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Chapter 4

Frans Bianchi*,1, Gemma Moiset*,1,2, Lukasz Syga*1,2, Paul E. Schavemaker1, Michiel Punter1,2, 

Antoine M. van Oijen2, Andrew Robinson2 and Bert Poolman1,2‡

Slow diffusion, stearic exclusion and targeted protein 
delivery determine the localization of plasma 

membrane transporters

Abstract

The plasma membrane (PM) of eukaryotic cells accommodates compartments formed 

through differential interactions between lipids (microdomains) and between lipids 

and cytoskeletal or scaffolding proteins. The PM of Saccharomyces cerevisiae contains 

microcompartments, MCC/eisosomes and MCPs, named after the protein residents Can1 

and Pma1, respectively. Here we show that endo- and exocytosis of PM proteins occurs 

proximal to MCC/eisosomes, at regions where the PM is not in contact with the cortical-

endoplasmic reticulum. The proteins have a low intrinsic mobility, and we find no evidence 

for confinement, physical barriers, of the size of MCC/eisosomes or bigger that would limit 

their diffusion in the PM. However, proteins like Pma1 with large cytoplasmic domains are 

excluded from MCC/eisosomes. We explain the distinct localization patterns of integral 

membrane proteins by a general slow lateral diffusion, steric exclusion of some proteins 

from MCC/eisosomes and delivery of proteins to, and removal from, specific sites of the 

PM of S. cerevisiae. 
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4.1 Introduction

The emergence of compartmentalization in eukaryotic cells allowed more complex cellular 

properties to evolve, such as inter- and intracellular signalling and trafficking of molecules. 

Eukaryotic cell membranes contain hundreds of different lipids, which in the plasma 

membrane (PM) are distributed asymmetrically over the two leaflets of the bilayer (203). 

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 skeleton (204). In this model the hopping of 

molecules between compartments is a determining factor for the overall lateral diffusion. 

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) (109). A protein complex located directly beneath the membrane (eisosome)

scaffolds the MCCs (119); 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 ergosterol (114), whereas the MCPs are rich in sphingolipids (125). The functional role of 

the MCC/eisosome structures is not clear. They have been implicated in the protection of 

proteins from endocytosis, protein turnover, protection to osmotic and other stresses (205, 

206), but evidence is limited and often 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 the domain partitioning of the proteins and their dynamics 

between MCC, MCP, and possibly other domains.

The lateral diffusion of PM proteins has been reported to be slow. It is not clear, however, 

whether this slow diffusion arises from physical partitioning into those micro compartments 

(126, 129, 207) or from the physicochemical properties of the membrane itself. Here we show 

for similar sized solute transporters that the diffusion coefficient in plasma membrane of 

S. cerevisiae is orders of magnitude lower than in the vacuolar membrane. Single-molecule 

tracking allowed us to determine not only the dynamics of the membrane proteins but also 

possible physical confinement within PM microcompartments. We performed dual-colour 

super-resolution microscopy to (co)-localize the proteins with the eisosomal marker, Pil1, 

and the endoplasmic reticulum (ER) marker, HDEL. We used an image cross-correlation 

approach to quantify the colocalization of protein pairs in living cells. Our high-resolution 

microscopy analysis of the location and diffusion of a wide range of membrane proteins 

provides a new perspective of the structure and dynamics of the PM of yeast. 

4.2 Results
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Factors that determine the localization oF plasma membrane transporters

4.2.1 High-resolution imaging of MCC/eisosomes. 

We used dual-colour super-resolution microscopy to study the localization of two MCC/

eisosome-resident proteins, expressed at endogenous levels, 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 colocalization between 

Sur7 and Pil1 in our super-resolution reconstructions (Fig. 1A), which have localization 

accuracies of 18.5 and 20.2 nm for YPet and mKate2, respectively (Fig. 1B). The MCC/

eisosome dimensions were measured by analysing the reconstructions from the plasma 

membrane reporter Sur7-YPet of 150 assemblies, yielding dimensions of 126 ± 57 nm along 

the plasma membrane and 51 ± 21 nm perpendicular to the membrane. These values 

correspond to the average measured width across all possible orientations relative to the 

imaging plane and to the depth of eisosomes, respectively. We were able to resolve by 

optical microscopy the membrane-indented structure of the eisosome and found that Pil1 

is located slightly inside the PM. A magnified image of an eisosome with the respective 

line-scans along (Fig. 1C) and perpendicular to the PM (Fig. 1D) is shown; 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 eisosome. 

Figure 1: High-resolution protein localization of proteins. (A) Dual-colour reconstructions of Sur7-YPet in green 
and Pil1-mKate2 in magenta. Colocalizations appear in white. (B) The localization accuracy of the fluorophores YPet 
(green) and mKate2 (magenta) was estimated from the fitting error. (C-D) Eisosome line-scans measured along (C) 
and perpendicular to (D) the plasma membrane. Single-colour super-resolution reconstructions of (E) Lyp1-mEos3.1 
and (F) Can1-mEos3.1 with (G) their respective fitting errors. All proteins were chromosomally tagged with the 
respective fluorophores.
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4.2.2 Super-resolution microscopy of Can and Lyp1. 

We then analysed the localization of Lyp1 and Can1 by super-resolution microscopy, using 

the photo-switchable fluorescent protein mEos3.1 as fusion partner. Can1 and Lyp1 are 

sequence homologs but have been reported to reside in different membrane domains. 

Can1 is the prototypical example of a MCC/eisosomal protein (114, 117, 208), whereas Lyp1 

is not reported to be associated with any specific domain. Both proteins were expressed 

from their native chromosomal position. We find a heterogeneous distribution around the 

PM for both Lyp1 and Can1 proteins (Fig. 1E and 1F), as one would expect for proteins 

associated with particular domain structures (109, 112, 114, 116, 119, 123). The localization 

precision, taken from the error of fitting single molecules, was about 30 nm (Fig. 1G). 

Inspection of the intensity fluctuations within the original microscopy movies indicates 

that the patches in the reconstructions are mostly composed of single molecules that are 

repeatedly localized rather than clusters of Lyp1 or Can1. This observation suggests that 

the endogenous levels of those proteins in the plasma membrane are relatively low; on 

the order of a few hundred molecules per cell. The low endogenous levels of Lyp1 and 

Can1 suggest an alternative explanation for their heterogeneous distribution in the PM: the 

number of molecules is not sufficiently large to form a smooth distribution.

4.2.3 Cross-correlation of PM and eisosomal proteins. 

We then 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 studies (114, 116, 119, 123, 134, 204). Lyp1 and Can1 partially colocalize with 

Pil1, both in the presence and absence of their substrates, lysine and arginine (Fig. 2A and 

2B). The amount of lysine and arginine in the medium was modulated to affect the levels 

of each transporter in the PM and cells were imaged over time (Fig. 2C). We quantified 

the colocalization between Lyp1 or Can1 and Pil1, using van Steensel’s cross-correlation 

approach(209). In this analysis, we used 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 colocalization. 

As a control, we first measured the colocalization of Sur7 and Pil1 (Fig. 2D and 2E). For this 

pair a high correlation coefficient was observed at short distances (<300 nm), corresponding 

to the diffraction-limited size of the MCC/eisosomes (Fig. 2D). Both Lyp1 and Can1 show 

moderate but significant correlation with Pil1 in the absence of substrate (Fig 2G, 2H), 

which decreased rapidly with the addition of substrate as a consequence of fast removal of 

the proteins from the membrane; in the presence of substrate the level of colocalization 

of Lyp1 and Can1 with Pil1 is similar to that of the sodium/proton antiporter Nha1, a 

membrane protein unrelated to Lyp1 or Can1 (Fig. 2F). The van Steensel’s cross-correlation 

shows a fast decrease at short distance to the MCC/eisosome (Fig. 2G and 2H), suggesting 

that removal of Lyp1 and Can1 from the membrane happens in the vicinity of the eisosome. 

The fact that the short-distance correlation decreases rapidly after the addition of lysine 
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Factors that determine the localization oF plasma membrane transporters

and arginine argues against the MCC/eisosome forming a protective environment for the 

proteins. Not only Lyp1 and Can1 but also Nha1 shows a similar localization maximum (Fig. 

2F), favouring a model in which delivery of the PM proteins occurs in the vicinity of the 

MCC/eisosomes. The slow lateral diffusion and relatively long life-time of the PM proteins 

would lead to their apparent partitioning near the MCC/eisosomes, vide infra (116, 134, 

210). 

Figure 2: Cross-correlation analysis membrane protein versus eisosome reporter. Dual-colour reconstructions 
of (A) Lyp1-L-YPet/Pil1-mKate2 and (B) Can1-L-YPet/Pil-mKate2 with and without lysine plus arginine, indicated 
as +KR and –KR, respetively. Wide-field images are depicted for clarity. All the scale bars represent 2 µm. (C) 
Number of localizations per cell of Lyp1 and Can1 with and without lysine and arginine. (D) Cross-correlation of 
Pil1-mKate2 and Sur7-YPet. Panels: images exemplifying one cell per strain and condition; images were treated with 
a discoidal-averaging filter (218) to illustrate better the localizations; the colocalization 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 L-YPet-tagged target membrane protein (E) Sur7, (F) Nha1, (G) Lyp1 0, 40 and 120 min 
after the addition of lysine and arginine, (H) Can1 0, 40 and 120 min after the addition of lysine plus arginine. Left 
panels: Correlation coefficients of the plasma membrane proteins with Pil1 (blue line) 0, (red line) 40, and (cyan 
line) 120 min after addition of lysine and arginine; the randomized data are shown in black; errors represent the 
standard errors of the mean. Right panels: normalized heterogeneity in single cells cross-correlation (blue striped 
bars) 0, (red striped bars) 40, and (cyan striped bars) 120 minutes after addition of lysine and arginine. All proteins 
were chromosomally tagged with the respective fluorophores.
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4.2.4 Cross-correlation of PM proteins with endoplasmic reticulum marker. 

The Super-resolution imaging of Lyp1 and Can1 with the ER marker DsRed-HDEL (136, 210) 

reveals a random localization of the two plasma membrane proteins with the ER. However, 

when growing the cells in the presence of substrate (+KR), Lyp1 and Can1 are found to 

be relatively more abundant in areas where the ER is not present (Supplementary Fig. 

S3AB; +KR). We find that Lyp1 and Can1 hardly correlate with the ER marker neither in the 

presence or absence of external substrate (Supplementary Fig. S3C and S3D). In fact, for 

Figure 3: FRAP measurements to probe long-range diffusion. Normalized fluorescence recovery of the 
transporters expressed from a plasmid in the respective endogenous knockout strain: Lyp1-YPet in (A), Can1-YPet 
(B), Nha1YPet (C) and Vba1-YPet (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. (E) Lateral diffusion coefficients and normalized 
recoveries; the standard deviations are given. (F) Simulation of Brownian diffusion in a spherical cell. Photo-
bleached region of 2 µm width and 1 µm thickness. (G) Recovery of the particles in the bleached region (empty 
dots) and exponential fitting of the data (black line) are shown. (H) 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. The black line represents the function x = y. All proteins were under overexpressed.
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Lyp1 and Can1 we find weak anticorrelation with the cER in the absence of substrate, which 

is in agreement with the positive correlation of the proteins with the MCC/eisosomes, 

where the cER is not present(136). In accordance, a higher recycling of the proteins reduces 

their correlation with the MCC/eisosome. Our findings of transporter colocalization with 

MCC/eisosomes in the absence of substrate require a very slow lateral diffusion of the 

proteins in the PM (63, 136).

4.2.5 Diffusion of proteins in the plasma membrane is very slow. 

Exploring the idea of slow lateral diffusion further, we determined the lateral diffusion 

coefficient of the plasma membrane proteins using fluorescence recovery after photo-

bleaching (FRAP) and single-molecule tracking (SMT). For FRAP, the overexpressed 

membrane proteins were fused to the fluorescent protein reporter YPet, and the diffusion 

of proteins in the PM was compared with that of a vacuolar membrane protein of similar 

size, Vba1. After photobleaching, the Lyp1, Can1 and Nha1 showed similar recovery profiles 

and a single mobile fraction (Fig. 3A-C). The apparent diffusion coefficients (Dapp) of the 

PM proteins fall in the range of 0.45 x 10-3 to 0.65 x 10-3 μm2/s. The diffusion coefficient 

of the vacuolar solute/H+ antiporter Vba1 is 3 orders of magnitude higher (Dapp = 0.27 ± 

0.13 μm2/s; Fig. 3D) and similar to those previously measured for ER and other vacuolar 

membrane proteins (114, 117, 126, 178, 193). To assess our analysis strategy, we performed 

simulations to validate the experimental observations and to determine corrections for the 

diffusion coefficients (Fig. 3E-G; see methods section for details). The adjusted diffusion 

coefficients (Dadj) for Lyp1, Can1 and Nha1 are 1.2 x 10-3, 1.7 x 10-3 and 1.3 x 10-3 μm2/s, 

respectively. Overall, the apparent 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 organelles.

4.2.6 Single-molecule tracking shows that slow diffusion is not due to confinement. 

FRAP probes long-range diffusion of molecules and does not resolve barriers to short-range 

diffusion, such as confinement within specific membrane domains. To probe diffusion over 

shorter length scales, we performed single-molecule tracking (SMT) of Can1, Lyp1 and 

Nha1, as well as the MCC/eisosome marker Sur7. Measuring the mean-squared displacement 

(MSD) of individual proteins as a function of time allows one to determine whether the 

proteins are freely diffusing or confined within sub-domains of the membrane (211). If 

protein diffusion follows an unhindered random walk, the averaged MSD will be linear with 

time, whereas if the diffusion is restricted by confinement, the MSD-time relationship will 

show different slopes or even plateau. For each protein, we first calculated short-distance-

scale diffusion coefficients based on the distribution of individual step sizes across all 

trajectories, using a one-dimensional diffusion model for data fitting. The imaging rate 

was chosen such that observed diffusive movements are significantly larger than the 

localization uncertainty, as estimated by step size distribution analysis of rapidly acquired 
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data (see Supplementary Fig. S4A-B) and the MSD-time relationship (see Supplementary 

Fig. S4C-D). For Can1, Lyp1 and Nha1, the diffusion coefficients obtained from fitting of the 

single molecule step size distribution SMT are 0.16 x 10-3, 0.07 x 10-3 and 0.23 x 10-3 µm2/s, 

respectively (Fig. 4A, 4B and 4C). By adjusting the levels of lysine and arginine in the 

medium we were able to modulate the amount of Lyp1 and Can1 in the PM (57, 112, 207), 

but this had no significant effect on the observed diffusion. 

We then plotted MSD as a function of time for the Can1, Lyp1, Nha1 and Sur7 single-molecule 

trajectories (Fig. 4A-D). While the trajectories are relatively short due to photo-bleaching 

and diffusion out of the focal plane, it is clear that plots for Can1, Lyp1 and Nha1 are well 

fit by a linear function. Each line intercepts the Y-axis at a value greater than zero, which is 

a known effect of localization uncertainty in the measurements (57, 208). The linear MSD-

time relationships indicate that there is no physical confinement within compartments of 

up to 0.025 µm2. In our sinlge molecule measurements we focused our low depth-of-field 

microscope at the middle of each cell and so the membrane appears as a ring. To calculate 

diffusion coefficients, we treated the diffusion as being two-dimensional. To assess the 

accuracy of this approach, we performed a number of simulations (Supplementary Fig. S4E, 

S4F; see methods section for details). For Can1, Lyp1 and Nha1 the diffusion coefficients 

found by fitting of the step size distributions are 0.07 x 10-3, 0.16 x 10-3 and 0.23 x 10-3 

μm2/s for Can1, Lyp1 and Nha1. Using the simulation data in (Supplementary Fig. S4F), 

we calculate an adjusted diffusion coefficient (Dadj) of ~0.2 x 10-3, ~0.4 x 10-3 and ~0.8 x 

10-4 μm2/s, somewhat lower than Dadj values observed by FRAP. Unlike with the step size 

analysis, localization error does not have an effect on Dapp values derived from MSD plots 

(Supplementary Fig. S4H). In our simulations, Dapp values calculated from MSD plots are 

systematically 2 times smaller than input Dinput values (Supplementary Fig. S4G, S4H), which 

we attribute to geometric differences between cells and the diffusion model used to fit 

the data. Correcting the diffusion coefficients yields Dadj values of 0.12 x 10-3, 0.22 x 10-3 

and 0.30 x 10-3 μm2/s for Lyp1, Can1 and Nha1, respectively. The FRAP and SMT data thus 

confirm that the lateral mobility of PM transporters is extremely slow and relative diffusion 

coefficients for Lyp1, Can1 and Nha1 correlate with their presence in the vicinity of the 

MCC/eisosome. In other words, when exocytosis occurs in the vicinity of MCC/eisosomes, 

the slower the moving away from these sites the higher the correlation with MCC/eisosome 

markers.

4.2.7 Sur7 is confined in the MCC/eisosomes. 

We then measured the diffusional behavior of the MCC/eisosome resident Sur7. Importantly, 

the MSD-time relationship shows a plateau in the squared displacement after 150 seconds 

(Fig. 4D, middle panel). Analysis of the experimentally measured diffusion of Sur7 shows 

confinement at an MSD value of approximately 0.008 μm2, which is in agreement with a 

model eisosome with a length of 220 nm and width of 60 nm (Supplementary Fig. S4I) and 
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an input diffusion coefficient between 0.055 x 10-3 and 0.1 x 10-3 μm2/s (Supplementary 

Fig. S4J). The plateau in the simulated MSD is reached at approximately the same time as 

observed experimentally for Sur7 (150-200 s, compare with Fig. 4D middle panel). On the 

basis of the step size distributions, Dapp of Sur7 is ~ 0.02 x 10-3 µm2/s (Fig. 4D, left panel). 

Figure 4: Single-molecule tracking of membrane proteins. Single-molecule tracking in cells carrying YPet fusions 
of the target proteins on a plasmid; the cells were grown without induction of the Gal promoter. (A) Lyp1-L-YPet, 
(B) Can1-L-YPet (C) Nha1-TEV-YPet and (D) Sur7-TEV-YPet. Left panels: Step size (displacement, d) distribution. 
The diffusion coefficients obtained by the 1D diffusion fit are shown. Middle panels: MSD versus time plots of 
experiments performed at 11 s/frame (Lyp1-L-YPet, Can1-L-YPet and Nha1-TEV-YPet) and 30 s/frame (Sur7-YPet). 
The diffusion coefficient was obtained from the slope of each graph. In the case of Sur7, only the linear range of 
the data was used for the fit (up to 150s). Error bars represent standard deviation. Diffusion speeds and number of 
trajectories are shown. The horizontal line in the middle panels corresponds to the diffusion barrier observed for 
Sur7. Right panels: epi-fluorescence images of cells.
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Figure 5: Steric occlusion from MCC/eisosomes. Cross-correlation analysis of BY4742 cells expressing Pil1-mkate2 
together with (A) Pma1-YPet or (B) Pma1(∆392–679)-YPet; the Pma1 constructs were expressed from a single copy 
plasmid under the control of the pma1 promoter. Panels (A-B): images exemplifying one cell per strain; images 
were treated with a discoidal-averaging filter (218) to illustrate better the localizations; colocalization 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 chromosomally labelled Pil1-mKate2 versus chromosomally YPet-tagged target protein: (C) 
Pma1-YPet (red) and. Pma1(∆392–679)-YPet (blue) (D) Nha1-L-YPet (blue) and Nha1-YPet (red) (E) Can1-L-YPet (blue) 
and Can1-YPet (red) (F) Can1-L-YPet (blue) and Can1(∆C)-L-YPet (red) (G) Lyp1-L-YPet (blue) and Lyp1-YPet (red) (H) 
Lyp1-L-YPet (blue) and Lyp1(∆C)-L-YPet (red). Left panels: Correlation coefficients of the plasma membrane protein 
and the randomized data (black line); errors represent the standard errors of the mean. Right panels: normalized 
heterogeneity in cross-correlation at zero distance.
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Compared with Sur7, Lyp1, Can1 and Nha1 diffuse much longer distances (the horizontal line 

in the middle panels A-D reflect the area to which Sur7 is confined) (Fig 4A-D), indicating 

that the transporters are not physically restricted within MCC/eisosomes. Overall, our data 

are inconsistent with the proposal that the majority of Can1 resides in MCC (112, 203, 

207). The diffusion coefficients obtained by FRAP and SMT do not match exactly, possibly 

because FRAP values are overestimated as a result of additional YPet molecules maturing 

over the time course of the measurement. However, the data as a whole are conclusive and 

show that (i) Sur7 is indeed confined in a region of the size of an MCC/eisosome; (ii) Lyp1 

and Can1 like Nha1 are not confined; and (iii) all integral membrane proteins tested diffuse 

extremely slowly in the plasma membrane of S. cerevisiae.

4.2.8 Cytosolic domains hinder MCC/eisosome partitioning. 

Proteins like the P-type ATPase Pma1 are reported to be excluded from MCC/eisosomes 

(114, 117). Indeed, for Pma1 we find a localization correlation maximum at ~0.5 μm, 

corresponding to half the distance between two eisosomes (Fig. 5A). In contrast to Lyp1, 

Can1 and Nha1, Pma1 contains a large cytosolic domain that prohibit the protein from 

entering MCC/eisosomes. We thus deleted the cytosolic domain of Pma1, and analysed 

distribution of Pma1(∆392–679) over the PM (Fig. 5B). Indeed, the localization correlation 

maximum of Pma1(∆392–679) with Pil1 was found at zero distance (Fig. 5C), which is as 

expected for a protein that can diffuse in and out of MCC/eisosomes.

So far, all the constructs with the transporters had a linker between the target protein and 

the fluorescent protein to provide flexibility. Sur7 possesses a C-terminal soluble domain to 

provide the flexibility. We then asked if the artificial coupling of a fluorescent protein to a 

membrane protein could affect its localization or entering of the MCC/eisosme structure. 

We removed the 16 residues linker that connects YPet to the C-terminus of Lyp1, Can1 or 

Nha1, thereby decreasing the flexibility between the protein domains and possibly creating 

steric effects. Indeed, we found a significant decrease in the localization correlation 

coefficient of the proteins with Pil1 (Fig. 5D-F; Supplementary Fig. S5A, S5B and S5E), 

which points towards exclusion of the proteins from MCC/eisosomes by steric hindrance. 

A C-terminal amphipathic tail of ~40 residues is present in genuine Can1 and Lyp1, but 

removal of the last 10 amino acids of this sequence had no effect on the localization 

correlation coefficient (Fig. 5G, 5H; Supplementary Fig. S5C and S5D). Overall, we conclude 

that steric hindrance is a mechanism to exclude PM proteins from MCC/eisosomes. 

4.3 Discussion

Studying membrane protein dynamics and localization at the single-molecule level provides 

much more insight into their spatial organization than is possible with conventional methods. 

We now can rule out physical confinement of the membrane transporters Lyp1 and Can1. 
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Figure 6: Illustration to summarize the diffusion and localization data. (A) The plasma membrane (PM), cortical 
ER (cER) and two MCC/eisosomes (Sur7 in the membrane and Pil1 scaffold) are shown. Exo- and endocytosis occurs 
in the vicinity of the MCC/eisosomes (see also references (116, 136)). 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. (A) Lyp1 (green) and Can1 (red) accumulate in the vicinity of the MCC/eisosomes due to 
exocytosis at these sites and slow lateral diffusion; Lyp1 and Can1 can enter the MCC/eisosomes but Pma1 (orange) 
cannot. (B-C) In the absence of external lysine and arginine, the endocytosis rate of Lyp1 and Can1 is low and the 
exocytosis rate high here to protein accumulates at the sides of insertion next to the MCC/eisosome (B) Lyp1-L-YPet 
(green) and (C) Can1-L-YPet (red). (D-E) In the presence of external lysine and arginine, the endocytosis rate of Lyp1 
and Can1 is increased and proteins are removed from the membrane, which is shown for (D) Lyp1-L-YPet (green) and 
(E) Can1-L-YPet (red). Shortening of the linkage between the transporter and YPet causes exclusion of the fusion 
protein from MCC/eisosomes, which is shown for (F) Lyp1-YPet (green) and (G) Can1-YPet (red). (H) Pma1-YPet is 
excluded from the MCC/eisosome; (I) Pma1(∆392-679)-YPet is able to partition in the MCC/eisosome.
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We show that their localization can be explained by the low levels of expression, slow 

diffusion and protein delivery to the PM at sites near MCC/eisosomes, where the membrane 

is not covered by cortical ER (Fig. 6A, 6B and 6D). Moreover, we show that proteins with 

large cytosolic domains (e.g. Pma1) and constructs with limited flexibility between the 

membrane domain and fluorescent reporter (fusions without linker) are excluded from 

MCC/eisosmes (Fig. 6C, 6E, 6F and 6G). Steric exclusion could be a more general factor 

in plasma membrane localization of proteins in budding yeast, and explain why Spira and 

coworkers observed groups of proteins having their own independent "domain" (57, 117, 

212). 

It has been previously suggested that the electrochemical proton gradient affects the 

composition of MCCs, and that Can1-GFP patches disperse rapidly (indicative of fast 

diffusion) upon addition of the protonophore FCCP (114). 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. S6). 

The levels of amino-acid transporter in yeast are highly regulated, which is particularly well 

established for Lyp1 (57, 136, 212) and Gap1 (58, 64, 213). Depending on the availability of 

lysine and arginine (and environmental stress conditions), Lyp1 is rapidly delivered to or 

removed from the PM. Given that the lateral mobility is extremely slow, these observations 

suggest that exo- and endocytosis control the localization in the PM. In fact, endocytosis 

plays an important role in the localization of PM proteins, since it can only take place 

in areas where the cortical ER and the furrow-like invaginated eisosomal structures are 

excluded (116, 136). The fact that MCC/eisosomes are in close proximity to the endo- and 

exocytosis sites (99, 116) explains why some proteins have been associated with these 

membrane structures. Can1 (and other proteins) may diffuse in and out of MCC/eisosomes, 

but quantitative analysis of its localization at the plasma membrane does not reveal 

partitioning into specific membrane structures. Our approach of combining high-resolution 

imaging with analysis of diffusion behaviour has been instrumental in resolving this issue. 

In conclusion, the yeast plasma membrane can be described as a crowded and highly viscous 

arena in which embedded transport proteins diffuse unrestrictedly but extremely slow. 

The high fractions of sphingolipids with very long saturated acyl chain(s) and ergosterol 

(114), and the overall highly ordered bilayer structure, may explain the slow diffusion and 

make yeast highly tolerant to adverse environmental conditions. The only barrier we find 

is the MCC/eisosome, which excludes the partitioning of membrane protein with large 

cytosolic domains and little flexibility. The rates of exo- and endocytosis in combination 

with diffusion of the transporters determine to a great extent their localization patterns, 

in particular when expression levels are low and proteins are (re)cycled rapidly. 



94

Ch
ap

te
r 

4

4.4 Methods

4.4.1 Microscopy equipment. 
For single-molecule tracking and super-resolution microscopy measurements, a fully automated home-
built microscope was used. 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).

4.4.2 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 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 1 % of the laser output power. During the entire experiment, the stage was heated to 30°C, 
using a Pecon climate chamber. Data analysis was carried out in imageJ (128, 192). 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 

The diffusion coefficient (D) was estimated according to equation 2, derived from Axelrod et al.(128, 
214):
Eq. 2 

where D is the diffusion coefficient, w the radius of the bleaching spot, t0.5 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 
μm ± 0.1 μm as determined by Meinema et al.(194, 214).

4.4.3 Simulations general. 
The analysis methods for FRAP, step size distributions and MSD are designed to determine the 
diffusion of molecules in a plane. Here, we are 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 Smoldyn(215), which simulates particles 
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undergoing random walks on specified geometries. Further analysis of simulated trajectories was 
performed in Mathematica. The details of the simulations of the FRAP, step size distributions and 
MSD are described below.

4.4.4 FRAP simulations. 
For the FRAP simulations we simulated 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 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 five different diffusion coefficients, 10-4-1 µm2/s. The simulation time steps and total 
simulation times were 0.2–2 x 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.

4.4.5 Single-molecule tracking (SMT). 
SMT was assayed on strains with plasmids pFB003, pFB005, PLS003 and PLS004 expressed from a 
(pRS426GAL derivatives), grown in the absence of galactose to obtain single molecule expression 
levels. Cells were embedded and immobilized in 0.5 % (w/v) low melting agarose and placed in between 
two microscope slides. Fluorescent microspheres (TransFluoSpheres, d=0.04 µm, ex/em=488/560 nm, 
Invitrogen) were premixed with the cells and, post data collection, their position used to correct 
for x-y drift. The experimental setup permitted cell growth (which was slow relative to the time 
span of the experiments) and provides a low fluorescence background necessary for single molecule 
imaging. The focal plane was placed at the mid-section cells. Time-lapse movies were recorded 
once every 34 ms, 100 ms, 300 ms, 1 s, 10 s, 11 s or 30 s. Typically, 100 - 200 frames were collected 
per measurement. All movies were recorded using 34 ms exposure times per frame. Application of 
excitation light (λ=514 nm at 50 W/cm2) was synchronized with the camera exposures. Throughout 
the experiment, the microscope stage and the objective were heated to 30°C. ImageJ was used to 
correct the drift at sub-pixel level, and to fit and track the peaks. The diffusion coefficient (D) of 
the particles was calculated in two different ways: (i) from the linear time dependence of the mean 
square displacement (MSD) using (Eq. 3) and assuming 2D diffusion in the plane of the image and (ii) 
by fitting step-size distributions with the 1D diffusion (Eq. 4). 

Eq. 3 

where n is the dimensionality, D is the lateral diffusion coefficient, t is time, d is displaced distance 
and a is an offset arising from localization uncertainty.

Eq. 4 

where p(d) represents the probability of a particle displaced at a distance d, A is the proportionality 
constant, D is the diffusion coefficient and t is the frame time (194, 209).

In both cases, only trajectories corresponding to the PM and having a minimum length of 8 steps were 
selected (for 30 s sampling measurements, a minimum of 5 steps was taken). Plots of MSD versus 
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time were produced by averaging data of several trajectories (n depicted in the graphs). The spatial 
resolution of our measurements is ~30 nm, implying that we cannot sample compartments smaller 
than ~0.0015 µm2 (the localization uncertainty measured with immobilized beads; data not shown). 

4.4.6 Simulations of step size distributions. 
As with the FRAP method the single particle tracking is done in 2D even though we observe molecules 
diffusing in 1D along the membrane. It is in principle possible to analyse diffusion along the membrane 
directly. However, instead we chose to analyse the possible discrepancy by performing simulations. 
We simulated a sphere with a radius of 2.5 µm. A thousand particles were randomly distributed over 
a 1 µm thick band (in the z-direction) in the middle of the sphere (approximately the focal depth). 
A total of 20 simulations was performed with different diffusion coefficients ranging from 10-6–0.05 
µm2/s. For all simulations the time steps were 10-4 s and the total simulation time was 90 s. The 
position of the particles was extracted every 10 s. To account for the uncertainty in the position of 
the molecules, we transformed the x and y coordinates of the particles by adding a distance taken 
from a normal distribution that was centered at 0 and with a standard deviation of 17 nm. This 17 
nm was taken from experimental localization accuracy of fluorescent beads that are fixed in position 
and have a signal-to-noise ratio that is similar to fluorescent proteins. Only steps for which the start 
and end points are within the 1 µm thick band were used in the analysis. The diffusion coefficients 
were extracted in the same way as for the experimental data. For convenience we analysed x and y 
separately.

4.4.7 Simulation of MSDs on spheres. 
For the mean squared displacement (MSD) plots, we analysed how a curved surface and observations 
from the side rather than the top affect the diffusion coefficients. As above we simulated a sphere 
with a radius of 2.5 µm. A thousand particles were randomly distributed over a 1 µm thick band (in 
the z-direction) in the middle of the sphere. A total of 13 simulations were performed with diffusion 
coefficients ranging from 10-6–10-3 µm2/s. The simulation time steps were 10-3 s and the total simulation 
time was 500 s for all simulations. The particle positions were extracted every 10 s. For the analysis 
only the first eleven positions were used. Only trajectories that stay within the 1 µm thick band were 
used in the analysis. Localization error was taken into account in the same way as for the step size 
distributions discussed above. The analysis was done the same way as for the experimental data.

4.4.8 Super-resolution microscopy. 
Cells were premixed with the same fluorescence microspheres used for single particle tracking, then 
embedded in 0.5% (w/v) low melting agarose and placed in between two microscope slides. For 
mEos3.1 imaging excitation light (λ=568 nm) was introduced at 180 W/cm2 for all the samples. A 
second laser (λ=405 nm) was used to photoswitch 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 room temperature (~20˚C).

YPet and mKate2 were used for the dual-colour experiments. 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 excitation lasers. The re-activation efficiency of YPet is lower than the switching efficiency of 
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mEos3.1 but much better than that of several other photoactivatable fluorophores. Typically, 1000 
frames were recorded in each fluoroscence channel, collecting at room temperature (20˚C). Super-
resolution image reconstructions were generated after processing of the data with home-written 
software for dual-colour PALM. Foci originating from individual molecules were identified and their 
point spread functions fit with a 2D Gaussian function, allowing their position determined with a 
localization accuracy of ~30 nm. 

4.4.9 Cross-correlation analysis. 
Colocalization analysis of line-scan data was performed using van Steensel’s approach(192, 209). 
To generate line-scans, a 500 nm wide line-selection was drawn around the periphery of each cell 
in ImageJ (192, 216), and the fluorescence intensity in each of the two colour channels recorded 
as a function 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 Matlab(216), 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 versus 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 then 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.

4.4.10 Simulations to relate MSD to eisosome dimension. 
Particles that are confined in a region have deviations from linear behavior in MSD versus time plots. 
We simulated the diffusion confined in an eisosome and observed from the side (top is defined as being 
directed out of the cell). We approximated the eisosome geometry by half a spherocylinder formed 
from 168 triangles. The length of the cylinder was 160 nm and the radius 30 nm for all simulations. 
A thousand particles were randomly positioned over this surface. We performed 3 simulations with 
diffusion coefficients 0.03 x 10-3, 0.055 x 10-3 and 0.1 x 10-3 µm2/s. The simulation step size was 0.006 
s and the total simulation time 600 s. Particle positions were extracted every 30 s. The axis of the 
spherocylinder is taken parallel to the x-axis and the width parallel to the y-axis. The depth of the 
half-spherocylinder is then measured along the z-axis. Eisosomes can have varying orientations in 
the membrane. To take this into account, we analysed diffusion in the y,z plane, but rotated each 
trajectory in the x,y-plane by an angle randomly chosen from 0 to π/2. After rotation the y and z 
positions are transformed to incorporate localization error in the same way as above. The MSD plots 
were made in the same way as for the experimental data.

4.4.11 Growth conditions. 
Yeast cells were grown at 30˚C in synthetic dropout media lacking uracil (99, 192). Cells were initially 
grown in medium containing 2% [w/v] glucose to an optical density at 600 nm (OD600) of ~0.2–0.4. 
For single molecule tracking the medium was supplemented with either standard concentrations 
of lysine and arginine (76 mg/L each), 10 times lower levels (7.6 mg/L each) or fully depleted. Cells 
bearing a plasmid were centrifuged (1600 x g, at room temperature for 2 min), resuspended to OD600 
~0.2-0.4 in medium containing 2% [w/v] raffinose in place of glucose and grown one more hour. 
At this stage, most cells contained < 10 fluorescent protein foci when imaged by single-molecule 
fluorescence microscopy (see below). For PALM experiments, cells grown in glucose medium with 
or without lysine and arginine were concentrated by centrifugation to OD600 ~10 prior to imaging. 
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For FRAP experiments, cells grown in glucose medium were transferred to medium containing both 
raffinose (2% [w/v]) and glucose (0.1% [w/v]) and sustained at mid-exponential growth phase over 36 
hours (OD600 of ~0.2-0.5). Then, the cells were induced with 0.2 % [w/v] galactose for 2.5 hours prior 
to the FRAP measurement. For Can1- and Lyp1-labelled cells, lysine, arginine and methionine were 
omitted from the raffinose/glucose medium. 

4.4.12 Plasmids and strains. 
All strains are based on S. cerevisiae strain BY4742 bearing the ura3 selection marker (Supplementary 
Table S1). All plasmids were generated using uracil excision-based cloning (190). Genomic DNA isolation 
of S. cerevisiae BY4742 was carried out according to Sherman et al (145). For the amplification of 
DNA with uracil containing primers polymerase chain reactions (PCR) were performed with PfuX7.
(146) Amplified fragments were assembled into full plasmids (Supplementary Table S2) 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 (217). 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 S3. Transformation 
of plasmids and linear constructs into S. cerevisiae was performed as described by Drew et al (139).

4.4.13 Plasmid and strain generation. 
The sequences of oligonucleotide primers used in this study are listed in (Supplementary Table S3). 
The plasmid pFB001, pFB002, pFB003, pFB004, pfB005 and pFB006 was constructed by a four PCR 
fragment ligation, in which the backbone of the pRS426GAL1-GFP vector was amplified with primer 
pairs Pr1/Pr2 and Pr3/Pr4 in two fragments that excluded 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 lyp1 gene was amplified from 
S. cerevisiae BY4742 chromosomal DNA with primer pair: Pr7/Pr8. Ligation of the four PCR amplified 
fragments using USER enzyme resulted in a fusion of lyp1 and YPet, separated by a sequence for 
tobacco etch virus (TEV) protease cleavage site and followed by sequence for a His8 tag (i.e. lyp1-
TEV-YPet-his8). Similar plasmids were constructed for can1, nha1, vba1, sur7 and DsRED-HDEL in place 
of lyp1, using primer pairs Pr9/Pr10, Pr11/Pr12, Pr13/Pr14, Pr15/Pr16, Pr17/Pr18 respectively. For all 
constructs, plasmids were isolated from the E. coli host and the sequences of the fusion genes were 
verified. Each plasmid was then transformed into a S. cerevisiae By4742 knockout strains that lack the 
chromosomal copy for the corresponding gene. 

The pFB007, pFB008 and pFB009 vectors 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 (147). For genomic tagging of lyp1, can1, sur7 and pil1 with either mEos3.1 or YPet, 
or mKate2, we amplified mEos3.1, YPet or mKate-ura3 cassette from pFB007, pFB008 and pFB009, 
respectively. 
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For the tagging of can1, lyp1, nha1, pil1, and sur7 with/without linker or deletion of last 10 aminoacids 
we used primer pairs Pr29/30-33, Pr34/35-37, Pr38/39-40, Pr41/Pr42 and Pr43/Pr44, 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 dual labelling the above step were 
repeated, except for the counter selection on 5FOA with a second fluorescent protein integration 
cassette and a different target gene. 

The pLS001 is a derivative of pRS316 with a Pma1 gene integration C terminally fused to YPet. 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). A 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 using primer pair Pr49/Pr50 a circular vector was formed by homologous 
recombination of both ends. 

The pLS003 and pLS004 vectors 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 pFB001 
plasmid using primer pairs Pr1/Pr3 and Pr2/Pr4, respectively. An insert, can1-L-YPet or lyp1-L-YPet, 
were obtained by purification of genome from S. cerevisiae BY4742 can1-YPet, and S. cerevisiae BY4742 
lyp1-YPet. Inserts were amplified using primer pairs Pr51/53 and Pr52/53, respectively. The fragments 
were treated with USER and transformed into E. coli MC1061 as described previously. 
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Strains Characteristics Reference

S. cerevisiae BY4742 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Brachmann et 
al. 1998 (159)

E. coli MC1061 Casadaban et 
al. 1980 (160)

S. cerevisiae BY4742 Δlyp1 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Δlyp1 kanMx Giaever et al. 
2002 (161)

S. cerevisiae BY4742 Δcan1 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Δcan1 kanMx Giaever et al. 
2002 (161)

S. cerevisiae BY4742 Δnha1 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Δnha1 kanMx Giaever et al. 
2002 (161)

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

Table 1. Strains used in this study
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Plasmids Characteristics Reference

pRS426GAL1-GFP pRS426 with gal promoter and GFP-His fusion cassette with ura3 selection marker Newstead et al. 2007 
(162)

pRS316 Centromeric shuttle vector with ura3 marker Sikorski et al. 1989 
(164)

pRS317 Centromeric shuttle vector with lys2 marker Sikorski et al. 1989 
(164)

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

pFB005 pRS426GAL1-GFP derivative with sur7 fused to YPet-his This study

YIPlac204TKC-
DsRed-Express2-
HDEL

YIPlac204TKC derivative with DsRed fused to HDEL tag Addgene 

pFB006 pRS426 derivative with DsRED-HDEL This study

pUG72 AmpR, ura3 chromosomal integration cassette Gueldener 2002 et 
al. (165)

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

Table 2. Plasmids used in this study

Strains Characteristics Reference

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

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

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
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Primer 
name

Sequence Purpose

Pr1 ACCACCACCAUCATCATCATCATTAACTGCAGGAATTC Fw primer for amplification of pRS426GAL1-GFP vec-
tor annealing at histag for swaping c-terminal fusion 
protein.

Pr2 AGGGTAGTGCUGAAGGAAGCATACGATACCC Fw primer for amplification of pRS426GAL1-GFP

Pr3 AGCACTACCCUTTAGCTGTTCTATATGCTGCC Rev primer for amplification of pRS426GAL1-GFP 

Pr4 ATTTTGGGAUCCACTAGTTCTAGAATCCGGGG Rev primer for pRS426GAL1-GFP backbone amplifica-
tion anneals behind gal promoter.

Pr5 AGGGGAAAAUTTATATTTTCAAGGTTCTAAAGGTGAAGAAT-
TATTCACTGG

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

Pr6 ATGGTGGTGGUGGAGCTCTTTGTACAATTCATTCATACC Rev primer for amplification of YPet gene and insertion 
into pRS426GAL1-GFP.

Pr7 ATCCCAAAAUGGGCAGGTTTAGTAACATAATAACGTCC Fw primer for amplification of S. cerevisiae lyp1 gene 
for insertion into pRS426GAL1-GFP.

Pr8 ATTTTCCCCUCCTGCAACAGCAGCCCAGAATTTCTC Rev primer for amplification of S. cerevisiae lyp1 gene 
for insertion into pRS426GAL1-GFP.

Pr9 ATCCCAAAAUGGGAACAAATTCAAAAGAAGACGCCGACATAG Fw primer for amplification of S. cerevisiae can1 gene 
for insertion into pRS426GAL1-GFP.

Pr10 ATCCCAAAAUGGGAACAAATTCAAAAGAAGACGCCGACATAG Rev primer for amplification of S. cerevisiae can1 gene 
for insertion into pRS426GAL1-GFP.

Pr11 ATCCCAAAAUGGCTATCTGGGAGCAACTAGAAG Fw primer for amplification of S. cerevisiae nha1 gene 
for insertion into pRS426GAL1-GFP.

Pr12 ATTTTCCCCUCCCTTATTGAGACCAAGCGTTTTTGATAGCG Rev primer for amplification of S. cerevisiae nha1 gene 
for insertion into pRS426GAL1-GFP.

Pr13 ATCCCAAAAUGGGACAAACACTAGACGAGACTTCAAATCTAC Fw primer for amplification of S. cerevisiae vba1 gene 
for insertion into pRS426GAL1-GFP.

Pr14 ATTTTCCCCUCCAGAACTTGAACTACGTTTGTAAGTATGTTTC Rev primer for amplification of S. cerevisiae vba1 gene 
for insertion into pRS426GAL1-GFP.

Pr15 ATCCCAAAAUGGGAGTTAAGGTCTGGAATATAGTACTACGTCTGG Fw primer for amplification of S. cerevisiae sur7 gene 
for insertion into pRS426GAL1-GFP.

Pr16 ATTTTCCCCUCCAACAGAGACATCGTCCGGGCG Rev primer for amplification of S. cerevisiae sur7 gene 
for insertion into pRS426GAL1-GFP.

Pr17 ATCCCAAAAUGTTTTTCAACAGACTAAGCGC Fw primer for amplification of S. cerevisiae DsRED-
HDEL gene for insertion into pRS426ADH-GFP.

Pr18 ATGGTGGTGGUTTACAATTCGTCGTGCTTGTAC Rev primer for amplification of S. cerevisiae DsRED-
HDEL gene for insertion into pRS426ADH-GFP.

Pr19 AGTCCGACCUGGGCGCGCGCGAATTAGCCGCGGCGTG-
GCCTTCCCAAATTTGGGTAGGGCGTCTAGAGATCCCAATACAA-
CAGATCAC

Primer for construction of the pug72 mEos3.1 fusion 
cassette, containing upstream homologous region 
flanking ura3, for excision of the ura3 marker after 
genomical integration. 

Pr20 ACTAACCCGUGGGCGCGCGCGAATTAGCCGCGGCGTG-
GCCTTCCCAAATTTGGGTAGGGCCTCGAGAACCCTTAATATA-
ACTTCGT

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

Pr22 ACGGGTTAGUAGCTCGTTTTATTTAGGTTCTATCGAGG Rev primer for amplification of ura3 marker for Pug72 
mEos3.1 cassette.

Pr23 ACGTTCCCGUATGAGTGCGATTAAGCCAGACA Fw primer for Amplification of mEos3.1 for pug72 
mEos3.1 fusion cassette 

Table 3.Primers used in this study
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Pr24 AGGTCGGACUTTATCGTCTGGCATTGTCAGGC Rev primer for Amplification of mEos3.1 for pug72 
mEos3.1 fusion cassette

Pr25 ACGTTCCCGUATGTCTAAAGGTGAAGAATTATTCACTGG Fw primer for Amplification of YPet for pug72 YPet 
fusion cassette

Pr26 AGGTCGGACUTTAGAGCTCTTTGTACAATTCATTCATAC Rev primer for Amplification of YPet for pug72 YPet 
fusion cassette

Pr27 ACGTTCCCGUATGGTGAGCGAGCTGATTAAGG Fw primer for Amplification of mKate2 for pug72 
mKate2 fusion cassette

Pr28 AGGTCGGACUTCATCTGTGCCCCAGTTTGCTAG Rev primer for Amplification of mKate2 for pug72 
mKate2 fusion cassette

Pr29 GCGAAATGGCGTGGAAATGTGATCAAAGGTAATAAAACGT-
CATATCTGATATCACCTAATAACTTCG

Rev primer for amplification of can1 specific fusion 
cassette from Pug72

Pr30 GAAGATCATGAACCAAAGACTTTTTGGGACAAATTTTGGAATGTT-
GTAGCAATGAGTGCGATTAAGCCAGAC

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

Pr31 GAAGATCATGAACCAAAGACTTTTTGGGACAAATTTTGGAATGTT-
GTAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

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

Pr32 TGAACCAAAGACTTTTTGGGACAAATTTTGGAATGTTGTAGCAC-
GTACGCTGCAGGTCGACGGAGCAGGTGCTGGTGCTGGTGCTG-
GAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

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

Pr33 AGACATTGAGGCAATTGTATGGGAAGATCATGAACCAAAGACTC-
GTACGCTGCAGGTCGACGGAGCAGGTGCTGGTGCTGGTGCTG-
GAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

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

Pr34 CTATTTTTTTATTTTTTTCTATTTTGAAGGCATGCAAGAGGTTCT-
GTGACTGATATCACCTAATAACTTCG

Rev primer for amplification of lyp1 specific fusion 
cassette from Pug72

Pr35 GAAGACGACGAGCCTAAGAATTTATGGGAGAAATTCTGGGCT-
GCTGTTGCAATGAGTGCGATTAAGCCAGAC

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

Pr36 GAAGACGACGAGCCTAAGAATTTATGGGAGAAATTCTGGGCT-
GCTGTTGCAATGTCTAAAGGTGAAGAATTATTCACTGG

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

Pr36 CGAGCCTAAGAATTTATGGGAGAAATTCTGGGCTGCTGTTGCAC-
GTACGCTGCAGGTCGACGGAGCAGGTGCTGGTGCTGGTGCTG-
GAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

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

Pr37 AGAAATCGAAGCAATTATTTGGGAAGACGACGAGCCTAAGAATC-
GTACGCTGCAGGTCGACGGAGCAGGTGCTGGTGCTGGTGCTG-
GAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

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

Pr38 CATTTCGTTTATATATATACTAAAATAATATATCTTTGTGTATTAATA-
AATGGATCTGATATCACCTAATAACTTCG

Rev primer for amplification of nha1 specific fusion 
cassette from Pug72

Pr39 GAGTGCTGCTGTTAAGTCGGCGCTATCAAAAACGCTTGGTCT-
CAATAAGGGAGGGGGAATGTCTAAAGGTGAAGAATTATTCACTGG

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

Pr40 TGCTGTTAAGTCGGCGCTATCAAAAACGCTTGGTCTCAATAAGC-
GTACGCTGCAGGTCGACGGAGCAGGTGCTGGTGCTGGTGCTG-
GAGCAATGTCTAAAGGTGAAGAATTATTCACTGG

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

Pr41 CATGAACAAGTCGGACACCAGCAAAGTGAGTCTCTTCCCCAA-
CAAACAACAGCTGGAGGGGGAATGGTGAGCGAGCTGATTAAGG

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

Pr42 CTGCTGGTTTTTTTTTTTTTGTTTCTAATAGATTGTTGATT-
TATTTTGAATCTGATATCACCTAATAACTTCG

Rev primer for amplification of pil1 specific fusion 
cassette from Pug72

Pr43 CTTCTTCACTATAAGAAAATCACACGAGCGCCCGGACGAT-
GTCTCTGTTGGAGGTGGAATGTCTAAAGGTGAAGAAT-
TATTCACTGG

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

Pr44 GAGAAGAAAGGGGTATAAATATATATTACAAAGCGGAAAACTTGC-
GCCATGGATCTGATATCACCTAATAACTTCG

Rev primer for amplification of sur7 specific fusion 
cassette from Pug72
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Figure S1: Several examples of colocalization of Sur7-YPet in green and Pil1-mKate2 in magenta Panels: (A to 
F) demonstrate that the separation between the two proteins is independent of the orientation of the eisosome/
membrane with respect to the x/y axis in the sample plane. Proteins were chromosomally-tagged with the 
respective fluorophores.

4.6 Supplement

Primer 
name

Sequence Purpose

Pr45 CACCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCCCCCAAAA-
CAAACCCGGTCTCGAAG

Forward primer for cloning pma1 with its promoter 
from S. cerevisiae chromosome 7 to prs316 using 
homologous recombination

Pr46 AATAATTCTTCACCTTTAGAACCCCCTCCGCCACCG-
GTTTCCTTTTCGTGTTGAGTAGAG

Rev primer for cloning pma1 from S. cerevisiae chro-
mosome 7 and homologous recombination with YPet fw

Pr47 TCAACACGAAAAGGAAACCGGTGGCGGAGGGGGTTCTAAAGGT-
GAAGAATTATTCACTGGTGTTGTCC

Fw primer for cloning YPet and fusing to pma1 

Pr48 GACGGTATCGATAAGCTTGATATCGAATTCCTGCAGCCCT-
TAGAGCTCTTTGTACAATTCATTCATACCCTCG

Rev primer for cloning YPet and fusing to pma1

Pr49 AGAACCACCAGCACCACCAGAAGAAGCAGCACCTCCAGA-
CAAATTTTTCACAGAATGTACTCT

Forward primer for removal of cytosolic part of pma1. 
Anneals at T680. contains homologous region with Pr44

Pr450 GCTGCTTCTTCTGGTGGTGCTGGTGGTTCTTTCGTGCAAGGA-
CAACTTGTTCTTGGTCAA

Reverse primer for removal of cytosolic part of pma1. 
Finishes at E392. contains homologous region with Pr43

Pr51 ATCCCAAAAUGGGAACAAATTCAAAAGAAGACGCCGACATAG Fw primer for amplification of S. cerevisiae lyp1-L-YPet 
insertion into pRS426GAL1-GFP.

Pr52 ATCCCAAAAUGGGAACAAATTCAAAAGAAGACGCCGACATAG Fw primer for amplification of S. cerevisiae can1-L-
YPet insertion into pRS426GAL1-GFP.

Pr53 ATGGTGGTGGUGGAGCTCTTATTTGTACAATTCATTCATACC Rev primer for amplification of S. cerevisiae YPet gene 
insertion into pRS426GAL1-GFP.
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Figure S2: Cross-correlation analysis: membrane protein versus eisosome reporter. Cross-correlation of Pil1-
mKate2 and (A) Lyp1-L-YPet, (B) Can1-L-YPet and (C) Nha1-L-YPet. The images were treated with a discoidal-
averaging filter (218) to illustrate better the localizations; the colocalization analysis was done with the raw 
diffraction-limited images. Wide-field images are
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Figure S3: Cross-correlation analysis: membrane protein versus ER marker. (A) Lyp1-YPet and (B) Can1-YPet 
relative to the ER marker in cells grown with and without lysine plus arginine. The images were filtered to illustrate 
better the localizations; the analysis was done with the raw diffraction-limited data. Wide-field images are 
depicted for clarity. All the scale bars represent 2 µm. Cross-correlation of DsRed-HDEL (ER) and YPet-tagged target 
membrane protein with and without external Lysine and Arginine for (C) Lyp1 (D) Can1. Left panels: Correlation 
coefficients of the plasma membrane proteins with +KR (blue line) without –KR (red line); the randomized data 
are shown in black; errors represent the standard errors of the mean. Right panels: normalized heterogeneity in 
the cross-correlation data of individual cells with +KR (blue striped bars) and without -KR (red striped bars). YPet-
tagged proteins were endogenously expressed, whereas DsRed-HDEL was overexpressed.
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Figure S4: Step size and MSD analysis of Lyp1-YPet and Can1-YPet. (A-B) Step size (displacement, D) distribution 
of single-molecule tracking experiments performed at frame times of 34 ms, 100 ms, 300 ms, 1 s, 3 s, 10 s and 30 
s; the data are fitted to a 1D diffusion model and plotted as a function of the frame time: (A) Lyp1-YPet (B) Can1-
YPet. (C-D) MSD-time plots of experiments performed at frame times of 34 ms, 100 ms, 300 ms, 1 s, 3 s, 10 s and 
30 s. The diffusion coefficients obtained are plotted as a function of the frame time: (C) Lyp1-YPet (D) Can1-YPet. 
(E) Simulated step size distribution of a spherical cell with a diameter of 5 µm. The band where the particles 
were analysed was 1 µm thick and the input D was 0.025 μm2/s. Displacements, d, obtained from the simulation 
are depicted in black circles and the 1D fit as a line. (F) Relationship between the Dobs and Din, considering the 
localization noise in the data. D obtained from displacements along the x-axis depicted in crosses and the y-axis 
in full circles. (G) Simulated MSD plot of particles diffusing on a sphere. The input diffusion coefficient was 3 x 
10-5 µm2/s. The points indicate the simulated data and the line represents a linear fit. The observed diffusion 
coefficient is 1.3 x 10-5 µm2/s. The error bars indicate the standard deviation. (H) Relationship between the Dobs and 
Din of the MSD simulations on a sphere. Each point represents a separate simulation. The black line represents the 
function x = y and the dotted line is a linear fit of the data (y = 1.0038 x -0.2904). (I) Model eisosome geometry: Half 
spherocylinder formed out of 168 triangles. (J) Simulated MSD plots of particles diffusing in eisosomes. The length 
of the eisosome is 220 nm and the width 60 nm. Error bars indicate standard deviations.
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Figure S5: Cross-correlation analysis: membrane protein w/wo linker versus Pil1. Eisosomal Pil1-mKate2 versus 
Can1, Lyp1 and Nha1 mutants with reduced linker lengths or C-terminal truncations: (A) Lyp1-YPet (B) Lyp1∆C-L-
YPet (C) Can1-YPet (D) Can1∆C-L-YPet, (E) Nha1-YPet. The images show one cell for each strain and condition; 
images were treated with a discoidal-averaging filter (218) to illustrate better the localizations; the colocalization 
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 locations.
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YPet/Pil1-mKate2 and (B) Can1-YPet/Pil1mKate2 upon the addition of the protonophores FCCP or CCCP. 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 colocalization 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 (D) Can1. Left panels: Correlation coefficients of the plasma membrane proteins with FCCP (blue 
line) wihout (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.




