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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.  



102 | P a g e  

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 
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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 



  P a g e  | 127 

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 
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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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