he used temperature-sensitive 
mutants16,17. The plasma membrane proteins, together with secretory proteins, are 
transported from the Golgi to the plasma membrane in two types of vesicles: One 
type carries mostly proteins that are to be secreted and are delivered to the plasma 
membrane in less than 5 minutes17. The other type is more abundant, and probably 
targeted to specific places on the plasma membrane due to the presence of Snc1p, 
one of two SNARE proteins suspected to be in post-Golgi vesicles18. SNARE proteins 
are present in the membrane of vesicles as well as in the target membrane. Physical 
interactions between vesicle- and membrane-bound SNARE proteins, followed by 
conformational changes, bring the membranes together to allow fusion. The 
delivery of the H+-ATPase, Pma1p, to the plasma membrane, in the second type of 
vesicles takes more than 30 minutes19. The reason behind the difference in time 
necessary for the delivery is not known. Most probably it is due to localized 
exocytosis via Snc1p containing vesicles, or to a different way of transporting 
vesicles inside the cell. The minimal complex of proteins that allows exocytosis, the 
exocyst, has been defined as a structure containing seven proteins: Sec3p, Sec5p, 
Sec6p, Sec8p, Sec10p, Sec15p, and Exo70p20. The exocyst localizes itself at the inner 
leaflet of the plasma membrane where the exocytosis will occur. It assists in the 
fusion of the vesicle with the membrane21. The exocytosis of membrane proteins 
occurs with a preference for growing buds. 

Endocytosis 

Proteins that are no longer needed (and may become harmful to cells) are removed 
from the plasma membrane by endocytosis. Two different types of endocytosis are 
generally found in eukaryotic cells: (i) fluid-phase endocytosis, which is non-specific 
and happens continuously; and (ii) inducible endocytosis, which is triggered by 
proteins in the plasma membrane22. Although a lot is known of exo- and endocytosis 
in yeast, there is to the best of my knowledge no specific information on the 
turnover of membrane lipids23–28. However, in the fluid-phase endocytosis Mand 
L-cell fibroblasts internalize 3.1% and 0.9% of their surface every minute. This results 
in endocytosis of the entire surface area of the cell within 33 min and 2 h, 
respectively29. In the yeast plasma membrane, which is more rigid and thick than 
a mammalian plasma membrane due to its high sterol content, an actin skeleton is 
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required for endocytosis. The actin skeleton provides the mechanical force needed 
to deform the PM and produce the vesicles24. Wild type yeast cells do not have any 
actin skeleton-independent endocytosis pathways30. 

The minimal clathrin-coated vesicles are formed in vitro from liposomes containing 
a nickel salt of 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) 
iminodiacetic acid) succinyl] (Ni2+-NTA-DOGS), using polyhistidine-tagged epsin 1 
fragment as an adaptor protein, clathrin and dynamin31.  

 

Figure 1. Schematic representation of clathrin-dependent endocytosis. Protein 
modules driving the different steps of the endocytic process are assembled sequentially 
from soluble cytosolic protein pools. After initiation of the endocytic site, cargo is 
recruited to this site and the membrane is shaped into an invagination, which is finally 
separated from the plasma membrane by scission. Uncoating releases the proteins of 
the endocytic machinery back to the cytosolic pool and releases a vesicle that can 
participate in intracellular membrane trafficking events. Source: Kaksonen and Roux 
(2018)32. 

Endocytosis of membrane proteins proceeds similarly in yeast and mammalian cells.  
During the initiation the dynamin is rapidly recruited after the clathrin and the 
adaptor protein 2 (AP2) complex are accumulated to their maximal level33. After 
recruitment of dynamin the actin34, N-WASP (Las17p in yeast35), Arp2/336 proteins, 
and Hip1R-cortactin complex37 arrive at the endocytic spot. A Hip1/R (Sla2p in 
yeast38) accessory protein connects the clathrin with the actin skeleton, which starts 
pulling the clathrin-coated invagination away from the plasma membrane. Myosin 
VI has been reported to interact with the Dab 2 accessory protein and 
phosphatidylinositol 4,5-biphospate (PI(4,5)P2)39, whereas myosin 1E (Myo3/5p in 
yeast40) binds a SH3 domain of the dynamin41. Using the energy from GTP hydrolysis 
the dynamin contracts and at the same time makes a twisting movement, which 
results in supercoiling of membrane tubules. It is speculated that the myosin 1E pulls 
the dynamin towards the plasma membrane when the myosin VI pulls the 
clathrin-coated pit towards the cytosol, thereby separating it and creating 
a vesicle42. The vesicle then fuses with a sorting endosome, a compartment with 
slightly acidic lumen43. The lipid composition of the endosome membrane is 
different from that of the plasma membrane and together with the low internal pH 
accommodates dissociation of protein complexes. For example, a Toll-Like receptor 
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4 (TLR4) interacts with toll interleukin receptor adaptor protein MyD88 in a PI(4,5)P2 
dependent way in the plasma membrane. In early endosomes this complex is 
dissociated due to a lower concentration of PI(4,5)P2

44. 

Inducible endocytosis occurs when proteins are marked for internalization. Known 
endocytic signals can by grouped into three different classes: linear motifs, 
conformational determinants, and covalent modifications. The most studied linear 
motifs are YXXØ45, [FY]XNPX[YF]46, and [DE]XXXL[LI]47. Where X signifies any amino 
acid, Ø signifies a bulky, hydrophobic amino acid, and the square brackets list 
possible residues for that position. Unlike the linear motifs, the conformational 
determinants are unique to specific proteins such as R-SNARE or the Dvl2:μ2 
complex48–50. Finally, mono-, or polyubiquitynation of the proteins51, or 
phosphorylation of hydroxyl amino acids52, can lead to internalization of membrane 
proteins. Ubiquitynation sites are different for each protein53. The -amine group of 
lysine residues are ubiquitynated most commonly51,54,55, however the amine group 
at the N-terminus of a protein can also undergo this modification56–59, as well as 
cysteine residues60,61. Phosphorylation in yeast is a protein-specific process in which 
(most commonly) serine, threonine, or tyrosine are modified with a phosphate 
group. More than 70% of the proteins in a large-scale study were phosphorylated 
by less than 3 out of 82 kinases tested. A number of phosphorylation motifs were 
identified with the most common being SXXD, where X signifies any amino acid62. 
It is not clear, however, to what extent these motifs and specific kinases induce 
endocytosis of the proteins. It is possible that each protein responds differently to 
phosphorylation. The internalized proteins can be recycled back to the plasma 
membrane, or degraded in the vacuole. Recycling of the proteins is discussed in the 
next section. 

Recycling of membrane proteins 

The membrane proteins without degradation signals are removed from the sorting 
endosome by creating lipid tubules with a diameter of about 50 nm. The high 
surface to volume ratio of the tubules separates the plasma membrane proteins 
from the soluble cargo63. A hepatocyte-growth-factor-regulated tyrosine kinase 
substrate protein (HRS) binds polyubiquitynated proteins and clathrin64. That 
interaction may prevent the pinching off of tubules in which ubiquitynated proteins 
are located, thereby keeping them in the endosomes. In yeast the HRS is part of an 
endosomal-sorting complex required for transport protein complex-0 (ESCRT-0). 
This complex can cluster on the membranes, which is enhanced by the presence of 
ubiquitynated proteins65.  

Some proteins are recycled back to the plasma membrane in a fast process that is 
dependent on a Rab4 GTPase66. However, most endocytosed proteins are 



14 | P a g e  

transported from the sorting endosomes to the endocytic recycling compartment 
(ERC), which is morphologically and functionally distinct from the sorting 
endosomes. Transferrin receptors following this pathway return to the plasma 
membrane with a t1/2 of 10 minutes63. From the ERC the plasma membrane proteins 
are transported either to the plasma membrane or to the trans-Golgi for further 
sorting67. Proteins not removed from the endosome for recycling are degraded in 
the vacuole. 

In S. cerevisiae ubiquitynation acts as the main endocytic signal51. When cells are 
grown in nitrogen-rich conditions, Gap1p, a general amino acid permease and 
a homologue of Lyp1p and Can1p, is (poly) ubiquinated, endocytosed, and degraded 
in the vacuole. Gap1p is not degraded when it is only mono-ubiquitynated, but then 
it is recycled back to the plasma membrane68. Proteins that are ubiquitinated can 
stimulate formation of the clathrin-coated pits in S. cerevisiae, making the 
modification extremely important for regulating the protein composition of the 
plasma membrane69. 

 



  P a g e  | 15 

Figure 2. Schematic representation of recycling of plasma membrane proteins. The 
model shows the post-endocytic itineraries of several molecules. The transferrin 
receptor binds its ligand, diferric transferrin; the low-density-lipoprotein receptor (LDLR) 
binds low-density lipoprotein (LDL); and the cation-independent mannose-6-phosphate 
receptor (CI-MPR) binds lysosomal enzymes. All of these membrane proteins 
concentrate into clathrin-coated pits, and their initial delivery site is sorting endosomes. 
The transmembrane proteins furin and trans-Golgi network (TGN)38 also enter through 
clathrin-coated pits. Most membrane proteins rapidly exit sorting endosomes and are 
either returned directly to the plasma membrane or are transported to the endocytic 
recycling compartment (ERC). Furin is retained in the sorting endosome as the sorting 
endosome begins to mature into a late endosome, and furin is delivered to the Golgi 
from late endosomes. From the ERC, essentially all of the LDLRs and transferrin 
receptors recycle to the cell surface. Transferrin, unlike most other ligands (for example, 
LDL), is not released from its receptor in the acidic environment of sorting endosomes. 
The two irons (Fe3+) are released from diferric transferrin at the acidic pH and 
transported into the cytoplasm, but iron-free transferrin remains bound to its receptor 
until it is returned to the cell surface. At the neutral extracellular pH, iron-free transferrin 
is released from the receptor. About 80% of the internalized TGN38 and CI-MPR also 
returns to the cell surface, and the rest is delivered to the TGN. The CI-MPR can go from 
the TGN to late endosomes, where any ligand that is still bound can dissociate as a result 
of exposure to low pH. From the late endosomes, furin and free CI-MPR can move to the 
TGN, and molecules in the TGN can be delivered back to the cell surface. It is uncertain 
whether CI-MPR and furin are transported in the same or different vesicles between the 
TGN and late endosomes. The t1/2 values are approximate and cell-type dependent. 
Source: Maxfield and McGraw (2004)67. 

MCC/eisosomes 

The plasma membrane of S. cerevisiae is not homogeneous. A complex 
microdomain has been described on the basis of optical and electron microscopy 
studies70–72. Many proteins are localized in distinct domains71,73. The H+-ATPase, 
Pma1p, the most abundant protein in the S. cerevisiae plasma membrane is 
excluded from membrane compartment of Can1p (MCC) and is present in the 
network around them, named membrane compartment of Pma1p (MCP)71,73,74. The 
MCC was first identified by fluorescence microscopy73 and its scaffold by so-called 
Bar-Amphiphysin-Rvs (BAR) domain proteins (Pil1p and Lsp1p). The scaffolding 
structure is known as the eisosome75 and stabilizes the furrow-like MCC 
structures72, which is necessary for localization of Can1p to MCC76. Hence, we term 
the structures MCC/eisosomes (Figure 3).  
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Figure 3. Schematic of the MCC/eisosomes. MCC (in blue) forms a discrete membrane 
structure that is stabilized by BAR proteins: Pil1p (purple) and Lsp1p (brown); they are 
essential for the formation of the invagination. Can1p (red) can enter the 
MCC/eisosomes. Sur7p (green) is one of the structural proteins of the MCC/eisosome. 
Pma1p (yellow) is excluded from the MCC and cortical ER (cER; gray) is excluded from 
the eisosomes. MCC, membrane compartment of Can1; MCP, membrane compartment 
of Pma1p. 

In addition to Can1p, multiple transporter proteins have been shown to accumulate 
in MCC/eisosomes, including: Fur4p77, Tat2p78, Mup1p79, and Lyp1p80. The 
MCC/eisosomal proteins accumulate (partition) in the MCC/eisosomes in 
a substrate-dependent manner78,79,81. For Can1p mutants it has been shown that 
the protein is excluded from the MCC/eisosomes when it is in an inward open 
state81, that is under conditions that arginine is present in the medium. 
Furthermore, Can1p and Mup1p localization to the MCC/eisosomes depends on 
sphingolipids79,81.  

The MCC/eisosome membrane scaffold is formed by two homologous proteins with 
BAR domains: Pil1p and Lsp1p. However, only Pil1p is necessary for the formation 
of the MCC/eisosomes75. In vitro Lsp1p and Pil1p assemble into helical structures82 
and bind PI(4,5)P2 containing membranes forcing them to shape tubular 
structures82,83. Recruitment of Inp51p, a phosphatidylinositol phosphatase, might 
make the MCC/eisosome responsible for regulation of PI(4,5)P2 levels in the 
membrane84. Another protein that is found in MCC/eisosomes, independent of 
nutrition and cell cycle, is Sur7p, which function may be to tether other proteins to 
the MCC/eisosome. Sur7p is very stable and abundant tetraspanner protein77 and 
localizes exclusively to the boundary of the MCC/eisosomes72. Nce102p is the only 
transmembrane protein essential for the formation of the MCC/eisosomes. While 
Sur7p (and Pil1p) are localizing to the patches at the moment they emerge, Nce102p 
shows homogenous distribution in the plasma membrane until the bud reaches 
a diameter of around 1/3 of the mother cells suggesting that it is important at later 
stages of formation, or for stability of the eisosomes85. The MCC/eisosomes are 
stable for hours, which is longer than the cell cycle71,73 and the embedded proteins 
are protected from endocytosis76,85,86. 
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This thesis 

The goal of this thesis was to better understand amino acid transport in the plasma 
membrane of S. cerevisiae with the ultimate aim of engineering relevant 
transporters for amino acid export; specifically the efflux of lysine and arginine. 
Biochemical work to understand the energy coupling mechanism and biochemistry 
of the lysine and arginine transporters (Lyp1p and Can1p, respectively) was 
performed by other members of the group. Here, we report on the fate of the Lyp1p 
and Can1p proteins after they reach the plasma membrane. We used a combination 
of molecular biology and state-of-the-art optical microscopy methods to trace the 
fate of plasma membrane proteins in living yeast cells. There were indications that 
exocytosis and endocytic recycling are relatively fast compared to lateral diffusion 
of the proteins in the plasma membrane (see introduction to Chapter 4)87,88. This 
would imply that proteins may accumulate at certain sites in the membrane rather 
than distribute randomly, and this apparent polarity could have important 
physiological implications. 

The slow mobility of proteins makes it technically difficult to quantify the diffusion 
coefficient. Experiments to measure diffusion usually take around 20 minutes, in 
which any movement of the cell introduces an error that cannot easily be corrected 
for. The super-resolution methods that we employed can calculate the localization 
of a protein with an accuracy of around 20 nm. This means that cells have to move 
less than 20 nm in 20 minutes and any treatment to immobilize cells should not 
affect their physiology. We discovered that the commonly used approach for 
immobilization of yeast produces background fluorescence, prompting us to search 
for a better method. In Chapter 2 we describe a new APTES-glutaraldehyde-based 
method to immobilize cells on glass surfaces that is suitable for high-resolution 
optical microscopy. Cells were immobilized for hours with negligible movement, 
while the cells stayed alive and divided. We show that the APTES-glutaraldehyde 
method can be used to immobilize various membranes as long as they contain 
primary amines accessible to the modified glass surface. 

In Chapter 3 we determine the diffusion and localization of proteins in the yeast 
plasma membrane to find out whether the membrane is compartmentalized (e.g. 
due to the presence of fences and pickets, see introduction to Chapter 4) or whether 
the slow diffusion is an intrinsic property of the lipid composition (e.g. fluidity) of 
the membrane (Chapter 4). We measure slow diffusion of Can1p, Lyp1p and Nha1p, 
using Fluorescence Recovery After Photobleaching (FRAP), and observe that Lyp1p, 
like Can1p, localizes to the MCC/eisosomes in a substrate-dependent manner. Using 
the immobilization method described in Chapter 2, we pushed the limits of the 
microscopy and performed super-resolution measurements together with tracking 
of single particles. We show that the diffusion coefficients of Can1p, Nha1p, and 
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Pma1p are not affected by the proximity of the proteins to eisosomes, and did not 
find evidence for other compartments (confinement) that would explain the 
apparent slow diffusion. Can1p partitions in MCC/eisosomes, Nha1p can enter and 
leave MCC/eisosomes, whereas Pma1p is excluded from the structures. Moreover, 
we show that proteins are excluded from the MCC/eisosomes by steric hindrance, 
that is, when they have large cytosolic domains near the plasma membrane.  

In Chapter 4, we introduce the history and current knowledge about lipid bilayers 
including the Fences and Pickets model. In our opinion, this widely accepted model 
for the plasma membrane of mammalian cells does not hold for yeast. In the 
experimental section of this chapter, we describe our attempts to understand the 
cause(s) for the slow diffusion of proteins in the yeast plasma membrane. The high 
fraction of saturated (sphingo-) lipids and ergosterol in the plasma membrane of 
yeast is most likely responsible for slow diffusion. We have tried to insert probes 
into the inner and outer leaflet of the membrane and determine whether both differ 
in their fluid properties. On top of that we measured the diffusion of 
Can1p-mNeonGreen protein as a function of temperature to further characterize 
the physical state of the yeast plasma membrane. Clearly, the yeast plasma 
membraneis in a more liquid-ordered state than that of bacteria or higher 
eukaryotes, but we have not yet found the ultimate answer for the cause of the slow 
diffusion.   
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Abstract 
Super-resolution imaging and single-particle tracking require cells to be immobile as 
any movement reduces the resolution of the measurements. Here, we present 
a method based on APTES-glutaraldehyde coating of glass surfaces to immobilize 
cells without compromising their growth. Our method of immobilization is 
compatible with Saccharomyces cerevisiae, Escherichia coli, and synthetic cells 
(here, giant-unilamellar vesicles). The method introduces minimal background 
fluorescence and is suitable for imaging of single particles at high resolution. With 
S. cerevisiae we benchmarked the method against the commonly used concanavalin 
A approach. We show by total internal reflection fluorescence microscopy that 
modifying surfaces with ConA introduces artifacts close to the glass surface, which 
are not present when immobilizing with the APTES-glutaraldehyde method. We 
demonstrate validity of the method by measuring the diffusion of membrane 
proteins in yeast with single-particle tracking and of lipids in giant-unilamellar 
vesicles with fluorescence recovery after photobleaching. Importantly, the physical 
properties and shape of the fragile GUVs are not affected upon binding to APTES-
glutaraldehyde coated glass. The APTES-glutaraldehyde is a generic method of 
immobilization that should work with any cell or synthetic system that has primary 
amines on the surface. 
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Introduction 
Fluorescence microscopy is a common method for studies of biological processes. 
Information about the localization, interactions and structure of macromolecules 
and sub-cellular organization of the cell can be obtained. Synthetic and genetically 
encoded fluorescent probes have been developed to label DNA, RNA, proteins, and 
lipids, allowing visualization of these major components of the cell1–3. Fluorescence 
microscopy is suited for imaging of living cells due to simpler and milder sample 
preparation, compared to other single-cell techniques like Atomic Force Microscopy 
or Electron Microscopy. Additionally, the specificity of fluorescent labeling allows 
for easy identification of the object of the study. The main disadvantage of 
conventional light microscopy is its inability to resolve fluorescent signals that are 
separated by less than 0.61*λ/NA, where λ is the wavelength of the light and NA is 
the numerical aperture of the microscope. This results in a maximal resolution of 
around 200 nm for commonly used setups with high NA optics. However, it is 
possible to localize molecules with much higher accuracy by limiting the number of 
fluorescent molecules emitting at the same time. Single fluorophores can be 
localized with tens of nanometer accuracy when each diffraction limited peak 
contains only one source of fluorescence4. The localization accuracy of 
a fluorophore depends on the number of photons emitted5 and is typically much 
better for dyes than for fluorescent proteins. The development of super-resolution 
techniques6,7 such as photoactivated localization microscopy (PALM) and stochastic 
reconstruction microscopy (STORM) is based on photoswitchable fluorescent 
proteins and dyes, respectively. Fluorophores are excited one by one after which 
they enter a dark state; by recording the position of individual molecules over time, 
a high-resolution image of substructures in the cell can be obtained. Dynamic 
information of the cell can be obtained by single-particle tracking (SPT)4. Here, the 
trajectories of individual molecules are traced for a long period of time. Both 
high-resolution imaging and tracking of fluorescent molecules require cells to be 
relatively immobile, as any movement of the cell will decrease the localization 
accuracy of the fluorophore. With relatively immobile we mean that the object (e.g. 
a cell) does not detectibly move on the timescale of the measurements. 

The perfect immobilization method should have three main features: (i) no or 
minimal movement of the cell, (ii) being benign to the cells, and (iii) give rise to 
minimal fluorescence background. Depending on the type of experiment 
performed, each of the three features will have different priority. For example, total 
internal reflection fluorescence (TIRF) microscopy exploits the property of 
an induced evanescent wave in a region of a few hundred nanometers, immediately 
adjacent to the interface between two media having different refractive indices8. 
The excitation power decays exponentially with the distance from the surface, 
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reducing background coming from fluorescent molecules above the excited area. 
Since the glass surface is excited with more power than the sample, it is extremely 
important that the immobilization method does not cause background 
fluorescence. SPT measurements of e.g. membrane proteins9 are typically 
performed over long periods of time and require cells to be immobile for the 
duration of the experiment. In single-particle tracking or super-resolution imaging 
experiments the fluorophores can be localized with an accuracy of 20-50 nm. Any 
movement of a cell will increase error of the measurements for which a correction 
is often not possible. 

Various methods of cell immobilization have been described. Cells can be captured 
in microfluidic devices10-12, but those devices are only suitable for tracking large 
changes in cell morphology13, or for the global monitoring of protein expression12. 
The cells are trapped at a specific location in the device but still have some freedom 
to move. To minimize movements, high pressures have been applied with the risk 
of affecting the physiology of the cells. An alternative approach to immobilize cells 
is to bind them to the surface of a glass slide. One such method is based on the 
treatment of glass surfaces with (3-aminopropyl)triethoxysilane (APTES)14. Highly 
negatively charged cell surfaces, like those of Escherichia coli, will be immobilized 
due to a strong electrostatic interaction. However, a method based on electrostatic 
interactions does not work for all cells, including Saccharomyces cerevisiae. In those 
cases, the carbohydrate-binding protein concanavalin A (ConA)15, a lectin, has been 
used for immobilization.  

In this work, we found that cover slides prepared for immobilization with ConA show 
fluorescent loci when excited with a 561 nm laser. The intensity of fluorescence is 
not high, but it is a problem in TIRF measurements where the excitation power 
decays exponentially with distance and is highest near the surface. Consequently, 
fluorescent signals coming from the glass surface convolute the observations of 
fluorescent proteins inside the cell. We developed a generic method to immobilize 
cells for super-resolution imaging and single particle tracking measurements based 
on APTES coating of glass slides, followed by glutaraldehyde treatment and 
subsequent reaction with amines on the surface of the cells (Fig. 1a). A similar 
approach has been used to immobilize enzymes16–18 and cellular microreactors19 
Our method offers low fluorescent background, quick attachment of different types 
of cells, and no visible movement of the cells over hours. The cells can be imaged in 
any solution and grow in the proper media during the imaging.  
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Figure 1. Modification of coverslips with APTES-glutaraldehyde. Panel a shows the 
modification of the glass. The glass surface reacts with the APTES, leaving a free primary 
amine on the surface. Glutaraldehyde reacts with the primary amine, leaving a second 
aldehyde group to react with an amine on the surface of the cell (e.g. lysine in proteins 
on the cell surface or lipids with phosphatidylethanolamine headgroup). Panel b shows 
contact angle images made at each step. Glass after plasma cleaning (image 1) and slides 
with cells attached (image 6) are too hydrophilic for water drop formation. 
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Results 
Modification of the glass surface 

The modification of the glass cover slides by APTES w/wo glutaraldehyde was 
investigated with contact angle measurements; details of the method are described 
in the Methods section under “Preparation and characterization of coverslips”. The 
plastic wells used for the immobilization of cells precluded exact determination of 
the contact angle, because imperfections of the plastic obscured the view. We 
therefore show the images of water droplets rather than actual values (Fig. 1b). 
First, the contact angle of plasma-cleaned coverslips was analyzed, and as expected 
the hydrophilic nature of the surface prevents formation of the droplet (image 1). 
With APTES, a clear droplet is formed (image 2), confirming the hydrophobic nature 
of the coating, which is not affected by attachment of the plastic wells (image 3). 
We then treated the wells for 30 min with glutaraldehyde, after which they were 
cleaned with water (image 4).  A 150 mM sorbitol solution, which is equiosmolar to 
the growth medium used for Saccharomyces cerevisiae, was added to a well without 
(image 5) or with cells (image 6) . We see that modification of the slides with 
glutaraldehyde increases the contact angle, but the effect is diminished in the 
presence of sorbitol. Furthermore, we observed that the hydrophilic groups on the 
surface of the S. cerevisiae cells prevent formation of a droplet on the glass surface, 
while time and handling of the coverslip had only minimal effect on the contact 
angle measurements (image 7).  

Immobilization of S. cerevisiae and optimization of the method 

Next, we optimized the conditions for the immobilization of the yeast 
Saccharomyces cerevisiae. From previous work, we knew that yeast cells could be 
attached to APTES-glutaraldehyde treated coverslips using ddH2O as the attaching 
solution9. However, suspension of cells in ddH2O results in an osmotic downshift, 
which should be avoided if possible. Immobilization of the cells in growth media is 
not possible because high amounts of amino acids and others primary amines are 
present and these will react with the glutaraldehyde on the coverslips. We wanted 
the attaching solutions to be close to physiological conditions, so we started with 
solutions that have a pH and osmolality similar to that of the growth media. To 
investigate which solution works best, we used optical microscopy and monitored 
the movement of cells over time (Fig. 2a, Supplementary Movie 1; All 
supplementary movies are available online at the published version of this chapter: 
https://doi.org/10.1038/s41598-018-32166-y). We tested 75 mM potassium 
phosphate (KPi), pH 6.5, and 75 mM NaCl but observed that the presence of salts 
affects the immobilization of yeast cells to APTES-glutaraldehyde treated coverslips, 
presumably by shielding primary amine groups (vide infra). Next, we tested sorbitol 
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and PEG200 at 150 mM up to 1M; these non-ionic solutions allow immobilization of 
yeast cells, but with PEG200 a subpopulation of the cells remained mobile. We 
continued with 150 mM sorbitol as it gave us the best results. Sorbitol is commonly 
used in studies of yeast, either to protect spheroplasts from lysing, or at high 
concentrations as a shocking agent20–23. 

 

Figure 2. Immobilization of S. cerevisiae on APTES-glutaraldehyde treated coverslips. 
Panel a shows movement of the cells that were attached to the slides in different 
solutions, as indicated above the panels: The final concentrations in the attachment 
solutions were MilliQ, 75 mM KPi, 150 mM or 1 M sorbitol, 75 mM NaCl, and 150 mM 
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PEG. The x-axis of the graphs shows the detected movement between two consecutive 
frames measured in pixels (dots represent movement along x-axis, crosses along y-axis). 
Multiple frames are plotted on the y-axis. Panel b shows growth of S. cerevisiae. The 
cells were immobilized in the presence of 150 mM sorbitol, after which the sorbitol was 
replaced by synthetic drop-out medium containing 2% [w/v] D-raffinose without uracil.  

Importantly, cells immobilized in the presence of sorbitol and subsequently 
incubated in growth medium retain the ability to bud (Fig. 2b). We did not quantify 
long-term immobilization and cell division, but we observe that cells stay immobile 
for hours and can divide while attached to the coverslip. We also tested the effect 
of an osmotic upshift by addition of 1M sorbitol, which impacts the size and shape 
of S. cerevisiae (Fig. 3). Upon osmotic upshift yeast cells can lose up to 50% of their 
volume24. We observe that cells shrink within 90-130 sec upon addition of 1M 
sorbitol. The recovery of the volume takes around thirty minutes. The cells kept 
completely immobile during and after their recovery (Fig. 3). We thus show that 
immobilization of yeast cells by APTES-glutaraldehyde allows for high-resolution 
imaging of cells.  

 
Figure 3 Effect of hyper-osmotic stress on volume of S. cerevisiae. Cells were 
immobilized on APTES-glutaraldehyde modified coverslips. They were imaged in media 
allowing growth prior to the osmotic shock. Then, media with sorbitol was added to 
a final concentration of sorbitol of 1M. Upon addition of sorbitol the cells rapidly shrink 
(images 2-4), after which they adapt and recover their volume over a period of 
approximately 30 min. 

We benchmarked the APTES-glutaraldehyde method against a ConA-coating, 
a commonly used method for immobilization of yeast25,26. We find that 
ConA-coating introduces increased background fluorescence when excited with 
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a 561 nm laser, a wavelength which is popular for dual-color microscopy 
measurements in living organisms 27–29. We imaged cells expressing Can1-mCardinal 
in TIRF mode (Fig. 4a-c) and find many more fluorescent foci outside of the cells with 
ConA than with APTES-glutaraldehyde immobilization; with the latter method the 
background depended on the quality of glutaraldehyde used, and in our hands, 
EM-grade glutaraldehyde from Sigma-Aldrich is preferred. 

 

Figure 4. Comparison of S. cerevisiae cells immobilized by the ConA and the APTES-
glutaraldehyde methods. Panels a-c show fluorescence background on the slides 
immobilized with ConA (a), glutaraldehyde (b) and EM-grade glutaraldehyde (c). 
A discoidal averaging filter (inner radius of 1, outer radius of 3 pixels; same as during the 
data analysis) was used on the images. Panels d-f show the cumulative probability 
distribution of step sizes of Can1-mCardinal molecules immobilized with ConA (d; 6 
independent experiments) or APTES-glutaraldehyde (e; 3 independent experiments). 
Panel f shows the cumulative probability distribution of all step sizes of Can1 in cells 
immobilized with ConA (red) or glutaraldehyde (black). Panels g-i show the distance 
distribution of localized molecules of Can1 to the center of the nearest eisosomes in 
cells.  Panels g and h show the distribution of all Can1 found in cells immobilized with 
ConA (g) or APTES-glutaraldehyde (h). Panel i shows the sum of the molecules from the 
two independent experiments that have a much higher immobile population (red and 
pink lines on panel d). 
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Dual-color imaging and single-particle tracking 

We performed a dual-color super-resolution microscopy experiment to determine 
if the fluorescence detected on ConA-immobilized slides has an impact on the 
tracking of individual molecules and compared the APTES-glutaraldehyde and ConA 
methods. We fused mCardinal to Can1 expressed from a plasmid under the control 
of the gal promoter. The mCardinal protein is relatively photo-stable, allowing us to 
track molecules for longer periods of times. The experiments were performed in 
TIRF mode to minimize the fluorescence background from interior of the cells. We 
tracked Can1-mCardinal over time and calculated the Cumulative Probability 
Distribution (CPD) of step sizes to determine the mobility of the protein (Fig. 4 d-f). 
The CPD analysis shows two populations of molecules. The first population, which 
we call mobile, has a diffusion coefficient of 5.1 ± 0.8 and 5.4 ± 0.8 * 10-4 µm/s2 

(mean ± SD) in cells immobilized with APTES-glutaraldehyde and ConA, respectively. 
The second population has a diffusion coefficient that is on the edge of our 
detection time, hence we refer to it as the immobile fraction. The mobile population 
consists of 57 ± 2% of the molecules in APTES-glutaraldehyde immobilized cells, 
which is in agreement with previous work9. In ConA-immobilized cells, the 
percentage is 59 ± 13%. Among the data sets collected with ConA-immobilized cells, 
we find two data sets showing a much higher percentage of immobile cells than the 
others, hence the larger standard deviation (Fig. 4d).  

It has been shown by FRAP and SPT that Can1 is less mobile in and around the 
microcompartment of Can1 (MCC)/eisosomes9,30,31. To compare both 
immobilization methods in their applicability for localization microscopy, we now 
investigated the distribution of Can1-mCardinal with both protocols. We used 
Sur7-YPet as marker of MCC/eisosomes32 to determine the distance-dependence of 
the fraction of mobile and immobile Can1-mCardinal. Despite the difference in the 
fractions of immobile cells, the overall data sets show the same trends in 
Can1-mCardinal distribution relative to the MCC/eisosomes (Fig. 4g-i). We conclude 
that both immobilization methods report the same localization and lateral diffusion 
coefficient of mobile Can1-mCardinal, but the variation in mobile and immobile 
fractions is higher with ConA, most likely because part of the background 
fluorescence signal is taken as immobile protein. 

Immobilization of E. coli 

Next, we immobilized E. coli on APTES-glutaraldehyde coverslips. When low 
fluorescence background is needed, E. coli is usually immobilized on APTES-treated 
slides33. We performed immobilization experiments on APTES coverslips with and 
without glutaraldehyde treatment. As expected immobilization did not work in 
Lysogeny Broth (LB) as the attaching solution. We tested 150 mM sorbitol, 75 mM 
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NaCl, and MilliQ as attaching solutions (Fig. 5a, Supplementary Movie 2). E. coli cells 
are completely immobilized when MilliQ or sorbitol are used, but we observe a lot 
of movement when cells are immobilized in NaCl. Thus, similar to what we saw with 
yeast, E. coli cells are effectively immobilized on APTES-glutaraldehyde coverslips 
when the attaching solution does not contain ions. Importantly, the cells attached 
to the slide still divide with a doubling time similar to that of free-floating cells (Fig. 
5b). 
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Figure 5. Immobilization of E. coli on APTES-glutaraldehyde- or APTES-treated slides. 
Panel a shows movement of the cells that were attached to the APTES-glutaraldehyde 
slides in the indicated solutions; the data are benchmarked against immobilization on 
APTES. The final concentrations in the attachment solutions are Lysogeny Broth (LB), 75 
mM NaCl, milliQ or 150 mM sorbitol, as indicated at the top of the figure. The x-axis of 
the graphs shows the detected movement between two consecutive frames measured 
in pixels (Dots represent movement along x-axis, crosses along y-axis). Multiple frames 
are plotted on the y-axis. Panel b shows growth of E. coli in LB after immobilization of 
the cells in 150 mM sorbitol. 
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Immobilization of giant-unilamellar vesicles 

We challenged our method further by immobilizing synthetic vesicles with 
dimensions between 20 to 50 µm. We formed phase-separating giant-unilamellar 
vesicles (GUVs) from a mixture of DPPC/DOPC/Cholesterol (4:3:3) lipids. As the 
method needs primary amines to react with glutaraldehyde, we added a small 
fraction (0.1 mol%) of DOPE to the mixture from which the GUVs are formed. 
Because GUVs are fragile it is not possible to remove the medium from the well and 
replace it with a different one or use solutions of very different osmolality. As the 
GUVs are formed in 200 mM sucrose solution, we decided to dilute the GUVs in 100 
mM NaCl, 200 mM glucose, 200 mM sorbitol or 200 mM sucrose and thus prevent 
osmotic shocks (Supplementary Movie 3). We did not quantify the movement of 
GUVs because our method uses a transmitted-light image on which GUVs are not 
visible. GUVs were tracked by fluorescence only. The changes in background and 
diffusion of big lipid domains influenced the overall image, which precluded 
accurate measurements of GUV movement. Additionally, unbound vesicles could 
not be removed without collapsing most of the immobilized GUVs, at least not in 
the current set up of our measurements. Despite, the difficulties in quantifying GUV 
movement, we clearly observed a large fraction of immobile surface-bound GUVs 
on APTES-glutaraldehyde treated coverslips. Remarkably, we get the best results 
when the GUVs are diluted in 100 mM NaCl solution, which shows that the 
APTES-glutaraldehyde method works in the presence of relatively high 
concentrations of salt. 
Next, we investigated the effect of the concentration of DOPE in the lipid mixture 
on the attachment of the GUVs to the coverslips. We prepared GUVs from mixtures 
containing 0.1 to 5 mol% of DOPE. Additionally, we tested a mixture of 2 mol% DOPE 
plus 2 mol% of methoxy(polyethylene glycol) derivatized 1,2-dioleoyl-sn-glycero-
3-phosphatidyl ethanol amine (mPEG-2000-DOPE); mPEG-2000-DOPE has 
previously been reported to facilitate reproducible formation of large GUVs34. We 
do not see significant differences in the immobilization of the vesicles between the 
mixtures with different amounts of DOPE. The surface-bound GUVs are all immobile, 
and there is always some lipid debris on the slide.  
To determine if the vesicles are deformed when attached to the glass, we made 3D 
images of the GUVs (Fig. 6 a-c). We found that the GUVs are almost completely 
spherical in all cases. We do not notice a preference for the liquid-ordered (Lo) or 
liquid-disordered (Ld) phase to be attached to the slide. While imaging GUVs 
attached to the glass we observed that regions in Ld phase  diffuse through the Lo 
phase, but we did not quantify the speed of diffusion because the domains differed 
highly in size. We also observed fusion of the domains (Fig. 6d, e). Diffusion and 
composition changes of the lipid domains have previously been studied in free 
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floating vesicles35–37. Our method of immobilization of GUVs eliminates the need to 
correct for drift by vesicle movement.  

 
Figure 6. Immobilization of GUVs. Panels a-c show 3D images of GUVs composed of 
DPPC/DOPC/Cholesterol|(4/3/3) with addition of various amounts of DOPE: 0.1 mol% 
(a) or 5 mol% (b), or 2 mol% of DOPE plus 2 mol% mPEG4000-DOPE (c). Panels d and e 
show movement of large lipid domains in 2D over a period of 4 min (d; scale bar is 5 µm) 
and in 3D (e). Panel f shows the influence of mPEG4000-DOPE on the stability of the 
GUVs. 

To further test the effect of mPEG2000-DOPE on the GUVs, we determined their 
stability using vesicles with 5% DOPE as benchmark. We find that after 24 h of 
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storage at room temperature the mPEG-2000-DOPE GUVs still appear to be 
unilamellar, while the 5% DOPE vesicles became multilayered (Fig. 6f).  

We performed fluorescence recovery after photobleaching (FRAP) experiments to 
determine the lateral diffusion of ATTO655-DOPE in the Ld phase of vesicles 
composed of DPPC/DOPC/Cholesterol (4:3:3) with 0.1 mol% of DOPE. The diffusion 
is extremely fast and close to the limit of what we can measure with our microscopy 
setup. We thus imaged only part of the GUVs to be able to accurately determine 
diffusion coefficients (Fig. 7). We found that 82 ± 2% of the fluorescence was 
recovered with a halftime of 196 ± 43 ms (mean ± SD). The diffusion coefficient, 
calculated from the halftime of recovery, is 1.2 ± 0.32 µm2/s, which is similar to the 
values previously reported for lipid diffusion in the Ld phase of free-floating 
phase-separating GUVs38. Thus, the APTES-glutaraldehyde method is suitable to 
determine the mobility of lipids (and presumably proteins) in the different domains 
of GUVs. 

 
Figure 7 Lipid diffusion in the Ld domain of GUVs, probed by FRAP. Panel a shows part of 
the microscopy images. The yellow circle indicates the bleached area. Panel b shows 
normalized fluorescence within the bleached area over time (black squares) and the fit 
of the data (red line). Panel c shows the average and standard deviation of normalized 
data from several experiments (n=8). Scale bar is 1 µm. 
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Discussion 

For cell immobilization in high-resolution fluorescence microscopy the method 
should (i) be easy and fast to implement; (ii) give rise to minimal background 
fluorescence; (iii) not affect the viability of the cells; (iv) allow analysis of the cells 
under (as close as possible to) native conditions; and, most importantly, (v) not 
allow for movement of the imaged objects. For yeast, ConA immobilization works 
well, but the background fluorescence can be problematic in TIRF measurements. 
The here described APTES-glutaraldehyde method proves versatile for different 
types of cells including synthetic lipid vesicles and gives reduced background 
fluorescence when compared with ConA. 

For the testing of our method we used two commonly studied microorganisms, the 
eukaryote Saccharomyces cerevisiae and the bacterium Escherichia coli, as well as 
synthetic membrane systems. The yeast cell is surrounded by a cell wall that is 
composed of glucan, chitin and proteins that are extensively glycosylated39,40. The 
negative charge of the yeast cell surface is independent of pH41. E. coli is 
a Gram-negative bacterium that has an outer membrane (OM) and 
a lipopolysaccharide (LPS) layer exposed to the outer medium42. As most cellular cell 
surfaces, the OM proteins and the LPS are (mostly) anionic. Similar to yeast, we 
observed that the cells are not immobilized in the presence of salt, but the method 
works well with non-ionic attaching solutions. For reasons that are not clear, the 
APTES-glutaraldehyde method does not work for the immobilization of S. cerevisiae 
and E. coli in the presence of salt, possibly because primary amines needed for 
labeling are shielded under these conditions. 

The presence of salt did not affect the immobilization of GUVs containing as little as 
0.1 mol% DOPE. GUVs are important for biochemical and biophysical studies of lipid 
domain formation, molecule diffusion, protein function, protein-lipid interactions 
and others, and we here show that the APTES-glutaraldehyde is very suitable to 
study these processes when high sensitivity and minimal mobility of the vesicles are 
required. The GUVs were very stable on the coverslips and we did not detect major 
deformation of the vesicles.  
In conclusion: we have developed a generic method for the immobilization of living 
and synthetic cells on surfaces that allow the structure of the cells and dynamic 
processes in the cell and cellular membranes to be studied, using both ensemble 
(FRAP) and single-molecule fluorescence microscopy techniques (super-resolution 
imaging and single-particle tracking). We benchmark the APTES-glutaraldehyde 
method against other known methods of cell immobilization. Importantly, we show 
that, even though the cells are immobile for hours, they are still capable of growing 
and dividing with rates comparable to that of non-immobilized cells.  
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Materials and Methods 
Reagents and materials 

We used glutaraldehyde from Sigma-Aldrich, product number 340855, and Electron 
Microscopy grade glutaraldehyde from Sigma-Aldrich, product number 49628; the 
latter showed lower background fluorescence. APTES ((3-Aminopropyl) 
triethoxysilane) was obtained from Sigma-Aldrich, product number 440140. All 
other chemicals were reagent grade and obtained from various commercial sources. 
High precision coverslips (type #1.5H) were obtained from Ibidi GMBH, product 
number 10812.  

Strains and growth conditions 

A S. cerevisiae BY4742 derivative with Sur7-YPet integrated in the chromosome 
(Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sur7::SUR7-YPET), and carrying a plasmid with 
Can1-mCardinal under the control of the galactose promoter (pRS426GAL1-GFP; 
Can1 fused to mCardinal with 16 amino acid linker) was used9. The yeast cells were 
grown in synthetic drop-out media containing 2% [w/v] D-raffinose, without uracil, 
lysine and arginine but with 1 g/l of the dipeptide lysine-lysine present. The cells 
were grown for at least two days with dilution every morning and evening to keep 
them in the logarithmic phase of growth. Can1-mCardinal production in yeast cells 
was induced with 0.1% [w/v] D-galactose for 40 min before imaging. A milliliter of 
cell culture with OD600 of 0.6 was centrifuged for 4 minutes at 3000 g at room 
temperature. For attachment to the glass coverslips, the supernatant was removed 
and cells were suspended in a 150 mM sorbitol solution (unless specified otherwise, 
see Results). 

E. coli MC1061 carrying a control plasmid with ampicillin resistance marker was used 
to immobilize the bacteria on various surfaces. The cells were grown in LB containing 
100 µg/ml ampicillin. A pre-culture was grown overnight and subsequently the cells 
were kept in the exponential phase of growth by keeping the OD600 of the culture at 
~0.5 by dilution with fresh media. Cells were centrifuged in a tabletop centrifuge 
(Eppendorf 5415D Centrifuge) in 1.5 ml tubes at 11,000 rpm for 2 minutes. For 
attachment to the glass coverslips, the supernatant was removed and cells were 
suspended in a 150 mM sorbitol solution (unless specified otherwise, see Results)  

GUV formation 

GUVs composed of DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine), DOPC 
(1,2-dioleoyl-sn-glycero-3-phosphocholine) and Cholesterol in 4:3:3 molar ratio 
with addition of 1:1000 of Atto655-DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine) and ganglioside GM1, and varying (0.1 to 5 mol%) amounts 
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of DOPE were formed by electroformation as previously described38. In short, lipid 
mixtures in chloroform:methanol (9:1) were placed on indium tin oxide (ITO)-coated 
plates (15 l solution at a total lipid concentration of 5 mM) and dried under vacuum 
for 30 min. Next, the GUVs were formed upon hydration in 200 mM sucrose on the 
Vesicle Prep Pro (Nanion technologies), using a voltage of 1.1 V at 10 Hz for 1 h at 
50°C. After electroformation, the GUVs were cooled down to room temperature. 

Preparation and characterization of coverslips 

First, high precision coverslips, 75 x 25 mm (0.17 mm thickness), were sonicated for 
30 min at 30°C in acetone (99.5%). They were washed 5 times with double-distilled 
H2O (ddH20) and sonicated for 45 min at 30°C in 5 M KOH. After sonication, the 
coverslips were washed several times with ddH20. To remove all traces of KOH from 
the glass, the coverslips were sonicated for 10 min at 30°C in ddH2O. The cover slips 
were washed an additional 10 times with ddH20 and once more with acetone. 
Residual solvents were removed by drying, using pressurized N2 and 30 min 
incubation at 110°C. Next, the coverslips were plasma cleaned (PE-50, Plasma Etch, 
Inc) for 10 min. Directly after plasma cleaning, 2% APTES (v/v) in acetone was added 
to the coverslips. After 10 sec, the coverslips were washed three times with acetone 
and dried by using pressurized N2. The APTES coated coverslips were stored under 
vacuum and used within 3 days. 

Before microscopy experiments, a bottomless µ-Slide (Ibidi, Inc) was placed on an 
APTES coated coverslip. To functionalize the amine of APTES with an aldehyde group 
of glutaraldehyde, 200 µl of 5% glutaraldehyde was added to each well. The amines 
were allowed to react with glutaraldehyde at room temperature for 30 min. After 
the incubation the glutaraldehyde was removed and the wells were washed 5 times 
with 200 µl of ddH2O. Then, 200 µl of cells in 150 mM sorbitol solution (unless 
specified otherwise, see Results) was added to the glass and incubated for 20 min. 
Sorbitol was chosen as a nonionic solution that is benign to the cells. After 
incubation the unbound cells were removed and the wells were washed 5 times 
with 200 µl of media specific for S. cerevisiae, E. coli or GUVs. Wells were left with 
400 µl of media in them. We characterized the surface properties of the modified 
glass slides by contact angle measurements, using the OCA 15EC DataPhysics 
Instruments (GmbH). A drop of water with a total volume of 2 µl was put on top of 
the glass cover slips and images were taken. 

Imaging of Saccharomyces cerevisiae 

A Home-built Olympus IX-81-ZDC inverted TIRF microscope was used. The 
microscope was equipped with a UAPON 1.49 NA ×100 TIRF objective (Olympus, 
Inc), a manual open-frame microscope stage (M-545) (Physik instruments, Inc), 
a 512 × 512 Electron Multiplying Charge-Coupled Device (EMCCD) C9100-13 camera 
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(pixel size 80 nm, EM gain 1200×) (Hamamatsu, Inc) and Xcellence software 
(Olympus, Inc). Fluorescent proteins were excited with continuous wave (CW) lasers 
(Coherent Sapphire, Inc). During the microscopy experiments, Z-drift was 
compensated by z-axis control, which is an option built into the IX-81. The emission 
light was filtered using bandpass filters obtained from AHF (AHF, Inc). For imaging 
YPet43, the bandpass filter HC535/22 (Semrock, Inc) was used, whereas for imaging 
mCardinal44 the bandpass filter HC630/92 (Semrock, Inc) was used.  

For both yeast and E. coli immobilization tests, time-lapse movies were obtained by 
illuminating the sample with white light and taking images every 100 ms for 50 
frames. Quantification of the movement was achieved by selecting single cells and 
analyzing their position by correlating, using fast Fourier transforms, each pair of 
consecutive frames using in-house written software. The position of the pixel with 
highest intensity is determined and used to calculate x and y-movement of the cell. 

In yeast, the localization and lateral diffusion of Can1-mCardinal were done as 
described previously9. In short, time lapse movies were obtained by exciting the 
cells with a 561 nm laser every 10 seconds. The diffusion of molecules was estimated 
from their position in consecutive frames, and the cumulative probability 
distribution of step sizes was calculated45. The data yielded two populations of 
molecules, one assigned as “mobile” and the other as “immobile”. The lateral 
diffusion of Can1-mCardinal was determined relative to the MCC/eisosome marker 
Sur7-YPet, thereby obtaining a high-resolution (sub)structure of the cells in addition 
to information on the mobility of Can1. Super-resolution imaging was done by 
forcing YPet into photo-darkened state with a 514 nm laser and imaging subsequent 
stochastic blinking of the fluorophore. The distance to the centroid of the closest 
eisosomes was calculated for each of the Can1-mCardinal molecules.  

The response of yeast to an osmotic upshift was tested by immobilizing cells on an 
APTES-glutaraldehyde modified coverslip with a bottomless µ-slide, and filling of the 
wells with 200 µl of the appropriate media. To observe the temporal changes in the 
cells upon the addition of 200 µl of 2M sorbitol (final concentration of sorbitol of 
1M), time-lapse movies were recorded. The sample was illuminated with white light, 
and images were taken every 2 sec for 100 frames. For monitoring the recovery over 
longer periods of time, images were taken every minute for 40 frames.  

Imaging of giant-unilamellar vesicles 

A commercial confocal microscope LSM 710 (Carl Zeiss MicroImaging, Jena, 
Germany) was used. The microscope was equipped with a C-Apochromat ×40/1.2 
NA objective. Blue argon ion (488 nm) and helium-neon (633 nm) lasers were used. 
Time-lapse movies were obtained by imaging the field of view every second to check 
for movement of the GUVs. The 3D images of GUVS were obtained by creating 
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a “z-stack” of images at different focal depths. The lowest image was always taken 
right below the glass, and the highest images were selected above the GUVs, which 
depends on the size of the vesicles (from a few µm to 50 µm) imaged. The difference 
in z-distance between frames was 0.45 µm. The laser power was chosen such that 
the signal was somewhere in the middle of the dynamic range of the APD detector. 
FRAP experiments were performed by imaging only a small area of the membrane 
of the GUVs to achieve an acquisition time below 50 ms. A spot with a diameter of 
1 m was bleached at high laser intensity, after which the attenuated laser was used 
to record images every 50 ms for 6 seconds; the pre-bleaching fluorescence was 
obtained from 20 images prior to the bleach. The halftime of recovery and lateral 
diffusion coefficients were calculated as in previous work9, which is based on work 
of Axelrod and colleagues46. 

Data availability 

The datasets generated are available from the authors on request. 
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Abstract 
The plasma membrane (PM) of eukaryotic cells accommodates compartments 
formed through differential interactions between lipids, and between lipids and 
cytoskeletal or scaffolding proteins. The PM of Saccharomyces cerevisiae contains 
Membrane Compartments, MCC/eisosomes and MCPs, named after the protein 
residents Can1 and Pma1, respectively. Using high-resolution fluorescence 
microscopy techniques we show that Can1 and the homologous transporter Lyp1 
are able to diffuse into the MCC/eisosomes, where a limited number of proteins are 
conditionally trapped at the (outer) edge of the compartment. Upon addition of 
substrate, the immobilized proteins diffuse away from the MCC/eisosomes, 
presumably after taking a different conformation in the substrate-bound state. Our 
data indicate that the mobile fraction of all integral plasma membrane proteins 
tested shows extremely slow Brownian diffusion through most of the PM. We also 
show that proteins with large cytoplasmic domains, such as Pma1 and synthetic 
chimera of Can1 and Lyp1, are excluded from the MCC/eisosomes. We hypothesize 
that the distinct localization patterns found for integral membrane proteins in S. 
cerevisiae arises from a combination of slow lateral diffusion, steric exclusion and 
conditional trapping in membrane compartments.  
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Introduction 
The existence of compartmentalization allows cells to carry out specific functions at 
discrete locations in the cell or cellular membranes, which is one of the hallmarks of 
eukaryotic cells. Eukaryotic cell membranes contain hundreds of different lipids. In 
the plasma membrane (PM) these lipids are distributed asymmetrically over the two 
leaflets of the bilayer1. In mammalian cells, the PM has been shown to partition into 
small compartments wherein proteins and lipids diffuse relatively quickly at 
short-distance-scales, but in which long-range mobility is hindered by the 
membrane skeleton2,3. In this model, the hopping of molecules between 
compartments is a determining factor for the overall lateral motion. The existence 
of a membrane skeleton in the yeast Saccharomyces cerevisiae has not been 
demonstrated. However, its PM does contain discrete domains such as the 
Membrane Compartment occupied by Can1 (MCC) and the Membrane 
Compartment occupied by Pma1 (MCP)4. A protein scaffolding complex called the 
eisosome is located directly beneath the MCCs5; hence the name MCC/eisosomes. 
A yeast cell contains 30-50 such MCC/eisosomes structures, which occupy 3-5% of 
the PM surface. The MCCs are enriched in ergosterol6, whereas the MCPs are rich in 
sphingolipids 7. The functional role of the MCC/eisosome structures is not clear. They 
have been implicated in the protection of proteins from endocytosis, protein 
turnover, and protection to osmotic and other stresses8-10, but evidence is limited 
and sometimes controversial. Alternatively, the MCC/eisosomes may regulate the 
activity of transporters and other membrane proteins by providing a specific lipid 
environment. To better understand the function of MCC/eisosomes, it will be 
important to determine protein dynamics and their partitioning in MCC’s, MCP’s, 
and possibly other domains. 

The lateral motion of PM proteins in S. cerevisiae has been reported to be slow. It is 
not clear, however, whether this slow diffusion arises from physical partitioning of 
proteins into microcompartments11-13 or from the physicochemical properties of the 
membrane itself. Here, we show for solute transporters of similar size that the 
diffusion coefficient in the PM of S. cerevisiae is orders of magnitude lower than in 
the vacuolar membrane. To better understand the partitioning of proteins in the PM 
of S. cerevisiae, we performed dual-colour super-resolution microscopy to 
(co)-localize proteins with the eisosomal marker, Pil1, and measured 
distance-dependent correlations in the locations of protein pairs in living cells. 
Additionally, we performed single-particle tracking in combination with 
photo-activated localization microscopy (PALM) in total internal reflection 
fluorescence (TIRF) microscopy mode to determine the movement of proteins at 
the membrane plane of the cell relative to MCC/eisosomes. Our high-resolution 
microscopy analysis of the location and diffusion of a range of membrane proteins 
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provides a new perspective on the structure and dynamics of the MCC/eisosome 
and the PM of yeast.  
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Results 
High-resolution imaging of MCC/eisosomes.  

We used dual-colour super-resolution microscopy to study the localization of two 
MCC/eisosome-resident proteins, the integral membrane protein Sur7 and the 
scaffolding protein Pil1. We used the fluorescent proteins YPet and mKate2 as 
markers for these proteins and carried out two-colour imaging with the fusions 
expressed at endogenous levels. Importantly, there is no significant 
cross-contamination of signals arising from YPet and mKate2 in our setup. We find 
strong co-localization between Sur7 and Pil1 in our super-resolution reconstructions 
(Fig. 1a), which have a localization precision of about 20 nm for both YPet and 
mKate2 (Fig. 1b). The localization precision was taken from the fitting error of single 
molecules. Remarkably, we were able to resolve the membrane-indented structure 
of the MCC/eisosome and found that Pil1 is located slightly inside the PM. 
A magnified image of an MCC/eisosome with line-scans along and perpendicular to 
the PM is shown in Fig. 1c and 1d, respectively; other examples are shown in 
Supplementary Fig. S1. Our high-resolution images reveal that Sur7 and Pil1 are in 
fact spatially distinguishable from each other, with Pil1 being inset from the PM by 
60 nm on average. We interpret this distance as reflecting the position of Sur7 at 
the edges of the MCC/eisosomal membrane and the soluble protein Pil1 forming 
the scaffold at the base of the MCC/eisosome.  

Next, we estimated the dimensions of the MCC/eisosomes from the super 
resolution data by determining the major and minor axis of the membrane 
compartments, which were obtained from the x and y coordinates of the 
localizations of Sur7-YPet and Pil1-mKate. Specifically, we determined the smallest 
ellipse containing a certain percentage of all localizations, which were obtained by 
analysing the molecules at the bottom of the cells by PALM in TIRF mode. The 
dimensions in the plane of the membrane are comparable for the MCC and 
eisosomal marker; the average values taken from Fig. 1e are 109 ± 27 by 76 ± 24 nm 
for Sur7-YPet and 101 ± 26 by 71 ± 22 nm for Pil1-mKate. These values are somewhat 
smaller than those determined by freeze-fracture electron microscopy in fixed 
cells14.  

Analysis of the localization of the MCC protein Can1 by super-resolution microscopy, 
using the photo-switchable fluorescent protein mEos3.1 as fusion partner, shows a 
heterogeneous distribution in the PM (Fig. 1f), as one would expect for a protein 
associated with particular domain structures4,5,10,15,16. We find a similar distribution 
for Lyp1 (Fig. 1g), a sequence homolog of Can1 that has not been reported to reside 
in distinct membrane domains. Both proteins were expressed from their native 
chromosomal locus, under the control of their natural promoters. The localization 
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precision, taken from the error of fitting single molecules, was approximately 30 nm 
(Fig. 1h). Inspection of the intensity fluctuations within the original microscopy 
movies indicates that the patches in the reconstructions are often composed of 
single molecules that are repeatedly localized in our analysis, as opposed to clusters 
of Lyp1 or Can1. Our data indicate that the endogenous levels of those proteins in 
the plasma membrane are relatively low; on the order of a few hundred molecules 
per cell, taking the photo-switching efficiency and other factors of quantitative-
PALM into account17,18. The low endogenous levels of Lyp1 and Can1 suggest that 
besides the allegedly MCC/eisosome partitioning of Can1 the proteins cannot form 
a smooth distribution as the number of molecules is not large enough. 

 

Figure 1: High-resolution plasma membrane protein localization. (a) Dual-colour super-
resolution reconstructions of Sur7-YPet in green and Pil1-mKate2 in magenta. 
Co-localizations appear in white. (b) The localization accuracy of the fluorophores YPet 
(green) and mKate2 (magenta) were estimated from the fitting error. (c-d) Eisosome 
line-scans measured along (c) and perpendicular (d) to the plasma membrane. 
(e) Histograms of the distribution of the size of eisosomes on the basis of localizations 
of Pil1 or Sur7 (n = 302). Single-colour super-resolution reconstructions of (f) Can1-
mEos3.1 and (g) Lyp1-mEos3.1 with (h) their respective fitting errors (drawn line, Lyp1; 
dotted line, Can1). All proteins were chromosomally tagged with the respective 
fluorophores. Scale bar represents 2 µm ; n represents number of cells analyzed. 
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Figure S1:  Eisosome line-scans measured along and perpendicular to the plasma 
membrane. Several examples of co-localization of Sur7-YPet in green and Pil1-mKate2 
in magenta (panels a to f) to demonstrate that the separation between the two proteins 
is independent of the orientation of the MCC/eisosome with respect to the x/y axis in 
the sample plane. Proteins were chromosomally-tagged with the respective 
fluorophores.  

Cross-correlation analysis of PM and eisosomal protein signals.  

We next carried out dual-colour super-resolution microscopy to study the 
localization of Lyp1 and Can1 relative to the position of MCC/eisosomes at higher 
resolution than was available in previous studies5,6,10,16. Lyp1 and Can1 tagged with 
YPet partially co-localize with Pil1-mKate, both in the presence and absence of their 
substrates, lysine and arginine (Fig. 2a and 2b; control in Fig. 2c). Modulating the 
amount of lysine and arginine in the medium enabled control over the levels of each 
transporter in the PM (Fig. 2d). We quantified the co-localization between Lyp1 or 
Can1 and Pil1, using van Steensel’s cross-correlation approach 19. In this analysis, we 
use pairs of diffraction-limited images and measured line-scans of fluorescence 
intensity along the plasma membrane, and calculate the cross-correlation function 
between the two line-scans to obtain information on co-localization. As a control, 
we first measured the co-localization of Sur7 and Pil1 (Fig. 2c and 2e). For this pair, 
a high correlation coefficient was observed at short distances (<200 nm; Fig. 2e), 
corresponding to strong co-localization of peaks of diffraction-limited size 
(MCC/eisosomes are smaller than the diffraction limit of the microscope; Fig. 1 and 
Fig. 2c). Both Lyp1 and Can1 show significant correlation with Pil1 in the absence of 
substrate (Fig. 2f and 2g; Fig. S2a and S2b). For both proteins, the correlation 
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decreased rapidly with the addition of substrate and the total fluorescence 
decreased as a consequence of fast removal of the proteins from the 
membrane20,21. In the presence of substrate, the level of co-localization of Lyp1 and 
Can1 with Pil1 is moving to that of the sodium/proton antiporter Nha1, a membrane 
protein unrelated to Lyp1 or Can1 and not expected to be associated with 
MCC/eisosomes (Fig. 2h and Fig. S2c). The decrease in the short-distance cross-
correlation features upon substrate addition and the decrease in fluorescence (Fig. 
2f and 2g; Fig. S2a and S2b) suggests that Can1 (and possibly Lyp1) rapidly move out 
of the MCC/eisosome area and are then removed from the PM. Most likely, the 
conformational change upon substrate binding lowers the affinity of Can1 (and 
Lyp1) for a component in or near the MCC/eisosomes.  
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Figure 2: Substrate-dependent localization of proteins. Dual-color reconstructions of 
(a) Lyp1-L-YPet/Pil1-mKate2 and (b) Can1-L-YPet/Pil-mKate2 with and without lysine 
plus arginine in the growth medium, indicated as +KR and –KR, respectively. Wide-field 
images are depicted for clarity. All the scale bars represent 2 µm. (c) Cross-correlation 
of Pil1-mKate2 and Sur7-YPet. Panels:  images were treated with a discoidal-averaging 
filter to illustrate better the localizations; the co-localization analysis was done with the 
raw diffraction-limited images. Wide-field images are depicted for clarity. Panels e-h 



58 | P a g e  

show cross-correlation of Pil1-mKate2 versus proteins tagged with L-YPet; the left graph 
of each panel shows the correlation coefficients over distance for the various proteins 
with error bars representing standard error of the mean; the right graph of each panel 
shows the histograms of the probability distributions of single cell cross-correlations. (d) 
Number of localizations per cell of Lyp1 and Can1 with and without lysine plus arginine. 
(e) Sur7 (blue; n = 118); (f) Lyp1 before addition of lysine plus arginine (green; n = 104), 
40 minutes after the addition of lysine plus arginine (magenta; n = 138) and 120 minutes 
after the addition (blue; n = 108); (g) Can1 before addition of lysine plus arginine (red; n 
= 101), 40 minutes after the addition of lysine plus arginine (blue; n = 113) and 120 
minutes after the addition (tan; n = 116); (h) Nha1 (light blue; n = 69). (i, j) Histograms 
showing the distance of Can1 molecules to the closest eisosome. Black lines indicate 
probability of finding an eisosomes at a discrete distance. (i) Can1 without arginine (n = 
35); (j) Can1 with arginine (n = 47); n represents number of cells analyzed. 
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Figure S2: Cross-correlation analysis: membrane protein versus eisosome reporter. 
Cross-correlation analysis of Pil1-mKate2 with (a) Lyp1-L-YPet; (b) Can1-L-YPet; and 
(c) Nha1-L-YPet. The images were treated with a discoidal-averaging filter to illustrate 
better the localizations; the co-localization analysis was done with the raw diffraction-
limited images. Wide-field images are depicted for clarity. All scale bars represent 2 µm. 
All proteins were chromosomally tagged with the respective fluorophores.  

We further confirmed the substrate-dependent partitioning of Can1 using 
single-particle localization experiments in TIRF mode combined with high-resolution 
PALM imaging of the MCC/eisosomes. For this, we fused Can1 to mCardinal, a more 
photo-stable fluorophore, allowing for localizing single particles at the bottom of 
the cell. To determine the centroid (geometric center in the plane of the membrane) 
of the MCC/eisosome we localized Sur7-YPet. Cross correlation of trajectories of 
Can1 to the centroids of MCC/eisosomes (see Methods section) confirms the 
co-localization, as the peak of Can1 counts is found at 75 nm from the centroid of 
MCC/eisosomes (Fig 2i). Experiments where the substrate was added 10 min prior 
to imaging confirm the movement of Can1 away from the MCC/eisosomes (Fig. 2j). 
We next tested if partitioning of Can1 in the MCC/eisosome is proton motive 
force-dependent as its dissipation by the protonophore FCCP has been claimed to 
cause a fast release of Can1 from the MCC/eisosome6. We repeated this experiment 
and find similar localization patterns for Can1 (and Lyp1) in the absence and 
presence of FCCP, albeit with a slightly higher distance correlation when the 
(electro)chemical proton gradient is dissipated (Supplementary Fig. S3). Thus, unlike 
the substrate, the proton motive force appears to play little or no role in the PM 
distribution of Can1 and Lyp1. 
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Figure S3: Cross-correlation analysis in the presence of protonophore. Dual-colour 
reconstructions of (a) Lyp1-L-YPet/Pil1-mKate2 and (b) Can1-YPet/Pil1mKate2 upon the 
addition of the protonophore carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 
(FCCP). Left panels: images exemplifying one cell per strain (green: Lyp1 or Can1 fused 
to YPet; purple: Pil1 fused to mKate2); images were treated with a discoidal-averaging 
filter to illustrate better the localizations; the co-localization analysis was done with the 
raw diffraction-limited images. Wide-field images are depicted for clarity. All scale bars 
represent 2 µm. Cross-correlation of Pil1-mKate2 and YPet-tagged target membrane 
protein with and without addition of 10 µM FCCP: (c) Lyp1 (n = 94) (d) Can1 (n = 66). Left 
panels: Correlation coefficients of the plasma membrane proteins with FCCP (blue line) 
without (red line) and the randomized data (black line); errors represent the standard 
errors of the mean. Right panels: normalized heterogeneity in the cross correlation data 
of single cells treated with FCCP (blue striped bars) or without FCCP (red striped bars). 
All proteins were expressed from their native chromosomally locations; n represents 
number of cells analyzed. 

Diffusion of proteins in the plasma membrane is very slow.  

The cross-correlation experiments show a relatively rapid removal of Lyp1 and Can1 
from the MCC/eisosome after the addition of substrate. However, diffusion of 
integral membrane proteins has been reported to be very slow11,13,22. Exploring the 
idea of slow lateral diffusion, we determined the lateral diffusion coefficient of 
plasma membrane proteins using fluorescence recovery after photo-bleaching 
(FRAP) and single-particle tracking (SPT). For FRAP, the overexpressed membrane 
proteins were fused to YPet, and the diffusion of proteins in the PM was compared 
with that of a vacuolar membrane protein of similar size, Vba1. After 
photo-bleaching, Lyp1, Can1 and Nha1 showed similar recovery profiles and a single 



62 | P a g e  

mobile fraction (Fig. 3a-c). The diffusion coefficients D of the PM proteins fall in the 
range of 4.5-6.0 x 10-4 µm2/s. The diffusion coefficient of the vacuolar solute/H+ 
antiporter Vba1 is 3 orders of magnitude higher (D = 0.27 ± 0.12 μm2/s; Fig. 3d) and 
similar to those previously measured for ER and other vacuolar membrane 
proteins11,23,24. In our FRAP measurements we analysed the middle of yeast cells 
with molecules diffusing on a curved plane that we observe from the side. As the 
analysis is based on 2D diffusion we investigated the accuracy of the analysis 
method. To this end we simulated various FRAP experiments (Fig. 3e), analysed the 
simulation results in the same way as the real data (Fig. 3f) and compared input with 
“observed” diffusion coefficients (Fig. 3g). The simulations show that the observed 
diffusion coefficients hardly deviate from the actual diffusion coefficient, validating 
our analysis method. Overall, the diffusion of the yeast PM proteins as probed by 
FRAP is remarkably slow and very different from the mobility of proteins in the 
plasma membrane of mammalian cells or the yeast organelles3,25,26. Consistent with 
the cross-correlation of Lyp1 and Can1 (Fig. 2f,g) with the MCC/eisosomes, 
an immobile fraction of Lyp1 and Can1 is observed and this fraction decreases when 
the expression of the proteins is increased. Overexpression of Lyp1 and Can1 leads 
to a smooth PM distribution (Fig. 3a,b) and only a small fraction of the total 
population is immobile under these conditions. These results suggest that the 
MCC/eisosomes have a limited number of sites for immobilizing membrane 
proteins. 
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Figure 3: FRAP measurements to probe long-range diffusion. Normalized fluorescence 
recovery of YPet-tagged transporters expressed from a plasmid in the respective 
endogenous knockout strain: Lyp1-YPet (immobile fraction: 0.35) (a), Can1-YPet 
(immobile fraction: 0.15; n = 9) (b), Nha1-YPet (immobile fraction: 0.55; n = 9) (c) and 
Vba1-YPet (immobile fraction: 0.10; n = 14) (d). Confocal images of cells before and after 
photo-bleaching at different time points are shown in the right panels. Scale bars 
represent 2 µm; standard deviations and number of cells analysed (n) are given in the 
graphs. (e) Simulation of Brownian diffusion in a spherical cell. Photo-bleached region 
of 2 µm width and 1 µm thick. (f) Recovery of the particles in the bleached region (empty 
dots) and exponential fitting of the data (black line) are shown. (g) Comparison of input 
with observed diffusion coefficients for FRAP simulations. Every point indicates 
a separate simulation. The width and height of the bleached region are 2 and 2 µm, 
respectively. The black line represents the function x = y. All proteins were under 
overexpressed conditions; n represents the number of cells  
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Single-particle tracking shows conditional confinement of Can1 in the MCC.  

FRAP probes long-range diffusion of molecules and does not resolve barriers to 
short-range diffusion, such as confinement within specific membrane domains. 
Furthermore, the technique is limited to a relatively large number of molecules to 
redistribute, hence the need for protein overexpression. In order to resolve if Can1 
partitions in the MCC/eisosomes, we combined PALM of Sur7-YPet with single 
particle tracking of either Can1, Nha1 or Pma1. Critical for these measurements is 
the immobilization of cells. We found that classical coating techniques based on 
poly-L-lysine and concanavalin A27,28 are inappropriate for TIRF due to residual 
movement of the cells and background fluorescence, respectively. We therefore 
devised a new coating technique based on APTES-glutaraldehyde treatment of the 
glass slides, and we obtained excellent immobilization of S. cerevisiae with minimal 
background fluorescence (see Methods section). As photo-stability is a prerequisite 
for particle tracking we fused Can1, Nha1 and Pma1 to mCardinal and followed the 
2D diffusion of foci in the PM in TIRF mode.  

Tracking of Can1 molecules (Fig. 4a) in the PM and employing the cumulative 
probability distribution (CPD) analysis of its step sizes (see Methods section), we find 
that, at chromosomal levels of expression, about 50% of the population is mobile 
and has a diffusion coefficient of 3.7*10-4 μm2/s (Fig. 4b). These values are similar 
to those obtained by FRAP (Fig. 3b). In the FRAP experiments however, we biased 
Can1 to the MCP of the PM due to the unavoidable overexpression. We therefore 
determined the mobility of Can1 as a function of distance from the MCC/eisosomes. 
Within 200-400 nm from the centroid of an eisosome, 21% of the tracked Can1 
molecules is immobile (our experimental limit to quantify mobility is around 10-5 

μm2/s) (Fig. 4b; Fig. S4a, right panel), which is in agreement with the FRAP data 
(15%, see Fig. 3b). Importantly, the immobile fraction of Can1 increases the closer 
you get to the centroid of the MCC/eisosome. At a distance of 0-100 nm (mostly 
MCC/eisosome area), 62% of the Can1 molecules are immobile (Fig. 4b; Fig. S4a, left 
panel), indicating that a fraction of Can1 is trapped in the MCC/eisosomes.  

The majority of Nha1 and Pma1 appear at a distance of around 300-400nm, the 
region of the PM exactly in between two MCC/eisosomes; only 7% of Nha1 and 4% 
of Pma1 is found within 100 nm from the centroid of an MCC/eisosome (Fig. 4b and 
S4b,c). The diffusion of Pma1 and Nha1 are both not influenced by their proximity 
to MCC/eisosomes (Fig. 4b and Fig. S4b,c). Thus, we propose that Can1 (and Lyp1) 
diffuse in and out of MCC/eisosome area and a fraction of the molecules get 
trapped; Pma1 is excluded from MCC/eisosomes, and Nha1 may or may not enter 
but does not get trapped. Even though diffusion in the plasma membrane is slow, 
the rate is fast enough to allow proteins, inserted randomly, to reach an 
MCC/eisosome within 10 min. 



  P a g e  | 65 

Diffusion of a protein in the z-axis of the PM, that is the indentation of the 
MCC/eisosome, will result in out-of-focus movement and therefore results in 
detection of peaks with larger Full Width Half Maxima (FWHM) (Fig. 4c) and lower 
apparent diffusion coefficients. We observe this for Can1 (Fig. 4d-i) and find 
a population of Can1 with larger FWHM exclusively in the area of 25-50 nm around 
the centroid of the MCC/eisosomes (Fig. 4d). Such a population is not observed 
when the histograms of FWHM of Pma1 at 25-50 nm are compared with all peaks 
(Fig. 4j,k), indicating that Pma1 does not enter the MCC/eisosomes; in case of Nha1 
a small shift towards larger FWHM values is observed (Fig. 4j,k) in agreement with 
the co-localization data (Fig. 2h), which suggests that Nha1 distributes more or less 
homogenously over the PM and can freely enter and leave the MCC/eisosomes. 
These data together with the distribution shown in (Fig. 2i) indicate that Can1 is 
indeed capable of diffusing into the MCC/eisosomes (25-50 nm from the centroid), 
but remarkably the majority of the molecules (76%) accumulate at a distance of 50-
125 nm (referred to as outer edge of the MCC/eisosome area).  
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Figure 4 Lateral diffusion and distance dependence of membrane proteins relative to 
MCC/eisosomes. (a) Reconstruction of the trajectories: Bright areas correspond to 
eisosomes, green Xs mark starting point of Can1 trajectory and purple lines show the 
trajectories. (b) Table summarising diffusive behaviour of Can1 (with (n = 47) and 
without arginine (n = 35) in the medium), Nha1 (n = 52), and Pma1 (n = 129). *refers to 
fraction of peaks localized in the inter-eisosomal distance.  (c) Cartoon showing the 
location of Can1 (red), Nha1 (light blue) and Pma1 (orange) relative to a MCC/eisosome 
and the intensity profiles of the fluorescent foci. The further away from the focal plane, 
the wider and dimmer the signal, which is seen in the intensity profiles of the peaks 
(green dotted lines indicate detection limit). Measuring the Full Width at Half Maximum 
(FWHM) of the peaks gives information about focal depth and thus the position of 
proteins in the MCC/eisosome; the extra peak at FWHM of 650 nm in panel (d) indicates 
that Can1 enters the MCC/eisosome in the z-direction. The panels (d) to (j) show the 
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histograms of FWHM of Can1 of peaks detected at 25-50 (d), 50-75 (e), 75-100 (f), 
100-125 (g), or 0-125 nm (h) from the centroid of the nearest MCC/eisosome; the 
percentages indicate the fraction of proteins at a given distance. The intensity profiles 
at 0-25 nm were too low to assign them confidently to Can1; the histogram of all Can 
peaks is shown in panel (i) .The panels (j) and (k) show the histograms of FWHM of 
Pma1(orange) and Nha1 (light blue) at 25-50 nm from the centroid of the nearest 
MCC/eisosome (j) and of all the peaks (k). ; n represents number of cells analyzed. 
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Figure S4: Lateral diffusion in relation to distance of Nha1 and Pma1 relative to 
MCC/eisosomes. Left graphs represent CPD analysis of protein diffusion within the 
eisosomal area (0-100 nm from the centroid of MCC/eisosome), the middle graphs show 
the diffusion in the MCP area (200-400 nm) for Can1 (n = 35) (a), Nha1 (n = 52) (b), and 
Pma1 (n = 129) (c). Immobile fractions show up as systematic deviations in the fits of the 
data, which is best seen in the plots of the residuals; e.g. the Can1 data at 200-400 nm 
fit better to the exponential function than those at 0-100 nm. The right graphs of panel 
b and c show histograms representing localizations of proteins relative to the closest 
eisosome. Black lines show the probability of finding Nha1 (b) and Pma1 (c) at a specific 
distance from a MCC/eisosome. The width of the shaded bar on the left of the graphs 
approximates the length of the MCC/eisosomes. 

Upon addition of substrate, we see a shift of the Can1 population from the 
MCC/eisosome areas to MCP (Fig. 2i,j). Importantly, with substrate we also observe 
a decrease in the fraction of immobile Can1 (Fig. 4b). Thus, the correlation data (Fig. 
2g) and the FWHM distributions of Can1 (Fig. 4d-i and Fig. 2i,j) suggest that without 
substrate a fraction of Can1 reaches the MCC/eisosome area and part of the 
molecules get trapped. In the presence of substrate, the distance correlation of 
Can1 (and Lyp1) to the MCC/eisosome decreases and the fraction of immobile Can1 
decreases, which we take as strong evidence for release of proteins from the 
MCC/eisosome areas following a substrate-dependent conformational change (e.g. 
from inside- to outside-facing or vice versa29-31). 

Cytosolic domains hinder MCC/eisosome partitioning.  

Most PM proteins do not partition in MCC/eisosomes. As observed for Nha1, those 
proteins may stochastically enter and leave these membrane structures without 
being trapped. However, proteins like the P-type ATPase Pma1 are reported to be 
excluded from MCC/eisosomes15,32 (Fig. 4j,k and S4e). In contrast to Lyp1, Can1 and 
Nha1, Pma1 contains a large cytoplasmic domain that may prohibit the protein from 
entering MCC/eisosomes. We tested the idea of steric hindrance by deleting the 
cytoplasmic domain of Pma1 and fusing cytoplasmic moieties to the C-terminus of 
Can1 (Fig. 5a-c). When repeating our co-localization analysis for Pma1 and Pil1, we 
found a positive correlation at a distance of ~0.5 μm, corresponding to about half 
the distance between two MCC/eisosomes when measured half way the cell (Fig. 5d 
and Fig. S5). Indeed, deletion of the cytoplasmic domain of Pma1, resulting in 
Pma1(∆392–679), shows a positive correlation with a maximum at zero distance 
(Fig. 5d and Fig. S5), similar to what is seen for Nha1 (Fig. 2h). 
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Figure 5: Steric occlusion from MCC/eisosomes. Schematic of transporter constructs 
(a-c) to investigate the possible hindrance for MCC/eisosome entry by engineering 
cytoplasmic domains onto Can1. Maltose binding protein (blue) attached to 
(c) Can1-YPet and (d) Can-L-YPet, and (e) Can1-L-YPet tethered to the membrane via an 
amphipathic α-helix and lipid moiety; the helix corresponds to the C-terminal 51 amino 
acids of Gap1 33; L is linker as described in the methods section. Cross-correlation 
analysis of BY4742 cells expressing Pil1-mKate2 together with (d) Pma1-YPet (orange; 
n = 201) or Pma1(∆392–679)-YPet (brown; n = 169); the Pma1 constructs were 
expressed from a single copy plasmid under the control of the Pma1 promoter. Cross-
correlation of chromosomally labelled Pil1-mKate2 versus chromosomally YPet-tagged 
target protein: (e) Can1-L-YPet (red; n = 93) and Can1-YPet (blue; n = 92). (f) Can1-YPet 
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(red; n = 165), Can1-YPet-MBP (blue; n = 147), Can1-YPet-Gap1C (tan; n = 172);  (g) Can1-
L-YPet (red; n = 202), Can1-L-YPet-MBP (blue; n = 152), Can1-L-YPet-Gap1C (tan; 
n = 226);  (h) Lyp1-L-YPet (green; n = 108) and Lyp1-YPet (magenta; n = 119); (i) Nha1-L-
YPet (light blue; n = 69) and Nha1-YPet (pink; n = 122); (j), Can1-L-YPet (red; n = 93) and 
Can1(∆C)-L-YPet (blue; n = 88); (k) Lyp1-L-YPet (green; n = 108) and Lyp1(∆C)-L-YPet 
(magenta; n = 146). The left graph of each panel shows the correlation coefficients over 
distance for the various proteins with error bars representing standard error of the 
mean; the right graph of each panel shows the histograms of the probability 
distributions of single cell cross-correlations; n represents number of cells analyzed. 

In the measurements described thus far, all the fluorescent transporter constructs 
had a linker between the target protein and the fluorescent protein to provide 
flexibility. We then asked if the direct coupling of a fluorescent protein to 
a membrane protein could affect its localization, or its ability to enter 
MCC/eisosomes. We removed the 16-residue linker that connects YPet to the 
C-terminus of Can1 and observed a significant decrease in the correlation of the 
protein with Pil1 (Fig. 5e; Supplementary Fig. S5), which points towards exclusion by 
steric hindrance as a result of the tethering of a large, inflexible soluble domain. 
Next, we either increased the cytoplasmic body by fusing maltose binding protein 
to the C-terminus of YPet (Fig. 5a and 5b) or tethered the YPet moiety more closely 
to the membrane surface (Fig. 5c) via an amphipathic -helix with a lipid anchor33. 
Increasing the size of the cytoplasmic body (MBP linked to YPet) strongly affected 
the occlusion of Can1-YPet from MCC/eisosomes (Fig. 5f), whereas the tethering of 
the C-terminus of YPet to the plasma membrane had little effect; however, the 
membrane anchor diminished a little the effect of the linker in Can1-L-YPet (Fig. 5g). 
We also find that the linker between Can1 and YPet reduces the hindrance effect of 
the extra protein domain, which is in accordance with an increased flexibility of the 
cytoplasmic domain relative to the membrane domain, giving the protein more 
degrees of freedom to move in and out of the MCC/eisosomes (Fig. 5g). In a similar 
approach, removal of the 16-residue linker connecting YPet with Lyp1 also 
decreased the correlation with the MCC/eisosomes (Fig. 5h). Removal of the linker 
for Nha1 had little effect, which is expected for a protein that does not co-localize 
with the MCC/eisosome (Fig. 5i). Finally, we wondered whether the observed 
effects are due to the short tethering or related to the accessibility of a specific 
sequence in the C-terminal amphipathic tail, that is present in wildtype Can1 and 
Lyp1. When these tails are fused to GFP, they give rise to a patchy association of the 
proteins to the PM33. However, removal of the last 10 amino acids of the C-terminus 
of Can1 and Lyp1 had no effect on the localization of the proteins (Fig. 5j and 5k; 
Supplementary Fig. S5). Overall, we conclude that steric hindrance is a mechanism 
that can lead to exclusion of PM proteins from MCC/eisosomes.  
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Figure S5: Cross-correlation analysis: membrane proteins w/wo linker versus Pil1. 
Eisosomal Pil1-mKate2 versus Pma1, Can1, Lyp1 and Nha1 variants with reduced linker 
lengths, or modifications of the proteins as indicated on the left side of the panels. The 
images show one cell for each strain and condition; images were treated with 
a discoidal-averaging filter to illustrate better the localizations; the co-localization 
analysis was done with the raw diffraction-limited images. Wide-field images are 
depicted for clarity. All scale bars represent 2 µm. All proteins were expressed from their 
native chromosomal location. 
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Discussion 
Studying membrane protein dynamics and localization at the single-molecule level 
provides much more insight into their spatial organization and dynamics than is 
possible with conventional methods. We show that the physical confinement of 
Can1 takes places at the (outer) edge of the MCC/eisosomes and show removal of 
the transporter upon the addition of substrate; for Lyp1 we make very similar 
observations (Fig. 6a). The fraction of confined Can1 decreases with increasing 
expression level, suggesting that the MCC/eisosome area has a limited number of 
binding sites for the protein. Moreover, we show that proteins with large 
cytoplasmic domains closely spaced near the membrane surface (e.g. Pma1), and 
constructs with limited flexibility between the membrane domain and fluorescent 
reporter (fusions without linker and ending with an amphipathic helix), are excluded 
from MCC/eisosomes (Fig. 5 and Fig. 6b,c). Steric exclusion could be a more general 
factor in plasma membrane localization of proteins in budding yeast, and contribute 
to the domain formation as observed by Spira and coworkers, who claim that many 
proteins have their own independent "domain"32. Besides the MCC/eisosome, we 
did not observe such specific domains, however all PM proteins probed by SPT and 
FRAP showed a significant immobile fraction. Even a substantial fraction of Pma1 
and Nha1, which are fairly homogeneously localized in the MCP area, is immobile 
(Fig. 4). The molecular basis for the immobility of these proteins warrants further 
investigation as it seems to have a different basis than in mammalian cells where 
the membrane skeleton hinders free diffusion2. 

Transporters that are reported to partition in the MCC/eisosomes are Can1, Tat2 
and Fur44,10,15. We now also find a positive correlation of Lyp1 with the 
MCC/eisosome structures (Fig. 2f). It has been previously suggested that 
partitioning of these transporters in MCC/eisosomes is disrupted by the dissipation 
of the proton motive force by the protonophore FCCP6). However, we could not 
confirm these findings.  

MCC/eisosomes form small invaginations in the membrane caused by the BAR 
domain proteins Pil1 and Lsp1, that assemble into an elongated network of banana-
shaped dimers and stimulate membrane curvature. Pil1 and Lsp1 create a specific 
environment in the overlaying MCC, which is locally curved and increased in 
PI(4,5)P2 concentration34. We now confirm in live cells the membrane-indented 
structure of the eisosome and show that the MCC (PM) area, marked by Sur7, and 
the (scaffolding) eisosome structure, marked by Pil1, have similar dimensions. 
Under native expression conditions without substrate, we find that Can1 is 
predominantly present on the (outer) edge of the MCC/eisosomes, which could be 
related to the high local curvature or the presence of specific binding partners. 
Importantly, the proteins readily dissociate from this area upon addition of 



  P a g e  | 73 

substrate. It has been suggested that the MCC area is essential for the activity of 
Can132, but this idea is at variance with the observation that substrate alters the 
conformation of Can1 and Lyp1 and removes the proteins from the MCC/eisosomes. 
Moreover, the localization of Can1 with MCC/eisosome markers decreases with 
increasing expression level whereas arginine and lysine transport activity increases. 
Finally, we have shown that purified Lyp1 is active in model membranes devoid of 
MCC/eisosomes29. 

 

Figure 6: Cartoon summarizing the main findings on diffusion and localization of 
plasma membrane proteins. (a) The plasma membrane (PM), cortical ER (cER) and two 
MCC/eisosomes (Sur7 in the membrane and Pil1 scaffold) are shown. The scaffolding of 
the MCCs is shown as blue half circle (Pil1); the blue small circles depict Sur7. DL, Vi and 
Vo refer to lateral diffusion and the rate of exo- and endocytosis, respectively. Left: in 
the absence of substrate (-KR): a fraction of Can1 (red) accumulates in (near) the 
MCC/eisosomes and has an apparent DL < 10-5 m2/s, here indicated as “immobile”. The 
yellow cylinder depicts the fluorescent proteins fused to the transporters. The total 
concentration of Can1 is stable as delivery to (Vi ) and removal from (Vo ) the membrane 
are similar. Right: in the presence of substrate (+KR): Can1 takes a different 
conformation and dissociates from the MCC/eisosome and diffuses out. Next, Can1 is 
ubiquitinated and rapidly removed from the membrane (Vo >Vi; indicated by thickness 
of arrow). (b) Large cytosolic domains exclude proteins from entering MCC/eisosomes, 
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as shown for Pma1-YPet; (b) removal of the cytoplasmic domain enables 
(Pma1(∆392-679)-YPet) to enter the MCC/eisosome. 

In conclusion, proteins in the yeast plasma membrane diffuse extremely slowly and 
a fraction of the proteins is (conditionally) immobile. The high fractions of 
sphingolipids with very long saturated acyl chain(s) and ergosterol7, and the overall 
highly ordered bilayer structure, may explain the slow diffusion and make yeast 
highly tolerant to adverse environmental conditions. We report MCC/eisosomes as 
barriers for diffusion, because membrane proteins with large cytosolic domains and 
proteins with little flexibility between the domains cannot enter the compartment. 
We show that sequestering of Can1 takes place at the (outer) edge of 
MCC/eisosomes and that the partitioning of protein in the MCC/eisosome area is 
more prominent in the absence of substrate and is thus dependent on transporter 
conformation. Our data are compatible with the idea that MCC/eisosomes have 
limited storage capacity for proteins that are not active due to unavailability of 
substrate.  
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Methods 
Growth, plasmids and strains 

Growth conditions. Yeast cells were grown for at least 72h at 30°C at 200 rpm. We 
used synthetic dropout media containing 2% [v/w] of carbon source: raffinose in 
strains containing constructs under the gal promoter and glucose in the other cases. 
For FRAP experiments, cells grown in glucose medium were transferred to medium 
containing both raffinose (2% [w/v]) and glucose (0.1% [w/v]). The cultures were 
diluted in the morning and afternoon to sustain growth in the exponential phase. 
Strains with fluorescent constructs of Can1, or Lyp1, were grown without arginine 
and lysine in the media, instead a lysine di-peptide was added to allow growth. 

Plasmids and strains. All strains are based on S. cerevisiae strain BY4742 (Table 1). 
Genomic DNA isolation of S. cerevisiae BY4742 was carried out according to 
Sherman et al 35. For the amplification of DNA, using uracil containing primers, the 
polymerase chain reactions (PCRs) were performed with PfuX7 36. Amplified 
fragments were assembled into full plasmids (Table 2) by treatment with DNA 
glycosidase and DNA glycosylase-lyase endo VIII, commercially available as USER, 
following the manufacturer’s instruction (New England Biolabs, Ipswich, Ma, USA). 
Ligation products were transformed into chemically competent E. coli MC1061 cells 
37. All constructs assembled from PCR fragments were verified by DNA sequencing. 
Genomic tagging and deletion of genes were done with standard PCR-based 
homologous recombination, using the primers listed in Table 3. Transformation of 
plasmids and linear constructs into S. cerevisiae was performed as described by 
Drew et al.38  

The plasmids pFB001, pFB002, pFB003, pFB004, pfB005 and pFB006 were 
constructed by four-way ligations of PCR fragments, in which the backbone of the 
pRS426GAL1-GFP vector was amplified with primer pairs Pr1/Pr2 and Pr3/Pr4, two 
fragments that exclude the GFP coding region. The fragment coding for the YPet 
gene was amplified from a synthetically generated coding sequence ordered from 
(GeneArt, Regensburg, Germany), using primer pair Pr5/Pr6. The insert was 
amplified from S. cerevisiae BY4742 chromosomal DNA with primer pair: Pr7/Pr8. 
Similarly plasmids were constructed for can1, nha1 and vba1 using primer pairs 
Pr9/Pr10, Pr11/Pr12, Pr13/Pr14, respectively. The pLS006 plasmid was created by 
amplification of pUG73 vector with primer pair Pr62/63, and the gap1C fragment 
was amplified with Pr64/65 using pDP001-GFP-Gap1C as template. For the pLS003 
and pLS004 plasmids the backbone and the ura3 marker were both separately 
amplified from the pFB001 plasmid using primer pairs Pr1/Pr3 and Pr2/Pr4, 
respectively. The inserts were amplified from the respective strain using primer 
pairs Pr51/53 and Pr52/53, respectively. All these plasmids were assembled by the 
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uracil excision method subsequently pieces were combined treated with USER 
enzyme, transformed in E. coli, and isolated.  

The pFB007, pFB008 and pFB009 plasmids are based on three PCR fragments, using 
the uracil excision-based cloning method. The backbone and the ura3 marker were 
both separately amplified from the pug72 plasmid using primer pairs Pr19/Pr22 and 
Pr20/Pr21, respectively. mEos3.1, YPet or mKate2 was amplified using primer pair 
Pr23/Pr24, Pr25/Pr26 or Pr27/28 from a synthetically generated coding sequence, 
ordered from (GeneArt, Regensburg, Germany). The fragments were treated with 
USER and transformed into E. coli MC1061 as described previously. For the 
construction of C-terminal fusion proteins on the chromosome we made use of the 
ura3 selection marker and the ability for its counter selection on 5 fluoro-orotic acid 
(5FOA) as described by Alani et al 39. For genomic tagging of lyp1, can1, sur7 and pil1 
with either mEos3.1 or YPet, or mKate2, we amplified mEos3.1, YPet or mKate2-ura3 
cassette from pFB007, pFB008 and pFB009, respectively.  

For the tagging of can1, lyp1, nha1, pil1, and sur7 with/without linker or deletion of 
the sequence coding for the last 10 amino acids of Can1 and Lyp1, we used primer 
pairs Pr29/30, Pr34/35, Pr38/39-40, Pr41/Pr42, Pr43/Pr44, Pr29/33 and Pr34/37, 
respectively. The amplified cassettes were transformed into S. cerevisiae BY4742 
and homologous recombination of the cassette into the genome was selected for 
by growth on a uracil-depleted medium. The Ura3 marker was removed from the 
chromosome by recombination of its homologous flanking regions, for which we 
selected for growth on a medium containing 5FOA. For the labelling of a second 
gene product in the same strain with a different fluorophore the above steps were 
repeated, except for the counter selection on 5FOA .  

pLS001 is a derivative of pRS316 with Pma1-YPet integrated. Pma1 with 848 bases 
upstream and YPet were PCR amplified using primer pair Pr45/46 and Pr47/Pr48, 
respectively. The pRS316 vector was digested with a blunt end cut using SmaI via 
manufacturers protocol (New England Biolabs). The complete vector was created 
via a three way homologous recombination in S. cerevisiae. pLS002 is a derivative of 
pLS001 in which Pma1 was truncated by PCR amplification of pLS001 and using 
primer pair Pr49/Pr50 a circular vector was formed by homologous recombination 
of both ends.  

To introduce an additional protein domain at the C-terminal end of YPet, we used 
the primer pair Pr58/59 for gapC (C-terminus of Gap1) and pR60/61 for malE 
(maltose-binding protein). The amplified cassettes were transformed into S. 
cerevisiae BY4742, and homologous recombination of the cassette into the genome 
was selected by growth on leucine- (in case of gap1C), or histidine- (in case of MBPs) 
depleted medium.  
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The pLS005 vector was constructed by amplifying the backbone of pLS003 with the 
primer pair Pr54/55. The fragment coding mCardinal was amplified with primer pair 
Pr56/57, using a synthetic codon-optimized mCardinal gene as template (GeneArt, 
Regensburg, Germany). The pLS007 was constructed by amplifying the backbone of 
pLS005 with two pairs of primers: Pr66/67 and Pr68/69. The DNA fragment coding 
for Nha1 was amplified from the genome of S. cerevisiae using primer pair Pr70/71 
a circular vector was formed by homologous recombination of overlapping ends in 
S. cerevisiae. Similarly plasmid pLS008 was constructed by amplifying the backbone 
of pLS005 with two pairs of primers: Pr66/67 and Pr68/69. The DNA fragment coding 
for Pma1 was amplified from the genome of S. cerevisiae using primer pair Pr72/73.  

Microscopy equipment  

For super-resolution microscopy measurements, a fully automated home-built 
microscope was used {Robinson:2015im}. We constructed a wide-field 
single-molecule fluorescence microscope by coupling high power laser excitation 
into a commercially available inverted fluorescence microscope body (IX-81, 
Olympus), equipped with a 1.49 NA 100x objective and a 512 × 512 pixel EM-CCD 
camera (C9100-13, Hamamatsu). Excitation light was provided by continuous-wave 
optically pumped semi-diode lasers (Sapphire LP, Coherent) of wavelength 514 nm 
(150 mW max. output) and 568 nm (200 mW max. output). For imaging mKate2 and 
mEos3.1 fusions, we used 568 nm excitation light and collected light emitted 
between 610–680 nm (ET 645/75m filter, Chroma). For imaging YPet fusions, we 
used 514 nm laser excitation and collected light between 525–555 nm (ET540/30m 
filter, Chroma). For FRAP measurements a commercial laser-scanning confocal 
microscope, LSM 710 (Carl Zeiss MicroImaging, Jena, Germany) was used. The 
microscope was equipped with a C-Apochromat 40x/1.2 NA objective and a blue 
argon ion laser (488 nm). For the SPT experiments, a home-built Olympus IX-81-ZDC 
inverted Total Internal Reflection Fluorescence (TIRF) microscope was used. The 
microscope was equipped with a UAPON 1.49NA 100x TIRF objective (Olympus, Inc), 
a manual open-frame microscope stage (M-545) (Physik instruments, Inc), a 512x 
512 Electron Multiplying Charge Coupled Device (EMCCD) C9100-13 camera (pixel 
size 80 nm, EM gain 1200x) (Hamamatsu, Inc) and Xcellence® software (Olympus, 
Inc). Fluorescent proteins were excited with continuous wave (CW) lasers (Coherent 
Sapphire, Inc). During the microscopy experiments, Z-drift was compensated by 
Z-axis control, which is an option built into the IX81. Emission was filtered using 
bandpass filters obtained from AHF® (AHF, Inc). For imaging Ypet, the band-pass 
filter HC535/22 (Semrock, Inc) was used, whereas for imaging mCardinal the 
band-pass filter HC630/92 (Semrock, Inc) was used.  
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Fluorescence recovery after photobleaching 

FRAP measurements. All FRAP measurements were performed on cells expressing 
the target protein from plasmids pFB001, pFB002, pFB003 and pFB004 in their 
respective endogenous knockout strain. Cells were induced with 0.2 % [w/v] 
galactose for 2.5 hours prior to the FRAP measurement and subsequently 
suspended in glucose medium to avoid further transcription. Cells were immobilized 
in between two microscope slides and the focal plane positioned to the mid-section 
of the cells. Subsequently, an area, corresponding to the plasma membrane (PM) or 
vacuolar membrane (VM), with a radius of ~1.0 µm was photo-bleached with a short 
(26 µs) focused high power light pulse. Immediately afterwards, several images of 
the fluorescence recovery were collected every 20 s or 110 ms for the plasma or 
vacuolar membrane, respectively, over a total time period of 2400 s and 5 s, using 
a laser output power of 517 W/cm2. During the entire experiment, the stage was 
heated to 30°C, using a Pecon climate chamber. Data analysis was carried out in 
imageJ40. Images were corrected for x-y drift using cross-correlation fitting. The 
fluorescence intensity over time of the PM was corrected for photo-bleaching 
effects by fitting the decay to a single exponential. The bleaching area was selected 
and the recovery was fitted with equation 1 to find the half time of recovery.  

Eq. 1  𝑓𝑓(𝑡𝑡) = 𝐴𝐴(1 − 𝑒𝑒
−ln(2)
𝜏0.�

𝑡) 

The diffusion coefficient (D) was estimated according to equation 2, derived from 
Axelrod et al.41: 

Eq. 2  𝐷𝐷 =  𝛾𝛾 �2

4𝜏0.�
 

where D is the diffusion coefficient, w the radius of the bleaching spot, 𝜏𝜏 0.5 the half 
time of recovery and γ a correction factor which is 0.88 for circular beams. The 
radius of the bleaching spot was 1.0 ± 0.1 μm as determined by Meinema et al.23. 

FRAP simulations. The analysis methods for FRAP are designed to determine the 
diffusion of molecules in a plane. Here, we were looking at the middle of yeast cells 
with molecules diffusing on a curved plane that we observe from the side. We thus 
investigated the accuracy of the analysis methods by simulating the various 
experiments and comparing input with “observed” diffusion coefficients. All 
simulations were performed in Smoldyn42, which simulates particles undergoing 
random walks on specified geometries. Further analysis of simulated trajectories 
was performed in Mathematica. For the FRAP simulations we used a sphere with 
a radius of 2.5 µm. For each simulation 5000 particles were distributed randomly 
over most of the surface, leaving a “bleached” area free of particles. Two bleach 
area sizes were used: 1) a (nearly) rectangular region of 2 µm in width and 1 µm in 
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height and 2) a (nearly) square region of 2 µm in width and 2 µm in height. The width 
used here is similar to the width of the bleaching area in the experimental FRAP 
measurements. Five simulations were performed with the small rectangular bleach 
area. All with an input diffusion coefficient of 10-4 µm2/s, a simulation time step of 
0.2 s and a total simulation time of 105 s. Ten simulations were performed with the 
big square bleach area with five different diffusion coefficients, 10-4 - 1 µm2/s. The 
simulation time steps and total simulation times were 0.2 – 2·10-5 s and 105 – 10 s, 
respectively (in steps of 10-fold). For each simulation, the number of particles in the 
bleached area was recorded over time. The recovery profile was fitted with equation 
1. The obtained time constant, τ1/2, was used in equation 2 to calculate D. 

(Super-resolution) microscopy in epifluorescence mode 

Localization analysis. Single-particle localization was performed by using 
custom-written plug-ins for ImageJ. Photon detection using the EMCCD camera 
results in point spread functions (PSF), which can be modelled by a two-dimensional 
Gaussian function (equation 3). Here, b is the background pixel intensity, coefficient 
A is the amplitude, x0 and y0 correspond to the center position, σx and σy  are the 
x and y spread of the PSF. 

Eq. 3   𝑓𝑓(𝑥𝑥, 𝑦𝑦) = 𝑏𝑏 + 𝐴𝐴 ∗ 𝑒𝑒
−�(𝑥−𝑥�)2

2𝜎𝑥2
 + (𝑦−𝑦�)2

2𝜎𝑦2
�

   

To detect all foci per frame we applied a discoidal filter43 to reduce noise. Two 
images are generated, one by applying a discoidal averaging filter with a diameter 
of 3 pixels, another one by applying an annular averaging filter with a width of 
1 pixel and a diameter of 7 pixels on the original image. The difference between the 
two images is subsequently used to find local maxima. Pixels with a value 4-5 times 
the standard deviation above the mean pixel value were regarded as peaks. We 
fitted a two-dimensional Gaussian function (equation 3) to all peaks on the original 
non-filtered image using the Levenberg-Marquardt method44,45. The resulting 
Gaussian profiles gave the sub-pixel coordinates of the peak positions 
(corresponding to x0, y0 of equation 3) for each frame. 

Size of MCC/eisosomes. Cells expressing Sur7-YPet and/or Pil1-mKate2 were 
premixed with fluorescent microspheres (TransFluoSpheres (488/560)), then 
embedded in 0.5 % (w/v) low-melting agarose and placed in between two 
microscope slides. Single fusion strains showed no bleed-through between 
channels. YPet and mKate2 are not known to be photo-switchable, but we 
successfully used the proteins for high-resolution imaging by first forcing the 
molecules into a dark state with an intense laser pulse (1800 W/cm2) at the 
excitation maximum of the fluorophore (514 or 568 nm) and, subsequently, 
re-activating individual molecules with a 405 nm laser and imaging with the 
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excitation lasers. Typically, 1000 frames were recorded in each fluorescence 
channel, collected at room temperature (20˚C). Super-resolution image 
reconstructions were generated after processing of the data with home-written 
software for dual-colour PALM. Single particles were localized with a localization 
accuracy of ~30 nm. We corrected for chromatic aberration using the fluorescent 
microspheres. The dimensions of the MCC/eisosome compartment were 
determined from the reconstructions and measured as shown in Fig. 1c,d and 
supplementary Fig. S1. All data was averaged, and it was taken into account that 
MCC/eisosomes were imaged randomly from different angles. We calculated width 
and length values that would match the averaged sampling value, under the 
assumption that all pictures were made with a random MCC/eisosome orientation.  

Super-resolution imaging of Can1 and Lyp1 molecules.  Cells expressing 
Can1-mEos3.1, or Lyp1-mEos3.1 were premixed with fluorescent microspheres. For 
mEos3.1 imaging excitation light (λEX=568 nm) was introduced at 180 W/cm2 for all 
the samples. A second laser (λEX=405 nm) was used to photo-switch individual 
mEos3.1 molecules from a green to a red fluorescent state. The laser power was 
adjusted to activate only a small sub-set of molecules at a time and was kept the 
same for all the experiments. Typically, 5000 frames were collected per 
measurement, with the microscope at ~20˚C.  

For the super-resolution dual-colour imaging of Lyp1-Ypet and Can1-Ypet versus 
Pil-mKate2 the same method was applied as described in the paragraph above. 
Reconstructions were made as shown in Fig. 2a,b. The total number of localizations 
of Can1-Ypet and Lyp1-Ypet at the middle of the cell was counted and averaged per 
cell in each medium condition shown in Fig. 2d.  

Cross-correlation microscopy. Cells expressing Pil1-mKate and one of the following 
constructs: Sur7-YPet, Lyp1-YPet, Lyp1-L-YPet, Lyp1(∆C)-L-YPet, Can1-YPet, 
Can1-L-YPet, Can1(∆C)-L-YPet, Can1-L-YPet-MBP, Can1-L-YPet-gapC, Can1-YPet-
MBP, Can1-YPet-gapC, Nha1-YPet, Nha1-L-YPet, or with pLS001, or pLS002 plasmids 
were grown to early exponential phase (OD of 0.1-0.3) and condensed by 
centrifugation at 3000 g for 5 minutes. In the experiment testing effect of substrate 
on localization of the protein, arginine and lysine (1.25 mM) was added 40, or 120 
minutes before the centrifugation. Cells were immobilized in between two 
microscope slides and the focal plane positioned to the mid-section of the cells. We 
imaged mKate with excitation from the 568 nm laser (75 W/cm2) with 30.5 ms 
exposure time and YPet with excitation of 514 nm laser (75-180 W/cm2, depending 
on protein imaged) with 30.5 ms exposure time. Co-localization analysis of line-scan 
data was performed using van Steensel’s approach19. To generate line scans, a 500 
nm wide line selection was drawn around the periphery of each cell in ImageJ40, and 
the fluorescence intensity in each of the two colour channels recorded as a function 
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of position along the line. For each pair of YPet and mKate2 line scans, the Pearson 
correlation coefficient between the colour channels was calculated using a 
home-written Python program46, the intensity information of one line scan was 
shifted by one pixel unit (100 nm) and the correlation coefficient recalculated. This 
process of pixel shifting and correlation was repeated to produce plots of correlation 
coefficient vs. shift distance for each cell. The plots were then averaged to obtain 
a measure of intensity correlation versus distance along the cell periphery. To 
measure the response of uncorrelated line-scans, we paired each YPet line scan with 
a spatially unrelated mKate2 line scan, selected randomly from a different cell of the 
same strain. The random selection and analysis steps were repeated 100 times and 
the correlation coefficient versus shift distance series of all cells were averaged. 

Super-resolution microscopy in TIRF mode 

Preparation of APTES-glutaraldehyde coated coverslips for SPT experiments. Prior to 
silanization with APTES, coverslips were cleaned from fluorescence impurities. First, 
high precision coverslips, 75 x 25 mm (0.17 mm thickness), were sonicated for 30 
minutes at 30°C in acetone (99.5%), and, subsequently, sonicated for 45 minutes at 
30°C in 5M KOH. After sonication, the coverslips were washed several times with 
double-distilled H2O (ddH20). Residual solvents were dried out using pressurized N2 

and 30 min incubation at 110°C. Next, the coverslips were plasma cleaned (PE-50, 
Plasma Etch, Inc) for 10 min. Directly after plasma cleaning, 2% APTES (v/v) in 
acetone was added to the coverslips. After 10 sec, coverslips were washed several 
times with acetone and were dried out by using pressurized N2. The APTES coated 
coverslips were then stored under vacuum. Prior to the microscopy experiment, 
a bottomless µ-Slide (Ibidi, Inc) was placed on an APTES coated coverslip. In order 
to attach glutaraldehyde to the APTES, 5% glutaraldehyde was added to each well. 
After 10-15 min incubation, each well was washed several times with ddH2O before 
addition of cells. The procedure resulted in a covalent bond between the free 
aldehyde groups of the glutaraldehyde and the amino acid groups present on the 
cell wall surface of yeast cells 47. 

Size of eisosomes by super-resolution microscopy in TIRF mode. Cells expressing Pil-
mKate2, and Sur7-Ypet were grown to mid-exponential growth phase (OD600 
0.5-0.7) were centrifuged at 3000 g for 4 min. The pellets were resuspended in 
ddH2O and mixed with TransFluoSpheres beads (488/560). Cells were subsequently 
added to wells of a bottomless µ-Slide (Ibidi, Inc) stuck onto an APTES-
glutaraldehyde coated coverslip (see above). Prior to imaging, low fluorescence 
medium lacking lysine and arginine was added to maintain cells in a healthy state 
during the microscopy experiments. Imaging of YPet was accomplished by 514-nm 
excitation with a power density of 1.4 kW·cm-2. Movies of 600 frames were taken 
for each fluorescent channel. In order to excite mKate2, light of 561 nm was 
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provided with a power density of 0.7 kW·cm-2. Both for imaging YPet and mKate2 
molecules an exposure time of 30.5 ms was used. 

The dimensions of the eisosomes were determined by calculating the major and 
minor axis from all fitted peak positions. First the positions of all eisosomes are 
determined by thresholding a super resolution reconstruction of all fitted peaks. For 
each eisosome we consider all fitted peaks that have a distance of less than one 
pixel from its centre. From the fitted peaks, that belong to the eisosome, we 
determine its orientation by using linear regression. The fitted peaks are 
subsequently rotated such that the major axis is along the x-axis and the minor axis 
along the y-axis. The length of the major and minor axis is determined by fitting 
an ellipse that contains 75% of all peaks. By taking a fraction of all peaks we filter 
out outliers. Including all fitted peaks would result in an overestimate of the major 
and minor axis. 

Single-particle tracking in TIRF mode – lateral diffusion as a function of distance from 
MCC/eisosomes. Cells expressing Sur7-YPet and Can1-mCardinal, or carrying 
pLS005, pLS007 and pLS008, grown to mid-exponential growth phase (OD600 
0.5-0.7), were centrifuged at 3000 g for 4 min. Cells with plasmids were induced for 
40 min by 0.1% D-galactose prior to centrifugation. Slides were coated and samples 
were prepared as described in section (Preparation of APTES-glutaraldehyde coated 
coverslips for SPT experiments). A TIRF time-lapse movie was obtained by exciting 
with a 561 nm laser (0.5 kW/cm2), using an exposure time of 30.5 ms every 10 
seconds for 150-200 frames. Subsequently, imaging of YPet molecules was 
accomplished by 514 nm excitation (1.4 kW/cm2), using an exposure time of 30.5 
ms. In this way, YPet was forced into a short-lived photo-darkened state. After data 
collection, the time-lapse movies were drift-corrected by fitting the fluorescent 
beads with a two-dimensional Gaussian function; the beads were tracked 
throughout the movie. The offset between the two different channels was 
measured by the difference in fitted-position of all the fluorescent beads on the first 
frame of the two corresponding movies. By using the fitted coordinates of 
Sur7-YPet, we constructed a high-resolution image of the eisosomes. The resulting 
peaks in the reconstructed image were then clustered by iteratively applying 
a mean-filter with decreasing radii (400 to 120nm). The precise center-coordinates 
of the eisosomes were determined by averaging all the centroids of the peaks that 
were located within radial distance of 240 nm from the maxima in the filtered 
high-resolution image.  

SPT trajectories of Can1-mCardinal, Nha1-mCardinal and Pma1-mcardinal were 
obtained from the TIRF time-lapse movies. These trajectories were constructed by 
linking together peaks that appear within a pre-defined radius of 240 nm in 
subsequent frames. The distance from the starting point of each trajectory to the 
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center-coordinate of its closest eisosome was then calculated and plotted in 
an histogram using equation 4) for the optimal bin width. Besides, for each 
eisosome, the closest distance to a neighbouring eisosome was calculated.  

Eq. 4 Bin width: 3.49* standard deviation * N(-1/3)   

Data analysis was exclusively performed within certain regions of interests (ROIs) 
that excluded edges of cells, to avoid membrane curvature. Heterogeneity in the 
diffusion behavior of the proteins was analyzed by the cumulative probability 
distribution (CPD) of the obtained step sizes. The CPD function gives the probability 
of finding the particle within a circle with radius r at a given time lag τ 48. First, the 
step size distribution was obtained in MATLAB® from the experimental step sizes, 
excluding step sizes smaller than 16 nm given the localization accuracy of our 
measurements. Then, the cumulative probability distribution (CPD) was calculated 
using the built-in function of MATLAB® called cumsum. Finally, the experimental 
CPD was fitted with the cumulative probability distribution function CPF. The CPF is 
theoretically defined as in equation 5, where D is the lateral diffusion coefficient and 
σ the localization accuracy. 

Eq. 5     𝐶𝐶𝐶𝐶𝐶𝐶 = 1 −  𝑒𝑒(− �2

4𝐷𝑡+4 2) 

The localization accuracy σ was determined from the mean error in the x and y 
parameters of the Gaussian fit. For a homogeneous population of diffusing particles, 
the cumulative probability function will result in a single exponential decay, while 
for a heterogeneous diffusive population, the corresponding CPF is expected to 
resemble the sum of multiple exponentials, depending on the number of 
populations with a distinct diffusion coefficient. 
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Table 1. Strains used in this study 

 

Strains Characteristics  Reference 

S. cerevisiae BY4742 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
Brachmann et 
al. 49 

E. coli MC1061  
Casadaban et 
al. 50 

S. cerevisiae BY4742 Δlyp1 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Δlyp1 kanMx 
Giaever et al. 
51 

S. cerevisiae BY4742 Δcan1 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Δcan1 kanMx 
Giaever et al. 
51 

S. cerevisiae BY4742 Δnha1 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Δnha1 kanMx 
Giaever et al. 
51 

S. cerevisiae BY4742 can1-
mEos3.1 

Matα his3Δ1 leu2Δ0 lys2Δ0 can1::CAN1-
MEOS3.1_URA3 

This study 

S. cerevisiae BY4742 lyp1-
mEos3.1 

Matα his3Δ1 leu2Δ0 lys2Δ0 lyp1::LYP1-MEOS3.1_URA3 This study 

S. cerevisiae BY4742 lyp1-
YPet  

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 lyp1::LYP1-YPET This Study 

S. cerevisiae BY4742 can1-
YPet  

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 can1::CAN1-YPET This Study 

S. cerevisiae BY4742 pil1-
mKate2  

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 pil1::PIL1-MKATE2 This Study 

S. cerevisiae BY4742 lyp1-
YPet pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 lyp1::LYP1-
YPET_URA3 pil1::PIL-MKATE2 

This Study 

S. cerevisiae BY4742 lyp1-L-
YPet pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 lyp1::LYP1-L-
YPET_URA3 pil1::PIL-MKATE2 

This Study 

S. cerevisiae BY4742 
lyp1(∆C)-L-YPet pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 lyp1::LYP1(∆601-
611)-L-YPET_URA3 pil1::PIL-MKATE2 

This Study 

S. cerevisiae BY4742 can1-
YPet pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 can1::CAN1-
YPET_URA3 pil1::PIL1-MKATE2 

This Study 

S. cerevisiae BY4742 can1-L-
YPet pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 can1::CAN1-L-
YPET_URA3 pil1::PIL1-MKATE2 

This Study 

S. cerevisiae BY4742 
can1(∆C)-L-YPet pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 ura3Δ0 
can1::CAN1(∆580-590)-L-YPET_URA3 pil1::PIL1-
MKATE2 

This Study 

S. cerevisiae BY4742 nha1-
YPet pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 nha1::NHA1-
YPET_URA3 pil1::PIL1-MKATE2 

This Study 
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S. cerevisiae BY4742 nha1-L-
YPet pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 nha1::NHA1-L-
YPET_URA3 pil1::PIL1-MKATE2 

This Study 

S. cerevisiae BY4742 sur7-
YPet pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sur7::SUR7-YPET 
pil1::PIL1-MKATE2_URA3 

This Study 

S. cerevisiae BY4742 can1-
YPet-MBP pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 can1::CAN1-YPET-
MBP_HIS3 pil1::PIL1-MKATE2 

This Study 

S. cerevisiae BY4742 can1-L-
YPet-MBP pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 can1::CAN1-L-Ypet-
MBP_HIS3  pil1::PIL1-MKATE2 

This Study 

S. cerevisiae BY4742 can-
YPet-gapC pil1-mKate2 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 can1::CAN1-YPET-
GAPC_LEU2 pil1::PIL1-MKATE2 

This Study 

S. cerevisiae BY4742 can-L-
YPet-gapC 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 can1::CAN1-YPET-
GAPC_LEU2 pil1::PIL1-MKATE2 

This Study 

S. cerevisiae BY4742 sur7-
YPet 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sur7::SUR7-YPET This Study 

S. cerevisiae BY4742 can-L-
mCardinal sur7-YPet 

Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sur7::SUR7-YPET 
can1::CAN1-MCARDINAL 

This Study 
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Table 2. Plasmids used in this study 

Plasmids Characteristics Reference 

pRS426GAL1-GFP 
pRS426 with gal promoter and GFP-His fusion cassette with ura3 
selection marker 

Newstead et al.52 

pRS316 Centromeric shuttle vector with ura3 marker Sikorski et al.53 

pRS317 Centromeric shuttle vector with lys2 marker Sikorski et al.53 

pFB001  pRS426GAL1-GFP derivative with lyp1 fused to YPet-his This study 

pFB002  pRS426GAL1-GFP derivative with can1 fused to YPet-his This study 

pFB003  pRS426GAL1-GFP derivative with nha1 fused to YPet-his This study 

pFB004  pRS426GAL1-GFP derivative with vba1 fused to YPet-his This study 

pUG72  AmpR, Ura3 chromosomal integration cassette  
Gueldener et al. 
54 

pFB007  
Pug 72 with ura3 flanking homologous regions and reverse 
mEos3.1 fusion gene 

This Study 

pFB008  
Pug 72 with ura3 flanking homologous regions and reverse YPet 
fusion gene 

This Study 

pFB009  
Pug 72 with ura3 flanking homologous regions and reverse 
mKate2 fusion gene 

This Study 

pLS001 pRS316 derivative with Pma1-YPet under Pma1 promoter This Study 

pLS002 pLS001 dertivative with Pma1(∆392–679)-YPet  This Study 

pLS003 pRS426GAL1-GFP derivative with can1 fused to YPet with linker This Study 

pLS004 pRS426GAL1-GFP derivative with lyp1 fused to YPet with linker This Study 

pLS005 
pRS426GAL1-GFP derivative with can1 fused to mCardinal with 
linker 

This Study 

pPP002 
Adapted from pACM040, MBP-GFP 

under GAL1 promoter 
Popken et al. 55 

pUG73 AmpR, Leu2 chromosomal integration cassette 
Gueldener et al. 
54 

pLS006 Pug 73 with leu2 and reverse gap1C fusion gene This Study 

pDP001-GFP-
Gap1C 

pACM021-GFP with Gap1(552-602) fused to GFP Popov et al 33 
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pLS007 
pRS426GAL1-GFP derivative with nha1 fused to mCardinal with 
linker This Study 

pLS008 
pRS426GAL1-GFP derivative with pma1 fused to mCardinal with 
linker 

This study 
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Table 3. Primers used in this study (italics indicates homologous regions introduced 
for the excision of the Ura3 marker after genomic integration of the Pug72 
mEos3.1 cassette)  

Primer 
name 

Sequence Purpose 

Pr1  
ACCACCACCAUCATCATCATCAT
TAACTGCAGGAATTC 

Fw primer for amplification of pRS426GAL1-GFP 
vector annealing at histag for swaping c terminal 
fusion protein. 

Pr2  
AGGGTAGTGCUGAAGGAAGCA
TACGATACCC 

Fw primer for amplification of pRS426GAL1-GFP 

Pr3  
AGCACTACCCUTTAGCTGTTCTA
TATGCTGCC 

Rev primer for amplification of pRS426GAL1-GFP  

Pr4  
ATTTTGGGAUCCACTAGTTC
TAGAATCCGGGG 

 

Rev primer for pRS426GAL1-GFP backbone 
amplification anneals behind gal promoter. 

Pr5  
AGGGGAAAAUTTATATTTTCAA
GGTTCTAAAGGTGAAGAATTAT
TCACTGG 

Fw primer for amplification of YPet gene and insertion 
into pRS426GAL1-GFP. 

Pr6  
ATGGTGGTGGUGGAGCTCTTTG
TACAATTCATTCATACC 

Rev primer for amplification of YPet gene and 
insertion into pRS426GAL1-GFP. 

Pr7  
ATCCCAAAAUGGGCAGGTTTAG
TAACATAATAACGTCC 

Fw primer for amplification of S. cerevisiae lyp1 gene 
for insertion into pRS426GAL1-GFP. 

Pr8  
ATTTTCCCCUCCTGCAACAGCAG
CCCAGAATTTCTC 

Rev primer for amplification of S. cerevisiae lyp1 gene 
for insertion into pRS426GAL1-GFP. 

Pr9  

 

ATTTTCCCCUCCTGCTACAACAT
TCCAAAATTTGTCCC 

Fw primer for amplification of S. cerevisiae can1 gene 
for insertion into pRS426GAL1-GFP. 

Pr10  
ATCCCAAAAUGGGAACAAATTC
AAAAGAAGACGCCGACATAG 

Rev primer for amplification of S. cerevisiae can1 gene 
for insertion into pRS426GAL1-GFP. 

Pr11  
ATCCCAAAAUGGCTATCTGGGA
GCAACTAGAAG  

Fw primer for amplification of S. cerevisiae nha1 gene 
for insertion into pRS426GAL1-GFP. 

Pr12  
ATTTTCCCCUCCCTTATTGAGAC
CAAGCGTTTTTGATAGCG  

Rev primer for amplification of S. cerevisiae nha1 gene 
for insertion into pRS426GAL1-GFP. 

Pr13  
ATCCCAAAAUGGGACAAACACT
AGACGAGACTTCAAATCTAC 

Fw primer for amplification of S. cerevisiae vba1 gene 
for insertion into pRS426GAL1-GFP. 

Pr14  
ATTTTCCCCUCCAGAACTTGAAC
TACGTTTGTAAGTATGTTTC 

Rev primer for amplification of S. cerevisiae vba1 gene 
for insertion into pRS426GAL1-GFP. 

Pr19  AGTCCGACCUGGGCGCGCGCGA
ATTAGCCGCGGCGTGGCCTTCCC

Primer for construction of the pug72 mEos3.1 fusion 
cassette, containing upstream homologous region 
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AAATTTGGGTAGGGCGTCTAGA
GATCCCAATACAACAGATCAC 

flanking Ura3, for excision of the Ura3 marker after 
genomical integration.  

Pr20  

ACTAACCCGUGGGCGCGCGCGA
ATTAGCCGCGGCGTGGCCTTCCC
AAATTTGGGTAGGGCCTCGAGA
ACCCTTAATATAACTTCGT 

Primer for construction of the pug72 mEos3.1 fusion 
cassette, containing downstream homologous region 
flanking Ura3, for excision of the Ura3 marker after 
genomical integration. 

Pr21  
ACGGGAACGUCGTACGAAGCTT
CAGCTGGC 

Rev primer for amplification of Pug72 backbone for 
insertion of fluorescent protein in pug72 vector. 

Pr22  
ACGGGTTAGUAGCTCGTTTTATT
TAGGTTCTATCGAGG 

Rev primer for amplification of Ura3 marker for Pug72 
mEos3.1 cassette. 

Pr23  
ACGTTCCCGUATGAGTGCGATT
AAGCCAGACA 

Fw primer for Amplification of mEos3.1 for pug72 
mEos3.1 fusion cassette  

Pr24  
AGGTCGGACUTTATCGTCTGGC
ATTGTCAGGC 

Rev primer for Amplification of mEos3.1 for pug72 
mEos3.1 fusion cassette 

Pr25  
ACGTTCCCGUATGTCTAAAGGT
GAAGAATTATTCACTGG 

Fw primer for Amplification of YPet for pug72 YPet 
fusion cassette 

Pr26  
AGGTCGGACUTTAGAGCTCTTT
GTACAATTCATTCATAC 

Rev primer for Amplification of YPet for pug72 YPet 
fusion cassette 

Pr27  
ACGTTCCCGUATGGTGAGCGAG
CTGATTAAGG 

Fw primer for Amplification of mKate2 for pug72 
mKate2 fusion cassette 

Pr28  
AGGTCGGACUTCATCTGTGCCC
CAGTTTGCTAG 

Rev primer for Amplification of mKate2 for pug72 
mKate2 fusion cassette 

Pr29  
GCGAAATGGCGTGGAAATGTGA
TCAAAGGTAATAAAACGTCATAT
CTGATATCACCTAATAACTTCG 

Rev primer for amplification of can1 specific fusion 
cassette from Pug72 

Pr30  

GAAGATCATGAACCAAAGACTT
TTTGGGACAAATTTTGGAATGTT
GTAGCAATGAGTGCGATTAAGC
CAGAC 

Fw primer for amplification of can1 specific mEos3.1 
fusion cassette from Pug72 mEos3.1 

Pr31 

GAAGATCATGAACCAAAGACTT
TTTGGGACAAATTTTGGAATGTT
GTAGCAATGTCTAAAGGTGAAG
AATTATTCACTGG 

Fw primer for amplification of can1 specific YPet 
fusion cassette from Pug72 YPet 

Pr32 

TGAACCAAAGACTTTTTGGGAC
AAATTTTGGAATGTTGTAGCACG
TACGCTGCAGGTCGACGGAGCA
GGTGCTGGTGCTGGTGCTGGAG
CAATGTCTAAAGGTGAAGAATT
ATTCACTGG 

Fw primer for amplification of can1 specific YPet 
fusion cassette from Pug72 YPet with linker 

Pr33 

AGACATTGAGGCAATTGTATGG
GAAGATCATGAACCAAAGACTC
GTACGCTGCAGGTCGACGGAGC
AGGTGCTGGTGCTGGTGCTGGA

Fw primer for amplification of can1∆10 specific YPet 
fusion cassette from Pug72 YPet with linker 
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GCAATGTCTAAAGGTGAAGAAT
TATTCACTGG 

Pr34  

CTATTTTTTTATTTTTTTCTATTTT
GAAGGCATGCAAGAGGTTCTGT
GACTGATATCACCTAATAACTTC
G 

Rev primer for amplification of lyp1 specific fusion 
cassette from Pug72 

Pr35  

GAAGACGACGAGCCTAAGAATT
TATGGGAGAAATTCTGGGCTGC
TGTTGCAATGAGTGCGATTAAG
CCAGAC 

Fw primer for amplification of lyp1 specific mEos3.1 
fusion cassette from Pug72 mEos3.1 

Pr36 

GAAGACGACGAGCCTAAGAATT
TATGGGAGAAATTCTGGGCTGC
TGTTGCAATGTCTAAAGGTGAA
GAATTATTCACTGG 

Fw primer for amplification of lyp1 specific YPet fusion 
cassette from Pug72 YPet. 

Pr36 

CGAGCCTAAGAATTTATGGGAG
AAATTCTGGGCTGCTGTTGCACG
TACGCTGCAGGTCGACGGAGCA
GGTGCTGGTGCTGGTGCTGGAG
CAATGTCTAAAGGTGAAGAATT
ATTCACTGG 

Fw primer for amplification of lyp1 specific YPet fusion 
cassette from Pug72 YPet with linker 

Pr37 

AGAAATCGAAGCAATTATTTGG
GAAGACGACGAGCCTAAGAATC
GTACGCTGCAGGTCGACGGAGC
AGGTGCTGGTGCTGGTGCTGGA
GCAATGTCTAAAGGTGAAGAAT
TATTCACTGG 

Fw primer for amplification of lyp1∆10 specific YPet 
fusion cassette from Pug72 YPet with linker 

Pr38 

CATTTCGTTTATATATATACTAAA
ATAATATATCTTTGTGTATTAAT
AAATGGATCTGATATCACCTAAT
AACTTCG 

Rev primer for amplification of nha1 specific fusion 
cassette from Pug72 

Pr39 

GAGTGCTGCTGTTAAGTCGGCG
CTATCAAAAACGCTTGGTCTCAA
TAAGGGAGGGGGAATGTCTAAA
GGTGAAGAATTATTCACTGG 

Fw primer for amplification of nha1 specific YPet 
fusion cassette from Pug72 YPet  

Pr40 

TGCTGTTAAGTCGGCGCTATCAA
AAACGCTTGGTCTCAATAAGCGT
ACGCTGCAGGTCGACGGAGCAG
GTGCTGGTGCTGGTGCTGGAGC
AATGTCTAAAGGTGAAGAATTA
TTCACTGG 

Fw primer for amplification of nha1 specific YPet 
fusion cassette from Pug72 YPet with linker 

Pr41 

CATGAACAAGTCGGACACCAGC
AAAGTGAGTCTCTTCCCCAACAA
ACAACAGCTGGAGGGGGAATG
GTGAGCGAGCTGATTAAGG 

Fw primer for amplification of pil1 specific mKate2 
fusion cassette from Pug72 mKate2 

Pr42 CTGCTGGTTTTTTTTTTTTTGTTT
CTAATAGATTGTTGATTTATTTT

Rev primer for amplification of pil1 specific fusion 
cassette from Pug72 
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GAATCTGATATCACCTAATAACT
TCG 

Pr43 

CTTCTTCACTATAAGAAAATCAC
ACGAGCGCCCGGACGATGTCTC
TGTTGGAGGTGGAATGTCTAAA
GGTGAAGAATTATTCACTGG 

Fw primer for amplification of sur7 specific YPet 
fusion cassette from Pug72 YPet. 

Pr44  

GAGAAGAAAGGGGTATAAATAT
ATATTACAAAGCGGAAAACTTG
CGCCATGGATCTGATATCACCTA
ATAACTTCG 

Rev primer for amplification of sur7 specific fusion 
cassette from Pug72 

Pr45  
CACCGCGGTGGCGGCCGCTCTA
GAACTAGTGGATCCCCCAAAAC
AAACCCGGTCTCGAAG 

Forward primer for cloning Pma1 with its promoter 
from S. cerevisiae chromosome 7 to prs316 using 
homologous recombination 

Pr46 
AATAATTCTTCACCTTTAGAACC
CCCTCCGCCACCGGTTTCCTTTTC
GTGTTGAGTAGAG 

Rev primer for cloning Pma1 from S. cerevisiae 
chromosome 7 and homologous recombination with 
YPet fw 

Pr47 

TCAACACGAAAAGGAAACCGGT
GGCGGAGGGGGTTCTAAAGGT
GAAGAATTATTCACTGGTGTTGT
CC 

Fw primer for cloning YPet and fusing to Pma1  

Pr48 

GACGGTATCGATAAGCTTGATA
TCGAATTCCTGCAGCCCTTAGAG
CTCTTTGTACAATTCATTCATACC
CTCG 

Rev primer for cloning YPet and fusing to Pma1 

Pr49 
AGAACCACCAGCACCACCAGAA
GAAGCAGCACCTCCAGACAAAT
TTTTCACAGAATGTACTCT 

Forward primer for removal of cytosolic part of Pma1. 
Anneals at T680. contains homologous region with 
Pr44 

Pr50 
GCTGCTTCTTCTGGTGGTGCTGG
TGGTTCTTTCGTGCAAGGACAAC
TTGTTCTTGGTCAA 

Reverse primer for removal of cytosolic part of Pma1. 
Finishes at E392. contains homologous region with 
Pr43 

Pr51 
ATCCCAAAAUGGGAACAAATTC
AAAAGAAGACGCCGACATAG 

Fw primer for amplification of S. cerevisiae lyp1-L-
YPet insertion into pRS426GAL1-GFP. 

Pr52 
ATCCCAAAAUGGGAACAAATTC
AAAAGAAGACGCCGACATAG 

Fw primer for amplification of S. cerevisiae can1-L-
YPet insertion into pRS426GAL1-GFP. 

Pr53 
ATGGTGGTGGUGGAGCTCTTAT
TTGTACAATTCATTCATACC 

Rev primer for amplification of S. cerevisiae YPet gene 
insertion into pRS426GAL1-GFP. 

Pr54 
TGCTACAACATTCCAAAATTTGT
CC 

Fw primer for amplification of pLS003 without the 
fluorescent protein 

Pr55 TCATCATCATCATTAACTGCAGG 
Rev primer for amplification of pLS003 without the 
fluorescent protein 
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Pr56 

GAAGATCATGAACCAAAGACTT
TTTGGGACAAATTTTGGAATGTT
GTAGCACGTACGCTGCAGGTCG
ACGGAGCAGGTGCTGGTGCTGG
TGCTGGAGCAATGGTCAGTAAG
GGTGAAGAA 

Fw primer for amplifying mCardinal with regions 
homologous to pLS003 plasmid 

Pr57 

GATAAGCTTGATATCGAATTCCT
GCAGTTAATGATGATGATGATG
GAGCTCTTATTACTTGTATAATT
CGTCCATACCATTC 

Rev primer for amplifying mCardinal with regions 
homologous to pLS003 plasmid 

Pr58 

AATTTTTGACTGCTGCTGGTATT
ACCGAGGGTATGAATGAATTGT
ACAAATCTAGAACTAGTGGATC
CCCCGGG 

Fw primer for amplification of YPet specific fusion 
cassette from Pug73 gapC 

Pr59 
AGAATGCGAAATGGCGTGGAAA
TGTGATCAAAGGTAATAAAACG
TCATCTCACTATAGGGAGACCG 

Rev primer for amplification of can1 specific fusion 
cassette from Pug73 gapC 

Pr60 
AATTTTTGACTGCTGCTGGTATT
ACCGAGGGTATGAATGAATTGT
ACAAAGC 

Fw primer for amplification of YPet specific fusion 
cassette from pPP002 

Pr61 
AGAATGCGAAATGGCGTGGAAA
TGTGATCAAAGGTAATAAAACG
TCATATCGAGGCCCTTTCGT 

Rev primer for amplification of can1 specific fusion 
cassette from pPP002 

Pr62 
AATGTGTAAUGGCCTTGAGATT
TCAAGC 

Fw primer to amplify pUG73 backbone 

Pr63 AACGACAATAUGTCCATATGGT
G 

Rev primer to amplify pUG73 backbone 

Pr64 ATATTGTCGTUGTACAAATCTAG
AACTAGTGGATCC 

Fw primer to amplify gapC coding region 

Pr65 ATTACACATUTCACTATAGGGCG
AATTGGGTAC 

Rev primer to amplify gapC coding region 

Pr66 ATTTTGGGATCCACTAGTTCTAG
AATCCGG 

Fw primer to amplify first part of the backbone 

Pr67 TGCACTCTCAGTACAATCTGCTC Rev primer to amplify first part of the backbone 

Pr68 CGTACGCTGCAGGTCGACG Fw primer to amplify second part of the backbone 

Pr69 GGCTTAACTATGCGGCATC Rev primer to amplify second part of the backbone 
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Pr70 
CTTTAACGTCAAGGAGAAAAAA
CCCCGGATTCTAGAACTAGTGG
ATCCCAAAATATGGCTATCTGGG
AGCAACTA 

Fw primer to amplify nha1 gene 

Pr71 
CATTGCTCCAGCACCAGCACCAG
CACCTGCTCCGTCGACCTGCAGC
GTACGCTTATTGAGACCAAGCG
TTTTTGATA 

Rev primer to amplify nha1 gene 

Pr72 
AATATACCTCTATACTTTAACGT
CAAGGAGAAAAAACCCCGGATT
CTAGAATGACTGATACATCATCC
TCTTCA 

Fw primer to amplify pma1 gene 

Pr73 
AGCACCTGCTCCGTCGACCTGCA
GCGTACGGGTTTCCTTTTCGTGT
TG 

Rev primer to amplify pma1 gene 
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Abstract 
Lateral diffusion is important in any biological system, as molecules need to move 
around in order to meet substrates or interact (transiently) with components of the 
cell. However, the diffusion of molecules in biological membranes is in many cases 
poorly understood. Here, we present and discuss data on diffusive processes in 
biological membranes with special attention to the yeast plasma membrane. Lateral 
diffusion in the plasma membrane of Saccharomyces cerevisiae is extremely slow 
(about 3-orders of magnitude slower) compared to diffusion in organellar 
membranes or the plasma membrane of studied bacteria and mammalian cells. We 
used fluorescent probes to determine the basis of the slow diffusion and we find 
that neither obstruction from (skeletal) structures on the cytosolic nor the external 
side of the plasma membrane can explain the slow diffusion. Additionally, we 
investigated the diffusion as a function of temperature.  We find that the lateral 
diffusion coefficient increases about 7-fold when the ambient temperature is 
increased from 25 to 50oC, a change in mobility that is entirely reversible. We also 
find that the mobility of proteins in the plasma membrane of yeast is higher when 
cells are grown at lower temperatures and subsequently analyzed at higher 
temperatures and vice versa. Thus, the temperature effect is significant, but the 
physical state of the membrane, e.g. from liquid-ordered at 25-30oC to liquid 
disordered at 50oC, does not fully explain the very slow diffusion in the PM of yeast. 
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Introduction 

Lateral and rotational diffusion 

At temperatures above 0 Kelvin, everything moves. The random movement of 
molecules, which is metabolic-energy independent, is called diffusion. Here, we will 
discuss two different kinds of diffusion: rotational and lateral. Rotational diffusion 
is the movement of a molecule around its axes without changing the position of its 
center of mass. Translational diffusion is a process in which a molecule moves its 
center of mass. In membranes, molecules can move only in 2 dimensions and the 
term lateral diffusion is used to describe the moving around of a molecule in the 
plane of the membrane. The “speed of diffusion” is given by the diffusion 
coefficient, which has the dimension m2/s. Diffusion is very important for 
(bio)chemical reactions, as substrates (and catalysts) have to encounter each other 
before a chemical transformation can occur. This is especially important in biology, 
where reaction rates of enzymes can be fast enough to make diffusion the limiting 
step of said reaction1,2. For proteins residing in biological membranes that need to 
interact with soluble partners, the diffusion coefficient in the membrane is less 
critical because soluble molecules diffuse much faster3.  

The lateral diffusion coefficient of Green Fluorescent Protein (GFP) in aqueous 
solutions is around ~100 m2/s4. The cytoplasm of cells is much more crowded than 
aqueous solution5, which slows down the diffusion. The diffusion coefficients of GFP 
in the Escherichia coli cytoplasm is 5-10 m2/s6. In membranes, however, the 
diffusion coefficient of proteins is typically one or two orders of magnitude lower 
than in the cytoplasm, and in bacterial membranes values of 0.02-0.1 m2/s have 
been found for membrane proteins with 12 transmembrane segments, making 
them practically immobile when compared with soluble proteins or small 
molecules7. This also means that it takes longer for two membrane proteins to 
encounter each other than for two cytoplasmic proteins. If the encounter is 
important for e.g. formation of a transient complex, one needs to take into account 
that proteins in membranes are (largely) restricted to diffusion in two dimensions, 
which enhances the chance of forming a functional complex compared to 
water-soluble proteins that move in three dimensions. It is thus difficult to say 
whether membrane-bound processes are more readily diffusion limited than 
cytoplasmic reactions. Furthermore, there are known cases when proteins are 
forced to be immobile to perform their function properly. Toll-like receptors, which 
are part of immune response, stop diffusing and start aggregating when they are 
activated8. Additionally, slow diffusion together with selective delivery and removal 
of proteins from the membranes allows cells to maintain polarity9.  
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There are two functional models of lateral diffusion in the PM. Both of them have 
been validated in vitro. The free area model proposed by Almeida describes 
diffusion of lipid molecules10 and is based on the way gases diffuse, but it has been 
modified to account for diffusion in two dimensions. The model suggests that, 
through thermal fluctuations, a free area is created in the lipid bilayer. When the 
area reaches a critical size, lipid moves into it, leaving another free area behind. 
However, contrary to gases, lipids interact with each other, so besides creating the 
free space, a certain energy is necessary to break the Van der Waals’ interactions 
between lipid molecules. The model is given by Equation 1: 

Eq. 1 

𝐷𝐷 = (3.224 ∗ 10−�)�𝑇𝑇𝑇𝑇(𝑇𝑇)
𝑀𝑀

𝑒𝑒
� −𝑎0

𝑎(𝑇)−𝑎0
−�𝑎

𝑘𝑇�
 

Where the numerical factor substitutes a set of constants to simplify the equation, 
a(T) is the average area per molecule at temperature T, a0 is the critical free area 
necessary for the diffusion, Ea is the activation energy needed to break inter-lipid 
interactions, k is the Boltzmann constant and T is the absolute temperature. The 
model has been validated experimentally11,12 but was criticized for having too many 
adjustable parameters that are difficult, or impossible, to determine experimentally 
which lowers its predictive power13. 

Protein diffusion is different than from lipid diffusion. Proteins are much bigger than 
lipids making their diffusion less dependent on the surrounding (lipid) molecules. 
Saffman and Delbruck14 have proposed a model that has been validated15–17 for 
proteins with hydrophobic radii smaller than 8 nm. However, molecular dynamics 
simulations suggest that due to crowding effects the model may not apply for 
crowded membranes18. The model treats proteins as cylinders inserted in an infinite 
sheet of viscous fluid separating two infinite volumes of less viscous fluid. The 
diffusion coefficient is given by equation 2. 

Eq. 2 

𝐷𝐷 =  
𝑘𝑘𝑇𝑇

4𝜋𝜋𝜋𝜋ℎ
(ln �

𝜋𝜋ℎ
𝜋𝜋�𝑅𝑅

� −  𝛾𝛾) 

Where h is thickness of the bilayer,  is the viscosity of the membrane, ’ is the 
viscosity of the outer liquid, γ is the Euler’s constant, k is the Boltzmann constant, 
and T the is absolute temperature.  

Both models describe the motion of molecules well in vitro, that is, in membrane 
model systems with low protein-to-lipid ratios. Those systems usually contain no 
more than 4 different lipids and the molecule(s) under investigation. Biological 
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membranes are more complicated. The diffusion coefficients observed in vivo19–24  
are 10 to 100 times slower than diffusion in model membranes (mostly Giant 
Unilammelar Vesicles; GUVs, Table 1)19,25–30. The goal of this introduction is not to 
discuss the structure of the different types of lipid bilayers in detail, but rather the 
diffusive behavior of the molecules in biological membranes. However, diffusion of 
the membrane-bound molecules cannot be understood without some information 
about the structure of the lipid bilayer. 

Membrane is a bilayer with proteins inserted in between lipid molecules 

The first experiment showing that the layer surrounding cells was a lipid bilayer was 
performed by Gorter and Grendel in 192531. They determined the area of 
erythrocytes by extracting lipids from the cells, spreading the lipids over a water-air 
interface, and calculating the area the lipid film takes. Despite making experimental 
errors (which cancelled each other)32, they came to the conclusion that the plasma 
membrane of erythrocytes is “two molecules thick”31. The first model of 
a membrane with proteins surrounded by lipids was introduced in 1972 by Singer 
and Nicolson. The Fluid Mosaic Model proposes that the membrane consists of 
a bilayer of phospholipids arranged as a homogenous 2 dimensional plane without 
any barriers. The polar heads interact with the solution, while hydrophobic tails are 
separated from the aqueous environment. The majority of lipids weakly interact 
with proteins inserted into the bilayer. Proteins can have some lipids strongly 
binding to their surface, the so-called annular lipids. Furthermore, proteins next to 
each other together with their lipid shells may create small islands within a 
liquid-crystalline lipid bilayer33.  

Soon after publishing the Fluid Mosaic model the presence of lipid clusters, that are 
more packed than the surrounding lipids, were discovered34. The Fluid Mosaic 
Model by Nicolson was amended to include interactions between lipids and 
proteins. In the new model, lipid-lipid, lipid-protein, and protein-protein 
interactions play a more prominent role than in the original Fluid Mosaic model. The 
lipid bilayer is not treated as a homogenous fluid in which proteins diffuse35. 
Additionally, the membrane skeleton consisting of actin, myosin and microtubules36 
was implicated to have an active role in the structuring of the membrane35. 

Membrane domains and lipid phase separation 

When rotational diffusion of proteins was studied on erythrocytes, it turned out that 
40% of band 3 was restricted in its mobility, which means the proteins are bound to 
something in the membrane, or membrane skeleton37. The study of rotational 
diffusion of rhodopsin showed that hydrophobic mismatch, the difference between 
the length of a hydrophobic part of a protein and the thickness of the acyl chain 
region of the bilayer, can induce clustering of proteins, which restricts their 
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rotational diffusion38. Simons and Ikonen took these, and other studies, into account 
when they formulated their “Raft model”, which states that interactions between 
lipids and proteins result in creation of functional islands of lipids and proteins, 
so-called “rafts”, that are essential for the cells39. Lipid rafts, made of densely 
packed sphingolipids, with cholesterol acting as a spacer between them, are present 
in the outer leaflet of the plasma membrane of mammalian cells. As sphingolipids 
usually have longer and more saturated acyl chains, they interdigitate with the lipids 
of the inner leaflet and thereby the outer leaflet imposes structure on the inner 
leaflet lipids. The inner leaflet lipids that form part of the rafts are mostly saturated 
to optimize their packing and domain formation. These raft structures are resistant 
to mild detergents and embed GPI-anchored proteins and certain transmembrane 
proteins. By concentrating signaling molecules, the rafts would strengthen the local 
signal and prevent crosstalk between pathways40. Protein participation in the rafts 
can be modulated by protein-protein, or protein-lipid interactions39. Raft-associated 
proteins, independent of their membrane anchor (HA protein anchored with 
transmembrane helix or PLAP protein with GPI anchor), associate with rafts without 
forming protein clusters. Viscous drag, a force that acts opposite to motion of 
an object, of the raft-associated proteins is dependent on cholesterol content. After 
removal of cholesterol from the membrane, the viscous drag of raft-associated 
protein is similar to GT46, a non-raft associated protein. The difference in viscous 
drag between raft-associated and non-raft associated allowed to estimate the size 
of rafts to ~26 nm41, which is well below the resolution limit, and might explain why 
rafts are not detected by conventional microscopy. 

BOX 1. Lipid phases in biological membranes 
Lipid melting temperature (Tm), or phase transition temperature, is the 
temperature at which a change in physical state of the membrane is induced. 
Below the Tm, acyl chains are stretched and tightly packed. Above the Tm, the acyl 
chains have more degrees of freedom and the membrane is in the so-called fluid 
crystalline state (Fig. B1.1). Longer and fully saturated acyl chains of the lipid 
cause the Tm to be higher42.  
 

 
Figure B1.1. Phase transition of lipid membrane.  
The melting temperature of a lipid mixture is different from that of its 
components. Different types of acyl chains tend to lower the phase transition 
temperature. In two extremes the membrane is either in liquid crystalline (above 



  P a g e  | 105 

Tm), or gel-like (below Tm) state. Addition of cholesterol to a mixture of saturated 
and unsaturated lipids can separate the components into different phases (Fig. 
B1.2)43. The liquid ordered (Lo) phase consists of lipids with high Tm (long and 
saturated acyl chains) together with most of the cholesterol, while 
a liquid-disordered (Ld) phase consists of lipids with low Tm (usually unsaturated 
acyl chains). Cholesterol promotes segregation of DOPC and sphingomyelin at 
concentration between 10 and 50 mol%, but helps mixing of lipids below and 
above that concentration29. The liquid crystalline state can be considered as Ld 
phase. However, gel-like state shows higher hydration than Lo and 
phase-separating GUVs (gel-like/Lo) were formed using DPPC and cholesterol44,45.  
 

 
Figure B1.2. Phase separation of lipid mixtures. Fluorescent microscopy image of 
GUVs containing DPPC, DOPC, and cholesterol (4:3:3) with addition of 0.1% of: DOPE 
for immobilization (chapter 2), Atto655-DOPE for visualization of the Ld domain (red) 
and GM1; GM1 is bound by AlexaFluor488-choleratoxin B for visualization of the Lo 
domain (green). The surface of the glass slide is visible as a thick plate. 

 

Removal of cholesterol from the plasma membrane of MDCK cells resulted in lack 
of clathrin-dependent endocytosis46. Disruption of rafts with filipin and nystatin 
inhibited the T cell receptors response, suggesting that rafts are important in some 
cells47; both filipin and nystatin bind cholesterol and thereby change the phase 
properties of lipid bilayers. In vivo, but not in Giant PM Vesicles (GPMVs), some lipids 
(but not DPPE) show two populations with different diffusive behavior. The majority 
of molecules diffused freely, but around 40% underwent what the authors called 
“slight hop diffusion”. The GPI-anchored proteins molecules either associate with 
static clusters that are 100 nm big, or diffuse freely. The mobile pool rapidly 
exchanges with the static pool48. In vitro studies have shown that cholesterol both 
promotes and dissipates raft-like structures in GUVs (Box 1)29. Before the assembly 
of the rafts, LFA-1, a known raft component, and GPI-anchored proteins are not 
homogenously distributed in the membrane. They create nanometer scale “hot 
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spots”, which is likely caused by the interaction of the raft-associated proteins with 
the membrane skeleton. After the proteins bind their ligands, those “hot spots” 
aggregate and form rafts49. Rafts are created in an active way and the membrane 
skeleton is essential for formation of those nanostructures50. Dimerization of CD59, 
DAF, Thy-1 and GPI-anchored GFP has been shown to be independent of cortical 
actin, but the authors are of the opinion that the actin filaments are necessary for 
introducing higher level organization of the proteins51. 

Membrane compartments by interactions of proteins with the cytoskeleton  

Molecules participating in rafts will typically have a slower diffusion than the 
molecules in the surrounding non-raft areas of the membrane, however it was 
observed for E-cadherin, EGF receptor and Transferrin receptor that the diffusion is 
fast(er) when measured on small time scales, which cannot be explained the 
liquid-ordered state of the raft domain (Box 1). The molecules diffuse rapidly within 
small subcompartments, but the long-range diffusion is slow. The size of the 
compartment with high mobility is smaller when cells are grown in low calcium 
medium (diagonal length of 270-580 nm versus 360-620 nm when are grown in high 
calcium medium). The compartment each protein can diffuse in without obstruction 
is bigger for proteins with smaller cytosolic domains, which suggests that the 
obstruction is coming from inside the cell52. The compartment size dependence on 
cytosolic domain was also studied with artificial protein constructs. By adding halo 
domains to a transferrin receptor, it was observed that two, or more of the domains 
lower the diffusion coefficient in PtK2 and T24 cells53. The membrane skeleton was 
proposed as the barrier for the diffusion52. In NRK cells the transferrin receptor also 
has fast diffusion in relatively small compartments. Optical tweezers were used to 
drag the transferring receptor along the PM. The protein escaped from the tweezers 
when it encountered the edge of a compartment, unless sufficient force was used 
to immobilize it. The barrier was difficult to cross independent from which side the 
molecule approached the compartment54. The apparent confinement of molecules 
was investigated further with a new super-fast camera, imaging every 25 s (around 
1500 times faster than commonly used EMCCD-cameras), which allowed 
investigating diffusion at smaller distances. In NRK cells, the diffusion coefficient was 
dependent on the sampling rate, which implies that the diffusion of molecules is not 
just Brownian motion (Box 2).  

BOX 2. Types of lateral diffusion 
Brownian motion is known as the normal mode of diffusion, which is 
characterized by a linear relationship between the mean square displacement, 
a measure of distance that a molecule has travelled, over time. Other modes of 
diffusion are shown in Fig. B2.1. 
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Figure B2.1. Simulated curves of different types of diffusion: Brownian motion, 
superdiffusion and subdiffusion, and the effect of confinement. In sub- and super-
diffusion, and confinement the measured diffusion coefficient will depend on the 
sampling rate. MSD is mean-squared displacement,  <x2>(t); x(t) is the position of the 
particle at time t; n is the dimensionality of the system D is the lateral diffusion 
coefficient; t is time (interval); and  is the exponent that defines the type of 
diffusion. 
Brownian motion was first reported by the Dutch scientist Jan Ingen-Housz 
(1730-1799), but it is named after Robert Brown (1773 – 1858)55. At the time, 
Brown was probably not aware of Ingen-Housz’s work. In 1827 Brown observed 
under the microscope that particles ejected from the Clarkia pulchella plant had 
jittery motion. He confirmed his observation with inorganic particles, excluding 
the possibility of the motion to be life-based56.  
Confinement represents the case, where a molecule diffuses with a Brownian 
motion within a compartment of certain size, for example Sur7 in 
MCC/eisosomes, from which it cannot escape. On short time scales, the diffusion 
can be Brownian, but as the displacement approaches the size of the 
compartment it will level off. Similarly, subdiffusion represents the case where 
a molecule diffuses with Brownian motion until it encounters a barrier, for 
example a compartment made by membrane skeleton. Inside the compartment 
the molecule can diffuse with a Brownian motion. However, crossing the barrier 
will be a limiting step in long-range diffusion causing apparent lower diffusion 
coefficient57–59. Alternatively, a molecule can encounter a domain in the 
membrane with a higher viscosity and hence slower diffusion; within the domain 
of higher viscosity the diffusion can be Browninan but with a lower diffusion 
coefficient. Superdiffusion in cells is explained by active transport, which is 
typically faster than Brownian motion60. 
 

 

The analysis of subdiffusion indicates that NRK cells have two types of 
compartments: smaller ones (diameter of 230 nm) in which a lipid probe (Cy3-DOPE) 
has an average residency time of 11 ms, and bigger ones (diameter of 750 nm) 
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where the residency time is 330 ms61. A membrane model was presented to explain 
the results. The Fences and Pickets model claims that the membrane skeleton is 
responsible for the compartmentalization of the membrane by creating fences for 
proteins and lipids. Some of the membrane proteins are attached to the walls 
(pickets) creating a barrier for the diffusion (Fig. 1). Molecules diffuse freely inside 
the compartments, but crossing the fence has a low probability which explains the 
apparent slower diffusion on longer time scales61–63. Computer simulations showed 
that with increasing concentration of immobile molecules the diffusion coefficient 
of the mobile fraction drops, because of the interactions with the immobile fraction. 
Based on the simulation it was calculated that to achieve a 20-fold drop in diffusion 
around 22% of the particles would have to be immobile64. Diffusion between 
compartments is possible either because of rearrangements of the membrane 
skeleton, disassociation of the pickets, or molecules exploiting non perfect 
confinement by the picketed fence65. Recently, in murine macrophages, it was 
shown that CD44 (~106 copies/cell) is the main, but not the only picket (protein). 
The CD44 protein is reversibly attached to the membrane skeleton by ezrin and 
ankyrin proteins. The interaction between CD44 and membrane skeleton is 
preferential towards linear actin filaments. In the same study it was shown that 
leukocytes in circulation have their membrane skeleton branched and severed when 
crossing into tissues, which results in detachment of pickets form the skeleton and 
speeds up diffusion of receptors66. 

 

Figure 1. Schematic of the “Fences and Pickets” of the plasma membrane. Top view (on 
the left) shows that the plasma membrane is segregated into compartments by the actin 
cytoskeleton (fences; dashed lines), which has proteins attached to them (pickets; 
squares and hexagons). Raft domains (circular gradient) are also bound to the 
cytoskeleton. A molecule (star) diffuses rapidly inside the cytoskeletal compartment, but 
slows down when it encounters a raft. Diffusion outside of the compartment is rare, and 
it is the limiting step of long-range diffusion. Side view (right) shows two different 
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proteins immobilized by actin (circles) filaments. Long cylinder represents more stable 
parts of the cytoskeleton, which are not rapidly (ex)changed. Free actin is diffusing 
around and capable to reshape the membrane skeleton, as amended in the “active 
model” of the plasma membrane. 

Lantrunculin A, an actin assembly inhibitor increases the size of the PM 
compartments in CHO cells. TM-I-Ek and GP-I-Ek, native MHC class II protein, or 
modified version of that protein with a GPI anchor diffuse in a bigger compartment 
after Lantrunculin A treatment without changing their residency time67. A similar 
effect was observed for E-cadherin52 and a voltage-gated potassium channel68. 
Removal of the cytosolic domain greatly increased the compartment size for free 
diffusion52,68. Similar results were obtained when instead of gold particles about 20 
times smaller lipid probes were used in NRK cells. Disruption of actin filaments that 
build the membrane skeleton (by Lanctrunculin B, or CK-666 treatment of the cells) 
increases long-range diffusion, contrary to depletion of cholesterol, which did not 
have any effect on the diffusion69. When lateral diffusion is measured in GMPVs, the 
tested lipids and proteins show faster diffusion than in the cells the GMPVs are 
created from48,70,71. The GPMVs composition resembles the plasma membrane but 
is not identical. The protein concentration is lower and a membrane skeleton is not 
present. GPMVs are more or less equilibrium systems, while the native PM is out of 
equilibrium. Their size is not controlled, resulting in areas up to 4 times bigger than 
the PM the GMPVs were made of70.  

The Fences and Pickets model does not explain all observed behavior of membrane 
molecules. As previously mentioned, in GPMVs most lipids do not show subdiffusion 
anymore. However, GM1 molecules still show hindered diffusion in an actin-
independent manner48. In COS-7 cells, three different methods were used to 
remove the membrane skeleton. Firstly, lantrunculin was used and TIRF microscopy 
showed that more than 90% of phalloidin-stainable actin was removed. Secondly, 
septin2 was depleted from the cells by siRNA, resulting in less than 50% expression 
of actin and significant changes in the distribution of cortical filaments72. Thirdly, 
cells were microinjected with the N-terminal fragment of gelsolin73, which caused 
loss of more than 95% of actin filaments and caused rapid changes in cell 
morphology. None of these treatments had any effect on lateral diffusion of any of 
the four proteins investigated, which differed in size or and topology: single 
transmembrane -helix, multiple transmembrane helices, or inserted via lipid 
anchor into inner or outer leaflet of the membrane74. Molecular dynamics 
simulations of relatively simple lipid bilayers show that, already on short time scales, 
lipid-only bilayers show subdiffusion by themselves, without the involvement of 
proteins. The behavior was interpreted as lipids moving together with their 
neighbors (lipid clusters)75. The authors claim that with the more complicated 
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mixtures, the time scales in which molecules diffuse fast might be similar to those 
observed experimentally in cells. In those simulations no filaments or compartments 
were imposed on the membrane showing that the apparent compartmentalization 
might be an intrinsic property of the membrane28,75. All of that means that the 
Fences and Pickets model is useful, but interactions with membrane skeleton may 
not solely be responsible for the slow long-range diffusion in the membrane. The 
universality of the model could be tested further by looking at different sizes of 
membrane compartments in different cells54,61. 

Universality and compatibility of membrane models 

Neither the membrane skeleton nor the presence of lipid rafts alone explains all 
diffusional behavior observed in membranes. The Raft and Fences & Pickets models 
are compatible with each and might coexist in one and the same membrane76,77. 
Nicolson recently published a very interesting review and presents the 
developments since the Fluid Mosaic model was proposed and tries to integrate the 
various observations into a new model of the structure of biological membranes78. 
The model, proposed more than 40 years earlier, was not wrong, but it had 
insufficient predictive power to describe features such as membrane 
compartments, or lipid rafts. Looking for a universal model that will describe the 
properties of membranes in all living organisms at all times might be futile79. We 
have to keep in mind that the (plasma) membrane is not a self-contained 
independent structure, but it is highly controlled by the cell. Exo- and endocytosis 
are happening all around the cell80 but can be directed if a cell is stimulated to do 
so81. For example, the surface area of endocytosis vesicles is around 6400 nm2, 
which means that to form such a vesicle you need to use lipids from an area with 
a radius of 45 nm82, which is bigger than the dimensions of the actin-bound 
compartments described for FRSK, CHO, PtK263, HEPA-OVA, HEK293, or HeLa cells62. 
Similarly, exocytosis provides additional molecules that have to be accommodated 
into the PM, however some studies indicate that not all exocytosis vesicles 
completely fuse with the membrane83.  

The “active model” of the (plasma) membrane builds on previous models by 
differentiating two types of actin: a relatively static cytoskeletal mesh that keeps the 
shape of the cell intact, and active actin filaments that modify membrane features 
(Fig. 1)84. The dynamic actin allows local modification of the plasma membrane 
without the need for global changes. Additionally, the model categorizes all surface 
molecules into three classes: inert, passive or active. The active molecules are those 
that can influence dynamic actin filaments or their motor activity. Passive molecules 
bind the dynamic actin without affecting its dynamics (either by themselves, or via 
coupling proteins). The inert molecules do not bind to the actin but are coupled 
hydrodynamically with the static mesh84. It has been proposed that the ability to 
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locally regulate the environment of the membrane by binding membrane proteins, 
or dissipating nanoclusters can be a way to regulate chemical reactions in the cell85.  

The implication of the complex structure of the plasma membrane is that the 
hydrodynamic Saffman-Delbruck model cannot be applied to in vivo measurements, 
that is, not for long-range diffusion. Plasma membranes, contrary to model 
membranes, are not infinite 2D fluids. They are compartmentalized, full of 
interactions and highly controlled by other cellular processes. Additionally, the 
viscosity of the aqueous environment is higher on the cytoplasmic side than on the 
outside of the cell. On top of that the Saccharomyces cerevisiae (yeast) plasma 
membrane is a special case, with properties that are likely to be present in other 
fungi and other types of free-living cells. The case of lateral diffusion in the plasma 
membrane of yeast is an important topic in my PhD thesis and introduced in the 
next section. 

BOX 3. Fluorescence recovery after photobleaching 
Fluorescence recovery after photobleaching (FRAP), or Fluorescence 
photobleaching recovery (FRP),  measures the rate of recovery of the 
fluorescence signal in a bleached spot, from which the lateral diffusion coefficient 
and the fraction of mobile molecules can be estimated86. A spot (typically around 
1 m) is bleached with high intensity laser causing irreversible inactivation of the 
fluorescent protein or dye. Subsequentely, images of the cell or vesicle structure 
are taken with an attenuated laser to probe the diffusion of molecules into the 
bleached area [Fig. B3.1; FRAP experiments are presented in Chapter 2 (Fig. 7),  
Chapter 3 (Fig. 3), and Chapter 4 (Fig. 4).  
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Figure B3.1. Schematic of a FRAP experiment. An image of part of a cell with 
fluorescent molecules (full stars) is taken prior to the bleach (1); then a short, high 
energy laser pulse bleaches part of the molecules (2; dashed circle) and the 
fluorescence decreases (star outline). Over time (3), the bleached molecules diffuse 
out of the area, and fluorescent molecules diffuse into resulting in recovery of the 
signal. The extent of the recovery is a measure of the fraction of molecules that is 
mobile, taking into account the fraction that is bleached by the laser. 
 
FRAP measures how fast fluorescence re-appears in the bleached spot. If the 
diffusion of all the molecules is not similar, the FRAP experiment will be biased 
for the fastest population. FRAP requires a relatively high concentration of 
fluorescent proteins. To reduce the impact of photobleaching during imaging 
more photostable fluorescent proteins like mNeonGreen87, mCardinal88, or 
mStable89 are preferred over conventional GFP.  
The half-time of recovery (𝜏𝜏0.�) is calculated by fitting the recovery curve to 
equation B3.1: 
Eq. B3.1 

𝑓𝑓(𝑡𝑡) = 𝐴𝐴(1 − 𝑒𝑒(−��(2)
𝜏0.�

𝑡) 
The diffusion coefficient (D) is given by equation B3.220. 
Eq. B3.2 

𝐷𝐷 =  𝛾𝛾 (
𝜔𝜔2

4𝜏𝜏0.�
) 

Where 𝜔𝜔  is the radius of bleaching spot, and 𝛾𝛾  is constant depending on the 
beam profile of the laser. For a Guassian beam 𝛾𝛾 = 0.88. 

 

Lateral diffusion in the plasma membrane of yeast 

The lateral diffusion of lipid dyes in the PM of Saccharomyces cerevisiae is slower 
than in other membranes and significantly sped up by trypsinisation of the cells20, 
while trypsin did not affect the compartment size or residency time of phospholipids 
in NRK cells61. Also, the diffusion of proteins in the PM of yeast is exceptionally slow 
as compared to the diffusion of proteins in internal membranes of yeast or the PM 
of bacteria and mammalian cells that have been studied (Table 1). The slow diffusion 
of proteins was shown for the first time for the Sso1 and Snc1 proteins. The lateral 
diffusion of Sso1 and Snc1 was not affected by degradation of the cell wall or by 
preventing the formation of the actin skeleton9. The removal of the cytoskeleton 
also did not affect the diffusion of heterologously expressed Candidia drug 
resistance protein, or Homo sapiens serotonin receptor90. Those experiments were 
performed using FRAP, which is not the method of choice for detecting 
compartmentalization or distinct lipid phase in the membrane (Box 3). We have 
confirmed the slow diffusion for several integral membrane proteins using FRAP. 
We investigated the behavior of molecules in the yeast plasma membrane further 
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using single-particle tracking (SPT) (Box 4). Both FRAP and SPT show that Can1, Nha1 
and Pma1 diffuse extremely slowly (D ~4*10-4 m2/s) or their movement is not 
detectable (D <10-5m2/s) (Chapter 3). We do not see compartments in which 
proteins diffuse fast, but we cannot exclude that molecules reside in membrane 
areas smaller than our localization accuracy (~20 nm). There are parts of the plasma 
membrane (the so-called MCC/eisosomes, Chapter 1 Fig. 3) that proteins cannot 
enter if they have a big cytosolic domain close to the cytoplasmic surface of the 
plasma membrane. When the cytoplasmic domain is removed, or allowed more 
freedom of movement, by extension with a flexible linker, the hindrance is 
diminished as shown for Pma1 and Can1 constructs (Chapter 3)91. The diffusion of 
the investigated proteins was not dependent of their localization in- or outside the 
MCC/eisosomes (Chapter 3)91. Yeast proteins show segregation into numerous, 
sometimes overlapping domains92. The amino acid transporter Can1 is kept in the 
MCC/eisosomes in a substrate-91,93 and sphingolipid- dependent manner93. 
Similarly, the methionine transporter Mup1 is localized to MCC/eisosome in 
substrate-, sphingolipid- and TORC2-dependent manner94. These observations 
prompted us to investigate the basis for the slow diffusion in the yeast PM, hence 
the work described in this chapter. 

BOX 4. Single-particle tracking 
Tracing the movement of single molecules provides more information about 
diffusion than the ensemble FRAP measurements. Molecules are too small to be 
visible in fluorescence microscopy due to the resolution limit. Attaching colloidal 
gold particles, which scatter light in a predictable pattern was the first solution to 
this challenge95. Since then multiple methods have been developed to determine 
the position of a molecule with accuracy far below the resolution limit96–98. The 
localization accuracy of a fluorescent molecule is dependent on the number of 
photons collected by the detector99. As the brightness of fluorophore determines 
the localization accuracy of the measurement, most single particle tracking (SPT) 
experiments are performed with synthetic dyes. As for FRAP, the fluorescent 
proteins mNeonGreen87 and mCardinal88 are also recommended SPT, due to their 
relatively high brightness (for better localization) and photostability (for longer 
measurements). Alternatively, photoactivatable (fluorescence is induced 
typically by UV light), or photoconvertible (absorption and emission spectra is 
changed typically by UV light) can be used to avoid the need to manipulate 
concentration of proteins in the membrane. Photoactivatible version of mKate – 
PAmKate100, or photoswitchable mMaple101 can be used in that way. 
 
In SPT the position of the molecule is calculated with high accuracy at multiple 
time points over the course of the experiment. From there, two approaches can 
be used to determine the diffusion coefficient of the molecule. Firstly, the mean 
square displacement of the molecule can be calculated as a function of time. In 
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each time interval all relevant distances are averaged. For example MSD at 5 
seconds is the average distance traveled by the molecule between  and  + 5 s. 
MSD is useful not only for the determination of the diffusion coefficient, but also 
to characterize the type of diffusion (Box 2). 
Secondly, the cumulative probability distribution of the step sizes (CPD) can be 
determined. CPD is the probability of a molecule to take a step of that size, or 
bigger. The diffusion coefficient (D) is calculated by fitting the CPD to equation 
B4.1102.  
Eq. B4.1 

𝐶𝐶𝐶𝐶𝐶𝐶 = 1 −  𝑒𝑒(− �2

4𝐷𝑡+4𝜎2) 
Where 𝜎𝜎 is localization accuracy. This equation can be modified to include two 
(or more) populations of molecules that move with a different diffusion 
coefficient (equation B4.2), which is not possible with the MSD approach. 
Eq. B4.2 
  

𝐶𝐶𝐶𝐶𝐶𝐶 = 1 − (𝐴𝐴1𝑒𝑒
�− �2

4𝐷1𝑡+4𝜎2�
+ 𝐴𝐴2𝑒𝑒

�− �2

4𝐷2𝑡+4𝜎2�
) 

Where A1 and A2 indicate the population sizes of molecules diffusing with 
diffusion coefficients D1 and D2 respectively. 
 

 

Methods to dissect diffusion in the inner and outer leaflet of the plasma 
membrane 

Despite the fact that neither depletion of the actin cytoskeleton by lantrunculin nor 
removal of cell wall by zymolyase treatment affected the diffusion of Sso1 protein9, 
we wanted to see if there is a significant difference in diffusion of molecules that 
specifically associate with either the inner or outer leaflet of the PM. For mammalian 
cells it is well established that the lipid composition of the inner and outer leaflet of 
the PM is significantly different, with phosphatidylcholine and sphingolipids mostly 
present in the outer leaflet and anionic lipids in the inner leaflet. Cholesterol is 
distributed between the leaflets with a preference towards interacting with 
sphingolipids103–106. We assume that a similar bilayer asymmetry is present in yeast 
but there is no data to support this contention. 

Selective labeling of the outer leaflet of the PM has been achieved in bacteria. Lipid 
analogs with an azide-strained alkene or alkyne moiety were introduced in the 
medium and self-inserted into the membranes. Then, using non-lethal click 
chemistry only groups accessible to the medium were modified with a fluorescent 
group107. With this approach it is difficult to selectively label the inner leaflet of the 
PM, and hence compare diffusion on both sides of the membrane.  
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Our lab has previously developed a probe that labels the inner leaflet of the PM. 
An amphipatic -helix, natively present at the C-terminus of the Gap1 protein, is 
palmitoylated and associates with the inner leaflet of the PM. A fluorescent protein 
attached to the probe shows almost no cytosolic localization108. In addition, it should 
be possible to insert fluorescently labeled lipid analogues in the outer membrane, 
provided they do not bind to the cell wall of the cell, as was shown before with 
model membranes109, or yeast spheroplasts20. Thus, by analyzing molecules of 
similar size and with similar properties, it should be possible to dissect whether 
proteins or lipid probes embedded in the inner or outer leaflet experience a similar 
or different drag or hindrance from extra-membraneous components. 

Not only molecular barricades but also temperature has an effect on diffusion in 
membranes. By making chimeras of human and mouse cells using Sendai virus it has 
been shown that the antigens for the cells mix with each other after 40 minutes at 
37oC. At lower temperatures the mixing was significantly lower and almost no 
mixing was observed below 15oC110. Most likely, at 37oC the membrane is in the 
liquid-disordered (Ld) state, whereas at 15oC it may have been highly liquid-ordered 
(Lo). The diffusion coefficient of bacteriorhodopsin decreases more than three 
orders of magnitude after DMPC changes from Ld to Lo by varying the temperature 
from 32oC to 17oC. Also, the diffusion coefficient of a lipid probe, DMPC-Rhodamine, 
showed a change in dependence on temperature above and below the phase 
transition temperature of the membrane19. Measuring anisotropy of t-PnA dye 
showed that at 24oC there are gel-like domains present in the yeast plasma 
membrane. The gel-like domains were more stable in vesicles formed with either 
yeast total membrane extract or yeast plasma membrane extract than in the cells, 
suggesting that the presence of proteins limits the rigidity of the membrane. There 
are two major changes in anisotropy of vesicles made of plasma membrane lipids of 
S. cerevisiae (BY4147). The changes occur around 45oC and 60oC111. 

The yeast membrane composition changes as a function of the phase of growth, 
carbon source, or growth temperature. Total lipid extract of yeast grown at lower 
temperatures contains a higher fraction of short chain fatty acids and more 
unsaturated chains, resulting in a lower of phase transition temperature of the 
membrane. This suggests that yeast cells keep their membranes in a certain physical 
state when the growth temperature is varied112.  

To obtain more information about the (slow) diffusion of proteins and lipids in the 
plasma membrane of yeast, we thus explored the possibilities to insert fluorescent 
probes into outer leaflet of the yeast plasma membrane and analyze their diffusion. 
In addition, we studied the diffusion of the integral membrane protein, Can1, at 
temperatures ranging from 25 to 50oC, and in cells grown at 21, 30, or 39oC.  
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Protein Membrane 
anchor 

Organism / 
Membrane 
systema 

D 
(m2/s) 

Method Reference 

Cytochrome 
B5 

1 TM GUV 10.2 2fFCS Weis 
(2013)30 

KcsA 2 TM 
(monomer) 

GUV 9.3 2fFCS Weis 
(2013)30 

EcClC 12 TM GUV 8.5 2fFCS Weis 
(2013)30 

AcrB 12 TM GUV 8.5 2fFCS Weis 
(2013)30 

LacS  12 TM L. lactis  0.020 FRAP Mika 
(2014)7 

BcaP 12 TM L. lactis  0.019 FRAP Mika 
(2014)7 

LacY 12 TM E. coli  0.027 FRAP Kumar 
(2010)113 

Tar 12 TM E. coli  0.017 FRAP Kumar 
(2010)113 

Tar(1-397) 4 TM E. coli  0.217 FRAP Kumar 
(2010)113 

NagE 16 TM E. coli  0.020 FRAP Kumar 
(2010)113 

MotB 1 TM E. coli  0.0075 FRAP Leake 
(2006)114 

PleC 3 TM Caulobacter 
crescentus  

0.012 SPT Deich 
(2004)115 

NCAM 125 GPI-
anchored 

Myoblast 0.0089 FRAP Saxton 
(1997)116 
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Thy-1 

 

 

GPI-
anchored 

Fibroblast 0.072 FRAP Saxton 
(1997)116 

Fibroblast 
(C3H) 

0.39 FRAP Ishihara 
(1987)24 

Fibroblast 
(BALB 3T3) 

0.31 FRAP Ishihara 
(1987)24 

Thymocite 0.28 FRAP Ishihara 
(1987)24 

Lymphoma 
(ARK1/G1) 

0.21 FRAP Ishihara 
(1987)24 

COS-1 0.27 FRAP Zhang 
(1991)117 

Insulin 
receptor 

N. D. Mouse BALB 
3T3 

0.03-
0.05 

FRAP Schlessinger 
(1978)118 

EGF 
receptor 

N. D. Mouse BALB 
3T3 

0.03-
0.05 

FRAP Schlessinger 
(1978)118 

VSV G 1 TM COS-1 0.038 FRAP Zhang 
(1991)117 

G-hcGa 1 TM COS-1 0.032 FRAP Zhang 
(1991)117 

PLAP GPI-
anchored 

COS-1 0.24 FRAP Zhang 
(1991)117 

TM-I-Ek 1 TM CHO 0.15 SPT Umemura 
(2008)67 

GP-I-Ek GPI-
anchored 

CHO 0.33 SPT Umemura 
(2008)67 

H-2 1 TM Mouse cells 0.12 FRAP Edidin 
(1984)119 

DTAF 
labelled 

N. D. Rose 
protoplast 

0.021 FRAP Walko 
(1989)120 
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FTSC 
labelled 

N. D. Rose 
protoplast 

0.029 FRAP Walko 
(1989)120 

mEos3.2 GPI-
anchored 

HeLa (high-
oxygen) 

0.16 SPT Edwald 
(2014)23 

HeLa (low-
oxygen) 

0.71 SPT Edwald 
(2014)23 

mEos3.2 1 TM HeLa (high-
oxygen) 

0.11 SPT Edwald 
(2014)23 

HeLa (low-
oxygen) 

0.36 SPT Edwald 
(2014)23 

2AR 7 TM HeLa (high-
oxygen) 

0.06 SPT Edwald 
(2014)23 

HeLa (low-
oxygen) 

0.26 SPT Edwald 
(2014)23 

Sso1 

 

1 TM COS 0.10 FRAP Valdez-
Taubas 
(2003)9 

S. cerevisiae 0.0025 FRAP Valdez-
Taubas 
(2003)9 

Snc1 

 

 

1 TM S. cerevisiae 0.0025 FRAP Valdez-
Taubas 
(2003)9 

S. cerevisiae 
(spheroplasts) 

0.0029 FRAP Valdez-
Taubas 
(2003)9 

S. cerevisiae 
(shmoos) 

0.0029 FRAP Valdez-
Taubas 
(2003)9 

PNTS 1 TM S. cerevisiae 
(vacuole) 

0.068 FRAP Valdez-
Taubas 
(2003)9 
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Cdr1pb 12 TM S. cerevisiae  0.006 FRAP Ganguly 
(2009)90 

5-HT1ARb, c 4 TM S. cerevisiae 0.036 FRAP Ganguly 
(2009)90 

Lyp1 12 TM S. cerevisiae  0.00045 FRAP (Chapter 
3)91 

Can1 12 TM S. cerevisiae 0.00065 FRAP (Chapter 
3)91 

S. cerevisiae 0.00037 SPT (Chapter 
3)91 

Nha1 12 TM S. cerevisiae  0.0005 FRAP (Chapter 
3)91 

S. cerevisiae  0.00053 SPT (Chapter 
3)91 

Vba1 13 TM S. cerevisiae 
(vacuole) 

0.27 FRAP (Chapter 
3)91 

Pma1 8 TM S. cerevisiae  0.00057 SPT (Chapter 
3)91 

a Unless stated otherwise, the measurements were performed in the plasma 
membrane of the specified cell. 
b Heterologous expression from a hyper-induced PDR5 promoter 

c Significant labelling of intracellular membranes may have led to overestimation of 
the diffusion coefficient. 

Table 1. Overview of experimentally determined lateral diffusion coefficients of 
transmembrane proteins. TM, transmembrane -helix; N.D., not determined; FRAP, 
Fluorescence Recovery After Photobleaching; 2fFCS, Dual-focus Fluorescence 
Correlation Spectroscopy; SPT, Single-Particle Tracking. 
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Results 
Laser power measurements 

First, we measured the maximal power of the lasers used in this chapter. The 
measurement were performed by placing a photodiode on top of a coverslip (Table 
2). Each measurement lasted 15 seconds and the mean values, and standard 
deviations presented in the table, were calculated by the power meter. 

Wavelength [nm] 1% laser power  10% laser power 100% laser power 
488 3.2 ± 0.03 [W] 33 ± 0.3 [W] 291 ± 2 [W] 
633 2.1 ± 0.02 [W] 20 ± 0.2 [W] 188 [W] 

Table 2. Measured laser power  

In scanning microscopes, lasers are focused and illuminate the sample as 
diffraction-limited spots. We calculated the diameter of diffraction-limited spots 
using the Rayleigh Criterion (Eq. 3). 

Eq. 3 

𝑑𝑑 =
1.22 ∗ 𝜆𝜆
𝑁𝑁𝑁𝑁

 

Where λ is the wavelength and NA is the numerical aperture of the objective. 
Approximating that the beam is uniform we can calculated that the maximal power 
density is 150-170 kW/cm2 and 55-65 kW/cm2 for the 488 and 633 nm lasers, 
respectively. In the rest of this chapter we will use the relative power values only.  

Labeling of the inner and outer leaflet of the PM  

For labeling of the inner membrane we expressed an amphipatic -helix with 
a sequence for lipid modification and a C-terminal GFP (Gap1C), which was 
previously constructed in our laboratory. The corresponding gene under control of 
GAL1 promoter was induced by 0.1% galactose for two hours before the 
measurements108.  

Greenberg and Axelrod20 inserted 1,1’ – Dioctadecyl-3,3,3’,3’-
Tetramethylindocarbocyanine perchlorate (DiL), or 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sylfonyl) (R-PE)  lipid probes into 
yeast spheroplasts and measured their diffusion (Fig. 2). Despite the fact that they 
were working with spheroplasts, we attempted a similar approach in intact cells. We 
used Atto-655 dye attached to 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine  
(Atto655-DOPE) instead of DiL or R-PE, because Atto655 has much better 
fluorescent properties. Additionally, the dye is also a little more hydrophilic and 
should not interact with the PM other than through its lipid moiety121. The dye is 
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much smaller than Gap1C, and the cell wall should be permeable for the probe.  We 
aim at using Atto655-DOPE in Gap1C-expressing cells, which would allow dual-color 
FRAP to determine the mobility of in the outer and inner leaflet, simultaneously. 

 

Figure 2. Structures of fluorescent lipid probes used by Greenberg and Axelrod20 (DiL 
and Liss Rhod DOPE) and us (Atto655-DOPE). 

To minimize the effect of ethanol on the cells we dissolved Atto655-DOPE in ethanol 
to a final concentration of 5 ng/µl. We then added 2.5 ng of the dye solution to 500 
µl of yeast cell suspension (OD600 0.5) in 50 mM K-citrate with 10 mM glucose buffer 
at pH 5.5. The cells were incubated with the dye for 5, or 15 minutes before washing 
the excess of dye away. Most of the cells did not show any fluorescence. Less than 
1% of the cells showed fluorescence when excited with 70% of the laser power. At 
this laser Atto655-DOPE rapidly bleaches and FRAP experiments could not be 
performed.  

Next, we attempted to improve the labeling of the cells by testing the following 
parameters: (i) new stock of Atto655-DOPE; (ii) temperature of the incubation; (iii) 
time of the incubation; (iv) growth phase of the yeast cells; (v) amount of 
Atto655-DOPE added to the cells; (vi) pH of the incubation buffer; (vii) disruption of 
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the membrane either by mechanical or osmotic shock; (viii) presence of a surfactant 
(Tween 20); (ix) another lipid dye (Octadecyl Rhodamine B); and (x) presence of cell 
wall. One of the best datasets is shown in Fig. 3, but overall the experiments were 
poorly reproducible, and in most cases we find that the plasma membrane is stained 
in less than 5% of the cells, that is, when using Atto655-DOPE and a laser power of 
40-70%. It turned out that 50 ng of the dye incubated for 15 minutes at 30°C gave 
the best results. Cells were labeled with the dye and visible with 2% of the laser 
power, needed to perform FRAP experiments.   

The data shown in Fig. 3 indicate that diffusion of Gap1C in the inner leaflet of the 
PM is about one order of magnitude slower than that of Atto655-DOPE in the outer 
leaflet. Both probes are associated with PM through a similar lipid moiety, but 
Gap1C has an additional protein mass of about 28 kDa that is dragged through the 
crowded cytoplasm. Because of the limited dataset and the poor reproducibility of 
the labeling of the outer leaflet, we do not want to draw further conclusions from 
this experiment. The diffusion coefficient of Gap1C is similar to what was reported 
previously108. 

After the first measurements we failed to reproduce the successful insertion of 
Atto655-DOPE into the PM, we therefore considered oxidation or other 
modification of the probe. We then prepared a new stock but also tested Octadecyl 
Rhodamine B as alternative probe, but the cells still did not get labelled. We then 
varied each of the parameter listed heretofore. We varied the temperature from 30 
to 40°C for 15 min up to 2 hours. The 2 hours incubation was too long, as we saw 
dye internalized and present in the vacuole. After 15 min of incubation, the 
fluorescence was too low for FRAP measurements.  
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Figure 3. FRAP of Atto655-DOPE labeled cells of S. cerevisiae BY4742 Panel a shows 
an overview of cells, most cells are fluorescent when excited both at 488 nm (Gap1C) 
and 633 nm (Atto655-DOPE). Panels b and c show fluorescent images of a cell used for 
the FRAP experiments, showing the inner leaflet (b) and outer leaflet (c). Yellow circles 
indicate the bleached area. Panels d and e show the recovery of the fluorescence in the 
bleached area (black squares) and fit (red line) for inner (d) and outer (e) leaflet. The 
diffusion coefficients calculated from fit are shown above the graph. 

We have also tested labelling of cells at different stages of growth. We harvested 
cells at OD600 0.1, 0.3, and 0.5 and resuspended them in the buffer to OD600 of 0.5. 
Again, we tested 30-40°C and different incubation times, but none of the samples 
showed sufficient fluorescence.  

Next, we tested Atto655-DOPE at 5, 50, and 500 ng of the dye (all in 10 µl of ethanol) 
, which was added to 500 µl of cells in buffers at pH 4.5, 5.5, or 7. We also performed 
mechanic treatment of the cells, using either vortexing and osmotic up- or 
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downshift by resuspending cells in buffer (50 mM K-citrate with 10 mM glucose) 
plus 1 M of sorbitol (upshift), or in MilliQ (downshift). We also included Tween20 
(0.05% (v/v)), a non-ionic surfactant, in the buffer medium to enhance the solubility 
of ATTO655-DOPE and to prevent the dye from sticking to the plastic of either the 
tips, or Eppendorf tubes used in the experiment. And besides ATTO655-DOPE, we 
used Octadecyl Rhodamine B, which only has a single acyl tail and is way more 
soluble in buffer w/wo Tween 20. None of the protocols improved the labeling 
efficiency or reproducibility of the experiments. 

Finally, we made spheroplasts by suspending the cells in a buffer containing 1 M 
sorbitol and treating them with zymolyase for 30 minutes. (Fig. 4). The spheroplasts 
were labelled with Atto655-DOPE, however the dye did not end up in the PM. 
Instead, we observed visible fluorescent spots just outside the cell that we attribute 
to remnants of the cell wall after the zymolyase treatment. 

 

Figure 4. Spheroplasts incubated with Atto655-DOPE. Panels a and b show fluorescent 
images of spheroplasts after 15 minutes incubation with the dye. Panel a shows the 
staining of the inner leaflet with Gap1C. Panel b shows that Atto655 fluorescence 
accumulates outside of the cell in big blobs, which are not observed without zymolyase 
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treatment. Panel c shows the merged fluorescent images, highlighting that the red 
fluorescence is outside of the cells. Panel d shows a transmitted light image of the cells. 

Temperature effect on the lateral diffusion in the yeast PM 

It has been reported that (parts of) the yeast plasma membrane is in a gel-like 
state111,  and it is possible that by increasing the temperature we change the 
physical state of the membrane from gel-like to liquid, which would increase the 
speed of diffusion. We used FRAP to measure lateral diffusion of Can1-mNeonGreen 
protein in the PM of cells grown at 21, 30, or 39°C (Fig. 5a). The lipid composition of 
membranes in yeast varies with growth temperatures112, and we investigated the 
effect of growth temperature on the diffusion at a fixed temperature. Due to 
equipment restrictions we could not measure diffusion on temperatures lower than 
25°C or higher than 50°C. Time restriction forced us to perform the experiment at 
not more than 5 different temperatures. We see that the diffusion is faster at higher 
temperatures for all tested growth temperatures. The effect of temperature is most 
pronounced when cells grown at 21°C are measured above 45°C. Overall, we see 
that the diffusion coefficient increases 7-fold when the measurement temperature 
is increased from 25 to 50°C. It is important to note that the change in diffusion as 
function of measurement temperature is entirely reversible. We have incubated 
cells for 30 minutes at 50°C and measured the diffusion of Can1-mNeonGreen. The 
diffusion was indistinguishable from the cells that were grown and measured at 
30°C without incubation at 50°C and significantly lower than the ones measured at 
50°C (Fig. 5 b).  
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Figure 5. Effect of temperature on lateral diffusion in the yeast PM. Panel a shows the 
lateral diffusion coefficients measured at different temperatures for yeast grown at 21 
(black squares), 30 (red circles), or 39°C (blue triangles). Left graph shows the absolute 
values of the diffusion coefficient and the right one shows the relative change in the 
diffusion coefficient, and the data were normalized to the diffusion measured at 25°C 
for the cells grown at the same temperature. Data points show the mean diffusion 
coefficient, error bars represent standard error of the mean. Panel b shows bars (mean) 
and error (SD) of diffusion coefficients of cells grown at 30°C and measured at 30°C, 
measured at 30°C after 30 minute incubation at 50°C, and measured at 50°C. Panel c 
shows difference of localization of Gap1C at 25 and 50°C.  

We have tried to measure the mobility of Gap1C as a function of temperature, 
however at 50°C the plasma membrane localization of the probe was significantly 
diminished (Fig. 5 c).  

The exponential increase in the diffusion coefficient as a function of temperature 
can be explained by an energetic barrier that has to be crossed. We have fitted our 
data to the Arrhenius equation as done before for diffusion of lipids in GUVs19 and 
in mammalian cells19,122 (Fig. 6). The activation energy for diffusion of 
Can1-mNeonGreen is 45.9-66 kJ/mol, which is similar to what has previously been 
measured for GPI-anchored GFP in HeLa cells19. When the values are converted to 
eV, we obtain the activation energy of 0.48-0.68 eV, which is significantly lower than 
that of the Transferrin Receptor in CHO cells (EA = 1.4 ± 0.5 eV)122. The PM of HeLa 
and CHO cells exhibit much higher diffusion than yeast cells (Table 1). The low 
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activation energy suggests that the slow diffusion in the PM of yeast is not caused 
by compartmentalization of the membrane area.  

In conclusion, by increasing the measurement temperature to above 45 °C we see 
a substantial increase in the lateral diffusion of the integral membrane protein Can1, 
but the mobility is still 2-orders of magnitude slower than seen for similar proteins 
in the inner membrane of E. coli or L. lactis or the PM of mammalian cells (Table 1).  
It is possible that even at 50°C the PM of yeast is way more viscous than that of 
bacteria or mammalian cells. We cannot exclude the possibility that either the 
cytoskeleton or cell wall interacts with the peripheral loop regions of Can1, which 
would lower the diffusion coefficient. However, we have no evidence for such 
interactions nor does the yeast literature give indications in this direction. 

 

 

Figure 6. Temperature dependence of Can1-mNeonGreen diffusion treated as 
an activation energy barrier that needs to be overcome. The graph shows an Arrhenius 
plot of diffusion coefficients as a function of temperature for cells grown at 21°C (black 
squares), 30°C (red circles) and 39°C (blue triangles). Points represent mean and error 
bars represent the standard error of the mean. Solid lines represent fits to the Arrhenius 
equation. The table shows the activation energy from the fits of the data. 
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Discussion 
The cause of slow diffusion of lipids and membrane proteins in the PM of yeast is 
not well studied despite the fact that the first observations were made about 25 
years ago. Moreover, the differences in mobility are about 3-orders of magnitude 
when compared to the PM of bacteria or mammalian cells, which highlights 
important differences between the membranes. Although the initial observations 
of labeling either leaflet of the PM separately were promising (e.g. Fig. 2), the 
reproducibility of the data was low and we did not obtain sufficient dual-color 
labeled cells to derive statistically significant datasets. The experiments with 
spheroplasts suggest that Atto655-DOPE binds to the remnants of cell wall, which 
are left behind after the zymolyase treatment.  

We could have selected different dyes to probe the diffusion in the outer leaflet of 
the PM, or use purified Gap1C. Time constraints prohibited further work in this 
direction. Working with the purified protein would provide additional challenges. 
Firstly, the high affinity of the protein for the PM is achieved (at least partially) by 
palmitoylation, which is reversible because the cell expresses palmitoyl 
thioesterases. Fluorescent proteins are much bigger than the lipid dyes, and we do 
not know on forehand whether they can penetrate the cell wall. It is also possible 
that Gap1C will not label the outer leaflet as well as the inner leaflet, because of 
a different lipid composition. We note that intracellularly produced Gap1C only 
labels the inner leaflet of the PM and not the organellar membranes (see Fig. 6 c 
and Ref108). 

The diffusion coefficients in yeast PM depend on the temperature in a reversible 
way. We propose that the PM of yeast is in a gel like or highly liquid-ordered state, 
which limits the diffusion of proteins even at elevated temperatures (50°C). There 
is a major change in the topology of GUVs derived from S. cerevisiae plasma 
membrane at 45°C and 60°C111. Those membranes, however, do not have proteins, 
which would also have an effect on the physical state of the membrane. The 
increase in diffusion of Can1-mNeonGreen in cells grown at 21°C and measured at 
45°C, compared to cells grown at 30°C and 39°C, is most likely due to change in the 
lipid composition of the plasma membrane, which makes membrane less liquid-
ordered and thus speeds up the diffusion.  

The Arrhenius analysis was used to describe possible energy barriers for diffusion. 
In the Fences and Pickets model the energy-dependent, low probability step is 
moving from one compartment to another. We decided to fit our data to the Fences 
and Pickets model even though we have no evidence from SPT measurements that 
such barriers hinder the diffusion of proteins in the PM of yeast. The calculated EA 
is 3 times lower than for the Transferrin Receptor in CHO cells122, despite diffusion 
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in CHO being 3-4 orders of magnitude faster than that of Can1 in the yeast PM (Table 
1). This indicates that even if the yeast PM would have small compartments (we 
already excluded compartments bigger than 25 nm) (Chapter 3)91, the movement 
from one compartment to another would not limit the diffusion.  

In conclusion, differential labeling of the inner and outer leaflets of the PM could 
provide important insights into the physicochemical properties of the membrane. 
However, our experiments did not yield definitive answers. Finally, we note that 
slow lateral diffusion in the yeast PM correlates with a low permeability coefficient 
of the membrane (Gabba, under review), which suggests that the physicochemical 
state is indeed very different from that of membranes in bacteria or mammalian 
cells, which may explain why yeast is relatively tolerant to high concentrations of 
ethanol and other solvents as well as to very low pH.  
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Materials and Methods 
Growth conditions 

Saccharomyces cerevisiae BY4742 cells expressing the amphipathic -helix of GAP 
connected to GFP under a GAL1 promoter108 (Gap1C), or Saccharomyces cerevisiae 
BY4709 cells expressing Can1-mNeonGreen under a GAL1 promoter were 
transferred  were transferred from a plate to synthetic complete drop-out media 
without histidine, or without uracil (Formedium, UK) with 2% (w/v) D-raffinose, 
respectively. The BY4742 cells were grown at 30°C shaken at 200 rpm for at least 48 
h prior to the experiments. Four hours before the experiment they were diluted to 
OD600 ~0.1. Protein production was induced with 0.5% w/v D-galactose added to the 
culture at the time of the dilution. The BY4709 cells were grown at 21, 30, or 39°C 
shaken at 200 rpm for at least 48 h prior to the experiments. Cells were diluted to 
OD600 0.3 and protein production was induced with 0.5% galactose. After 2 hours 
the protein production was stopped by transferring cells to synthetic complete 
drop-out media without uracil, containing 2% (w/v) D-glucose, and the cells were 
allowed to grow for another 45 min. 

Plasmid construction 

Plasmid used for expression of Can1-mNeonGreen under a GAL1 promoter was 
created with the Gibson Assembly method. Backbone of the plasmid was amplified 
from a plasmid with Can1-mCardinal under a GAL1 promoted (Chapter 3)91 in two 
fragments using Primer (Pr) 1 and Pr 2, and Pr 3 and Pr 4. A yeast optimized 
mNeonGreen gene was ordered from GeneArt and amplified with Pr 5 and Pr 6. The 
Gibson Assembly was performed on the fragments and they were transformed into 
E. coli MC1061, from which the assembled plasmid was purified and sequenced, and 
subsequently transformed into Saccharomyces cerevisiae BY4709.  

Pr 1 5’-TGATAACACTGCGGCCAACTTA 
Pr 2 5’-TGCTACAACATTCCAAAATTTGTCC 
Pr 3 5’-CTGCAGGAATTCGATATCAAGC 
Pr 4 5’-CCTTCGGTCCTCCGATC 

Pr 5 
5’-ACCAAAGACTTTTTGGGACAAATTTTGGAATGTTGTAGCACGTACGCTG 
CAGGTCGACGGAGCAGGTGCTGGTGCTGGTGCTGGAGCAGTGTCTAAAG 
GTGAAGAGGATAACATG 

Pr 6 5’-GGTCGACGGTATCGATAAGCTTGATATCGAATTCCTGCAGTTACTTGTAT 
AATTCGTCCATACCCATAAC 

Table 3. Primers used in this study. 
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Sample preparation for labeling of outer leaflet 

Fluorescence of Atto655 is quenched by tryptophan123. To avoid this problem we 
removed cells from the media and suspended them in 50 mM K-citrate with 10 mM 
glucose buffer at pH 5.5, which is equiosmolar to the media used (0.155 Osm/kg). 
Unless stated otherwise, the cells at OD600 of 0.5 were centrifuged at 3 000 g for 
5 min at room temperature. The cell pellet was suspended to OD600 0.5 in the buffer. 
Then, a given amount of dye in ethanol was added to the cells and incubated for 
15 min (unless stated otherwise); the final concentration of ethanol never exceeded 
2%. After the incubation the cells were centrifuged for 2 minutes at 11,000 rpm in 
an Eppendorf centrifuge. The supernatant was removed and the pellet was 
suspended in 700 µl of the same buffer. The washing step to remove unbound dye 
was repeated twice. Finally, the cells were centrifuged and suspended to OD600 of 5 
in the same buffer and put on a microscope slide. 

Cell immobilization 

Cells were immobilized on an APTES-glutaraldehyde treated slides. The method is 
described in chapter 2. In short, glass coverslips are cleaned with KOH and plasma 
cleaned. Then, modified with 2% APTES for 10 seconds and stored in vacuum up to 
two days. A bottomless -Slide (Ibidi, Inc) is placed on the APTES coated slide. Slides 
were modified with 5% glutaraldehyde solution and excess glutaraldehyde was 
carefully removed. Cells suspended in 150 mM sorbitol solution were incubated in 
the wells for 20 min, then unbound cells and sorbitol were removed, and the wells 
were washed 2 times with growth medium. Finally, the wells with the cells attached 
in them were filled with 400 l of growth medium at the temperature of 
measurement.. 

Microscopy 

A commercial confocal microscope LSM 710 (Carl Zeiss MicroImaging, Jena, 
Germany) was used. The microscope was equipped with a C-Apochromat ×40/1.2 
NA objective. Blue argon ion (488 nm) and helium-neon (633 nm) lasers were used 
to visualize GFP, or mNeonGreen and Atto 655, respectively. Transmittance image 
of the cells was also collected. The microscope was kept at the desired temperature 
(25, 30, 40, 45, or 50°C) overnight before the experiment to reduce thermal drift. 
Due to differences in mobility, FRAP experiments of Gap1C and Atto655-DOPE were 
performed by imaging the cell 80 times every 1 second (488 nm laser), or 100 ms 
(633 nm laser). Cells expressing Can1-mNeonGreen were imaged 80-120 times 
every 2, 5, or 20 seconds, depending on the temperature, using 0.1% of 488 nm 
laser. After the pre-bleach images were taken, a spot with diameter of 1 µm was 
bleached at 10 or 100% power for Gap1C and mNeonGreen, or Atto655 respectively. 
Another region of the cell was selected, and analyzed, but not exposed to the 



132 | P a g e  

intense laser pulse to account for bleaching that occurred during the imaging. The 
halftime of recovery and lateral diffusion coefficients were calculated as described 
previously (Chapter 2 and 3)86,91.   

The laser power of the microscope was determined, using the PM100D optical 
power meter coupled with SV120VC photodiode (Thorlabs, Newton, NJ, USA). 
A water droplet was placed on the objective and microscope was focused on a glass 
coverslip. The photodiode was placed on top of the coverslip and power was 
measured for the 488 nm and 633 nm lasers at 1, 10, and 100% of laser intensity for 
15 sec. The mean value and the standard deviation were determined by the power 
meter. 

Preparation of spheroplasts 

Cells at OD600 of 0.5 were centrifuged at 3,000 g for 5 min at room temperature, 
then suspended in 20 mM NaPi, pH 7.5 with 1 M sorbitol. Cells were incubated with 
sorbitol for 2 h at 30°C with slow shaking (60 rpm), then centrifuged again. The pellet 
was suspended in the same medium to OD600 of 5 and 487 µl of the cell suspention 
was mixed with 13 µl of zymolase mix (0.5 mg/ml of zymolase in 1 M sorbitol plus 
20 mM NaPi, pH 7.5) and 0.4 µl of -Mercaptoethanol. Cell were incubated for 
30 minutes at 35°C and shaken at 200 rpm. After the zymolyase treatment, the cells 
were incubated with Atto655-DOPE and used for imaging and FRAP measurements. 
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Chapter 5: Summary, discussion, perspectives 
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Diffusion measurements on immobilized Saccharomyces cerevisiae 

The plasma membrane of yeast (S. cerevisiae) has different properties than the 
equivalent membrane of studied bacteria and mammalian cells. There is a typical 
segregation of proteins in different compartments1. Additionally, the diffusion of 
proteins in the plasma membrane of S. cerevisiae is 3 orders of magnitude slower 
than in other membranes2. Accurate measurement of diffusion requires cells to be 
immobile over the time of the measurement. The minimal movement of a molecule 
that can be observed is dependent on resolution limit of the optics and brightness 
and quantum yield of the fluorophores used. The slow diffusion of the proteins in 
yeast plasma membrane requires cells to be immobile for long periods of time.  

The commonly used method for immobilization of S. cerevisiae involves 
Concanavalin A, a lectin that binds to sugars in the cell wall. However, this approach 
results in fluorescent foci outside of cells, which impact the data. To avoid this 
problem, in chapter 2, we describe a new method of immobilizing cells. The cells are 
attached to APTES-glutaraldehyde modified coverslips. The glutaraldehyde 
covalently binds amines present on the surface of the cells. The method is capable 
of immobilizing a prokaryote (Escherichia coli),  an eukaryote (S. cerevisiae), and 
a synthetic membrane (giant unilamellar vesicles; GUVs). Yeast cell immobilization 
is not affected by major changes in volume of the cell caused by osmotic upshift. 
The low fluorescent background observed with our immobilization method allowed 
us to observe single molecules in total internal reflection fluorescence (TIRF) mode. 

We then measured the lateral diffusion of proteins in the plasma membrane using 
fluorescent recovery after photobleaching (FRAP; Can1p, Lyp1p, Nha1p) and single-
particle tracking (SPT; Can1p, Nha1p, Pma1p) as main methods. Our results confirm 
the slow diffusion in the yeast plasma membrane, reported previously, but we now 
show that the slow diffusion is not due to confinement but of proteins, but that it is 
an intrinsic property of the yeast plasma membrane. The diffusion coefficients of 
Nha1p, Pma1p, and Can1p are not affected by the proximity of the proteins to 
MCC/eisosomes. Can1p, however, shows significantly higher immobile population 
next to these membrane structures, indicating that MCC/eisosomes have a binding 
partner for Can1p, which explains the apparent accumulation of the protein in 
MCC/eisosomes. 

MCC/eisosomal localization of the proteins 

Using super-resolution microscopy we determined the size of the MCC/eisosomes 
using Pil1p (cytosolic scaffold protein) and Sur7p (membrane protein exclusively 
localized to MCC/eisosomes) as markers. We find that the dimensions are of about 
110 by 75 nm. Two of the investigated proteins Can1p and Lyp1p, both are basic 
amino acid transporters, localize to the MCC/eisosomes in a substrate-dependent 
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manner. After addition of the substrate (arginine for Can1p or lysine for Lyp1p) the 
correlation disappears within 40 minutes. Nha1p, a sodium transporter, shows no 
correlation with the MCC/eisosome marker and is not affected by the substrates of 
Can1p and Lyp1p. Furthermore, the use of super-resolution microscopy allowed us 
to determine that Can1 accumulates at about 75 nm from the centroid position of 
the MCC/eisosomes.  

Can1p is immobilized in the MCC/eisosomes. Nha1p can enter the MCC/eisosomes 
but diffuses through them without immobilization. Pma1 cannot enter the 
structures, because it is excluded from the MCC/eisosomes due to its 30 kDa 
cytosolic domain. To check the effect of steric hindrance on proteins entering 
MCC/eisosomes, constructs of Can1p have been made with (i) a shorter linker 
between Can1p and the fluorescent proteins; (ii) additional cytosolic domain linked 
to the protein, or (iii) the tethering of the cytosolic protein moiety to the plasma 
membrane via an amphipatic -helix3. We conclude that steric hindrance is the main 
reason for proteins being excluded from the MCC/eisosome.  

We do not know how proteins are immobilized in the MCC/eisosomes. Can1p and 
Mup1p require sphingolipids for the immobilization4,5, which could lead to apparent 
partitioning but it is also possible that Can1p binds to a specific protein component 
of  the MCC/eisosomes. Inside the MCC/eisosomes the proteins may be protected 
from degradation as MCC/eisosomes are not endocytosed. In the presence of 
substrate, Can1p leaves the MCC/eisosomes, which can be seen as a signal of 
surplus of substrate causing the protein to become a target for endocytosis.  

The cause of slow diffusion in the plasma membrane of S. cerevisiae 

In chapter 4, the cause of the slow diffusion in the plasma membrane of S. cerevisiae 
is investigated. Our goal was to fluorescently label each leaflet of the membrane 
with a different fluorescent dye. By measuring diffusion of each leaflet of the plasma 
membrane separately, we could determine if there are any obstructions to the 
diffusion from either side of the plasma membrane. Despite some promising results, 
the experiments were not very reproducible.  

We then focused our attention on investigating the temperature effect on lateral 
diffusion in the plasma membrane. Diffusion coefficients of Can1p in the plasma 
membrane of cells grown at 3 different temperatures (21, 30, or 39oC) were 
measured at 5 temperatures (25, 30, 40, 45, 50oC). At higher temperatures, the 
diffusion is faster in all cells, regardless of the growth temperature. We observed 
a maximal increase in diffusion coefficient from 0.0007 to 0.005 m2/s (7-fold) upon 
increasing the measurement temperature from 25 to 50oC. Equipment limitation did 
not allow us to exploit higher temperatures and possibly observe transit from 
a liquid-ordered to a liquid-disordered state of the membrane. 
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Perspectives 

This thesis uses new techniques to answer questions about behavior of proteins in 
the plasma membrane of S. cerevisiae. However, with new information, new 
questions appear. We know that sphingolipids are important for the MCC/eisosome 
localization of Can1p, but what is the mechanism? Is the immobilization dependent 
on lipid composition only or are protein-protein interactions important? Do the 
sphingolipids interact with Can1p, or are they important for the MCC/eisosome 
localization of proteins that Can1p can interacts with?  

Specificity of the MCC/eisosomes is another matter that is not clear. Are all proteins 
that can enter MCC/eisosomes immobilized in the structure and while in an inactive 
state? Proteins that are known to be immobilized in MCC/eisosomes are all 
transporters: Fur4p (uracil)6, Tat2p (tryptophan)7, Can1p (arginine)8, Lyp1p (lysine, 
Chapter 3), Mup1p (methionine)5. It is possible that MCC/eisosomes selectively 
immobilize those transporters. It is equally possible that all proteins in inactive state 
are immobilized in the MCC/eisosomes. Are MCC/eisosomal proteins controlled in 
their localization by their respective substrates? 

Also, the molecular basis for  the slow diffusion of proteins in the plasma membrane 
of S. cerevisiae is still not clear. Finding a single probe that labels either the inner or 
outer leaflet (with modification of fluorophore to be distinguishable) would be 
needed to probe for the presence of possible extra membranous barrier for 
diffusion.  

We have reached the limit with our equipment to investigate the temperature 
dependence of diffusion in the plasma membrane. Yeast cells do not grow below 
21oC, and we cannot reach higher temperatures at the microscope. However, 
temperature is not the only way to study physical state of the membrane. The 
plasma membrane can be disrupted chemically, for example by adding organic 
solvents. Yeast is unusually resistant to the presence of ethanol in the media, but 
what would be the effect of relatively high concentrations of ethanol to the diffusion 
in the membrane? Ethanol will make membrane more fluid, and it is possible that 
we then reach a regime of diffusion (coefficients) comparable to that of the mobility 
of proteins in the plasma membrane of other species. It was shown before that yeast 
tolerates ethanol better at lower temperatures9, which would be consistent with 
the ethanol and temperature effects being additive. Cells grown in presence of 
saturated palmytoleic acid are more resistant to ethanol than those grown in 
presence of unsaturated oleic, or cetoleic acids10. Yeast strain selected for ethanol 
resistance has similar amount of unsaturated bond, but longer acyl chains in its 
phospholipids, as well as higher ergosterol to phospholipid ratio11. Yeast mutants 
have been obtained to have higher resistance to ethanol12, produce longer and 
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polyunsaturated fatty acids13,14, or be able to grow at higher temperatures15. If the 
effects of ethanol and temperature are additive, we might be able to get further 
insight into the basis for slow plasma membrane diffusion. We aim to carry out some 
of these studies in the near future.   
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Nederlandse Samenvatting 
Diffusie metingen op geïmmobiliseerde Saccharmomyces cerevisiae 

Het plasma membraan van gist (S. cerevisiae) heeft andere eigenschappen dan 
hetzelfde membraan in onderzochte bacteriën en zoogdier cellen. Er is namelijk een 
typische verdeling van eiwitten in verschillende compartimenten. Ook is de diffusie 
van eiwitten in het plasma membraan van S. cerevisiae 3 ordes van grootte 
langzamer dan in andere membranen. Voor precieze diffusie metingen is het 
cruciaal dat cellen geïmmobiliseerd zijn gedurende de gehele meettijd. De kleinst 
meetbare beweging van een molecuul hangt af van de resolutie limiet van de 
microscoop en de helderheid en quantum yield van de gebruikte fluorofoor. Door 
de langzame diffusie van eiwitten in het plasma membraan van gist is het nodig dat 
cellen voor lange periodes geïmmobiliseerd zijn. 

De meest gebruikte methode voor immobilisatie van S. cerevisiae is door middel van 
Concanavalin A, een lectine die aan de suikergroepen in de celwand bindt. Deze 
methode geeft echter fluorescente foci buiten de cellen, die de data beïnvloedden. 
Om dit probleem te voorkomen beschrijven we in hoofdstuk 2 een nieuwe techniek 
om cellen te immobiliseren. De cellen zijn in deze techniek aangehecht aan 
dekglaasjes die gemodificeerd zijn met APTES-glutaaraldehyde. De glutaaraldehyde 
bindt covalent aan amines die aanwezig zijn op het celoppervlak. Deze methode kan 
zowel prokaryoten (Escherichia coli), als een eukaryoot (S. cerevisiae), en een 
synthetisch membraan (‘giant unilamellar vesicles’; GUVs) immobiliseren. De 
immobilisatie van gist cellen wordt niet beïnvloed door grote veranderingen in cel 
volume, die veroorzaakt kunnen worden door een osmotische schok. Doordat onze 
nieuwe immobilisatie techniek een lage achtergrond fluorescentie geeft, hebben we 
de mogelijkheid om unieke moleculen te zien in TIRF modus. 

We hebben de laterale diffusie van eiwitten in het plasma membraan gemeten met 
FRAP (Can1, Lyp1, Nha1) en SPT (Can1, Nha1, Pma1) als belangrijkste technieken. 
Onze resultaten bevestigen dat de diffusie in het plasma membraan van gist 
langzaam is, zoals eerder is beschreven. We laten nu echter zien dat de oorzaak van 
de langzame diffusie niet door opsluiting van eiwitten komt, maar door een 
intrinsieke eigenschap van het plasma membraan van gist. De diffusie coëfficiënten 
van Nha1, Pma1 en Can1 worden niet beïnvloed door het feit dat ze dichtbij de 
MCC/eisosomen zitten. Can1 echter toont een significant hogere geïmmobiliseerde 
fractie naast deze membraan structuren. Dit geeft aan dat de MCC/eisosomen een 
bindende partner hebben voor Can1, wat de schijnbare ophoping van dit eiwit in de 
MCC/eisosomen verklaart. 
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Lokalisatie van eiwitten in de MCC/eisosomen 

Door middel van super-resolutie microscopie hebben we de grootte van de 
MCC/eisosomen bepaald met de markers Pil1 (cytosolisch ‘scaffold’ eiwit) en Sur7 
(membraan eiwit dat zich enkel in de MCC/eisosomen bevindt). We bepalen dat de 
grootte ongeveer 110 bij 75 nm is. Bij twee van de onderzochte eiwitten, Can1 en 
Lyp1 (welke beide basische aminozuur transporteurs zijn), is de lokalisatie naar de 
MCC/eisosomen substraat afhankelijk. Na toevoeging van het substraat (arginine 
voor Can1 of lysine voor Lyp1) verdwijnt de correlatie binnen 40 minuten. Nha1, een 
natrium transporteur, laat geen correlatie zien met de marker voor de 
MCC/eisosomen en deze correlatie wordt ook niet beïnvloed door toevoeging van 
substraten. Door het gebruik van super-resolutie microscopie konden we bovendien 
meten dat er een ophoping van Can1 is op ongeveer 75 nm vanaf het midden van 
de MCC/eisosomen. 

Can1 wordt geïmmobiliseerd door de MCC/eisosomen. Nha1 kan de 
MCC/eisosomen ingaan, maar diffundeert door ze heen zonder geïmmobiliseerd te 
worden. Pma1 kan de structuren niet ingaan, aangezien het eiwit door zijn 
cytosolische domein van 30 kDa buiten de MCC/eisosomen gehouden wordt. Om 
het effect van sterische hindering te bepalen op eiwitten die de MCC/eisosomen 
ingaan, zijn er constructen gemaakt van Can1 met (i) een kortere linker tussen Can1 
en het fluorescente eiwit; (ii) een additioneel cytosolisch domein gelinkt aan het 
eiwit, of (iii) de verbinding van het cytosolische eiwit deel aan de plasma membraan 
via een amphipatische -helix. We concluderen dat sterische hindering niet de 
voornaamste reden is voor de uitsluiting van eiwitten buiten de MCC/eisosomen. 

We weten niet hoe de eiwitten worden geïmmobiliseerd in de MCC/eisosomen. 
Can1 en Mup1 hebben sphingolipiden nodig voor hun immobilisatie, en die lipiden 
zouden kunnen leiden tot een schijnbare partitionering, maar het is ook mogelijk 
dat Can1 aan een specifieke eiwit component van de MCC/eisosomen bindt. 
Binnenin de MCC/eisosomen zouden de eiwitten beschermd kunnen worden tegen 
degradatie, aangezien de MCC/eisosomen niet geëndocyteerd worden. In de 
aanwezigheid van substraat verlaat Can1 namelijk de MCC/eisosomen. We kunnen 
dit zien als een signaal van substraat overvloed, wat ervoor zorgt dat het eiwit een 
doelwit voor endocytose wordt.  

De oorzaak van langzame diffusie in het plasma membraan van S. cerevisiae 

In hoofdstuk 4 onderzoeken we de oorzaak van de langzame diffusie in het plasma 
membraan van S. cerevisiae. Ons doel was om de binnen- en buitenzijde van het 
membraan met verschillende fluorescente markers te labelen. Door de diffusie in 
beide zijden van het membraan afzonderlijk van elkaar te meten, konden we 
bepalen of er iets van belemmering op de diffusie was vanaf beide kanten van het 
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plasma membraan. Ondanks enkele veelbelovende resultaten, waren de 
experimenten niet erg reproduceerbaar. 

We hebben toen onze aandacht gefocust op het onderzoeken van het effect van 
temperatuur op de laterale diffusie in het plasma membraan. Diffusie coëfficiënten 
van Can1 werden gemeten bij 5 verschillende temperaturen (25, 30, 40, 45 , 50 °C) 
in het plasma membraan van cellen die gegroeid waren bij 3 verschillende 
temperaturen (21, 30, of 39 °C). Bij hogere temperaturen is de diffusie sneller in alle 
cellen, onafhankelijk van de groeitemperatuur. We observeerden een maximale 
toename in de diffusie coëfficiënt van 0.0007 naar 0.005 µm2/s (7-voudig) door de 
meet temperatuur te verhogen van 25 naar 50 °C. Door beperkingen van de 
meetapparatuur konden we geen hogere temperaturen gebruiken en daardoor een 
mogelijke transitie in het membraan van een vloeibaar-geordende staat naar een 
vloeibaar-ongeordende staat niet observeren.   
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Streszczenie w języku polskim 
Drożdże to pierwsze mikroorganizmy wykorzystywane przez ludzi przemysłowo. Od 
wieków używane były w procesie fermentacji, a wzmianki o ich wykorzystaniu 
odnotowywano już w starożytnym Egipcie ponad pięć tysięcy lat temu. Dopiero wraz 
z wynalezieniem mikroskopu przez Louisa Pasteura nauka posunęła się na tyle 
daleko, by odkryć iż procesy znane od tysiącleci przeprowadzane są przez żywe 
komórki. Krótko po tym odkryciu drożdże zostały wyizolowane w formie czystej 
kultury. Od tego czasu rozwój wiedzy oraz technik laboratoryjnych i przemysłowych 
pozwolił  w znacznym stopniu poprawić i zoptymalizować procesy przemysłowe od 
nich zależne - takie jak produkcja piwa czy wielu substancji organicznych oraz leków. 

Błona komórkowa jest barierą oddzielającą wnętrze komórki od środowiska, 
zachodzi przez nią wybiórczy transport, który jest niezbędny dla przeprowadzenia 
procesów życiowych. W większości przypadków to do komórki należy decyzja co jest 
transportowane do jej wnętrza lub na zewnątrz. Celem mojego projektu było lepsze 
zrozumienie powyższych procesów, zachodzących w błonie komórkowej drożdży 
piekarskich (Saccharomyces cerevisae). Bardzo ważne jest zrozumienie w jaki 
sposób zachowują się w niej białka, w przyszłości umożliwi to bowiem 
manipulowanie procesami zachodzącymi w jej obrębie dla naszych potrzeb. W pracy 
badawczej skupiłem się na strukturze nazwanej MCC/eisosomes, którą spolszczę 
jako „eisosomy” (schematyczna reprezentacja tej struktury jest zaprezentowana na 
rycinie 3 z pierwszego rozdziału). Eisosomy są częścią wygiętej do wnętrza komórki 
błony komórkowej, ich kształt utrzymywany jest przy pomocy białek rozpuszczonych 
w cytoplazmie. Jedną z ich interesujących cech jest fakt, że białka je tworzące są 
bardziej stabilne od innych i nie są usuwane z błony komórkowej. Dodatkowo, błona 
komórkowa drożdzy, jest zupełnie inna niż pozostałe znane błony biologiczne. 
Dyfuzja w niej zachodząca jest od stu do tysiąca razy wolniejsza, niż w przypadku 
błony komórkowej komórek ssaczych, bakteryjnych, czy błon organelli 
komórkowych w drożdżach. Pomimo wielu obserwacji, ten proces nigdy nie został 
wyjaśniony.  

We wstępie mojej pracy przedstawiam historię wykorzystania drożdży przez 
człowieka, następnie opisuję jak w komórce drożdży powstają białka kierowane do 
błony komórkowej. Rozdział kończę krótką prezentacją najważniejszych faktów na 
temat eisosomów.  

W drugim rozdziale prezentuję metodę, która umożliwia unieruchomienie komórek 
(i innych błon biologicznych) na szkle mikroskopowym. Poprzez modyfikację szkła 
3-aminopropylotrietoksysilanem i gluteraldehydem jesteśmy w stanie 
unieruchomić komórki na kilka godzin. Mikroorganizmy w tym czasie dalej mogą się 
dzielić, co wskazywać może na nieinwazyjność i nieszkodliwość tej metody. 
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Opracowanie tego procesu było konieczne w celu przeprowadzenia badań 
opisanych w rozdziale trzecim. Używane wcześniej metody unieruchamiania 
drożdży na szkle mikroskopowym wytwarzały bowiem zbyt duży niespecyficzny 
sygnał, który miał znaczący wpływ na wyniki. 

Rozdział trzeci to prezentacja większość wyników mojej pracy doktorskiej, skupiam 
się w nim głównie na eisosomach. Przy pomocy technik zaprojektowanych do 
obejścia limitacji mikroskopii, mierzyłem wielkość tych struktur oznaczonych przy 
pomocy dwóch różnych białek, a następnie badałem lokalizację kilku innych białek 
względem tych struktur.  

Okazało się, że białka, które są skoncentrowane w eisosomach, są z nich usuwane 
gdy zaczynają transportować substancje z zewnątrz do środka komórek. Badałem 
także dyfuzję białek przy pomocy techniki FRAP, polegającej na naświetleniu części 
błony komórkowej intensywnym laserem wygaszającym fluorescencję. Poprzez 
obserwację odzyskiwania fluorescencji (białka, które dalej mają fluorescencję 
przepływają do strefy, która została wygaszona) jesteśmy w stanie policzyć szybkość 
z jaką te białka poruszają się w błonie. Moje wyniki potwierdziły wolną dyfuzję białek 
w błonie komórkowej drożdży. Jednak FRAP pokazuje tylko zachowanie populacji, 
które można wytłumaczyć na co najmniej kilka sposobów. Aby zrozumieć co się 
dokładnie dzieje, podjęto decyzję o zmianie techniki, która umożliwia śledzenie 
pojedynczych białek, pozwala to na wyliczenie szybkości ich poruszania się. Dzięki 
temu zdołałem wykryć dwie populacje białek: tych które ruszają się bardzo wolno, 
i tych, których ruchu nie byliśmy w stanie wcześniej wykryć. Dodatkowo 
zauważyłem, że lokalizacja białek względem eisosomów nie wpływa na szybkość ich 
dyfuzji.  

Pośród białek, które nie są skoncentrowane w eisosomach, odkryłem dwa typy 
zachowań: białko Nha1 było rozłożone równomiernie w błonie komórkowej, 
podczas gdy białko Pma1 wyraźnie było wykluczone z eisosomów. Po przyjrzeniu się 
temu procesowi okazało się, że Pma1 jest wykluczone z eisosomów ponieważ jest 
za duże, a gdy je zmniejszyliśmy, mogło wejść do eisosomów. Gdy powiększyliśmy 
białko, które normalnie znajduje się w eisosomach, okazało się, że także jego wejście 
do eisosomów jest utrudnione.  

Rozdział czwarty to prezentacja tego co wiemy o błonach biologicznych i jak ta 
wiedza się rozwijała. W części eksperymentalnej próbuję znaleźć przyczynę 
zaobserwowanej wcześniej wolnej dyfuzji w błonach komórek drożdżowych. 
Podjąłem próbę wykorzystania wcześniej opracowanego barwnika selektywnie 
barwiącego tylko wewnętrzną część błony komórkowej drożdży. Planowałem 
wykorzystać ten barwnik, a następnie dodać go do zewnętrznej części błony, żeby 
sprawdzić czy dyfuzja w jej wewnętrznej części różni się od tej w zewnętrznej. 
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Dodanie barwnika, który wybrałem, do zewnętrznej części okazało się niemożliwe, 
skupiłem się więc na wpływie temperatury na szybkość dyfuzji. Dyfuzja, jak 
wszystkie procesy biologiczne, jest szybsza w wyższej temperaturze. Podejrzewałem 
jednak, że błona komórkowa przechodzi zmiany fizyczne w wyższych 
temperaturach, które znacznie przyspieszą ten proces. Poprzez hodowanie drożdży 
w różnych temperaturach (21, 30, albo 39 stopni) i mierzenie dyfuzji w temperaturze 
25-50 stopni Celsjusza pokazałem, że duża zmiana w prędkości poruszania się białek 
jest widoczna w zakresie 25-30 stopni powyżej temperatury w której rosły drożdże 
(45 i 50 stopni dla drożdży hodowanych w temperaturze 21 stopni). Gdy drożdże są 
narażone na wysoką temperaturę, a później chłodzone, białka poruszają się w błonie 
komórkowej tak wolno, jak przed podgrzaniem. To sugeruje, że za wolny przebieg 
dyfuzji odpowiedzialne są raczej lipidy, a nie jak wcześniej przypuszczano białka. 
W momencie pisania tego doktoratu jest to jeszcze tylko teoria. Planuję 
kontynuować te badania w najbliższej przyszłości. 
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Chapter 6: Acknowledgments 
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Almost done. I am writing this chapter myself, without letting anyone see it (for 
obvious reasons), and in a self-inflicted sleep-deprived state.  

To start with, I would like to thank my arms for always being by my side, my legs for 
always supporting me and my fingers, because I could always count on them. A 
friend send me this random quote from internet some time ago and I decided that I 
have to include it in my acknowledgments. 

Coming to the “serious” part of this chapter, I think it is traditional to start with the 
promotor(s). Bert, I really enjoyed working with you and I am thankful for the 
opportunities you gave me both as a Master and a PhD student. You always find a 
way to be interested and supportive without micromanaging people, which I really 
appreciate. I think that your ability to (almost) unperceivably push people is 
astounding, and it is instrumental to making people think they make all the 
decisions. At the beginning it was difficult for me to push back, but I think I have 
figured it out by now.  

Dirk, I had to remind you few times that you are my promotor. I hope you remember 
it now. Due to my project being completely out of your scientific interests, we did 
not interact much. However, it was always interesting talking to you about science, 
or other topics.  

I would also like to thank the members of my Assessment Committee: Bruno André, 
Ida van der Klei, and Jan Kok for their time and comments. 

Emanuela, my dear paranymph. I am not sure remember, but it all started with me 
messing up booking of a centrifuge. I am not sure anymore if I was later than my 
booking, or did not book it at all. But I was allowed to use some of your time, saving 
my experiment and starting a chain reaction that resulted in you getting addicted to 
polish sweets and being my paranymph. Thank you for everything. We had so much 
fun together, that it is hard to pick a favorite moment, but it DEFINITELY DOES NOT 
involve a certain rubber band. 

Kara, there is a rumor going around, that it is impossible to win an argument with 
me, but I am pretty sure you managed to do it multiple times. Thank you for the 
support, time and never giving up, especially when you were annoyed with me. You 
are definitely my favorite alien. 

Next is Guus, after we were introduced, we almost instantly became good friends. I 
enjoyed all the game evenings (or afternoons) and the opportunity to teach you 
some martial arts. Thank you for that and all the 3d printing you did.  

Salty, my shopping buddy, you are a little indecisive, but definitely interesting to be 
around. Making a decision is not that hard, you should practice it sometime. You 
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worry so much about what may happen, that sometimes you do not see 
opportunities to prevent it.  You should stick with RPG after I am gone. 

In the time I have worked here I had an opportunity to teach two students. Both 
intelligent, nice and never disappointed me. Dian, you never gave up on the project 
that at some point even I started to doubt. Working together was a pleasure, and I 
know it will all go well for you in Amsterdam. Laetitia, sorry that the project did not 
work. But I think you are smart and positive enough to know it was not your fault. 
You are a very fast learner and it was pleasure to work with you. 

I think, it is time to mention Tjeerd. Around this point you should be annoyed for 
not being mentioned yet, but still not putting my thesis into shredder. I do now want 
to write too personal, because I know how sensitive you are and I do not want to 
make you cry (again). You are a great friend, and I enjoyed the time we spend 
together. RPG, board games, Civ nights and the movies, and all the other things we 
did together were always fun. Most of our plans and schemes worked out, only one 
plan still needs to be finished. I do not want this chapter to become the longest in 
my thesis, so I will finish your paragraph now. Thank you, may the unicorn magic 
never leave you. Hope you will find new Krówki supplier soon. Keep using all the dad 
jokes, I should not be the only one that had to suffer through it. 

I always found office 115 to be a good place to work. Rianne, I was here to teach 
you when you started, and to see you defend your PhD. I always enjoyed our 
conversations (and not only because you almost always agreed with me). Ria, 
sharing an office with you was great despite all the people that were always looking 
for you. Since you left the number of phone calls to the office dropped by at least 
99%. Joury, we were the last ones standing. Talking to you was always informative 
and interesting, even when I did not share your opinion. You always made sure that 
everyone is included in the lab events and organised few of them. Your input was 
always appreciated, both in the office and in the yeast meeting. Cecile, I barely had 
time to get to know you, but you are happy and positive, which may have been 
lacking in the office over the summer.  

Ryan, having you in yeast meeting was very helpful, hanging out with you was fun. 
Our meetings always made me feel better, even if their conclusion was not positive 
for me.  

Michiel¸ working with you was a pleasure. With few people “I am not sure if I could 
make the thesis without”, but with you I know it. Your help saved me a lot of time, 
and the discussions we had gave me extra ideas to pursue.  

Frans, wiem, że bardzo lubisz Google translate. Pomimo twoich prób zarażenia mnie 
twoją paniką, współpraca szła naprawdę dobrze. Nauczyłeś mnie wiele, mam 



  P a g e  | 163 

nadzieję, że chociaż trochę mojego spokoju przeszło na Ciebie. Odkąd wyjechałeś, 
nie było dla mnie godnego przeciwnika w grach planszowych. 

Gea, I cannot imagine this lab working without you. You are always helpful and 
responsible for so many things. Luckily, I figured out how to deal with you relatively 
early, which made ordering things much quicker. I will miss game and movie nights. 

Marysia, apparently our Polish is terrible, so I will write in English. Thanks for all 
your help. Without it, settling down in Groningen would be much more difficult. You 
were always around and ready to help if I needed something. Thanks for trying to 
improve my Polish summary. 

Joana, knowing you was definitely fun, although a little painful. I still do not agree 
with your description of my face (though I know “few” people that do). Thanks for 
all the help and the laughs we had together. Still waiting for you to buy me a dinner. 

Weronika and Ruslan, I miss our Sunday movie nights, Saturday brunches, or any of 
our other activities. Hope there will be an opportunity to catch up together in a near 
future. Ruslan, we need to jog again some time. 

Adi¸ I still do not know when you disappeared for half a year, but what I know that 
I did not hear 500 names. I am sorry I will probably miss your house warming party. 

Wojkek and Kostas, you are similar enough to mention you in one paragraph. Not 
sure which one of you will be more offended by that statement, but its true if you 
really think about it. The discussions and games we had together were always… 
interesting. That is a good word to describe it. Thanks for sharing all those stories. 

Bauke, I am glad that The Snap did not happen yet, and hopefully it won’t happen 
while I am here. When you are not trying to make jokes you are great to hang out 
with. You are a unique person, keep it up.  

This is getting too long, so I would like to thank all current and past members of the 
Membrane Enzymology group and all other scientists that I had a pleasure of 
interacting with. The friendly atmosphere in the lab always made the day a little 
brighter, which is usually needed in the Netherlands, especially if while doing 
microscopy in winter. Thank you for scientific and/or personal help. 

Allersmaborg group, I think we stuck together pretty well. The lunches were always 
nice, and it is a little sad they do not happen anymore. 

I would also like to thank my RPG groups. Listing all people that I played with would 
be too long, especially if I include friends from Poland. And deciding the “cut off” is 
impossible, so I will not name any of you. You know who you are. I always had fun 
during the games, even if some specific moments annoyed me.  
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Ben, Lisa, recently we started talking a lot. Our conversations are mostly about BS, 
but I think your names should be here. Even when you did not realize it, you help 
me stay sane through the writing process. Lisa, I am still only 60% sure. 

And I would like to thank all the other people I spend some time with, not involved 
in my work, but involved in my life. As with the RPG groups, hard to make cut off, 
and to not offend anyone, so I am not even trying. 

A big thanks to all the teachers and all the other people that taught me anything. I 
might have not appreciate your work at the time, but time always bring wisdom. 

Wielkie dzięki dla wszystkich moich nauczycieli i innych ludzi, którzy mnie czegoś 
nauczyli. Nawet jeśli nie doceniałem waszej pracy, mądrość przychodzi z czasem. 

Damian, Irek, ze względu na dystans ciężko jest utrzymać kontakt. Mimo to, jak 
jestem w Polsce, zawsze znajdziecie czas żeby się spotkać.  

Marta, zawsze mogę z Tobą rozmawiać o wszystkim i o niczym. Postaraj się troszkę 
odpocząć. Dzięki za pomoc przy polskiej wersji streszczenia. Mój polski nigdy nie był 
idealny, ale najwyraźniej popsuł się do tego stopnia, że nie da się go zrozumieć.  

Remik, lata spędzone na nauce Aikido bardzo mnie zmieniły. Dodały mi pewności 
siebie i możliwe, że to one spowodowały, że podjąłem się wszystkich wyzwań, które 
mnie doprowadziły do obrony doktoratu. Już dawno nie byłem w formie, ale wiedza 
którą mi przekazałeś dalej jest pomocna. Dziękuję. 

Bożena, Bogdan, odwiedziny u was to coś, na co zawsze czekałem (chociaż 
przyznaję, że mogło to być spowodowane, tym, że nie musiałem wtedy chodzić do 
szkoły). Z czasem widzieliśmy się coraz mniej, ale zawsze będzie dla mnie ważni. 

Paweł, Martin Zawsze znaleźliście dla mnie czas. Do dzisiaj pamiętam długie 
wieczory spędzone na Mario Kart, albo HoMM3. Nawet teraz, gdy macie rodziny i 
dzieci ciągle nalegacie, bym was odwiedził. Przepraszam za to, że nigdy nie mam 
czasu. Postaram się wygospodarować więcej czasu w przyszłości, by trenować nowe 
pokolenie młodych naukowców. Martina, Zsófia, thanks for all the hospitality you 
showed me. Leon, Alicja, Florian, you cannot read yet (I think. When kids actually 
learn to read?), but maybe at some point you will be interested in science enough 
to look at this book. It will be nice to see your name in it. Leon, Alicja, Florian, jeśli 
kiedyś będziecie zainteresowani nauką na tyle, by zajrzeć do tej książki. Miło będzie 
zobaczyć swoje imię.  

Piotr, Kasia, nie zawsze się zgadzaliśmy i często się kłóciliśmy, ale taka jest rola 
rodzeństwa.  Najważniejsze jest to, że teraz możemy na siebie liczyć, niezależnie od 
problemu. Mieliście ogromny wpływ na moje życie i gdyby nie kłótnie i wsparcie, 
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prawdopodobnie nie kończyłbym pisać mojej książki. Aga i Michał, mieliśmy okazję 
spędzić mniej czasu niż bym chciał, ale cały ten czas wspominam pozytywnie. 

Mamo, Tato, gdyby nie wy na pewno by mnie tu nie było (dosłownie i w przenośni). 
Zawsze mnie wspieraliście w decyzjach, które podjąłem, nawet jeśli uważaliście, że 
są złe. Nawet, gdy nie wierzyliście, że się uda, wasze wsparcie pozwoliło mi osiągnąć 
założony cel. Dziękuję wam za to, że jesteście. Za wszystko. 

 

 

 

 


