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Preface

The final stage of the eukaryotic cell cycle is cytokinesis, when a mother cell is separated
into two cells by a contractile actomyosin ring. This contractile ring is normally assembled
in the middle of the cell and is linked to the plasma membrane such that, when it constricts,
it creates a cleavage furrow that partitions the cell in two. The process is conserved between
fungi and animals. Defects in the placement, timing, assembly, and contraction of the acto-
myosin ring can influence processes such as ploidy, cell differentiation, establishment of
tissue architecture, and cell morphogenesis. Understanding the mechanisms underlying
cytokinesis is therefore crucial for our understanding of cell proliferation, differentiation,
and disease.

Besides actin and myosin, a large number of actomyosin ring components have been
identified, most of which are conserved between yeasts and human. For that reason, bud-
ding and fission yeasts have been along the years ideal model systems to study cell division,
allowing a detailed molecular understanding of the spatial mechanisms regulating assembly
and dynamics of the cytokinetic ring. In this context, we present this book of protocols on
yeast cytokinesis studies that will help Molecular and Cellular Biology researchers in the use
of these microorganisms to approach the study of general or specific key questions in cyto-
kinesis. In this thematic issue we have collected a number of methods which cover different
aspect of yeast cytokinesis. The aim of the book is to provide practical and step-by-step
detailed protocols useful for a wide audience ranging from experienced researchers to
beginners in the use of yeasts.

The first six chapters provide an up-to-date description of the fluorescence microscopy,
which provides a powerful tool to visualize cellular and subcellular processes in live yeast
cells. Each chapter describes a specific technique or protocol, including the novel high-
speed fluorescence photoactivation localization microscopy (FPALM). These protocols will
enable researchers to study in great detail distinct cytokinesis steps and dynamic behavior of
proteins in time and space.

The following three chapters address the use of Transmission Electron microscopy, an
invaluable tool for ultrastructural examination of yeast cells during cytokinesis. The last of
these chapters focuses on electron tomography of freeze-substituted section and cryo-
clectron tomography of frozen sections to determine the organization of the septin
cytoskeleton.

Next chapters concentrate on essential methodologies that will allow the characteriza-
tion of the main players in the cytokinesis process such as methods for the isolation and
partial purification of the actomyosin ring (Chapter 10); measurements of myosin-I1I motor
activity (Chapter 11); characterization of the biochemical and biophysical properties of
purified actin binding proteins (Chapter 12); of F-BAR proteins (Chapter 13); and of exo-
cyst components (Chapter 14). Following chapters describe protocols necessary for the
mechanistic understanding of the cytokinesis process such as analysis of Rho-GTPase activ-
ity (Chapter 15); the phosphorylation profile of cytokinetic proteins (Chapter 16); the
architecture of cytokinetic protein complexes (Chapter 17); and the generation of degron
conditional mutants for screening of suppressor genes (Chapter 18).
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The book ends with a series of general methods such as the efficient synchronization of
yeast cells (Chapters 19 and 20), the selection of fluorescence proteins and image analysis
used in yeast (Chapters 21 and 22), and the tools for protein tertiary structure prediction
and structure-function studies (Chapters 23 and 24). This set of methods and techniques
is not only useful in the study of cytokinesis but should be useful in a wide range of molecu-
lar and cellular biology studies using yeast as model organisms.

The editors wish to thank the authors of all the chapters whose commitment and con-
tributions made this volume possible. We also thank John Walker for providing expert
editorial advice and professional guidance during all the process of editing this volume.

Santander, Spain Alberto Sanchez-Dinz
Salamanca, Spain Pilar Pervez
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Chapter 1

Time-Lapse Fluorescence Microscopy
of Budding Yeast Cells

Arun Kumar and Manuel Mendoza

Abstract

The discovery of green fluorescent protein (GFP) allowed visualization of a wide variety of processes
within living cells. Thanks to the development of differently colored fluorophores, it is now possible to
simultaneously follow distinct subcellular events at the single cell level. Here, we describe a basic method
to visualize multiple events during cytokinesis by time-lapse fluorescence microscopy in the budding yeast
Saccharomyces cerevisine. In this organism, contraction of an actomyosin-based ring drives ingression of the
plasma membrane at the mother-bud division site to partition the cytoplasm of the dividing cell.
Simultaneous visualization of distinct cytokinesis steps in living cells, such as ring contraction and mem-
brane ingression, will facilitate a complete understanding of the mechanisms of eukaryotic cell division.

Key words Time-lapse, Fluorescence microscopy, Budding yeast, Cytokinesis

1 Introduction

Imaging of fluorescently labeled proteins in living cells provides
spatial and temporal information on their subcellular localization.
This is essential to understand their role in dynamic processes such
as cell division. In addition, time-lapse microscopy allows direct
analysis of the correlation (or lack thereof) between distinct events
at the single cell level, which could be masked in bulk population
studies such as time-courses of synchronized cultures. Such corre-
lations might reveal functional relationships, coordination of events
in space and time, and feedback regulatory loops (see [1] for a
detailed discussion of these topics).

In budding yeast cells, the site of cytokinesis (termed the bud
neck) is marked by the presence of a membrane-associated, septin-
based collar [2]. Cytokinesis begins at the end of mitosis when the
septin collar splits into two rings, defining a compartment where
actomyosin ring contraction takes place [3]. Closure of this con-
tractile ring and septum deposition drive the overlying plasma
membrane inward, in a process akin to furrow ingression in animal

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_1, © Springer Science+Business Media New York 2016
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2 Arun Kumar and Manuel Mendoza

cells (see [4, 5] for reviews). The ring then disassembles, allowing
fission of the contracted membrane, in a process termed abscission
[3]. After completion of cytokinesis, cell wall degradation at the
septation site allows separation of mother and daughter cells [6].
Here, we describe optimized methods to image multiple cytokine-
sis events in living yeast cells, namely septin ring dynamics, acto-
myosin ring contraction, and plasma membrane ingression at the
mother-bud neck.

2 Materials

2.1 Strains, Culture
Media, and Chemicals

Table 1

1. Yeast strains: gene tagging with fluorescent reporters can be
achieved by standard PCR-based methods [7]. A list of strains
used in this chapter is provided in Table 1 (see Note 1).

2. Yeast extract peptone dextrose (YPD) plates: 2 % bacto-agar, 1
% bacto-yeast extract, 2 % bacto-peptone, 2 % dextrose, and
0.004 % adenine. Dissolve the components in distilled water by
mixing with the help of a magnetic stirrer and sterilize by auto-
claving. Pour in Petri plates and allow drying at room tempera-
ture for 2—3 days. Plates can be stored in sealed plastic bags at
4 °C for several months.

3. Synthetic Complete (SC) medium: 0.067 % yeast nitrogen
base (YNB) without amino acids (Becton Dickson), 0.004 %
adenine, 0.002 % uracil, 0.002 % tryptophan, 0.002 % histi-
dine, 0.003 % lysine, 0.003 % leucine, 0.002 % methionine
(Sigma), 2 % glucose. 10x Stock solutions of each component
should be prepared separately using distilled water. Amino
acids and glucose stocks should be sterilized with a 0.22 pm
filter; YNB can be autoclaved. Prepare fresh 1x SC media a few
days before each experiment.

4. Concanavalin A (ConA): from Canavalia ensiformis (jack
bean) Type IV, lyophilized powder (Sigma). A stock solution
(1 mg/ml) can be prepared by dissolving the lyophilized pow-
der in PBS, pH 7.4. Filter-sterilize with a 0.22 pm filter and
aliquot for storage at —20 °C for several months.

5. p-Estradiol (Sigma): A 10 mM stock solution should be pre-
pared in 100 % ethanol and kept at =20 °C for long-term storage.

Yeast strains used in this chapter

Myol-mCherry,
GFP-CAAX

Cdc3-mCherry,
GFP-CAAX

Mata ADEGV::URA3GFP-CAAX::HIS3 MYOI-mCherry:: natNT2 len2A
lys2-801 ade2-101 trplA63

Mata ADEGV::URA3GFP-CAAX::HIS3 CDC3-mCherry::hphNT1 len2A
lys2-801 ade2-101 trplA63




2.2 Setup for Time-
Lapse Video
Microscopy

Time-Lapse Microscopy 3

A working stock solution (36 pM) diluted with ethanol can be
kept for a couple of weeks and used for daily experiments.

. Microscopy chambers: 8-well Lab-Tek (Nunc) (see Note 2).

. In principle, any good epifluorescence or fast-acquisition (spin-

ning disk) confocal microscope can be used. One critical aspect
is to strike a good balance between high sensitivity and low
photo-toxicity (see Note 3). Ideally the microscope should be
equipped with a z-stepper (such as a piezo motor), an auto-
mated stage for the parallel acquisition of multiple fields of
view, a temperature controller (such as a closed chamber box
to provide temperature-controlled environment and protec-
tion from ambient light) and a vibration-free table.

3 Methods

3.1 Sample
Preparation

. Inoculate a freshly grown yeast colony from a YPD plate in

5 ml SC medium and incubate at the desired temperature
(preferably 30 °C for wild-type strains) overnight in an incuba-
tor shaker at 200 rpm (se¢ Note 4).

. Next day, dilute the overnight culture into 10 ml fresh SC

minimal media in a 50 ml flask to an O.D. of 0.1 (or about
0.3x107 cells/ml) and grow for 3—4 h until mid-log phase
(O.D. 0.6-0.8, or 1.8x107 cells/ml). If visualizing GFP-
CAAX (see Subheading 3.2, step 3), add p-estradiol to 90 nM
(2.5 pl/ml from a 36 pM B-estradiol working stock solution) 2
h before cell imaging.

. Cells can be synchronized if a larger number of cells in a spe-

cific cell cycle stage is required (see Note 5). In this case, cells
can be arrested in a given cell cycle stage by treatment with
a-factor, hydroxyurea or nocodazole. Subsequently, cells can
be released from the block and imaged at the desired cell cycle
stage.

. While cells are growing, apply 250 pl of 1 mg,/ml concanavalin

A in PBS to the glass surface of a microscopy chamber (Nunc
Lab-Tek) for 10-20 min. Chambers are then washed two times
with synthetic minimal medium (se¢ Note 6).

. Pellet a small volume (0.5ml) of yeast log phase culture at low

speed in a bench top centrifuge (3000x 4 for 2—3 min) and
remove the media by aspiration. Resuspend cells into fresh SC
medium to diminish cell crowding in the microscopy chamber.
Generally, resuspending in 250-300 pl of fresh SC minimal
media achieves the desired density (0.3-0.9x107 cells/ml).
Cells should be resuspended gently with the help of micropipette
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3.2 Image
Acquisition

and be applied directly to the Lab-Tek cover glass chamber for
sample preparation.

6. Place a 50-100 pl drop of yeast culture on one concanavalin
A-coated chamber. Wait for 10-15 min to allow yeast cells to
settle down and attach to the glass.

7. Remove the excess of the yeast culture by gentle aspiration, and
remove any unbound cells by washing two times with approxi-
mately 0.5 ml of fresh SC medium with the help of a micropi-
pette. Finally, place 100-250 pl of fresh SC medium in the
chamber (see Note 7). The cells are now ready to be imaged.

1. Ensure that the microscope room (and/or temperature cham-
ber, if available) is pre-equilibrated at the appropriate tempera-
ture for the experiment. It is advised to adjust the temperature
20-30 min prior to imaging, as temperature fluctuations can
affect the microscope stage and lead to shift of the selected
field and /or focal plane during time-lapse imaging.

2. Place the chamber on the slide chamber of the microscope
stage and fix it with the help of holder pins. Using bright-field
illumination, find a region where yeast cells are not densely
packed. This is especially important for long-term imaging
(more than 2 h). If an automated stage is available, select sev-
eral fields of view for parallel imaging not too far from each
other, to facilitate rapid switching between the fields while
maintaining the focus during the imaging session.

3. Image acquisition settings will depend on the proteins being
imaged (see below and Note 8). To visualize the plasma mem-
brane, we use a GAL,10 promoter-driven GFP fused to the
CAAX motif from Ras2. Upon posttranslational modification
(palmitoylation), the CAAX motif directs targeting of GFP to
the inner leaflet of the plasma membrane. As high levels of
GFP-CAAX can result in labeling of inner cell membranes like
the endoplasmic reticulum, we use a constitutively expressed
chimeric transcription factor (ADHIpr-Gal4-ER-VP16) [8] to
drive GFP-CAAX expression. Optimal levels of GFP-CAAX are
obtained by addition of 90 nM -estradiol 2 h before imaging.
This system has the additional advantage that glucose can be
used as the carbon source throughout the experiment. In addi-
tion, we use Myol-mCherry to monitor ring contraction and
Cdc3-mCherry to visualize septin ring morphology, both
expressed from their native promoters at their endogenous loci.

Figure 1 shows two cells imaged in a spinning disk microscope
(see Note 3) with the following settings: three different fields of
view and two fluorescent channels were defined (GFP and
mCherry), with 150 ms exposure time for each channel using
argon laser illumination. We use 20 Z-stacks with 200 nm step size
resolution to cover the whole yeast cell surface. Cells were imaged
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Cdc3-mcherry
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o
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Fig. 1 Time-lapse of cells expressing GFP-CAAX and Cdc3-mCherry (a) or Myo1-mCherry (b). Maximal projec-
tions are shown for the mCherry channel but a single medial confocal slice is shown for GFP. The time is
indicated in minutes

for 2 h with a 2-min time interval. Contraction of the myosin ring
(Myol-mCherry) closes the bud neck plasma membrane (GFP-
CAAX) and divides the cytoplasm of mother and daughter cells
(Fig. 1b). Similarly, the septin collar (Cdc3-mCherry) splits into
two thinner rings during bud neck closure (Fig. 1a). Inspection of
single confocal slices allows pinpointing of the precise times of
plasma membrane closure and its subsequent resolution into two
distinct layers.
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3.3 Image
Visualization

Time-lapse imaging files are relatively large and it is therefore use-
ful to ensure that enough memory space and computer processing
power are available to process them (each of the image fields in the
above example represent 1200 [20x60] frames for each channel,
between 0.5 and 1.5 GB in size). Open-source image analysis soft-
ware such as Image] (NIH) (http://imagej.nih.gov) and Fiji [9]
greatly facilitate handling of multi-dimensional time-lapse data.
For instance, image hyperstacks (containing x, y, z, and time
dimensions) can be easily converted to two-dimensional movies
after projection of multiple Z slices into a single plane. Image] /Fiji
also supports export of images into a variety of formats (TIFF,
Jpeg, .avi, etc.). In Fig. 1, Fiji was used to generate maximal pro-
jections for the Myol and Cdc3 channels, whereas the GFP-CAAX
channel shown represents a single optical plane through the cell
middle to better visualize membrane closure and resolution at the
bud neck.

4 Notes

1. A variety of plasmids can be used to amplify fluorescent protein
tags by PCR, which are then introduced into the yeast genome
by homologous recombination. Modified versions of fluores-
cent proteins are continuously being developed with increas-
ing brightness, photostability, and faster maturation times
[10], and can be obtained from a variety of non-profit sources
such as Euroscarf (www.euroscarf.de) or Addgene (www.add-
gene.org).

2. When using 8-well Lab-Tek chambers (Nunc), the cell suspen-
sion is applied to a single well (0.8 cm?, 0.4 ml capacity) so that
cells attach to the ConA-coated borosilicate glass bottom. A
lid avoids media evaporation during long-term imaging (8-10
h). Multiple wells can be used at once, and unused wells can be
saved for later experiments. Good alternatives to Lab-Tek
chambers include 96-well glass bottom plates (MoBiTec);
FCS2 Closed Chamber System (Bioptechs) with a temperature-
controlled system to heat the sample directly; glass-bottom
Petri dishes (MatTek); and Ludin Chambers (Life Imaging
Services) that can directly hold glass coverslips.

3. We find optimal results with a spinning disk confocal micro-
scope (Andor Revolution XD) equipped with diode lasers (488
and 561 nm). A high-resolution objective with higher numeri-
cal aperture (NA) is required to visualize yeast subcellular
structures. An oil immersion 100x lens with NA 1.4 or 63x
NA 1.3 objective are both appropriate. Finally, a camera with
capabilities for recording large number of frame rates per sec-
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ond with fast speed, sensitivity, and low background noise is
essential for a good time-lapse resolution imaging. Cooled
CCD (such as Hamamatsu, ORCA-R2) and high-speed
EMCCD (Hamamatsu) are both widely used.

4. Yeast cells grown in rich media such as YPD can show poor
attachment to ConA-coated glass surfaces (se¢ Subheading 3.1,
step 4). To avoid this, it is advisable to grow yeast cultures in
SC medium prior to imaging. However, when using a-factor to
synchronize cells in G; (see Note 5) we prefer to use YPD
medium during this step as it improves the efficiency of the
arrest.

5. Sometimes it is convenient to have a population of yeast cells
that are traversing the cycle synchronously. This can be achieved
by treating a log phase culture of MAT a cells with a-factor
(Sigma) at 2 mg/ml for 2 h at 25 °C to arrest cells in G;.
Alternatively, HU (200 mM) or nocodazole (15 pg/ml) can be
used to arrest cells in early S phase or M phase, respectively. To
release the cells from the arrest, centrifuge gently and wash
twice with water, then resuspend in fresh medium. The kinetics
of cell cycle re-entry needs to be established for each strain sep-
arately, as they might differ depending on genetic background
and growth conditions.

6. ConA binds to a-p-mannosyl and a-D-glucosyl residues in vari-
ous sugars, glycoproteins, and glycolipids present at the yeast
surface and thus anchors cells to the glass, restricting their
movement during imaging. ConA solution can be stored in
small aliquots at =20 °C to avoid repeated freeze—thaw cycles
that can lead to formation of aggregates. A milky ConA solu-
tion is generally indicative of degradation and should not be
used. Precoated glass chambers can be stored at 4 °C for 2-3
days before use.

7. To reduce background fluorescence use SC medium lacking
tryptophan (except of course if the imaged cells are trp-
aunxotrophs) and filter-sterilized rather than autoclaved glucose
solution.

8. A good imaging protocol is a fine balance of number of fields
chosen, number of Z-slices, exposure time, interval between
frames and illumination intensity. Avoid using excessive illumi-
nation and long exposure times that can cause bleaching of
fluorophores and phototoxic stress. Thus it is advisable that the
illumination periods do not exceed the duration of the darkness
period. A good indication that cells are not suffering stress dur-
ing imaging is if the doubling time of cells under the micro-
scope is similar to that of cells in liquid cultures.
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Chapter 2

Real-Time Visualization and Quantification of Contractile
Ring Proteins in Single Living GCells

Reshma Davidson, Yajun Liu, Kenneth S. Gerien, and Jian-Qiu Wu

Abstract

Single-cell microscopy provides a powerful tool to visualize cellular and subcellular processes in wild-type
and mutant cells by observing fluorescently tagged proteins. Here, we describe three simple methods to
visualize fission yeast cells: gelatin slides, coverslip-bottom dishes, and tetrad fluorescence microscopy.
These imaging methods and data analysis using free software make it possible to quantify protein localiza-
tion, dynamics, and concentration with high spatial and temporal resolution. In fission yeast, the actomyo-
sin contractile ring is essential for cytokinesis. We use the visualization and quantification of contractile
ring proteins as an example to demonstrate how to use these methods.

Key words Contractile ring, Cytokinesis, Fimbrin, Fission yeast, Gelatin, GFP, Image], Microscopy,
Quantification, Septin, Tetrad fluorescence microscopy

1 Introduction

The discovery and modification of the GFP (Green Fluorescent
Protein) have revolutionized biomedical research and triggered
the development of highly automated live cell fluorescence micros-
copy [1-6]. Analysis of fluorescence images and time-lapse movies
has redefined the understanding of many biological processes. The
unicellular fission yeast Schizosaccharomyces pombe is a particularly
useful organism to study cytokinesis in live cells. The actomyosin
contractile ring is essential for cytokinesis in fission yeast.
Characteristics such as less genetic redundancy, regular cell size
and shape, and efficient homologous recombination make S. pombe
ideal for observing and studying contractile ring proteins during
cytokinesis [7-9].

Visualization of a protein in S. pombe involves gene targeting
to tag the protein of interest with a fluorescent protein at one of its
termini, ideally expressed at its endogenous level [10]. A variety of
options are available for choosing fluorescent proteins and tech-
niques for imaging. Here, we demonstrate the need to choose the

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_2, © Springer Science+Business Media New York 2016
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1.1 How to Choose
the Best Fluorescent
Proteins for Imaging

best monomeric fluorescent proteins with two examples.
Depending on the duration and temperature of imaging, we
describe how to visualize fission yeast cells using gelatin slides [11-
14] and coverslip-bottom dishes [15, 16]. Visualization using gel-
atin slides is ideal for counting protein molecules and making short
time-lapse movies (1-2 h) at lower temperatures. Using coverslip-
bottom dishes allows imaging for longer durations (>2 h) and at
higher temperatures.

We also describe a novel microscopy technique called “tetrad
fluorescence microscopy” that we have developed to unequivocally
determine the phenotypes of deletions of essential genes and syn-
thetic lethal interactions [16, 17]. The technique is a promising
new approach to determine the cause of cell death in synthetic
lethal double mutants or in deletions of essential genes by follow-
ing the progenies of a meiotic event. Using both a tetrad dissection
microscope and a sensitive fluorescence microscope, this fusion
microscopy technique can distinguish the possible causes of cell
death in cells expressing certain fluorescent markers with a much
higher certainty and resolution than the traditional random spore
assays. Because spore germination and growth are often highly
variable, imaging cells with known genotypes shortly after spore
germination simplifies the process necessary to obtain images of
cell polarization and the first few mitotic divisions [16].

Then we discuss some basic consideration on microscopy set-
tings to obtain the best images. Finally, we briefly explain how to
quantify the timing of contractile ring proteins using established
methods and free software Image] [9, 11, 18]. We hope that these
detailed methods are useful for studies of cytokinesis and other cel-
lular processes.

The published guides for choosing suitable fluorescent proteins
should be followed [19-21]. Here, we emphasize two important
considerations. Besides maturing rapidly and having a bright sig-
nal, ideal fluorescent proteins should be thermal stable and func-
tional when fused with the protein of interest. A good example to
illustrate this point is by comparing the tags GFP(S65T) and
EGFP(F64L, S65T). The plasmid pFA6a-GFP(S65T)-kanMX6
for gene targeting was described in [10, 22, 23] and widely distrib-
uted /used in yeast community. At 36 °C, cells expressing fimbrin
Fiml tagged with enhanced GFP (EGFP) were normal (Fig. 1a).
However, cells expressing fimbrin Fim1-GFP(S65T) had severe
cytokinesis defects such as accumulating multiple and/or mis-
placed /aberrant septa (Fig. 1b). Thus, GFP(S65T) should not be
used except for some special experiments.

Another important consideration is the difference between
regular (often forming a weak dimer) and monomeric fluorescent
proteins. For example, YFP (Yellow fluorescent protein) is a weak
dimer and mYFP (monomeric YFP) has a dimer interface breaking
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Fig. 1 Confocal microscopy of (a) fimbrin Fim1-EGFP and (b) Fim1-GFP(S65T).
DIC (Differential Interference Contrast) images are shown to the /eft and the cor-
responding fluorescence images to the right. The fluorescence images are a
maximum intensity projection of 21 slices with 0.3 pm spacing. Cells were
grown in YE5S liquid medium for ~36 h at 25 °C, then shifted to 36 °C for 10 h
before imaging at 36 °C. Cells were imaged using coverslip-bottom dish at
36 °C. Bar, 5 um

mutation A206K [20, 24]. Septin Spn1 tagged with mYFP showed
normal septin localization to the double ring at the division site
(Fig. 2a). In contrast, Spnl-YFP formed atypical structures such as
bars or spirals in the cytoplasm in addition to its normal division
site localization (Fig. 2b). Thus, monomeric fluorescent proteins
should be used whenever possible to avoid artificial dimerization of
the tagged proteins.

2 Materials

The recipes for the standard fission yeast media can be found at
PombeNet of the Forsburg lab at http://www-bcf.usc.
edu/~forsburg/media.html. The S. pombe strains used in this study
are listed in Table 1.
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a YFP (514 nm)

Fig. 2 Confocal microscopy of (a) septin Spn1-mYFP and (b) Spn1-YFP. DIC
images are shown to the /eft and the corresponding fluorescence images to the
right. The fluorescence images are a maximum intensity projection of 31 slices
with 0.2 pm spacing. The dash lines mark the cell boundary in (b). Cells were
cultured in YE5S liquid medium for ~48 h at 25 °C and imaged on slides with
YE5S medium at 24 °C. Bar, 5 um

Table 1
S. pombe strains used in this study

Strain Genotype Source

JW811 h-spnl-YFP-kanMX6 ade6-M210 lenl-32 ura4-DI18 This study
JW1092 h-spnl-mYFP-kanMX6 ade6-M210 lenl-32 ura4-D18 This study
JW1143 h-fim1-GEP(S65T)-kanMX6 ade6-M210 lenl-32 ura4-D18 This study
JW1211 b+fim1-EGEP-kanMX6 ade6-M210 lenl-32 ura4-D18 This study
JW6716 kanMX6-Pmyo2-mEGFP-myo2 sad1-mCherry-natMX6 This study

ade6-M210 lenl-32 ura4-DI18




2.1 Materials
for Microscopy Using
Gelatin Slides

2.2 Materials

for Microscopy Using
Goverslip-Bottom
Dishes

2.3 Materials
for Tetrad
Fluorescence
Microscopy

2.4 Software
for Quantification
and Data Analysis
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. Edinburgh minimal medium + Supplements (EMM5S) liquid

medium (minimal medium with low autofluorescence).

. Yeast extract medium + Supplements (YE5S) agar plates and

YE5S liquid medium (rich medium with slightly higher
autofluorescence).

. 10x n-propyl-gallate (n-PG) stock solution: 50 pM n-propyl-

gallate in EMMS5S or YES5S. Keep at -20 °C in the dark.

. Gelatin from porcine skin.

. Valap: 1:1:1 of Parafin, Vaseline, and Lanoline. Melt equal

weight of each component completely at ~80 °C, mix thor-
oughly, and aliquot into 1.5 ml microcentrifuge tubes before
solidification. Keep at room temperature.

. Regular glass slides and 22 mm No. 1.5 square coverslip.

. Fluorescence microscope.

. YE5S agar plates and YES5S liquid media.
. Delta TPG 35-mm culture dish with No. 1.5 coverslip bottom

(0.17 mm thick, round).

. 18 mmx 18 mm No. 1.5 square coverslip.

4. Fluorescence microscope.

. Sporulation medium + Supplements (SPA5S) plates for crosses

and sporulation.

. YE5S agar plates with flat surface for tetrad dissection: 25 ml

melted YE5S agar in each 100x15 mm petri dish. Lay out
singly on a flat surface before agar solidification. Dry for 2 days
at room temperature and then keep at 4 °C for storage.

. Tetrad dissection microscope.
4. No.l.5 coverslips: 22 mm x50 mm and 24 mm x 60 mm

. Rectangular plastic frame to prevent agar medium from drying:

the dimensions of the homemade frame are 50 mmx23 mmx 3 mm
(outer edge) and 40 mmx 17 mmx 3 mm (inner edge).

. Fluorescence microscope with an automated stage.

. Image acquisition: Volocity Beta 6.3.1 or UltraVIEWERS or

others.

. Quantification and data analyses: Image]J (NIH) at http://

imagej.nih.gov/ij/.

3 Methods

3.1 Preparing Cells
for Microscopy

. Wake up cells from -80 °C stocks and grow on a YES5S plate

for 2 days at 25 °C (or other plates and temperatures depen-
dent on the strains). Re-streak cells on the plate twice.
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3.2 Microscopy
Using a Gelatin Slide

2.

Inoculate a strain in YES5S liquid medium (or other medium)
in a baffled 50 ml flask and grow cells in 25 °C water bath with
shaking. Prior to microscopy, cells are usually grown in YE5S
liquid for ~48 h (see Note 1). The optical density (OD) of cells
is measured at 595 nm. The ODso5 should always be main-
tained at less than 0.5 (1x 107 cells/ml) to assure that cells are
growing in the log phase. Thus, the culture needs to be diluted
using fresh YE5S medium every 9-15 h.

. Spin down 1 ml of the cells at 3000 rpm (approximately

850x4) for 30 to 60 s. Alternatively, spin cells for 30 s, rotate
the microcentrifuge tube 180°, and then spin for another 30 s.
Remove the supernatant.

. Wash the cells in 1 ml fresh EMMS5S to reduce background

fluorescence (see Note 2), and spin down the cells as described
in step 3. Remove the supernatant.

. Add 900 pl of fresh EMMS5S and 100 pl of 10x n-PG stock

solution made in EMM5S (thawed and warmed up to room
temperature) to resuspend the cells and keep the cells in the
dark for several minutes (se¢ Note 3). Spin down the cells as
described in step 3 just before the slide is ready.

. Remove extra supernatant and resuspend the cells in the

remaining 20-100 pl (the volume dependent on cell concen-
tration) of medium.

. Add 0.9 ml of EMMS5S (or YES5S if the autofluorescence from

the medium is not a concern) liquid medium to a microcentri-
fuge tube.

. Add 0.25 g of gelatin to the 0.9 ml of EMM5S. Mix immedi-

ately by shaking vigorously so that gelatin will not clog at the
top of the tube.

. Place the tube at 65 °C hot plate (dry bath) for ~5 min to melt

gelatin.

. Add 100 pl of 10x n-PG stock solution in EMMS5S (orin YE5S

if YE5S is used in step 1) to the tube (se¢ Note 4). Invert the
tube a few times to mix thoroughly. Keep the tube at 65 °C
and cover with foil. Wait for approximately 20 min until all air
bubbles disappear.

. Wipe slides clean. Then slowly take 100 to 150 pl of the melted

EMMS5S + gelatin + n-PG using a 1 ml pipette and add to the cen-
ter of the slide. Avoid introducing air bubbles on the slide (see
Note 5). Place another clean slide on top of the gelatin medium
and clip one small paper binder on each end of the slides (see
Note 6). The two slides should stagger a little bit to aid the even-
tual slide separation. Keep the clipped slides in the dark for
15-20 min to solidify the gelatin medium (see Note 7). Make
two or three slides for each strain to ensure at least one is good.
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. Keep the microcentrifuge tube with extra gelatin medium at

room temperature in the dark (sec Note 8).

. When the cell sample is ready to be loaded onto the slide (see

Note 9), slowly separate two slides from one side by removing
one binder. Separate the slides with a razor blade if necessary.
Then remove the other binder. If no cracks appear in the
middle of the solidified gelatin then the slide is usable since the
entire gelatin pad will stick to one of the slides.

. Pipet 5 pl of the concentrated cells from step 6 of ‘Preparing

cells for microscopy’ to the center of the gelatin pad. Cover
the cells with a 22 mm No. 1.5 square coverslip. Gently tap the
coverslip with the blunt end of a 1 ml pipet tip to spread the
cells evenly and avoid cell overlaps.

. Seal the edges of the coverslip properly using Valap melted at

65 °C to prevent the slide from drying out.

Observe the slide on a microscope.

If cells are grown and being observed at temperatures other
than the room temperature, all used materials (dish, agar plate,
liquid YES5S, n-PG, tips, microcentrifuge tubes, etc.) should be
pre-warmed to the desired temperature (se¢ Note 10).

. Cut YE5S agar medium in a circle shape with a diameter of

~20 mm using a sterile razor blade from a YE5S plate (see Note
11). To be consistent from experiments to experiments, the
YES5S agar plate for tetrad dissection is recommended. It is bet-
ter to add n-PG to a final concentration of 5 pM when making
the plate.

. Place 2-10 pl of concentrated cells washed with 900 pl YE5S

plus 100 pl 5 pM n-PG in YE5S onto the center of the cover-
slip of the dish.

4. Place pre-cut agar on top of the cells.

5
6
7
34 Tetrad 1
Fluorescence
Microscopy
2

. Place an 18 mmx 18 mm No. 1.5 coverslip on top of the agar

to slow down the evaporation.

. Gently tap on the top of the 18 mmx 18 mm coverslip to

spread cells evenly with the blunt end of a 1 ml pipet tip.

. Cover the dish with its lid and observe the dish on a

microscope.

. Tetrad dissection is carried out from a 2- or 3-day-old cross as

usual with one modification. Place the spores 2.5 mm apart
from each other in both X and Y axes using the micromanipu-
lator and glass-fiber needle (see Note 12).

. Grow the dissected tetrads at 25 °C or other desired tempera-

tures for 12-24 h or longer if necessary (see Note 13).
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Fig. 3 lllustration of tetrad fluorescence microscopy. (a) Tetrads were dissected onto a YE5S plate made for tetrad
dissection. (b) Four tetrads were cut out from the plate and placed (cells facing up) on a 22 mmx 50 mm glass
coverslip. A plastic frame is then placed around the agar piece followed by a longer glass coverslip (24 mm x 60
mm) over the agar. (c) The entire setup from (b) was inverted and imaged using a 100x oil immersion lens

3. Preparing the agar plates with dissected tetrads for fluores-

cence microscopy: Since locating single or a few cells derived
from germinating spores under a high magnification micro-
scope can be a challenge, we mark the tetrads for imaging by
punching holes in the agar near the cells using the dissection
needle under the tetrad dissection microscope (sec Note 14).

. Preparing slides for the tetrad fluorescence microscopy:

Typically, imaging 3 or 4 tetrads on a fluorescence microscope
with an automated stage would yield images with enough tem-
poral and spatial resolution (Fig. 3a). We cut an agar piece with
3—4 tetrads using the 22 mmx50 mm coverslip. Then insert
the coverslip underneath the agar and scoop up the agar piece
that has been cut (tetrads facing up) (Fig. 3b, top). Center the
agar on the coverslip and place the plastic frame around it (Fig.
3b). Then cover the tetrads with a slightly bigger 24
mm x 60 mm coverslip. Make sure the bigger coverslip is rest-
ing evenly on the agar without any air bubbles (se¢ Note 15).

. Invert the entire setup (tetrads facing down), clamp and rest it

on slide holder over an objective lens (immersion oil added)
for 5-10 min before imaging (Fig. 3c).

. Use the marks in the agar to focus and to assist in finding colo-

nies. Alternatively, the automated stage can be used to find the
colonies based on the regular spacing between them.

. Save each colony coordinates using the imaging software so

they can be revisited for imaging at each time point.



3.5 Image
Acquisition

3.6 Quantification
of Microscopy Data
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Settings of image acquisition depend on the imaging system,
camera, acquisition software, and signals of the samples. Using
appropriate microscopy settings is important to obtain a good flu-
orescence image. Laser power or other excitation lights must be
adjusted so that they do not cause excessive photobleaching and
phototoxicity. Whenever possible, use lower excitation power and
longer exposure times without sacrificing the temporal resolution
to obtain decent images. One method to boost the signal artifi-
cially is to adjust gain/sensitivity setting that amplifies the signals
at the camera/detector. Another way to improve image brightness
while slightly compromising spatial resolution is to adjust the bin-
ning. For regular CCD camera (like Hamamastu ORCA AG), we
use 2x2 binning due to its small pixel size. However, binning is
not recommended for EMCCD camera due to its bigger pixel size.

A tremendous amount of informative and quantitative data can be
extracted from microscopy images, like absolute global and local
protein concentrations and timing of cytokinesis events. We and
others have discussed how to count protein molecules extensively
elsewhere [14, 17, 19, 25-28]. Here, we use quantification of the
timing of contractile-ring proteins during cytokinesis as an exam-
ple to explain how to analyze microscopy data using free software
Image] (see Note 16).

1. Download and install Image] from http://imagej.nih.gov/
ij/. Choose the version for your operating system. You can also
download many useful Plugins from the website.

2. Open the microscopy data file in Image] as a TIFF file by
importing it as “Image sequence” or “Bio-Formats” (se¢ Note
17). The images are usually grouped in separate channels, like
DIC and fluorescence channels.

3. Combine different Z-slices at the same time point using “Z
projection” function in the Stacks option under Image tab (see
Note 18). Typically this action gives a better signal for analy-
sis. However, depending on the purpose, sometimes single
slice is needed for analysis as well.

4. Open the “Brightness/Contrast” function in the Adjust option
under Image tab. This allows the user to adjust the image.
“Auto” option will usually give a good contrast of the image.
If needed, “Set” option allows the user to manually enter the
minimum and maximum displayed values (see Note 19).

5. Quantify the timing of contractile ring proteins by comparing
it to different markers. The contractile ring protein, myosin II
heavy chain Myo2, is a commonly used marker because the
distinct stages of cytokinesis are easily distinguishable (Fig. 4).
The timings of other proteins can be compared to the stages
defined by Myo2. We usually use the spindle pole body protein
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Sadl as an accurate marker for the cell-cycle stages (Fig. 4).
Spindle pole body separation marks the entry of mitosis and is
generally considered as time zero (see Note 20).

(a) Cytokinesis node assembly: This stage starts from the
appearance of cytokinesis nodes at the division site to the
time point just before nodes begin to condense around
time zero (see Note 21).

(b) Contractile ring assembly: This stage starts from the
beginning of node condensation to the formation of a
compact ring without lagging nodes.

(c) Contractile ring maturation: This stage begins when a
compact ring is formed until the ring starts to constrict.

(d) Contractile ring constriction: This stage begins when the
contractile ring starts to constrict and ends when the ring
has constricted to a dot (with the highest Myo2 pixel
intensity). The Myo2 fluorescence intensity at the division
site drops rapidly right after the end of ring constriction.
The septum forms during ring constriction.

(e) Contractile ring disassembly: This stage is from the com-
pletion of ring constriction to the disappearance of Myo2
signal at the division site. This is a narrow definition of
ring disassembly since ring components also disassemble
during ring constriction.

4 Notes

. The long culture time is necessary to ensure data consistency.

For mutants that pick up a suppressor quickly, cells are usually
grown in liquid medium for a shorter time.

. This wash step is most useful for epifluorescence microscopy or

for proteins with low abundance. It is not absolutely required
for microscopy with spinning disk confocal microscope. When
imaging in a dish with YE5S agar, the cells need to be washed
only once with 900 pl of YE5S+100 pl of 10x n-PG made in
YESS. Then directly proceed to step 6.

. n-PG (Sigma P-3130) protects cells from free radicals during

microscopy. It is light sensitive. An aliquot can be kept at room
temperature in the dark for 1 day. Stocks should be kept at
-20 °C for long-term storage.

4. Medium with gelatin is viscous. Do not use a pipette to mix.

. A trick to pipet the liquid onto the slide without introducing

bubbles is to avoid dispensing the last tiny drop of liquid in the
pipette tip. If the bubbles are still introduced, they can be
sucked up using the pipette tip. Because the gelatin medium is
viscous, do not use a 200 pl pipette to dispense it.
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6.

10.

11.

12.

13.

14.

15.

16.

When putting on the paper clips on both ends of the slides, it
is better to hold one end while clipping the other. This ensures
that the gelatin pad is even and not torn apart.

. If the slide is kept longer than 30 min before use, the slides can

be put in an airtight container with wet paper towels to pre-
vent the gelatin pad from drying out.

. The leftover EMMS5S + gelatin + n-PG should be removed from

the 65 °C hot plate after making the slides. Prolonged incuba-
tion at 65 °C may damage the vitamins and other components
in the medium. In addition, it takes only a few minutes to re-
melt the medium.

. Begin preparing cells for imaging ~10 min after preparing the

slides and keeping them in the dark.

When imaging cells at a temperature other than the room tem-
perature, all the steps should be done on a surface warmed to
that temperature. We use a small portable incubator that has
been preheated for this purpose. The microcentrifuge tube
with cells is kept in a beaker with water at the desired tempera-
ture during the collection and wash.

Before cutting, you can draw a circle on the bottom of the
petri dish using a coin (e.g. a five-cent coin struck by the
United States Mint with a diameter ~21 mm) as the guide.

Typically spores from tetrads are placed 5 mm apart. However,
it takes too long for the automated stage to travel that distance
over ten times at each time point during time-lapse imaging so
2.5 mm spacing is used.

The growth time depends on when the phenotype shows up in
the mutant. For example, if the mutant dies during the first cell
division or cell cycle, shorter incubation times are appropriate.

These holes in the medium are easily visible to the eye and
under the microscope. Different patterns may be used to mark
the location of the cells/colonies/spores.

Place the coverslip on the agar from one end and then release
it slowly to prevent the formation of air bubbles. At this point
the punched holes on the agar medium become less visible to
eyes. Thus, it is helpful to make a mark on the coverslip using
a permanent marker. Do not shift the coverslip once it has
been placed on the agar. The frame is designed to be slightly
thinner than the agar. Alternatively, one can use an 18 x 18 mm
coverslip to scoop up the agar with tetrads and then invert it
onto a coverslip-bottom dish for imaging.

Fiji is an image processing package that is akin to an advanced
version of Image]J and can also process super-resolution micros-
copy data. It is a free software and can be downloaded from
www.Fiji.sc /Fiji.
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18.

19.

20.

21.
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“Image sequence” import is used for TIFF files. “Bio-Formats”
import can be used for library files from Volocity multi-file
library.

Typically, the Z-slices are combined using “Max Intensity”
projection. If the signal intensity needs to be quantified or
compared, “Sum Slices” projection should be used.

The “Brightness/Contrast” window shows a peak for each
image. Typically, the minimum intensity value is displayed at
the left bottom of the peak.

The time of arrival of various contractile ring proteins to the
division site can be measured relative to the distance of SPB
separation. The maximum SPB separation marks the end of
anaphase B.

For some node proteins, the signal at the division site may start
with one dot or the dot signal may appear and then disappear.
It is hard to define the signal appearance with just one dot, so
typically the appearance of signal is defined as the appearance
of ~1/3 of the total number of nodes that exist at the begin-
ning of node condensation for this certain protein. Due to
higher autofluorescence at the GFP channel than YFP channel,
GFP-tagged proteins may “appear” later than YFP-tagged
same proteins (see Fig. 4 and [11, 14]).
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Chapter 3

Fluorescence Recovery After Photo-Bleaching (FRAP)
and Fluorescence Loss in Photo-Bleaching (FLIP)
Experiments to Study Protein Dynamics During Budding
Yeast Gell Division

Alessio Bolognesi, Andrzej Sliwa-Gonzalez, Rupali Prasad,
and Yves Barral

Abstract

The easiness of tagging any protein of interest with a fluorescent marker together with the advance of
fluorescence microscopy techniques enable researchers to study in great detail the dynamic behavior of
proteins both in time and space in living cells. Two commonly used techniques are FRAP (Huorescent
Recovery After Photo-bleaching) and FLIP (Huorescence Loss In Photo-bleaching). Upon single bleach-
ing (FRAP) or constant bleaching (FLIP) of the fluorescent signal in a specific area of the cell, the intensity
of the fluorophore is monitored over time in the bleached area and in surrounding regions; information is
then derived about the diffusion speed of the tagged molecule, the amount of mobile versus immobile
molecules as well as the kinetics with which they exchange between different parts of the cell. Thereby,
FRAP and FLIP are very informative about the kinetics with which the different organelles of the cell sepa-
rate into mother- and daughter-specific compartments during cell division. Here, we describe protocols for
both FRAP and FLIP and explain how they can be used to study protein dynamics during cell division in
the budding yeast Saccharomyces cerevisine. These techniques are ecasily adaptable to other model
organisms.

Key words FLIP, FRAP, Dynamic, Fluorescent intensity, Fluorescent decay, Fluorescent loss,
Recovery, Speed, Diffusion, Time

1 Introduction

During vegetative growth, the budding yeast S. cerevisine divides
asymmetrically into a bigger mother cell and a smaller daughter
cell, the bud. This process starts with the bud appearing on the
surface of the mother in S-phase, continues through mitosis when
the duplicated chromosomes segregate into the two cells and ends
with cytokinesis, which gives rise to two separated cells. All these
steps rely on the function of many proteins whose behavior is often

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_3, © Springer Science+Business Media New York 2016
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highly dynamic both in space and time. A remarkable example are
septins, small GTPase proteins showing a highly dynamic behav-
ior during cell division: upon bud emergence, at the beginning of
S-phase, septins assemble in a fluid, ring-like structure at the base
of the bud. At this stage, the septins diffuse easily within the ring
and exchange with the cytoplasmic pool. Throughout the follow-
ing phase of bud growth, the septin ring localizes to the mother—
bud neck (the constriction between the mother and the future
daughter cell) and forms a frozen, hourglass-like collar, within
which septins are essentially immobile. Finally, during cytokine-
sis, when the septin ring splits and the mother and daughter cells
separate from each other, septins become transiently dynamic
again, before freezing in two rings, one on each side of the cleav-
age site [1-3].

During bud growth, the membrane proteins of the endoplas-
mic reticulum (ER), which diftuse relatively rapidly in the plane of
the membrane, soon stop exchanging between the mother and the
daughter ER [4-6]. Similarly, the outer nuclear membrane pro-
teins (such as the reporter NSG1) and the nuclear pores (as visual-
ized by tagging core nuclear pore components such as Nup49 and
Nupl70) are also restricted in their ability to freely diffuse from
the mother to the daughter part of the dividing nucleus [7, 8].

Over the years, fluorescence microscopy techniques (i.e. FLIP
and FRAP) have been developed to look at these spatio-temporal
dynamic processes and this has allowed scientists to obtain insights
into a wealth of cellular processes. Both FLIP and FRAP rely on
tagging a specific protein of interest with a genetically encoded
fluorescent tag (e.g. GFP, Green Huorescent Protein) to visualize
the protein of interest in living cells. In a typical FRAP experiment,
a laser is pointed to a specific region of the cell to bleach the fluo-
rescent signal of the protein in that area; the bleaching is performed
only once and subsequently the recovery of the signal in the
bleached area as well as its intensity profile in the surrounding areas
are monitored over time. The fluorophore intensity profile in the
bleached area is then usually fit to a mathematical model (e.g. an
exponential recovery, see Subheading 3 for details): this enables to
obtain both kinetic information (e.g. diffusion speed of the mole-
cule of interest) as well as non-kinetic information (e.g. the amount
of mobile versus immobile molecules). On the other hand, in a
typical FLIP experiment, bleaching is repeated constantly during
the entire time window of the experiment and the decay of the
signal from the surrounding areas is monitored over time. The
decay profiles from different regions of the cell are subsequently fit
to a model (e.g. one- or two-phase exponential decay, see
Subheading 3 for details): on one side, this enables obtaining
kinetic information such as the diffusion speed of the molecule of
interest; but, most importantly, the intensity profiles obtained in
FLIP experiments can be used also to extract valuable information
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about the structural organization of the compartment where the
tagged molecule is found: for example, a speed of decay which,
upon constant bleaching, stays the same all over the entire com-
partment would indicate that the compartment is a continuous
structure; on the other hand, a difference in speed of decay between
different areas of the compartment would suggest the presence of
different domains that are not freely communicating with each
other.

Here, we present detailed protocols for both FRAP and FLIP
experiments which enable the analysis of such dynamic phenomena
during cell division in Saccharomyces cevevisine. For practical rea-
sons, we divided the “Materials” and the “Methods” sections in
different subheadings. The subheadings 2.1, 2.2 and 2.3 refer to
the “Materials” section; the subheadings 3.1, 3.2 and 3.3 refer to
the section “Methods”. More specifically:

e Subheading 2.1 describes the features of the yeast strains we
used in this work as well as how they are constructed.

e Subheading 2.2 lists the composition of all the required media
and reagents.

e Subheading 2.3 lists the needed microscopy equipment.
e Subheading 3.1 explains the sample preparation procedures.

¢ Subheading 3.2 explains the imaging settings. This section is
divided into four subsections, respectively: “laser settings” to
adjust the laser power; “time series settings” where the time
resolution of the experiment is set; “bleaching settings” where
the intensity and frequency of the bleaching is set, this subsec-
tion is where the main difference between FLIP and FRAP
experiments is found; the last subsection, “start experiment,”
explains how to start the imaging. Note that most of the set-
tings described in Subheading 3.2 are the same between FLIP
and FRAP experiments and, unless otherwise stated, they apply
to both techniques.

e Subheading 3.3 explains in details the data analysis procedures.
We decided to divide this section into two subsections: one
relative to FRAP experiments and the other relative to FLIP
experiments. Both FRAP and FLIP subsections explain first
how to perform the intensity measurements and then how to fit
a mathematical model to the experimental data and how to
retrieve biological information out of the model. It is important
to stress out that in the data analysis section we will refer to
specific examples shown in the different figures. We believe that
by understanding these examples and adapting what we explain
to his/her specific needs, the experimenter will be easily able to
perform FRAP and FLIP in his/her condition of interest.
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2 Materials

2.1 Yeast Strains

2.2 Media

2.3 Microscopy
Equipment

Table 1

Prepare all materials in deionized water. Unless otherwise speci-
fied, only the growth media are sterilized. There is no need of
sterile water. Unless otherwise stated, store all reagents at room
temperature. The following reagents-media are the same for FLIP
and FRAPD experiments (see Note 1).

1. Alist of strains used in this work is shown in Table 1. All strains
are isogenic to either W303 or S288C (Table 1) and were con-
structed according to standard genetic techniques [9].

All the following indicated amounts are for 1 | of total volume.

1. YPD solid-rich media (plates): Yeast Extract 10 g, bactopep-
tone 20 g, 2 % glucose, 20 mg adenine, Agar Agar SERVA high
gel-strength 20 g.

2. Selective liquid ~TRP synthetic media: 2.5 g Ammonium sul-
fate, 850 mg Yeast Nitrogen Base without both amino acids
and ammonium sulfate, 2 % glucose, 10 mg adenine, 74 mg
drop out —TRP (tryptophan) mix containing all amino acids
but tryptophan.

3. Selective solid —TRP synthetic media: 2.5 g Ammonium sul-
fate, 850 mg Yeast Nitrogen Base without both amino acids
and ammonium sulfate, 2 % glucose, 10 mg adenine, Agar
Agar SERVA high gel-strength 20 g, 74 mg drop out —TRP
(tryptophan) mix containing all amino acids but tryptophan.

1. 25 mm diameter round glass coverslips (Thermo Scientific)
(Fig. 1).

2. Metallic circular Attofluor Cell chamber for microscopy (to
mount the coverslip and the agar pad, see Subheading 3.1 and
see Note 3, Fig. 1 for details).

S. Gerevisiae strains used in this work

Strain Mating
number Use Genotype Background type
6077 Wild-type strain expressing ~ GFP-Cdcl2:URA3; leu2-3,112; W303 a
GFP-Cdcl2 trpl-1; canl-100; ura3-1; ade2-1;
his3-11,15
7828 Wild-type strain expressing ~ Nup49-GFP:His3; his3A1; leu2A0; S288C a
Nup49-GFP ura3A0; metl15A0
10411  Wild-type strain expressing ~ Sec61-GFP::hpnNT1; his3A0; $288C a
Sec61-GFP leu2 A0; metl15A0; ura3A0
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~\ Top section of the
)= cell chamber

_-TRP Agar pad
25 mm round
glass coverslip
" Cell suspension

Bottom section of
j«the cell chamber
|

Fig. 1 Attofluor cell chamber used for FLIP and FRAP microscopy experiments.
The cell suspension is placed as indicated between the round glass coverslip and
the synthetic medium agar pad. The cell chamber is closed by screwing together
its top and bottom sections. Another round glass coverslip (not depicted) is dropped
on top of the cell chamber. See text for details about the sample preparation

3. Cylindrical metallic support to cut small circular agar pads (see
Subheading 3.1 for details) (see Note 3).

4. Confocal microscope (e.g. Carl Zeiss NLO 780) with a Plan-
Apochromat 63X/1.4 NA (numerical aperture) oil immersion
objective, an argon laser (488 nm line or other line of interest,
depending on the used fluorophore), a photomultiplier detec-
tor system (PMT), an appropriate filter (e.g. 505 nm long-pass
filter for GFP) to select for the desired fluorophore and a
temperature-controlled imaging chamber.

3 Methods

3.1 Sample
Preparation

Unless otherwise indicated, perform all the described steps at room
temperature.

Note that, unless otherwise stated, the following steps apply to
both FLIP and FRAP experiments.

1. Before the imaging, prepare a culture by streaking some yeast
cells on YPD solid media (se¢ Note 2). If willing to analyze
mitotic cells, let the cells grow until exponential phase.

2. Unscrew the Attofluor cell chamber and mount into it a circu-
lar 25 mm glass coverslip (Fig. 1 and see Note 3). Do not
touch the coverslip on its surface.

3. Screw the metallic cell chamber back.

4. Drop in the middle of the mounted coverslip not more than
10 pl of -TRP liquid media (see Note 4).
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3.2 Imaging
3.2.1 Laser Settings

3.2.2 Time Series
Settings

3.2.3 Bleaching Settings

3.2.4 Start Experiment

5.

With a pipette, take a few cells previously plated on YPD solid
media (step 1 above) and resuspend them in the 10 pl of “TRP
previously dropped on the coverslip.

. With any available tool, cut a circular agar pad of —TRP solid

media and put it on top of the cell suspension. Then put
another 25 mm round glass coverslip on top of the agar pad.

. The sample is now ready to be imaged: if desired, bring the

microscope chamber up to 30 °C, then put abundant immer-
sion oil on top of the 63X /1.4 NA microscope objective and
fix the sample above the objective.

. Launch the imaging software and set the argon laser excitation

line wavelength to the desired value (for the FRAP-FLIP
experiments shown in this work the wavelength was set to
488 nm, see Note 5).

. Set the laser output (in the FRAP and FLIP experiments shown

here we used 4045 %; 2—3 % of this output was then used for
imaging, see Note 6).

. Set the desired time interval. In FRAP experiments, we

acquired one frame every 10 s; this interval was 3-6 s for FLIP
experiments (see Notes 7 and 9).

. Set the number of cycles. This defines the entire duration of

the movie. In FRAP-FLIP experiments shown in this work we
set 40-60 cycles (see Note 8).

. Set the laser intensity to be used for bleaching. For the FRAP-

FLIP experiments shown here, we used 80-100 % of the laser
output set in the laser settings (see Subheading 3.2.1 above).
See Note 9 for further details.

. Set the number of iterations: this number defines how many

times the laser will go through the selected region in order to
bleach the signal. In this work, this number was set on 80-110
(see Note 9).

. Set when the bleaching must start and how often it has to be

performed. For FRAP experiments, we performed only one
single bleaching at the beginning of the movie. For FLIP
experiments, a bleaching-acquisition cycle was performed for
each time frame (se¢ Note 10).

. Once all the imaging settings are defined, chose a good field

where a cell of interest (see Note 11) and at least two control
cells are present (see Note 16).

. If necessary, zoom in to reduce the field of view to a window

including only the cells of interest.

. Using a drawing tool, draw on the cell of interest a small region

where the bleaching will be performed (Fig. 2a, b; see Note 9).
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Fig. 2 Wild-type mitotic (a) and G1/S (b) cells expressing the septin ring component CDC12 tagged with GFP.
Ty and T, respectively, refer to the first and the second time frame of the movie. The single photo-bleaching
was performed in the region “A” and the fluorescence intensity was measured in the red-labeled rectangular-
like regions (see text for details). (¢) Graph showing the fluorescence intensity recovery in the region “A” from
a wild-type cell where the photo-bleaching was performed on half of the septin ring as in Fig. 2b. The fluores-
cence intensity is plotted on the Y axis over time (X axis). The data points were fit to a one-phase association
function (exemplification in 2D). (d) Graph showing the one-phase association equation and its relative graph
(see text for details). The fluorescence intensity recovery is plotted against time and the plateau (P), the fraction
of mobile molecules (M=P) and the time of photo-bleaching (second time frame, T;) are indicated. (e, f) Half
time (measured as Ln2/K) and mobile fraction (in percentage) measured from the one-phase association
model fit to the data in C (see text for details)
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FRAP

4.

For each cell and for each time point, acquire both the
fluorescent (e.g. GFP) and the transmission images. The trans-
mission channel can be helpful in following the cell cycle stage.

. Start the experiment and repeat the same procedure to acquire

the desired number of cells (see Note 12).

. Collect at least 30—40 data sets for each strain in three different

experiments preferably on different days. A fraction of data sets
may be unusable because of the focal plane shifted or the cell
moved (see Notes 12 and 13).

. Discard cells where the focal plane shifts and /or the cells move

(see Note 13). Open the raw file with the software Image-]
(FIJI can also be used) and split the two channels (transmission
and GFP) apart (for Image-] follow the path: menu
“Image” > “color” > “split channels”) (see Note 14).

. In the Image-J menu “Analyze” > “set measurements,” click on

either “integrated density” or “mean gray value”; in the FRAP
experiments shown here we always measured the mean gray
value and we kept the selection area constant (see Note 15).

. Using the rectangular selection tool, draw several rectangular

regions around the areas where you want to measure the fluo-
rescence intensity (examples in Fig. 2a, b). For each movie
(with the cell of interest and at least two control cells) measure
as follows:

e A=Bleaching region (half of the septin ring). Here we
measure the recovery after the bleaching event.

*  B=Non-bleached region: here we monitor what happens
to the non-bleached half of the ring.

*  BG-CELL=Background signal for the cell of interest
(see Note 17).

e (Il and C2Z=Signal intensity for two control cells
(see Note 16).

*  BG-ClI and BG-C2=Background signal of the two control
cells.

. For each of the time frame of the movie and for each single cell

of interest, compute as follows:

e A-BG-CELL (to subtract the background signal from the
recovery measured in the bleached region).

*  B-BG-CELL (to subtract the background signal from the
recovery measured in the non-bleached region).

e The difference A—-BG-CELL at t=0 (first time frame) will

be (A-BG-CELL)t,. The same applies to the other time
frames and to the difference B-BG-CELL.
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e CI-BG-Cl and C2-BG-C2 to subtract the background
signal from the intensity profile measured for the two con-
trol cells.

e The difference CI-BG-CI at t=0 (first time frame) will be
(CI-BG-C1)ty. The same applies to the second control cell
and to the other time frames.

e Decay of the control cell 1: (CI-BG-Cl1)tyx 100{ C1-BG-
CI)ty. For the second time frame it will be: (CI-BG-
Clt x100( C1-BG-ClI)ty. And so on for the other time
frames. The same applies to the second control cell.

e Decay of the control cells: This is computed by simply
averaging for each single time frame of the movie the
decays of the two single control cells. For example, this
will give us (Average Decay Control)t, for the first time
frame. Repeat the same for the other time frames.

e Recovery of the bleached region: for the first time frame
this will be: ((A-BG-CELL)tyx 100( A-BG-
CELL)t,)(Average Decay Control)#,. For the second time
frame: ((A-BG-CELL)t; x 100{ A-BG-CELL)t,)(Average
Decay Control)#. Repeat this for the other time frames to
get the complete profile of fluorescence recovery.

e Recovery of the non-bleached region: for the first time
frame this will be: ((B-BG-CELL)tyx100{B-BG-
CELL)ty)(Average Decay Control)#. For the second time
frame you will compute: ((B-BG-CELL)t; x 100{ B-BG-
CELL)tyY(Average Decay Control)#. Repeat this for the
other time frames to get the complete profile of fluores-
cence recovery.

. Plot singularly all the recovery profiles measured for the
bleached and the non-bleached region for each single cell. In
Fig. 2¢, we show an example of the recovery measured in the
bleached area after bleaching half of the septin ring as in
Fig. 2b.

. Once you obtain the recovery profiles, a good way to extract
biological information from them is to fit these experimental
data with a model. Deciding which model to use is a key step
for the analysis (see Note 18). For the FRAP experiments
shown here, we used a one phase association model described
by the equation: ¥ =7, +(P -7, )x(1-exp(~KX)) where 1,
is the 7 value at =0 (first time frame), P is the plateau value
and K is the rate constant, expressed in reciprocal of the X axis
time unit (see Fig. 2d for an exemplification of a one-phase
association).

. Once the model is chosen, define which constrain to apply to
the key parameters (e.g. Yy, Pand K, see Note 19).
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8.

9.

10.

11.

332 FLIP 1.

Fit the data for each single cell and go through the results to
verify the goodness of the fit (see Note 20).

For each cell, take the half time and average this among all the
cells to get a single half time. Compute the error on this aver-
age (e.g. as standard deviation) (Fig. 2e, see Note 21).

For each cell, take the plateau and average this among all the
cells to get a single plateau value. Compute the error on this
average (e.g. as standard deviation) (Fig. 2f, see Note 22).

Compare the different conditions among each other. When
comparing the mean, a Student’s #test can be used to deter-
mine the statistical difference among different conditions (see
Notes 12, 23 and 24).

In order to extract the relevant fluorescence information from
the acquired image, images should be analyzed by eye to dis-
card any images where parts of the organelle/cells of interest
are out of focus (see Note 13).

. Open the raw file with the software Image-] and split the two

channels (transmission and GFP) apart (for Image-] follow the
path: menu “Image” > “color” > “split channels”) (se¢ Note 14).

. Using the Image] polygonal selection tool, select and save six

regions of interest. These regions should include the organ-
elles/cells of interest during the entire course of the acquisi-
tion process (e.g. the nucleus growing in the bud during
nuclear division, Fig. 3a, b) and should include the following:
¢ Compartment 1 (mother compartment; M).

e Compartment 2 (daughter-bud compartment; B).

e Control cell 1 (cl).

e Control cell 2 (c2).

e Control cell 3 (c3).

e Background (BG).
In this case the organelle of interest is the dividing yeast
nucleus/ER, which is further divided into the mother and
daughter “halves.”

. Under “Analyze” > “Set Measurements”, click on either “Mean

grey value” or “Integrated Density” (see Note 15).

. For each movie (with the cell of interest and at least two con-

trol cells) and for each time frame, measure the intensity in the
selected areas to obtain raw intensities for the mother and
daughter nuclei/ER as well as for the control cells.

. Normalize the data by the background fluorescence. To do

this, simply subtract the background fluorescence from the raw
mother and daughter nuclei/ER intensities (M and D), as well
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Fig. 3 (a) Wild-type anaphase cells expressing the nuclear pore component
Nup49 tagged with GFP. 7, and T;,., indicate, respectively, the first and the last
time frame of the movie. The fluorescence intensity was measured in the red-
labeled polygonal regions (see text for details). The red-labeled polygonal regions
include the entire area over which the nuclei move over the course of the experi-
ment. Note that “B” in the left panel (T) is larger than the region of the actual
daughter nucleus, but the daughter nucleus grows to the size of Bn at T;,a. (b)
Wild-type metaphase cells expressing the ER integral membrane protein Sec61
tagged with GFP. 7, and T;,, indicate the first and the last frame of the movie,
respectively. The yellow-labeled region indicates the area where the photo-
bleaching is performed. The fluorescence intensity was measured in the indi-
cated red-labeled regions (see text for details)

as the three control cells (C1, C2, and C3) obtained in 5. Note
that this must be done individually for every time point; for
example at time t for the M compartment you have:

o M =raw M'- BGt.

7. Photo-bleaching simply due to the acquisition process must
also be corrected for. To control for this, the mother or daugh-
ter nuclear compartments (M and D) are divided by the aver-
age of the corrected control cells (after BG subtraction):

e Corrected M'=M'/<C >where< C'>=(Cl"+ C2’+C3") /3.

8. At this point, we have for a single cell and for all the compart-
ments of interest (e.g. M and D) corrected fluorescence inten-
sities profiles. Being interested in the fluorescence loss relative



36

Alessio Bolognesi et al.

o Fluorescence o

Fluorescence

10.

11.

12.

to the initial fluorescence measurement (M? and DY),
normalize each time frame of these profiles by its correspond-
ing initial fluorescence measurement:

e  Final M"9 =corrected M"? /corrected M™.

. Repeat this for all the time points and for all the compartments

of interests. This will yield the final fluorescence decay
profiles.

In order to extract biological information from the decay pro-
files, we must first fit the data according to an appropriate
model (see Note 18).

Once the model is defined, define which constrain to apply to
the key parameters (e.g. Yy, P, and K). For FLIP experiments,
we constrained ¥ to 100 and the plateau> 0 (see Note 19).

Take the FLIP decays for the M and the D compartments
(each containing all the analyzed cells) and fit these data as two
ensemble measurements (mother and bud) with one single fit
(see Note 20). In the experiments shown here, we used for
both the ER and the nucleus a one-phase decay (for the D) and
a two-phase decay (for the M) to fit the decay profiles. An
example of such decay is shown in Fig. 4a, b.
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Fig. 4 (a) Graph showing the fluorescence intensity decay in the M and D compartments (MOM and BUD), from
a dataset of wild-type anaphase cells where the photo-bleaching was performed in the mother part of the
nucleus as in Fig. 3a. The fluorescence intensity is plotted on the Yaxis over time (X axis). The data points were
fit to a two-phase decay for the M and to a one-phase decay for the D compartments to obtain the Bl indicated
on the right (see text for details). (b) As in (a), but for the ER membrane protein SEC61-GFP in metaphase cells
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One information we can retrieve from the fitting is to ask if the
M and D regions we monitored are part of a continuous com-
partment or if they rather define two compartments not freely
communicating with each other. To assess this we can measure
what we refer to as Barrier Index (BI). The higher the BI the
more restricted is the diffusion of the fluorophore (molecule of
interest) between the M and D compartments. A BI value
comprised between 1 and 2 is indicative of free exchange.
Compute the BI as follows:

e Compute the T (T5 in case of ER), which represents the
time it takes to lose 30 % (50 % for the ER) of the original
fluorescence intensity for both M and D compartments.

e For both these compartments (valid for both ER and
nucleus FLIP experiments), decide an arbitrary 7 value
(e.g. 70, see Note 25) and draw a line from this Y value
along the X axis of the fitted curve. Stop when you reach
the curve itself and then draw a line down, along the 1
axis, until you reach the X axis. The X value you find rep-
resents the 75y, which is the time at which 30 % of the fluo-
rescence is lost.

¢ Once the T;; has been calculated for both D and M com-
partments, the BI is the quotient 77"/ Tyt For
ER, BI would be =T / T;5*"" (Fig. 4a, b). The BI can
be alternatively measured by a numerical approach, which
follows the same principle described above (see Note 26).

e Compare the degree of compartmentalization between
mother and bud organelles for different conditions
(see Note 13-27).

4 Notes

Here, we provide tips and suggestions concerning sample prepara-
tion, imaging settings, and data analysis. Note that unless clearly
stated, the following notes are valid for both FLIP and FRAP
experiments.

1. All solutions can be stored at 4 °C for several months, if not

2.

contaminated.

If willing to analyze mitotic yeast cells, it is important to
prepare accordingly the culture before imaging (see
Subheading 3.1). For this purpose, streak some cells on YPD
solid media and let them grow either at 30 °C for 5 h or over-
night at 25 °C. We observed that growth on solid medium
ensures optimal oxygenation of the cells and oxidation of the
fluorophores, which is an essential step in their maturation.
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3. Other supports rather than the described Attofluor metallic

cell chamber can be used to image the cells. The crucial aspect
is to have the cells growing in contact with an agar pad in order
to provide ideal conditions for their growth at least for 1-2 h,
until the agar pad is dry. Before this happens, change the sam-
ple and use a fresh agar pad. Note that, in order to reduce the
background signal and have a good signal/noise ratio, it is
essential to image the cells in synthetic media (e.g. “TRP); this
applies to both the media in which the cells are suspended on
the coverslips as well as to the agar pad. Finally, note that any
available tool can be used to cut the agar pad of —“TRP solid
media, but obviously, this has to be of the right diameter size
compared to the cell chamber in use.

. We observed that when putting too many cells on the cover-

slip, they have the tendency to move during the acquisition,
preventing data analysis. On the other hand, having too few
cells can result in spending too long before finding cells of
interest. Also, using a too big volume of medium can result in
cells moving during the acquisition of the movie. We found
10 pl to be a good volume of synthetic media (e.g. “TRP) in
which to resuspend the cells before imaging.

. For this work, we used the ZEN 2009 imaging software. Any

other imaging software that enables to follow the described
steps can be used. The set wavelength for the argon laser dif-
ters depending on the excitation and emission spectra of the
used fluorophore. GEP (here we refer to the GFP derived from
the jellyfish Aequorea Victoria) excitation and emission spectra,
respectively, peak at 488 and 509 nm. Therefore, we used the
laser line set to 488 nm. Adjust this value according to the used
fluorophore.

. The output of the laser in % highly depends on how well the

laser itself performs: as long as the bleaching in the selected
area is efficient and specific (such that only the region of inter-
est is affected), then the selected output should be good. Please
take into consideration that using a high output (usually higher
than 45-50 %) can reduce quite quickly the lifespan of the
laser. Therefore, it is advisable to reach these values only if the
bleaching is not efficient. In addition, the experimenter should
try to use as little laser power as possible also to prevent toxic-
ity effects due to excessive exposition. Also, modify pinhole
and detector gain for maximal fluorescence signal and minimal
pixel saturation. Excessive saturation has to be avoided: once
the signal is saturated, even if present, it is not possible to
determine differences in fluorescence intensity.

. The time interval between each frames needs to be adjusted

depending on the desired time resolution. But, be aware that
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the closer to each others the frames are acquired, the higher is
the non-specific bleaching due to exposition; of course, this
will cause premature weakening of the signal in the entire field.

. The number of cycles (i.e. the entire duration of the movie)

also depends on the process under investigation and needs to
be adjusted accordingly.

. The laser output used to bleach, the number of iterations, and

the size of the bleaching region represent key parameters for
efficient bleaching. These values need to be defined case by
case, depending on the process of interest. As a general guide-
line, good values for these parameters should guarantee both
rapid and specific bleaching, enabling the researcher to exten-
sively bleach the signal after the first few frames and at the same
time affecting only the area of interest. Note that by increasing
too much the size of the bleaching region and/or the number
of iterations and/or the used output, the bleaching usually
becomes slower and more efficient but also too strong with the
consequence that the surrounding areas are also affected over
time. In addition, increasing the number of iterations and the
size of the bleaching area artificially decreases the time resolu-
tion: this happens because the system takes longer to bleach a
high number of iterations and /or a bigger area: if longer means
longer than the set time interval, the system will automatically
ignore the set time interval and it will use the time required for
bleaching as the real-time interval. Remember, at the same
time, to minimize the exposition to the laser in order to pre-
vent photo-toxicity.

In FRAP experiments, the photo-bleaching is performed only
once in the area of interest. In FLIP experiments (see below),
the photo-bleaching is repeated constantly throughout the
entire duration of the movie.

We found that one of the most critical step toward reproduc-
ible data is the cell cycle stage at which the cells are imaged.
Therefore, the stage under investigation should be kept identi-
cal between different samples.

When comparing different strains among each other, it is
important to keep the bleaching settings (number of iterations,
laser output used to bleach, number of bleaching cycles, size
and position of the bleaching area, etc.) and the imaging set-
ting (e.g. laser output) constant between the different strains.

Note that if the cell migrates or the focal plane shifts during
the course of the experiment, this can bias the data. For exam-
ple, any decrease in fluorescence intensity due to a change in
the focal plane is clearly not a biological phenomenon. Avoid
considering cells where this happens.
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14.

15.
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17.

18.

19.

As long as the steps described in the section data analysis are
followed, any other image analysis software different from
Image] and FIJI can be used.

The integrated intensity represents the sum of the values of all
pixels in the selected area while the mean gray value equals the
integrated density divided by the area of the selection.
Therefore, the integrated density measures the intensity inde-
pendently of the area of the selection; on the other hand, the
mean gray value changes according to both the signal intensity
and the area of the selection. This means that measuring the
mean gray value of two different areas having the same signal
intensity will give two different values as if the intensity in the
selected areas were different. One way around this is to mea-
sure the integrated density. Another possibility is to simply
measure the mean gray value but keeping the area of the selec-
tion always constant. It is imperative to be aware of this dis-
tinction and decide accordingly.

In order to exclude from the intensity measurements the con-
tribution of any non-specific decay simply due to the constant
exposition of the sample to the laser, at least two to three con-
trol cells should be included in each field with the cell of inter-
est. Ideally, the signal of these control cells is measured at a
stage where it is stable on its own such that any observed decay
reflects specifically and exclusively the decay due to the laser
exposition. For example, in the FRAP experiments shown
here, we used mitotic cells as control cells because in this stage
the signal of septins is known to be stable.

In order to exclude from the intensity measurements the con-
tribution of any non-specific signal, a background region
should be included in the measurements of both the cell of
interest and the control cells and its signal should be deducted
from the signal of interest (see text for details).

It is imperative that the model with which to fit the experimen-
tal data is carefully chosen, based on what biological phenom-
enon the experimenter is looking at and what is the model that
best describes that process. Looking at the residual plot of the
data (they should spread randomly around the central line) can
be helpful in deciding the model to use (also see Note 20). In
the present work, we used the software Prism 6 (GraphPad
Software Inc., La Jolla, CA, USA) to perform nonlinear regres-
sion fitting and statistical analysis but any other appropriate
software can be used as well.

Any set constrain can have a big impact on the results of the
fitting. As a general rule, the key parameters of the model (e.g.
Yy, P, and K for the one-phase association model used for
FRAP experiments) should be constrained to specific values
only if there is a scientific reason to do so. For example, if the
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experimenter performs FRAP and decides to plot the recovery
of the bleached region starting from the time frame after
bleaching and if the first plotted value for all the cells is 0 then
7, could be constrained to 0; on the other hand, if there are
scientific reasons to think that the recovery should approach a
specific 7 value, then this plateau value can be used as a con-
strain for the plateau parameter. In the case of FLIP experi-
ments, since we want to monitor the proportion of fluorescence
at each time point relative to the fluorescence at the initial time
point (%), the initial value could be constrained to 100 %; fur-
thermore, if we are fitting the data to an exponential decay
model with a plateau (i.e. the compartment does not decay to
0), it is also important to specify whether we wish to constrain
this parameter. This is also important since in some cases, the
line of best fit will decay to values below 0, which in physical
terms makes no sense. Also, in some conditions, the fluores-
cence decay of a FLIP experiment does not decay below 70 %
in the bud, and hence, it is impossible to calculate a T5,. In
such scenarios, we have found that imaging shorter time peri-
ods (corresponding to a smaller anaphase time window) and
constraining the plateau to 0 in the bud can be used to extract
bud T5¢’s. By fitting the data in this way, we are assuming that
early anaphase lasts an indefinite amount of time and that if we
kept bleaching the cell in this stage, the fluorescence in the bud
would eventually decay to 0. In our ensemble analysis, we did
not constrain this parameter since the fluorescence in the bud
decays to values below 70 % (or 0.7). However, fitting shorter
time-windows with a plateau constrained to 0 can be used for
single cell analysis, such that a 75, can be calculated for all
buds. In this case, it is of course important to keep the same
constrains among different conditions.

As a general rule, the closer the curve is to the data points, the
more accurate and biologically significant are the best fit values
we obtain from the fit. The R? value tells exactly how close the
curve is to the data point. The closer the R? is to 1, the closer to
the data points the curve will be. But it is important not to over-
estimate the importance of the R? value and not to judge the fit
only based on this parameter. In fact a value of 1 does not mean
anything on its own if for example the best-fit values make no
sense (e.g. a negative rate constant) or the confidence intervals
are too wide. In most cases, the entire point of nonlinear regres-
sion is to determine the best-fit values of the parameters in the
model. The confidence intervals are another important param-
eter to take into account as they tell exactly how tightly you have
determined these best-fit values. If a confidence interval is very
wide, your data do not define that parameter very well.

The half time is the first important best-fit values obtained out
of the fitting in a FRAP experiment. It is computed as Ln2 /K
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25.

and it tells the time at which 50 % of the total signal is recov-
ered. This means that the half time provides with kinetic infor-
mation about how fast the molecules are diffusing (for example
in the bleached area where we measure).

The plateau is the second important best-fit values obtained out
of the fitting in a FRAP experiment. It represents the mobile
fraction of the molecules pool. In other words, it does not pro-
vide with any kinetic information but it simply tells, indepen-
dently of their speed, the amount of mobile molecules (mobile
fraction) versus the immobile ones (immobile fraction). The
immobile fraction can be of course computed as 1-P.

It is important to stress that when fitting the cells singularly, as
described in the text for FRAP experiments, it might happen
that some of them will not fit the model. These cells are usually
outliers and it often makes scientifically sense to exclude them
from the analysis. But this decision has to be based on scientific
reasons. If there are reasons to believe that all the cells should
be taken into account then an alternative approach is to mea-
sure mobile fraction and half time also from one single fit per-
formed on all the cells of a given condition. In this case all the
cells are fitted to the model and one single value for the param-
cters of interest is obtained. This was the method of choice for
FLIP experiments, although in this case an individual cell anal-
ysis can also be performed; this would mean that M and D
compartments are fitted individually for each individual cell,
and a BI is computed for that particular cell. Afterward, one
can look at the distribution of BIs and compute the relevant
statistics. We found that while the choice of how to do this
analysis is up to the user, it is recommended that both types of
analyses (one single fit and single cell analysis) are carried out,
since ensemble measurements can mask phenotypic variability
(e.g. two phenotypic groups can be masked by their average).

Note that for FRAP experiments, the recovery we measured in
the bleached region after bleaching half of the septin ring in
G1-S cells (as shown in Fig. 2b) is in principle the result of
both lateral diffusion of molecules from the non-bleached part
of the septin ring and then molecules diffusing from the
cytoplasm. The recovery from the cytoplasm can be assessed by
bleaching completely the ring of G1/S cells and then measur-
ing the recovery in this bleached area; then, if willing to ana-
lyze specifically the contribution of lateral diffusion only, a
more precise measurement can be performed by subtracting
for each cell the recovery values obtained in the bleached area
after bleaching the entire ring from the recovery obtained in
the bleached region after bleaching of half of the ring.

The BI, or the Barrier Index, is a way of quantifying the relative
compartmentalization of a molecule (in our case, Nup49-GFP
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or SEC61-GFP) between two compartments. This is com-
puted by first calculating the 77, or the time it takes to lose
30 % of the initial fluorescence, for bud and mother, after
which we take the quotient of their T7y’s (bud 75,/mother
T50). While we decided to use the time it takes to lose 30 % of
the fluorescence for the nucleus and 50 % for the ER, this is an
arbitrary value and it is up to the user to decide, depending on
the process in analysis and what part of the decay the experi-
menter wants to look at.

To calculate the 75, for a one-phase decay curve, we have to
solve the respective one-phase equation for both M and D
compartments:

* T =(Y0-Platcau)xexp (—K x#)+Plateau) for ¢ where
=70 %x7Y,.

¢ Solving this equation yields:

T,,=Ln [(0.7 x 70— Plateau) /(10 - Plateau)] / k.

e Note that if the Tj, is calculated, then we simply solve the
same equation, but for 7=0.5x Y,. For the M compart-
ment where a two-phase decay equation was used, it is still
possible to extract a 17y by numerical methods.

A decrease in the BI can be influenced by a faster or slower
decay in the M compartment. Therefore, when comparing the
BI for different conditions, it is important to check the decays
of the M compartments before concluding anything about the
compartmentalization index.

Acknowledgements
The authors thank the former members of the Barral laboratory:
Jeroen Dobbelaere, Cosima Luedeke, Stéphanie Buvelot Frei,
Zhanna Shcheprova, Sandro Baldi, Barbara Boettcher, Annina
Denoth-Lippuner and Lori Clay, who have played an important
role in establishing these techniques in the analysis of protein
dynamics and cellular compartmentalization during yeast division.
This work was supported by funding from the European Research
Council and from ETH.
References
1. Dobbelaere J, Gentry MS, Hallberg RL, Barral the recruitment of the Elm1 kinase to the bud
Y (2003) Phosphorylation-dependent regula- neck. PLoS Genet 8:¢1002670. doi:10.1371/
tion of septin dynamics during the cell cycle. journal.pgen.1002670

Dev Cell 4:345-357. doi:10.1016/ 3. Lippincott J, Shannon KB, Shou W, Deshaies
S$1534-5807(03)00061-3

2. Merlini L, Fraschini R, Boettcher B, Barral Y, controls actomyosin and septin dynamics
Lucchini G, Piatti S (2012) Budding yeast during cytokinesis. J Cell Sci 114:
dma vdle position checkpoint by promoting 1379-1386

RJ, Li R (2001) The Teml small GTPase


http://dx.doi.org/10.1016/S1534-5807(03)00061-3
http://dx.doi.org/10.1016/S1534-5807(03)00061-3
http://dx.doi.org/10.1371/journal.pgen.1002670
http://dx.doi.org/10.1371/journal.pgen.1002670

44

Alessio Bolognesi et al.

. Clay L, Caudron F, Denoth-Lippuner A,

Boettcher B, Buvelot Frei S, Snapp EL, Barral Y
(2014) A sphingolipid-dependent diffusion bar-
rier confines ER stress to the yeast mother cell.
Elife. doi:10.7554 /eLife.01883

. Luedeke C, Frei SB, Sbalzarini I, Schwarz H,

Spang A, Barral Y (2005) Septin-dependent
compartmentalization of the endoplasmic retic-
ulum during yeast polarized growth. J Cell Biol
169:897-908. doi:10.1083 /jcb.200412143

. Chao JT, Wong AKO, Tavassoli S, Young BP,

Chruscicki A, Fang NN, Howe LJ, Mayor T,
Foster LJ, Loewen CJ (2014) Polarization of
the endoplasmic reticulum by ER-septin

tethering. Cell 158:620-632. doi:10.1016/].
cell.2014.06.033

. Shcheprova Z, Baldi S, Frei SB, Gonnet G,

Barral Y (2008) A mechanism for asymmetric
segregation of age during yeast budding. Nature
454:728-734. doi:10.1038 /nature07212

. Denoth-Lippuner A, Krzyzanowski MK, Stober

C, Barral Y (2014) Role of SAGA in the asym-
metric segregation of DNA circles during yeast
ageing. Elife. doi:10.7554 /¢Life.03790

. Guthrie C, Fink G (1991) Guide to yeast genet-

ics and molecular biology: methods in enzymol-
ogy, vol 194. Academic press, San Diego, NLM
ID: 9201639


http://dx.doi.org/10.7554/eLife.01883
http://dx.doi.org/10.1083/jcb.200412143
http://dx.doi.org/10.1016/j.cell.2014.06.033
http://dx.doi.org/10.1016/j.cell.2014.06.033
http://dx.doi.org/10.1038/nature07212
http://dx.doi.org/10.7554/eLife.03790

Chapter 4

High-Speed Super-Resolution Imaging of Live Fission
Yeast Cells

Caroline Laplante, Fang Huang, Joerg Bewersdorf,
and Thomas D. Pollard

Abstract

We describe a step-by-step method for high-speed fluorescence photoactivation localization microscopy
(FPALM) of live fission yeast cells. The resolution with this method is tenfold better than spinning disk
confocal microscopy.

Key words Super-resolution, Fluorescence microscopy, FPALM, Live cells, Fission yeast

1 Introduction

Imaging cellular structures with a tenfold improvement over clas-
sical light microscopy techniques has been achieved using single-
molecule switching nanoscopy (SMSN) techniques called PALM,
FPALM, or STORM [1-3]. These methods localize single fluores-
cent molecules in a field with nanometer precision as they are sto-
chastically switched on and off. Precise localization of thousands of
separately blinking emitters over thousands of consecutive camera
frames achieves 25- to 40-nm resolution.

Until recently, data acquisition was too slow for live cell imag-
ing. The readout speed of EMCCD cameras limited the rate of
localizing molecules. Furthermore, the photoactivatable or photo-
switchable fluorescent proteins available to tag proteins of interest
had some limitations, such as oligomerization and /or fluorescence
properties. Two recent developments opened the possibility for
fast SMSN of live cells: ultrafast acquisition with the more sensitive
scientific complementary metal-oxide—semiconductor (sCMOS)
cameras [4, 5] combined with brighter monomeric photoconvert-
ible fluorescent proteins such as mEos3.2 [6].

We show how to combine recent advances in high-speed
FPALM [4] with endogenous gene targeting of the fission yeast

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
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Schizosaccharomyces pombe to achieve super-resolution images of
endogenously mEos3.2-tagged proteins in live cells on a second
time scale.

2 Materials

Prepare all solutions using ultrapure (deionized) water and store
them at room temperature (unless indicated otherwise by the man-
ufacturer). Filter-sterilize (0.22 pm pore size filter) all solutions to
be used for FPALM imaging.

2.1 Gene Targeting We followed the general protocols described by Bihler et al. [7].

Components 1. High fidelity polymerase such as Phusion (New England

BioLabs) and accompanying buffers and solutions. Store and
handle the enzyme according to the manufacturer’s
instructions.

2. Long primers resuspended to 50 pM in ultrapure water [7]
(Table 1).

3. Fission yeast transformation vectors containing the mEos3.2
DNA sequence to use for generating insertion DNA fragments.

4. dNTPs resuspended in ultrapure water at 10 mM.

5. PCR product purification kit such as spin column DNA purifi-
cation kit by Qiagen.

6. 10x TE: 100 mM Tris-HCI, pH 7.5, 10 mM EDTA. Adjust
pH to 7.5 with HCI and filter-sterilize [7].

7. 10x LiAc: 1 M lithium acetate (102 g/mol). Adjust the pH to
7.5 using acetic acid and filter-sterilize [7].

8. PEG/LiAc/TE: 40 % (w/v) PEG 3350 (Sigma P4338), 1x
LiAc, 1x TE. Filter-sterilize [7].

9. 1x TE: Dilute 10x TE with ultrapure water.
10. 1x LiAc: Dilute 10x LiAc with ultrapure water.

Table 1
Sequences of long insertion primers

Vector Forward primer sequence Reverse primer sequence

pFA6a-mEos3.2-KanMX6 ATGAGTGCGATTAAGCCAGAC GAATTCGAGCTCGTTTAAAC
PGOI-pFA6a-mEOS3 .2 GAATTCGAGCTCGTTTAAAC TCGTCTGGCATTGTCAGGCA

The sequences listed in this table anneal to the vector only. The sequences that anneal to the genomic sequences are
generated by the Bihler website (http://www.bahlerlab.info/resources/). Use GGAGGTGGAGGT as forward
4-glycine linker sequence for forward primers (C-terminal tagging) and use ACCTCCACCTCC as reverse 4-glycine
linker sequence for reverse primers (N-terminal tagging), GGA and GGT being the two most abundant glycine codons
in the fission yeast genome [15]
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For both growth media, we added the five supplements (adenine,
L-histidine, r-leucine, uracil, and 1-lysine) for the auxotrophic
markers expressed by our strains. Forsburg gives recipes for each

[8] (http://www-bcf.usc.edu/~forsburg/media.html).

1.

Rich yeast medium (YE): Forsburg gives the recipes for YE
liquid medium and agar plates [8].

. Edinburgh minimal medium (EMM) used for imaging: (see

Note 1) Forsburg gives the recipe for EMM [8]. Follow the
protocol for the ingredients (see Note 2).

. 50 mL Erlenmeyer flasks with deep baffles and loose caps to

ensure proper oxygenation of the cell culture.

. Wood applicators (Puritan). Autoclave in stainless steel canis-

ters (see Note 3).

. n-propyl gallate to prevent photobleaching: Make a 100x stock

(10 mM) solution by adding 0.22 g #n-propyl gallate (Sigma
P3031) to 100 mL. EMMS5S. Dilute to 10x (1 mM) with
EMMS5S, filter-sterilize, make 1 mL aliquots and freeze at -20
°C. Use at 0.1 mM final concentration in EMM5S imaging
medium.

2. Coverslips thickness number 1.5.

. Glass microscope slides 25 x 75 mm x 1 mm thick.
. Gelatin pads: Add 0.25 g porcine gelatin (Sigma G2500, gel

strength 300, Type A) to 1 mL EMMS5S+0.1 mM #-propyl gal-
late to obtain a 25 % (w/v) gelatin mix (se¢ Notes 4 and 5).
Heat to 65 °C for 10-15 min. Pipette 30 pL of gelatin onto a
clean microscope glass slide and immediately place another glass
slide on top to flatten the gelatin into a thin disk about 10 mm
in diameter [9] (see Note 6, Fig. 1). Store gelatin pads in a
sealed, humid container lined with wet paper towels at 4 °C for
up to 2 days to prevent drying of the pad. Wrap the slides loosely
in aluminum foil to avoid contact with the paper towels.

. VALAP: Combine equal parts by weight of Vaseline, Lanolin,

and Paraffin wax (flakes work best) in a disposable heat-resis-
tant container (see Note 7). Heat the mixture to ~70 °C in a

Glgss slides
'

@ > Va :

N .
Gelatin pad

Fig. 1 Diagram of gelatin pad. A 30 pL aliquot of hot gelatin sandwiched between
glass microscope slides flattens into a pad about 10 mm in diameter [9]
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fume hood until the ingredients mix uniformly. Aliquot VALAP
into 1 mL microcentrifuge tubes, cool to room temperature,
cap and store at room temperature.

3 Methods

Among the currently available photoactivatable or photoswitch-
able fluorescent proteins for tagging fission yeast proteins we have
experience with mEos2 and mEos3.2, a version of mEos2 mutated
to eliminate oligomerization [6] (sec Note 8).

3.1 Synthesize Long 1. Design long primers specific to the gene to be tagged. Long

PCR Product primers for insertions are made of two parts; the first section
anneals to the vector used as template (Table 1 for sequences
to use, Fig. 2 for organization of vector template) and the sec-
ond section anneals to the genomic sequence flanking the gene
of interest (se¢ Note 9). Order oligonucleotides and have them
purified by polyacrylamide gel electrophoresis (PAGE).

2. Design and order checking primers. Checking primers are used
to confirm the insertion of the mEo0s3.2 tag in the genome.
Use Table 2 and the Bihler website (http://www.bahlerlab.
info/resources/) to design your primers.

pFA6a-mEos3.2-kanMX6

Q @0\ - p5}(:'\ eg\\\ ?6\3 \
/* '<'\

pFABa-kanMX86-P ,,-mEos3.2
e
o

Trer kan'

/-)

500 bp

Fig. 2 Schematic of cassettes used as PCR templates to generate the fragments to be used to tag a protein
coding sequence in the genome on the C-terminus (fop, pFA6a-mEos3.2-kanMX6) or N-terminus (boftom,
pFAGa-kanMX6-Pgo-mE0s3.2). Thin arrows within the boxes show directions of transcription. Large arrows
outside the boxes indicate PCR primers for amplifying the insertion cassette (botfom) and checking primers to
verify insertion (fop). The primers are not to scale. See Table 1 for primer sequences annealing to the vector
and Table 2 for checking primer sequences. For the N-terminal tagging cassette, insert the promoter for the
gene of interest into the Bgl lI-Pac | site. The breaks in the box for PGO/ (Promoter of Gene of Interest) indicate
that promoters vary in length
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Sequences for the checking primers of genes tagged at their endogenous gemomic loci

Checking primer
sequences Forward primer Reverse primer
C-terminal tagged genes  Design using Bihler website GCATAACTGGACCATTGGCGG

N-terminal tagged genes

GGTGTCAAGTTACCAGGCCGG  Design using Bihler website

These primers anneal to the mEos3.2 gene sequence. The primers that are not provided anneal to the sequence of the
tagged gene and can be generated using the Bihler website or generated using the gene sequence

3.2 Gene Targeting
in Fission Yeast

3.3 Selection
of the Transformed
Strains

. Use 0.25-0.5 ng of vector as amplification template DNA per

50 puL PCR reaction (se¢ Note 10).

. Synthesize the PCR products following the polymerase instruc-

tions and using buffers provided by the manufacturers (Fig. 2)
(see Notes 11 and 12). Keep 1-2 pL of the unpurified PCR
product to run by agarose gel electrophoresis.

. Purify the PCR products using a purification kit with spin col-

umn (Qiagen) to remove contaminants from our PCR prod-
ucts. Elute the purified DNA in ultrapure water (se¢ Note 13).
Keep 1-2 pL. of purified PCR product for DNA gel
electrophoresis.

. Run the samples of unpurified and purified PCR product by

DNA gel electrophoresis to ensure the recovery of an amplified
PCR product of the expected size.

. Follow Bihler’s protocol for fission yeast transformation [7].

We use 50 pL of PCR amplified DNA for each transformation.

. Plate the transformed cells onto YE5S agar plates, incubate at

25 °C for 24 h.

. Replica plate the transformed cells onto selective media YE5S

plates, incubate at 25 °C for 3—4 days or until colonies are
visible.

. Select colonies and re-streak onto selective YE5S agar plate (see

Note 14).

. Verify insert by PCR. Using a sterile wood stick, collect yeast

cells (a tip full of yeast cells from a healthy culture growing on
a YES5S agar plate) and resuspend into 50 pL of ultrapure water,
vortex well to mix. Boil for 15 min and spin down at max speed
in a tabletop centrifuge for 2 min. Take 10 pL of the superna-
tant genomic DNA for a 50 pL. diagnostic PCR reaction using
the mEos3.2 “checking” primers (Table 1 and Bihler website).
Run the PCR products by agarose gel electrophoresis. Strains
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3.4 Cell Preparation
for Microscopy

with an insert should have amplified a PCR product of the
desired size.

2. Verify expression of the fusion protein by fluorescence micros-
copy. An abundant protein tagged at its endogenous locus
with mEos3.2 can be detected by fluorescence microscopy to
confirm its expression. Image the green, non-photoconverted,
fluorescent species of mEo0s3.2 using excitation at 488 nm and
the emission filter used to detect GFP. This works well for
abundant proteins, especially if they concentrate in a specific
organelle or structure (such as the cytokinetic contractile ring),
but the green fluorescence of mEos3.2 bleaches rapidly, mak-
ing detection of low abundance and/or diffusely distributed
proteins difficult.

Use standard sterile techniques to prevent contamination. Grow
cells in liquid media in the dark to prevent photobleaching of the
fluorescent protein. Solutions used for imaging are filter-sterilized
(size of pore 0.22 pm) to remove particles that cause fluorescent
background.

1. Grow cells in loosely capped Pyrex Erlenmeyer flasks (volume
50 mL) in a shaking water bath set to 25 °C in the dark for
3648 h in 10 mL of YE5S medium prior to imaging. Dilute
the cultures twice daily to maintain the cells at ODsgg,,, 0.05—
0.5 (1x10°to 1x10° cells/mL) (see Note 15).

2. Cell cycle synchronization (Optional): Cross the strain express-
ing the tagged protein with a cdc25-22 strain, a temperature-
sensitive mutation that arrests the cell cycle at the G2-M
transition at the non-permissive temperature of 36 °C. Select
the resulting progeny to express your tagged protein and the
cdc25-22 mutation. Cells with the ¢dc25-22 mutation grow
very long when incubated at 36 °C and this phenotype can be
used for selection. The day of imaging, dilute your cdc25-22
mutant cells to ODsg5 0.2 (4x 106 cells/mL) and incubate in a
shaking water bath at 36 °C for 4 h to arrest cells at the G2-M
transition. Prior to imaging, return the arrested cell cultures to
room temperature (22-25 °C) and proceed expeditiously with
the following steps to prepare the cells for imaging as they
enter mitosis synchronously.

3. Collect 1 mL of cells (ODsg5 0.2-0.4 (4x 10° to 8 x 106 cells/
mL)) by centrifugation at 2348 x g (5000 RPM in a tabletop
microcentrifuge) for 30 s with a tabletop centrifuge and dis-
card the supernatant (se¢ Note 16).

4. Wash the cells by resuspending the pellet in 1 mL
EMMS5S. Collect the cells as above. Discard the supernatant.

5. Wash the cells by resuspending the pellet in 1 mL EMMS5S
with 0.1 mM n-propyl-gallate. Collect the cells as above.
Discard the supernatant.
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6. Resuspend the pellet in 10-50 pL. EMM5S with 0.1 mM
n-propyl-gallate depending on the desired density of the cell
suspension.

7. Pipette 5 pL of cell suspension onto the gelatin pad of a pre-
pared microscope slide (see Note 17). Cover the cells with a
coverslip and seal with VALAP.

8. Image the cells immediately.

3.5 FPALM Setup Huang et al. describe the FPALM microscope illustrated in Figs. 3

and Cell Imaging and 4 [4]. The cost of the two lasers, acousto-optical tunable filter
(AOTF), sCMOS camera, optical components, an optical bench
and a computer is currently about 100,000 USD. With help from
someone knowledgeable about optics and programming, a cell
biology laboratory should be able to modify its own fluorescence
microscope for FPALM imaging.

1. Focus on cells of interest using bright field illumination, pref-
erably DIC or phase-contrast optics. Once the cells are in
focus, turn off the bright field illumination.

2. Set the power of the 561 nm imaging laser at the sample plane
to 1-2 kW /cm? (see Note 18).

Objective

o
S— 5
Dichroic 2
g

Band Pass 9 £ £

w c { =

S 2|8

% st =

5 f4 213

o a

sCMOS Q_t»i oo

AOTF: Acousto-Optic Tunable Filter
f1-f5: Lens

DPSS: Diode-Pumped Solid State Laser
TL: Tube Lens o

Fig. 3 Simplified schematic of custom-built FPALM setup with a SCMOS camera modified from [4]. Beams from a
405 nm laser (CrystaLaser model DL-405-50; 50 mW output power) and a 561 nm laser (MBP Communications
model F-04306-102, 500 mW output power) are combined and sent through an acousto-optical tunable filter
(AOTFnC-400.650-TN, AA Opto-Electronic). Lenses f1 and f2 expand the beam. Lens f3 focuses the laser beams
into the back focal plane of the objective (alpha PlanApochromat 100x/1.46 Qil DIC, Zeiss) on an inverted micro-
scope stand (Axio Observer D1, Zeiss) for wide field illumination. The emitted fluorescence from a single fluoro-
phore such as mEos3.2 is collected by the objective and separated from the excitation light by a dichroic mirror
(Di01-R405/488/561/635, Semrock; for a setup limited to imaging of the mEos3.2 detection channel only, a single-
edge dichroic should be used) and two bandpass filters (FFO1-446/523/600/677 and BLP01-635R-25, Semrock)
before being focused on the sensor chip of the sSCMOS camera (Orca Flash 4.0, Hamamatsu). Relay optics (lenses
f4 and f5) magnify the image so that the camera pixel size corresponds to ~103 nm in the sample
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3.6 FPALM Data
Analysis

Laser clean-up i
- filter

Fig. 4 Photograph of FPALM microscope with labeled components and the light
paths from the two lasers traced in blue and green. The laser clean-up filter
provides high transmission of the desired wavelengths while blocking unwanted
wavelengths. Visible components from the schematic in Fig. 3 are labeled

3. Use the AOTFE to set the 405 nm photoactivation laser inten-
sity to 0 W/cm? and then increase the power at the imaging
plane by 3-5 W/cm? every 5 s, increasing the photoconversion
rate to compensate for the progressive, irreversible photo-
bleaching. Ramping up the photoconversion power is more
reproducible with an automated software program (for exam-
ple, LabView) than by manual adjustments.

4. Acquire images until all of the mEos3.2 in the field has been
photoconverted, imaged, and irreversibly bleached. Then
move on to a new field. Active mEo0s3.2 “blinks” on and off a
few times by temporarily entering a dark state before being
photobleached (see Note 19).

5. Set frame rate. We acquire data with a Hamamatsu sCMOS
camera at 200400 Hz. Other frame rates may be more suit-
able depending on the properties of the sample. If using our
data analysis method and a Hamamatsu ORCA-Flash4.0
sCMOS camera, disable the automatic pixel correction in the
acquisition software (check for similar settings on cameras
from other manufacturers) (see Note 20).

Huang et al. [4] describe the steps to localize the central position of
each blinking molecule in each image (Fig. 5). Each pixel of a
sCMOS camera has its own noise, so the key to using a sCMOS
camera for FPALM is to characterize the camera noise. Use either
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1| Raw camera frame image

Raw Data Acquisition: See Methods

Cramér-Rao Lower Bound: Estimation method of
the localization uncertainty.

Uncerx = 14.2 nm
Uncery = 14.3 nm

Super Resolution Image Reconstruction

Fig. 5 Analysis and reconstruction of super-resolution images. Left, flow chart of image processing steps. Right,
analysis of a single SCMOS camera frame with three single molecule emitters. The image analysis steps, color-
coded in the flow chart, are highlighted on the picture using the same color code. The key to using a SCMOS
camera is to generate the pixel-dependent noise map that includes the mean (offset), variance, and the ampli-
fication gain of each pixel [4]. This map is then applied at each step required to localize single-molecule emitters
and generate a cumulative coordinate map of emitter locations for the final image reconstruction

GPU or CPU processors for the analyses depending on the com-
plexity of the computation. We implemented all algorithms in
MatLab, using CUDA-C-MatLab code for the GPU algorithms [4].

1. Characterization of sSCMOS camera noise: Take a series of dark
images with zero expected incident photon (camera aperture
capped and lights turned off in the room) to characterize the
offset and variance of each pixel on the camera. Following this
step, take a series of images over a range of light levels ranging
from 20 to 200 photons per pixel to characterize the gain of
each pixel. Huang et al. describe a more detailed protocol [4].
Incorporate these statistics in the single-molecule detection,
position estimation, uncertainty estimation, and rejection pro-
cesses described below [4].

2. Image Segmentation (IS): Filter the raw, unprocessed sCMOS
images, using a series of uniform filters to reduce the peak of
the background fluorescence noise. Use a maximum filter to
identify local maxima in the filtered image and isolate regions
of potential single molecule emitters in square subregions of
the raw images [10] (Fig. 5).



54

3.7 Reconstruction
of Super-
Resolution Images
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3. Maximum Likelihood Estimation (MLE): Fit each subregion

with a two-dimensional (2D) Gaussian using a maximum like-
lihood estimator that incorporates the statistics of SCMOS
camera noise [4].

. Estimate the uncertainties of the single molecule position

using Cramér-Rao lower bound (CRLB) taking into account
the sSCMOS camera noise model [4] (Fig. 5).

. Reject overlapping emitters and non-converging fits using a

goodness-of-fitting metric called Log-Likelihood Ratio (LLR).
The LLR metric follows a y? distribution with degrees of free-
dom N-K ( N: number of pixels in the subregion; K: number
of parameters in the fitting) [4, 11] (Fig. 5).

These processes generate a list of single molecule coordinates and
their corresponding uncertainties for use in quantitation or to
reconstruct super-resolution images (Fig. 6).

1. Generate 2D histograms images on a fine pixel map (typical

pixel size 5 nm) using MatLab. The count for each pixel repre-
sents the number of localization within that region.

. To aid with visualization, convolve the 2D histogram images

with a 2D Gaussian [6=7.5 nm] with each localization and
display using a color map such as “Gray” or “Hot” in MatLab
(Fig. 6b).

3. We use the “Jet” color map in MatLab to color code each

localization position according to its time of appearance during

Spinning Disk Confocal

10-s Reconstruction 25-s Reconstruction

Rlc1-tdTomato

100 nm

Fig. 6 Comparison of confocal and FPALM super-resolution fluorescence micrographs of the fission yeast
cytokinetic ring expressing the myosin-Il regulatory light chain Ric1p fused to fluorescent proteins. (a) Spinning
disk confocal micrograph of single focal plane of a cell expressing Rlc1p-tdTomato. The cytokinetic ring is
pixelated and blurry with no obvious structural details. (b, ¢) FPALM reconstruction images of a cell expressing
Rlc1p-mEos3.2. (b) An image reconstructed from 2000 camera frames (acquired at 200 fps for 10 s) and color
coded for intensity with MatLab Hot map showing structural features of the cytokinetic ring. (c) An image
reconstructed from 5000 camera frames (acquired at 200 fps for 25 s) and color coded for time with the
MatLab Jet map. This image shows movements of features inside the ring. Scale bar: 100 nm
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acquisition (Fig. 6¢). The same information can be used to
reconstruct images as time-lapse movies by combining frames
acquired over 1-2 s and playing them in succession.

Single-molecule switching nanoscopy can be used to count fluo-
rescent emitters [ 12, 13] and should be valuable in the future for
counting absolute numbers of proteins tagged with photoconvert-
ible fluorescent proteins in live cells. In our experience, the num-
bers of detected single molecules of proteins tagged with
mEos3.2 in nodes (precursors of the cytokinetic contractile ring) is
proportional to their numbers measured by quantitative fluores-
cence microscopy [14].

The best photoactivatable proteins have similar emission wave-
lengths, so they are not useful for two-color live cell imaging.
However, we have localized pairs of proteins tagged with
mEos3.2 in cytokinesis nodes by comparing the distributions of
single molecule detections in cells expressing each protein sepa-
rately and the two proteins together.

4 Notes

1. Do not use rich growth medium YE5S for imaging. It exhibits
autofluorescence in the range of emission wavelengths used for
imaging and will cause an undesired increase in the fluores-
cence background of your datasets.

2. For EMMS5S, we autoclave the dextrose separately from the
rest of the ingredients. We make a 20 % dextrose solution by
dissolving 20 g of dextrose into 100 mL, final volume, of ultra-
pure water. In a separate flask, we mix the remainder of the
ingredients in 900 mL ultrapure water. We autoclave the two
solutions separately, mix them together and then add the vita-
min stock solutions.

3. We autoclave wood sticks in stainless steel metal canisters made
for sterilizing glass pipets.

4. Some sources of gelatin are autofluorescent. Sigma gelatin
G2500 has minimal to no autofluorescence at the emission
wavelengths used for FPALM.

5. Immediately after adding the gelatin to the liquid medium, cap
the tube and vigorously flick the tube to mix the gelatin and
liquid together. The gelatin creates a “plug” on top of the liq-
uid if not mixed immediately.

6. When making the pad, the gelatin will spread out too thinly
between the glass slides if it is too hot and not enough if it is
too cool. This takes a bit of practice.

7. These items can all be purchased at a pharmacy.
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8.

10.

11.

12.

13

14.

15.

16.

17.

18.

19.

20.

Some fission yeast strains with genes tagged with mEos2 were
sick or inviable, but were healthy when tagged with mono-
meric mEos3.2.

. Use the Bihler website (http: / /www.bahlerlab.info /resources/)

to obtain the sequences of the primers that anneal to the genomic
sequence.

We made mEo0s3.2 vectors by replacing the coding sequence of
GFP [6] with the mEos3.2 sequence in the vectors described
by Bihler et al. [7]. Our vectors express Kan marker for selec-
tion in yeast and Amp marker for selection in bacteria.

We use 0.5 kb/min to calculate the duration of the polymer-
ization step.

We use 4 PCR reactions of 50 pL each for one transformation.
We combine the products of 4 PCR reactions together, purify
them following the manufacturer’s instructions and resuspend
the purified DNA in a final volume of 100 pL of ultrapure
water.

. We elute the DNA twice from the spin column by reapplying

the first flow through to the column a second time and centri-
fuging. Some water volume is lost in the spin column, so the
recovery volume is less than 100 pL. Each transformation reac-
tion takes 50 pL of DNA and diagnostic gel electrophoresis
requires 1-2 pLL of DNA.

This second round of selection eliminates false-positive
colonies.

Allow the cells to adapt to the liquid media by growing them
for 36—48 h in a shaking water bath set to 25 °C in YE5S liquid
medium prior to imaging. Failing to do so may result in phe-
notypic artifacts.

Centrifuging fission yeast cells at higher speeds or for longer
times causes the nucleus to sediment to one pole of the cell.

Insert a clean razor blade between the two glass slides and in
one sharp motion separate the slides, exposing the gelatin pad
on one surface. Use the exposed gelatin pad immediately to
prevent drying of the pad.

We set the power to 1.2 kW ,/cm? at the sample plane to achieve
an average of 200 photons per emitter per frame.

The intensity of the 561 nm imaging laser photoconverts
mEos3.2 at a high enough rate (without 405 nm illumination)
to be useful for focusing on the region of interest of the cells
(surface or cross-section through the cell).

Huang et al. describe the method to correct for the pixel-
dependent noise [4].
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Chapter 5

Monitoring Chitin Deposition During Septum Assembly
in Budding Yeast

Irene Arcones and Cesar Roncero

Abstract

The synthesis of the septum is a critical step during cytokinesis in the fungal cell. Moreover, in Saccharomyces
cerevisine septum assembly depends mostly on the proper synthesis and deposition of chitin and, accord-
ingly, on the timely regulation of chitin synthases. In this chapter, we will see how to follow chitin synthesis
by two complementary approaches: monitoring chitin deposition in vivo at the septum by calcofluor stain-
ing and fluorescence microscopy, and measuring the chitin synthase activities responsible for this
synthesis.

Key words Chitin, Chitin synthase, Chitin ring, Primary septum

1 Introduction

In fungal cells the process of cytokinesis is necessarily coordinated
with the synthesis and assembly of new cell wall (CW) components
into a septum, which physically separates mother and daughter
cells. S. cerevisine has proved to be a fairly straightforward model to
study such coordination because septum synthesis mostly depends
on a single CW component, chitin [1]. This chitin, later linked to
other CW components [2], assembles into a primary septum (PS)
that physically separates mother and daughter cells at the time of
cytokinesis. The PS, together with the rest of chitin and other cell
wall components, forms a conspicuous structure, the bud scar,
which remains in the mother cells after cell separation. This relies
on the enzymatic action of chitinases, whose exclusive expression
from the daughter cell side is directed by the cell cycle-controlled
RAM network (review in [3]).

In S. cerevisiae chitin synthesis depends on three different chi-
tin synthase (CS) activities, whose coordinated action results in
proper septum formation. CSIII synthesizes the majority of cellu-
lar chitin [4, 5], this forming a ring that performs scaffold functions
in the assembly of the septum. Although not essential, the chitin

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
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ring has a critical homeostatic function against any alteration in
septum assembly [6, 7]. CSII performs an essential function in the
synthesis of the primary septum (PS) and its activity has been linked
directly to the proper contraction of the actomyosin ring [8, 9].
This coordination between PS synthesis and AMR contraction is
probably conserved across fungi. The additional CSI activity seems
to be involved in repair functions at the time of cytokinesis by syn-
thesizing minutes amount of chitin, but its exact function remains
poorly understood [10].

Chitin is an extremely insoluble polymer that needs to be syn-
thesized directly into the periplasmic space from the plasma mem-
brane (PM) [11]. Accordingly, CS activity is tightly regulated,
mostly at the post-translational level [12]. The three Chsl, Chs2,
and Chs3 chitin synthase proteins are transported to the yeast PM
and activated in a timely fashion, and hence several different meth-
ods need to be combined in order to study chitin synthesis regula-
tion. Chs2 and Chs3 localize to the neck during cytokinesis, but the
protocols for the visualization of proteins during cytokinesis are
extensively covered in the different chapters of this book and will
not be discussed here. However, the precise localization of these
proteins only gives a partial view of the story since it does not neces-
sarily reflect the levels of their activities. In order to address this
issue, here we shall describe two different experimental approaches
to monitor chitin synthesis, either in vivo or in vitro, by means of
determining chitin levels or chitin synthase activity respectively.

It should be recalled that in §. cerevisine three different CS
activities with different functions coexist. CSIII is responsible for
the synthesis of more that 90 % of the cellular chitin in vivo, while
in vitro CSI activity accounts for more than 90 % of the enzymatic
activity measured, despite its almost null contribution to chitin
synthesis. The protocols developed over the years will allow CS
redundancy to be circumvented, providing consistent experimental
results in vivo and in vitro.

2 Materials

2.1 All Reagents Are
Dissolved in Water

p—

. Calcofluor White MR2 (10 mg/ml) (Fluorescent brightener
28, Sigma) (see Note 1).

. Formaldehyde 16 % (Polysciences, Inc.).
. Glass beads (0.45-0.6 mm, Sigma).

. 50 mM TrissHCI pH 7.5.

. 50 mM Tris-HCI pH 8.0.

. 50 mM Tris—-HCI pH 6.5.

. 0.8 M N-Acetylglucosamine (Sigma).

. Co?* 50 mM (CoCl,, Sigma).

0 NN O Ul oW
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9. Ni** 50 mM ((CH3;COO),Ni-4H,0, Merck).
10. Mg?* 40 mM (MgCl,, Sigma).
11. Trypsin (10 mg/ml) (Sigma).
12. Trypsin Inhibitor (10 mg/ml) (Sigma).
13. Trichloracetic Acid (TCA) 10 % (Merck).
14. Borosilicate tubes (10 x70 mm).
15. 25 mm Glass microfiber filters GF/C (Whatman).

16. [*C] 10 mM UDP- N-Acetylglucosamine (Substrate). For
preparation of 1 ml of substrate: 200 pl 50 mM UDP-N-
Acetylglucosamine  (Sigma), 72 pul [*C] UDDP-N-
Acetylglucosamine (Amersham 235 mCi/mmol), and 728 pl
water. The radioactive substrate should contain around 20,000
cpm/5 pl (400 cpm/nmol), however precise calibration
should be performed in each substrate batch by measuring
cpm levels directly in 5 pl of substrate.

17. Yeast growth media:

YEPD medium (1 % yeast extract, 2 % peptone, 2 % glucose/
dextrose).

SD medium (0.67 % Yeast Nitrogen Base w/0 amino acids,
2 % glucose, required amino acids).

18. Superspeed centrifuge (Sorvall RC5 or equivalent).
19. Filtration tower equipment.
20. Scintillation counter.

21. Fluorescence microscope with a UV filter (Chroma 4900-ET-
DAPI or equivalent).

3 Methods

3.1 Qualitative
Determination

of Chitin Synthesis

by Calcofluor Staining

Calcofluor binds rather specifically to f(1—4) glucans, and hence
over the years it has been used for the specific staining of chitin
along the yeast and fungal cell walls [13, 14]. In S. cerevisiae, cal-
cofluor can be used directly on fixed cells, staining pre-existing
chitin [13]. However, if added to growing cells the dye will bind
much more efficiently to nascent chitin chains, providing much
stronger staining at the sites where chitin is being actively synthe-
sized [14]. The use of both protocols provides complementary
answers to obtain a more detailed picture of the in vivo chitin syn-
thesis occurring in a specific strain (see Fig. 1).

The two protocols described will mainly stain the chitin ring
and any additional accumulation of chitin formed by CSIII activ-
ity [4, 15], thereby masking the staining of chitin accumulated at
the primary septa which is synthesized by CSII. In order to
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a Control
chs3A

Exposure time 60ms

Control LatA
chs3A

chs3A

Exposure time 3ms

Fig. 1 Calcofluor staining of the indicated strains performed following the experimental protocols described in
the text: (a) Calcofluor staining on fixed cells, (b) Calcofluor life cell staining. All images were processed in
parallel to preserve relative fluorescence levels. However, note the 20-fold longer exposure time used on fixed
cells. The WT images highlight the chitin derived from CSIII activity and accordingly the chitin rings are visible
in some images (arrowheads). However, appreciate the absence of chitin rings in the bud scars of the chs3A
mutant cells (arrowheads). Moreover, the images obtained from the chs3A strain highlighted the chitin associ-
ated with CSII activity and therefore chitin deposition at the PS (arrows). Latrunculin A was added directly to
cell cultures at a concentration of 30 mM and cells were collected after 120 min. For life cell staining, Calcofluor
was added 30 min after the addition of LatA. Note the alteration in chitin deposition after the blockade of
endocytosis, including the collapse of some PSs in the chs3A strain (arrows)

observe PS staining directly it is necessary to use strains lacking
CSIII activity [16] or inhibiting this activity by nikkomycin [6].
The use of chs3A cells allows the precise study of PS formation
during cytokinesis, including potential alterations caused by the
deregulation of CSII (Fig. 1; [17]; Sanchez-Diaz and Roncero
unpublished observations).

3.1.1  Calcofiuor Staining 1. Grow cells in your favorite medium to early logarithmic phase
on Fixed Cells (1-2x 107 cells/ml).

2. Take 2 ml of culture and fix cells in by adding 500 pl of 16 %
formaldehyde directly. Incubate at room temperature (RT) for
30 min in a roller.



3.1.2 Calcofluor Staining
on Growing Cells (Life Cell
Staining)

3.1.3 Imagining
Processes

3.2 Measurement
of Chitin Synthase
Activity
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3. Collect cells by centrifugation at 3500 x4 for 2 min and wash
them with 2 ml of water.

4. Resuspend them in 0.5 ml of 50 pg/ml of calcofluor in water;
then incubate for 5 min in a roller.

5. Spin cells down and wash cells with 2 ml of water. Resuspend
them in 100 pl of water. Cells can be maintained at 4 °C in the
darkness.

6. Observe cells under the fluorescence microscope using the
appropriate UV filter.

1. Add calcofluor at a final concentration of 50 pg/ml to a YEPD
culture of yeast cells growing in the early logarithmic phase (see
Note 2).

2. Incubate for an additional 90 min and concentrate cells by cen-
trifugation if necessary. Observe cells directly under the micro-
scope with the appropriate UV filter.

Calcofluor staining can be usted as a semi-quantitative way of mea-
suring chitin synthesis levels by carefully adjusting the micro-
scopic/imaging processes. To do so:

1. Short exposure times should be used, since calcofluor provides
a very strong degree of staining (se¢ Note 3).

2. Use identical exposure times for all images, regardless of the
staining intensity.

3. Process all images obtained in parallel in order to preserve the
relative intensity values.

4. Avoid automatic machine set-ups for exposure times or bright-
ness/contrast levels.

The images shown in Fig. 1 compare both experimental proto-
cols for staining WT and chs3A cells. Note the different level of
staining in fixed cells (A) or after life cell staining (B), even after the
20-fold longer exposure times in the fixed-cell images. The images
highlight the alterations in chitin deposition after the blockade of
endocytosis, and how it affects both the assembly of the chitin ring
and the PS.

Chitin synthase activity in yeast was described many years ago [18]
and soon after it was recognized as an enzymatic activity associated
with cellular membranes [11]. Accordingly, CS determination
should include detailed protocols for the isolation of cellular mem-
branes. However, §. cerevisine contains three different CS activities
encoded by three different genes [12] and the precise measure-
ments of CS awaited the construction of individual and double
mutants in the CS genes in order to design specific protocols for
the assay of the different CS activities [ 19]. The protocols described
here are based in the seminal work carried out at Enrico Cabib’s
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3.2.1 Preparation
of Membrane Extracts

Lab and rely in the use of different cations and pHs and in the
zymogenic nature of CSI and CSII, but not of CSIII, activity.

Membranes were prepared essentially as described by Orlean [20]
with slight modifications (se¢ Note 4).

Samples and reagents should be maintained continuously

on ice.

1.

10.

Grow a 200-300 ml culture at 28 °C to a cell density of 1.5—
2.0x 107 cells/ml. Chill the culture down on ice.

. Pellet cells by centrifuging them for 7 min at 6000xg at

4 °C. Discard the supernatant.

. Wash cells with 20 ml of cold 50 mM Tris-HCI pH 7.5.

Centrifuge for 7 min at 6000 x g. Discard the supernatant.

. Resuspend cells in 200-500 pl of 50 mM Tris—HCI pH 7.5

and transfer them to 1.5 ml microcentrifuge tubes.

. Add glass beads (0.45-0.6 mm) until the liquid is almost

covered.

. Break up the cells. Cells can be broken by difterent protocols.

In a Fast-Prep (MPBio), using 15-s pulses at a speed of 5.5.
Repeat three times, placing the tubes in ice after each interval.
By Vortex, using glass tubes. Typically 8 pulses of 30 s at maxi-
mum speed. The tubes should be cooled down for 30 s between
vortex pulses. Alternatively, a Braun homogenizer or a French
Press can be used to break yeast cells as long as the temperature
of the samples is maintained around 4 °C.

Regardless of the method used, the degree of cell breakage
should be checked by light microscopy.

. Make a hole in the bottom of each microcentrifuge tube with

a hot needle and place the tubes on top of new tubes. Spin for
15 s at 6000 xg in a benchtop centrifuge at 4 °C in order to
harvest cell extracts.

. Dilute cell extracts up to 8 ml of 50 mM Tris—-HCI pH 7.5.

Centrifuge for 7 min at 6000 x g.

. Transfer the supernatant to new centrifuge bottles. Centrifuge

for 35 min at 40,000 x g maintaining temperature between 0
and 6 °C. Discard all the supernatant.

Resuspend the membranes in 200-800 pl of cold 50 mM Tris—
HClpH 7.5, 33 % glycerol with the aid ofa glass stick. Absolute
homogenization is required in order to obtain reproducible
results. Measure protein concentration by the Bradford
method. The final extract should contain between 7 and 12
mg,/ml of protein.

Freeze extracts at —80 °C or proceed with chitin synthase
reactions.



3.2.2 Chitin
Synthase Assay

CSlll Determination
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The general principle for CS measurement is based on the incorpo-
ration of a fully soluble radioactive precursor, [*C] UDP-N-
Acetylglucosamine, into a rather insoluble product: [*C] chitin.
Selective precipitation of chitin will allow the amount of radioactivity
incorporated during the reaction time to be detected (see Note 5).

Owing to the in vitro zymogenic nature of some CSs, mea-
surements are always performed under two different conditions,
with and without trypsin, in order to measure total and basal CS
activity respectively. The proteolytic activation of CS by trypsin was
reported many years ago [21].

Reactions are always performed in 50 ml mixtures placed in
10x70 mm borosilicate tubes for effective temperature transfer.
Mixtures are maintained continuously on ice just after the incuba-
tion period, performed at 30 °C in a water bath. All reactions,
including blanks, should be performed in duplicate. The reaction
conditions are based directly on the work of Cabib’s Lab [19], but
adapted over the years. We present three different chitin synthase
assays to determine CSIII, CSII, and CSI.

This is based on the fact that CSIII activity is maximum at pH 8.0,
using Co** as the activating cation. In addition, CSIII activity is
not inhibited by Ni**. Thus, with these conditions only CSIII
activity should be measured, since the potential contaminant CSII
will be inhibited by the addition of Ni?*.

1. Reaction A, without trypsin (Basal activity).
Each tube should contain:
5 pl of 50 mM Co** (CoCly).
2 pl of 0.8 M N-Acetylglucosamine.
5 pl of 10 mM [*C] UDP- N-Acetylglucosamine.
5 pl of 50 mM Ni?* ((CH3;COO),Ni-4H,0).
10 pl of water.
20 pl of membrane extracts (see Subheading 3.2.1).

Incubate 90 min at 30 °C. Stop the reaction adding 2 ml of
TCA.

2. Reaction B, with trypsin (Total activity):
Reaction is performed in two consecutive steps. You should
need to prepare three different tubes (reaction B.I1, B.2, and
B.3) per sample containing:

3 pl of 50 mM Tris—HCI pH =8.0.

5 pl of 50 mM Co** (CoCly).

5 pl of 10 mM [*C] UDP- N-Acetylglucosamine.
6 pl of H,O.

5 pl of 50 mM Ni** ((CH;COO),Ni-4H,0).
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CSII Determination

20 pl of membrane extracts.

Add trypsin as follow:

Reaction B.1) 2 pl of 1 mg/ml Trypsin.

Reaction B.2) 2 pul of 2 mg/ml Trypsin.

Reaction B.3) 2 pl of 3 mg/ml Trypsin.

Incubate tubes for 15 min at 30 °C.

Add to each tube:

Reaction B.1) 2 pl of 1.5 mg/ml Trypsin Inhibitor.
Reaction B.2) 2 pul of 3 mg/ml Trypsin Inhibitor.
Reaction B.3) 2 pl of 4.5 mg/ml Trypsin Inhibitor.
Finally, 2 pl of 0.8 M N-Acetylglucosamine to all of them.

Incubate 90 min at 30 °C. Stop the reaction adding 2 ml of
TCA.

3 pl of 50 mM Tris—-HCI pH 8.0.

There are no specific reaction conditions for measuring CSII alone,
and hence the joint CSIII/CSII activity is measured first, as indi-
cated below, and CSII activity is determined by subtracting the
CSIII activity measured as describe above from this value.

CSIII/CSII activity is measured in exactly the same way as
CSIII but omitting Ni** in the assays and adding the correspond-
ing volume of water. When using any strain devoid of CSIII activ-
ity, such as ¢#s3A mutants, these reaction conditions will provide
CSII activity directly.

1. Reaction A, without trypsin (Basal activity)
Each tube should contain:
3 pl of 50 mM Tris—HCI pH 8.0.
5 pl of 50 mM Co?* (CoCl,).
2 pl of 0.8 M N-Acetylglucosamine.
5 pl of 10 mM [*C] UDP- N-Acetylglucosamine.
15 pl of water.
20 pl of membrane extracts.

Incubate for 90 min at 30 °C. Stop the reaction by adding
2 ml of TCA.

2. Reaction B, with trypsin (Total activity):
3 pl of 50 mM Tris—-HCI pH 8.0.
5 pl of 50 mM Co** (CoCly).
5 pl of 10 mM [*C] UDP- N-Acetylglucosamine.
11 pl of water.
20 pl membrane extracts.

Add trypsin as follow:
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Reaction B.1) 2 pl of 1 mg/ml Trypsin.

Reaction B.2) 2 pl of 2 mg/ml Trypsin.

Reaction B.3) 2 pul of 3 mg/ml Trypsin.

Incubate tubes for 15 min at 30 °C.

Add to each tube:

Reaction B.1) 2 pul of 1.5 mg/ml Trypsin Inhibitor.
Reaction B.2) 2 pl of 3 mg/ml Trypsin Inhibitor.
Reaction B.3) 2 pl of 4.5 mg,/ml Trypsin Inhibitor.
Finally, 2 pl of 0.8 M N-Acetylglucosamine to all of them.

Incubate for 90 min at 30 °C. Stop the reaction adding 2 ml of
TCA.

CSI Determination The protocol is identical to that described above but using differ-
ent cations and buffers. Note that the differences are underlined.

1. Reaction A, without trypsin (Basal activity).
Each tube should contain:
3 pl of 50 mM Tris—-HCI pH 6.5.
5 p of 40 mM Mg?* (MgCl,).
2 pl of 0.8 M N-Acetylglucosamine.
5 pl of 10 mM [#C] UDP- N-Acetylglucosamine.
15 pl of water.
20 pl of membrane extracts.

Incubate for 30 min at 30 °C. Stop the reaction by adding
2 ml of TCA.

2. Reaction B, with trypsin (Total activity):
3 pl of 50 mM Tris—HCI pH 6.5.
5 pl of 40 mM Mg?* (MgCl,).
5 pl of 10 mM [*C] UDP- N-Acetylglucosamine.
11 pl of water.
20 pl of membrane extracts.
Add trypsin as follow:
Reaction B.1) 2 pl of 1 mg/ml Trypsin.
Reaction B.2) 2 pnl of 2 mg/ml Trypsin.
Reaction B.3) 2 pl of 3 mg/ml Trypsin.
Incubate tubes for 15 min at 30 °C.
Add to each tube:
Reaction B.1) 2 pnl of 1.5 mg/ml Trypsin Inhibitor.
Reaction B.2) 2 pl 3 mg/ml Trypsin Inhibitor.
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3.2.3 Filtration
Procedures

Reaction B.3) 2 nl 4.5 mg/ml Trypsin Inhibitor.
Finally, 2 pl of 0.8 M N-Acetylglucosamine to all of them.

Incubate for 30 min at 30 °C. Stop the reaction by adding
2 ml of TCA.

Incorporated radioactivity is measured after filtration of TCA pre-
cipitates into glass fiber filters. To do so the content of each tube
containing the CS reaction is poured on a 25 mm GF/C filter
placed in a filter tower equipment (see Fig. 2). After application of
vacuum, the filter is washed twice with 2 ml of 10 % TCA and once
with 100 % ethanol. Filters are later retired from the tower and
dried at RT before adding scintillation liquid for radioactivity mea-
surements in a scintillation counter.

For the final calculation of CS activity, the cpm counts deter-
mined as indicated are transformed into nanomoles of
N-Acetylglucosamine incorporated into the insoluble material,
after which CS activity is usually expressed in mU (incorporated
nanomoles/hour/milligram protein). For a standard CSIII reac-
tion using 20 pl of membrane and 90 min of incubation you can
calculate CS activity as indicated in Fig. 3:

Fig. 2 Filtration equipment. Individual samples can be processed using a simple
filtration equipment as depicted in the Figure. 25 mm Fiber glass filters are rou-
tinely used
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Time Protein N-Acetylglucosamine
incorporated

CPMREACTION x50 ]

1 50
CS activity (mU/h or nmol/hour/mg)=|—| X X
1.5 mg/mi CPMSUSTRATE J

15 Reaction time expressed in hours

mg/ml Protein concentration in cell extracts

CPMPREACTION  cpm counted in the filter corresponding to each reaction
CPMSYUSTRATE - cpm of the substrate added in each reaction (5ml)

Fig. 3 Calculation of chitin synthase activity

1. An alternative method for CS measurement. A non-radioactive
protocol has been described for CS measurement [22]. This
protocol has been used in HTS assays [23], but its use in the
characterization of CS has not been extensively tested. In our
experience it does not work as well as the radioactive method
described here, lacking sufficient sensitivity for use in the mea-
surement of the CSII activity involved in PS formation
(Foltman and Sanchez-Diaz, unpublished results).

Multiple adaptations of the different protocols described
here have been used to measure chitin synthase activity in difter-
ent fungi such as Candida albicans or Aspergillus sp. However,
to date the multiplicity of chitin synthase genes present in fungi
has made it extremely difficult to link in vitro CS activities to
chitin synthesis in vivo in any organism other than S. cerevisiae.

2. The physiological relevance of CS measurements.

The in vitro zymogenic nature of some CS makes it difficult to
interpret the levels of CS activities in physiological terms. It is
unclear whether basal or total activities correspond to the real
action of the CS in the cell. This interpretation has proved to
be even more complicated since the physiological activator/s
of the different CSs has not been defined.

CSIII is only modestly zymogenic, because trypsin treat-
ment only increases activity by a factor of 1.7. Moreover,
increases in the levels of Chs3 at the PM have been correlated
with higher basal activities and increases in chitin synthesis [15,
24]. Therefore, it can be assumed that CSIII basal activity cor-
respond with the actual levels of chitin synthase in vivo.

CSII is clearly zymogenic, and trypsin treatment increases
CSII activity several-fold. Only very recently has it been pos-
sible to link the increase in CS basal activity to a higher in vivo
functionality of CSII [17, 25]. Although the molecular mecha-
nism that lead to CSII activation remains largely unknown,
these results strongly support a direct relationship between
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CSII basal activity and the in vivo synthesis of chitin at the PS,
expanding our understanding of how CSII might be regulated
at the time of cytokinesis.

4 Notes

. Calcofluor preparation: Calcofluor is prepared as a stock solu-

tion at 10 mg/ml concentration in water. Only the salt form of
calcofluor is soluble in water, and hence depending on the
manufacturer small amounts of NaOH should be added to the
solution for complete dissolution. Calcofluor should be steril-
ized by filtration though a 0.22 pm filter. Once clear, the solu-
tion can be maintained at 4 °C in the dark for months. Sigma
provides calcofluor under the name of fluorescent brightener
28. This compound is fully soluble in water at 10 mg/ml and
does not require the addition of NaOH.

. Life cell staining with Calcofluor: Growth of yeast cells in YEPD

medium is preferred for life staining because a much more uni-
form staining of the cells can be achieved. However, if selective
media is required, the SD medium should be buffered with 50
mM Phthalate, pH 6.3, in order to prevent calcofluor precipi-
tation at acidic pH. Longer or shorter incubation times with
calcofluor can be used if desired. Life cell staining provides a
much higher levels of fluorescence than fixed staining, high-
lighting the sites of active chitin synthesis (see Fig. 1).

. Imaging procedures. Be careful during images capturing, image

overexposure is relatively frequent in un-experienced observers.
If some of the images are overexposed you should not be able
to compare relative intensity values. Exposure times should be
adjusted depending on the microscopy equipment used.

. Measuvement of CS activity: The preparation of membrane

extracts is the most critical step in chitin synthase measurement
since partial inactivation of the samples may occur during pro-
cessing. It is therefore recommended to include control cells in
each experiment as a reference. Cell extracts are stable for
weeks If maintained frozen at -80 °C.

Alternative methods for preparation of crude cell extracts
have been used for the measurement of CS activities. These
methods rely on the direct permeabilization of cells, either by
detergent treatment [26] or osmotic shock [27]. While these
methods allow efficient measurement of CS activities, they
would alter CS properties either directly or by altering CS
intracellular distribution [15, 28]. Accordingly, permeabilized
cells should be used with caution in order to translate the
in vitro results to cell physiology.

Researchers should be aware that CS activities change sig-
nificantly, depending on the different phases of cellular growth



Chitin Synthesis During Cytokinesis 71

and on the growth medium used. Therefore, it must always be
assured that cells growing in the early logarithmic phase are
used. The use of synchronized cultures in not practical owing
to the large amount of cells required in extract.

Changes in the growth medium would alter not only CS
activity but also, indirectly, other parameters able to influence
CS measurement. For example, growth in galactose medium
alters yeast cell wall composition, rendering cells highly resis-
tant to mechanical rupture. Therefore, extended pulse times
are required in either the vortexing step or the fast-prep break-
age protocols.

. Chitin synthase assay: The protocol described make use of a

radioactive substrate, therefore you should be aware of the
security rules regarding the use of this type of compounds,
including not only the protection of the user but also the
proper disposal of contaminated material.

Acknowledgments

We acknowledge the help of N. Skinner for language revision. We
are indebted to E. Cabib for his seminal and continued work on
chitin synthesis and to A. Duran for transferring his enthusiasm for
this field of research to Salamanca. CR was supported by a grant
GR31 from the Excellence Research program from the Junta de
Castilla y Leon, and by grants BFU2010-18693 and BFU2013-
48582-C2-1-P from the CICYT/FEDER program.

References

1.

Cabib E (2004) The septation apparatus, a
chitin-requiring machine in budding yeast.
Arch Biochem Biophys 426:201-207

. Cabib E, Arroyo J (2013) How carbohydrates

sculpt cells: chemical control of morphogenesis
in the yeast cell wall. Nat Rev Microbiol 11:
648-655

. Roncero C, Sanchez Y (2010) Cell separation

and the maintenance of cell integrity during
cytokinesis in yeast: the assembly of a septum.
Yeast 27:521-530

. Roncero C, Valdivieso MH, Ribas JC, Duran

A (1988) Isolation and characterization of
Saccharomyces cerevisine mutants resistant to
Calcofluor white. J Bacteriol 170:1950-1954

. Shaw JA, Mol PC, Bowers B, Silverman SJ,

Valdivieso MH, Duran A, Cabib E (1991) The
function of chitin synthases 2 and 3 in the
Saccharomyces cevevisine cell cycle. J Cell Biol
114:111-123

10.

. Cabib E, Schmidt M (2003) Chitin synthase

IIT activity, but not the chitin ring, is required
for remedial septa formation in budding yeast.
FEMS Microbiol Lett 29:299-305

. Gomez A, Perez J, Reyes A, Duran A, Roncero C

(2009) SIt2 and Rim101 contribute independently
to the correct assembly of the chitin ring at the
budding yeast neck in Saccharomycces cevevisine.
Eukaryot Cell 8:1449-1559

. Schmidt M, Bowers B, Varma A, Roh DH,

Cabib E (2002) In budding yeast, contraction
of the actomyosin ring and formation of the
primary septum at cytokinesis depend on each
other. J Cell Sci 115:293-302

. VerPlank L, Li R (2005) Cell cycle-regulated

trafficking of Chs2 controls actomyosin ring
stability during cytokinesis. Mol Biol Cell
16:2529-2543

Cabib E, Sburlati A, Bowers B, Silverman SJ
(1989) Chitin synthase 1, an auxiliary enzyme



72

11.

12.

13.

14.

15.

16.

17.

18.

19.

Irene Arcones and Cesar Roncero

for chitin synthesis in Saccharomyces cerevisine.
J Cell Biol 108:1665-1672

Duran A, Bowers B, Cabib E (1975) Chitin
synthase zymogen is attached to the plasma
membrane. Proc Natl Acad Sci U § A 72:
3952-3955

Roncero C (2002) The genetic complexity of
chitin synthesis in fungi. Curr Genet 41:
367-378

Pringle JR (1991) Staining of bud scars and
other cell wall chitin with calcofluor. Methods
Enzymol 194:732-735

Roncero C, Duran A (1985) Effect of
Calcofluor white and Congo red on fungal
wall morphogenesis: in vivo activation of chi-
tin polymerization. ] Bacteriol
163:1180-1185

Reyes A, Sanz M, Duran A, Roncero C (2007)
Chitin synthase III requires Chs4p-dependent
translocation of Chs3p into the plasma mem-
brane. J Cell Sci 120:1998-2009

Sanz M, Castrejon F, Duran A, Roncero C
(2004) Saccharomyces cerevisiac Bni4p
directs the formation of the chitin ring and
also participates in the correct assembly of the
septum structure. Microbiology
150:3229-3241

Oh'Y, Chang KJ, Orlean P, Wloka C, Deshaies
R, Bi E (2012) Mitotic exit kinase Dbf2 directly
phosphorylates chitin synthase Chs2 to regu-
late cytokinesis in budding yeast. Mol Biol Cell
23:2445-2456

Keller FA, Cabib E (1971) Chitin and yeast
budding. Properties of chitin synthetase from
Saccharomyces carlsbergensis. J Biol Chem
10:160-166

Choi WJ, Cabib E (1994) The use of divalent
cations and pH for the determination of spe-

cific yeast chitin synthetases. Anal Biochem
219:368-372

20.

21.

22.

23.

24.

25.

26.

27.

28.

Orlean P (1987) Two chitin synthases in
Saccharomyces cerevisine. J Biol Chem 262:
368-372

Cabib E, Farkas V (1971) The control of mor-
phogenesis: an enzymatic mechanism for the
initiation of septum formation in yeast. Proc
Natl Acad Sci U S A 68:2052-2056

Lucero HA, Kuranda M]J, Bulik DA (2002) A
nonradioactive, high throughput assay for
chitin synthase activity. Anal Biochem 305:
97-105

Magellan H, Boccara M, Drujon T, Soulié
MC, Guillou C, Dubois J, Becker HF (2013)
Discovery of two new inhibitors of Botrytis
cineren chitin synthase by a chemical library
screening. Bioorg Med Chem 21:4997-5003

Jimenez C, Sacristan C, Roncero MI, Roncero
C (2010) Amino acid divergence between the
CHS domain contributes to the different intra-
cellular behaviour of Family II fungal chitin
synthases in Saccharomyces cerevisine. Fungal
Genet Biol 47:1034-1043

Devrekanli A, Foltman M, Roncero C,
Sanchez-Diaz A, Labib K (2012) Innl and
Cyk3 regulate chitin synthase during cytokine-
sis in budding yeasts. J Cell Sci 125:
5453-5466

Fernandez MP, Correa JU, Cabib E (1982)
Activation of chitin synthetase in permeabilized
cells of a Saccharomyces cerevisine mutant lack-
ing proteinase B. J Bacteriol 152:1255-1264

Crotti LB, Drgon T, Cabib E (2001) Yeast cell
permeabilization by osmotic shock allows
determination of enzymatic activities in situ.
Anal Biochem 292:8-16

Valdivia RH, Schekman R (2003) The yeasts
Rholp and Pkelp regulate the transport of chi-
tin synthase III (Chs3p) from internal stores to
the plasma membrane. Proc Natl Acad Sci U S
A 100:10287-10292



Chapter 6

Imaging Septum Formation by Fluorescence Microscopy

Juan Carlos Ribas and Juan Carlos G. Cortés

Abstract

Fungal cleavage furrow formation during cytokinesis relays in the coordinated contraction of an actomyosin-
based ring and the centripetal synthesis of both new plasma membrane and a special wall structure named
division septum. Through transmission electron microscopy, the septum exhibits a three-layered structure
with a central primary septum, flanked at both sides by the secondary septum. In contrast to the chitinous
primary septum present in most of fungi, the fission yeast Schizosaccharomyces pombe does not contain
chitin, instead it divides through the formation of a linear p(1,3)glucan-rich primary septum, which has
been shown to be specifically stained by the fluorochrome Calcofluor white. Recent findings in S. pombe
have revealed the importance of septum synthesis for the steady contraction of the ring during cytokinesis.
Therefore, to study the molecular mechanisms that connect the extracellular septum wall with the other
components of the cytokinetic machinery located in the plasma membrane and cytoplasm, new experimen-
tal approaches are needed. Here we describe the methods developed to image the septum structure by
fluorescence microscopy, with a special focus in the analysis of septum progression by the use of time-lapse
microscopy.

Key words Cell wall, Septum, Polysaccharide, p(1,3)-glucan, Calcofluor white, Glucan synthase,
Cytokinesis

Abbreviations

B-BG Branched p(1,3)-glucan
L-BG Linear p(1,3)-glucan
CW Calcofluor white

1 Introduction

The S. pombe septum is a special structure of wall material formed
during the cytokinesis. Its synthesis is intimately coupled to the
actomyosin ring contraction and the addition of new plasma mem-
brane. Once completed, the septum physically separates the origi-
nal cell in two identical new cells. Next, the controlled dissolution
of the glucans in the septum edging and the primary septum in the

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_6, © Springer Science+Business Media New York 2016
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a Wild type b bgs1A cells
__Phase contrast Calcofluor Phase contrast Calcofluor

o 0um

Fig. 1 In S. pombe cells, the fluorochrome Calcofluor white (CW) binds specifically and with high affinity to the
L-BG of the primary septum. Cell morphology and septum structure of wild-type cells (a) and cells from ger-
minated bgs71A spores (b) observed by phase-contrast, CW-stain fluorescence, and transmission electron
microscopy (TEM). Differently from the wild-type septa, the bgs7A septa do not contain primary septum and
L-BG, and are not stained with Calcofluor. Images adapted from [8]

complete septum structure allows cell separation and the end of
cytokinesis [ 1-4]. When observed by transmission electron micros-
copy, the septum displays a three-layered structure (Fig. 1a), with
a central disk of primary septum flanked at both sides by the sec-
ondary septum [5]. The septum is mainly composed of interlinked
glucose polysaccharides [6]. Immunoelectron microscopy using
colloidal gold-labeled antibodies specific against different p-glucans
has helped to define the organization of these polysaccharides in
the S. pombe septum [7]:

1. Linear p(1,3)-glucan (L-BG) is mostly found in the primary
septum structure. This polysaccharide consists of p-(1,3)-
linked glucose units forming linear chains in a conformation of
single-helix with a small proportion of triple-helix structures.
The L-BG has been shown to be responsible for the primary
septum structure observed by electron microscopy [8]. The
primary septum organization is similar to those found in plants,
which is also formed by a L-BG named callose [9], or in
Saccharomyces cervevisine, which is formed by chitin. The single-
helix conformation of L-BG makes the primary septum more
susceptible than the secondary septum to degradation by
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B(1,3)-glucanases [10]. The L-BG is recognized with higher
affinity than the rest of S. pombe wall polysaccharides by the
fluorochrome Calcofluor White (CW), and is responsible for
the strong labeling of the septum wall with this fluorescent dye
[8] (Fig. la, b).

2. Branched p(1,3)-glucan (B-BG) is located along all the septum
structures, including the primary septum. It is made of p(1,3)-
linked glucose units forming linear chains with p(1,6)-linked
branches of f(1,3)-linked chains. Unlike L-BG, the B-BG
chains form closed triple-helix structures that are more resis-
tant than those of L-BG to degradation by B(1,3)-glucanases
[11-13]. The B-BG is essential for cell integrity and for sec-
ondary septum formation. In addition, the B-BG plays a cru-
cial role in cytokinesis, linking the cell wall to the plasma
membrane and contractile actomyosin ring, which is needed to
couple the septum synthesis with the plasma membrane and
ring progression [4].

3. B(1,6)-glucan is only located in the secondary septum. It is a
highly branched polysaccharide formed by a main chain of
B(1,6)-linked glucose units and 75 % of p(1,3)-linked branches
of f(1,6)-linked chains [14, 15].

Besides the B-glucans, the S. pombe septum also contains
a-glucan. This polysaccharide has not been detected yet by immu-
noelectron microscopy, although it has been shown that the
a-(1,3)-glucan is localized with the B-BG in both primary and sec-
ondary septum [3, 4]. It is absent in the budding yeast and in C.
albicans, but is present in the cell wall of filamentous and dimor-
phic fungi [3, 4, 16, 17]. S. pombe a-glucan is a linear polysaccha-
ride formed by chains of b-glucose bound by a-(1,3) linkages and
with a small proportion of a-(1,4)-linked residues located at the
reducing end [18]. Like B-BG, this polysaccharide is essential for
cell integrity and for secondary septum formation. It also plays an
essential role in the primary septum adhesion strength needed to
support the physical force of the internal turgor pressure during
cell abscission [3].

Recent studies have revealed the importance of septum synthe-
sis for the proper actomyosin ring contraction and cleavage furrow
formation in S. pombe [4, 19, 20]. Direct visualization of living cells
is an important method for cytokinesis studies and fluorochromes
can be used for cell wall and septum fluorescence microscopy analy-
sis. The most commonly used is CW, also called Blankophor
(Blankophor GmbH & Co.) or Fluorescent Brightener 28 (Sigma-
Aldrich). Taking advantage of the higher affinity of CW for the
L-BG of the primary septum, here we describe a method to follow
the synthesis of the septum by time-lapse fluorescence microscopy
(Fig. 2a). Besides, we describe additional methods developed to
image the septum structure either in live or fixed cells.
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Fig. 2 Progression of septum formation followed by time-lapse microscopy of CW-staining fluorescence. ()
Time-lapse showing the progression of the primary septum formation in a wild-type cell by CW-staining fluo-
rescence. Early log-phase wild-type cells growing in YES liquid medium at 28 °C were collected and processed
for time-lapse CW-staining visualization. Images were captured every 1 min at 28 °C. (b) A defect in B-BG
synthesis causes misdirected actomyosin ring contraction and septum progression (arrow). Fluorescence
time-lapse of the progression of the primary septum (CW), the septum plasma membrane (GFP-Psy1), and the
contractile actomyosin ring (Rlc1-RFP) of a cell affected in the synthesis of the B-BG. Early log-phase cells of
the Bgs4 mutant allele cwg1- 7 growing in YES liquid medium at 37 °C were collected and processed as in (a).
Images were captured every 1 min at 37 °C. Images adapted from [4]. (¢) Scheme of the p-Slide 8 well (Ibidi
GmbH, http://ibidi.com) used for the time-lapses presented in (a) and (b). The dimensions of the p-Slide 8 well
are those of a standard slide and it can be mounted and the cells observed in any microscope with slide holder.
Images adapted from http://ibidi.com. (d) Chemical structure of CW fluorescent brightener 28 (Sigma). Image
adapted from http://www.sigmaaldrich.com

CW (Fig. 2d) is a water-soluble dye that interacts with various
polysaccharides, but displays a higher affinity for chitin and cellu-
lose. It intercalates into nascent chains of chitin, and at high
concentrations this prevents chitin microfibrils assembly [21].
However, at very low concentrations it can be used as a live-cell
stain. Concentrations of CW ranging between 10 and 100 pg/ml
are sublethal and higher concentrations are lethal for S. cerevisine
cells [22], while S. pombe cells, which do not contain detectable
chitin in their cell wall, are highly resistant to CW [21], growing in
the presence of concentrations of up to 1.5 mg/ml of the dye
[23-25]. Compared to these concentrations, our method to fol-
low septum formation and progression by time-lapse fluorescence
microscopy uses a highly reduced concentration of CW (1.25-5
pg,/ml) which does not affect the physiology of S. pombe.
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CW is excited with UV light and fluoresces in a spectrum near-
UV light (optimum excitation wavelength of 347 nm and peak
emission wavelength of 450 nm), close to the range of DAPI and
Hoechst dyes used for nuclear staining. The low excitation /emis-
sion peaks allow the use of CW for multiple fluorescence labels (Fig.
2b) in combination with the different versions of the GFP and/or
RFP fluorescence proteins, or with other vital dyes which have
major excitation peaks to higher spectral wavelengths [26, 27].

Although here we mainly describe a time-lapse method based
on the CW-staining fluorescence, this method can be adapted to
other dyes used to stain the cell wall polymers after the previous
testing of the doses that do not alter cytokinesis and permit to
image the derived-septum fluorescence along the time. Aniline
blue and its derivative Sirofluor (also named Water blue, Cotton
blue, Poirriers blue, Methyl blue) (Sigma-Aldrich; Polysciences,
Inc.; Merck Millipore; Kingston Chemistry; etc.) are also used to
stain the primary septum, but the concentration to be used varies
considerably depending on the supplier. This dye binds to the
single-helix and open triple-helix conformations of the L-BG but
not to the closed triple-helix conformation of the B-BG [28]. In
budding yeast it has been assumed that this dye stains specifically
the closed triple-helix B-BG of the secondary septum and not
other polysaccharide of the septum [29]. Since in this yeast it has
not been described the existence of a single-helix L-BG, the spe-
cific affinity of Aniline blue in the cell wall of budding yeast still
must be determined. Congo red (Sigma-Aldrich) binds to the chi-
tin fibrils in the fungal cell walls and it is thought to interfere with
cell wall assembly by binding to chitin as CW does [21, 22].
Solophenyl Flavine 7GFE 500 (Ciba Specialty Chemicals) and
Pontamine Fast Scarlet 4B (Bayer Corp.) have also been described
as useful dyes of fungal cell walls, septa, and bud scars [26]. These
two dyes fluoresce in the green and red spectrum respectively, so
theoretically they could be used in combination with CW for a
putative differential cell wall staining.

2 Materials

2.1 Reagents

—  CW fluorescent brightener 28 (Sigma-Aldrich). A stock of CW
to 10 mg/ml is made by adding 100 mg of the fluorescent
brightener 28 in 10 ml of distilled water and filter-sterilized.
The final stock can be stored in the dark at 4 °C for at least 2—-3
months. Discard when the solution displays signs of precipi-
tated material (see Notes 1 and 2).

— 10 % potassium hydroxide.

— Lectin from Glycine max, soybean (Sigma-Aldrich). Prepare 1
mg/ml by adding the corresponding volume of distilled water
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2.2 Disposables

to the original vial with the powder. Next the solution is
divided into 100-200 pl aliquots and stored at -20 °C.

—  Fresh standard fission yeast culture media: yeast extract plus
supplements (YE4S), or Edinburgh minimal medium +supple-
ments (EMM4S). Recipes can be found at: http: //www-bcf.
usc.edu/~forsburg,/media.html.

—  Uncoated plastic or glass 15 p-Slide 8 well for Live Cell Analysis

and Equipment (Ibidi GmbH). These slides (Fig. 2¢) allows standard immuno-
fluorescence protocols and live imaging of cells growing in lig-
uid medium over extended periods of time on an inverted
microscope (see Note 3).
— Inverted fluorescence microscope.
3 Methods
3.1 Time-Lapse This method is basically as described in [ 3, 4], with some modifica-
Fluorescence tions and tips to improve its understanding and make it simpler.
Microscopy We prefer to image the cells in liquid growth medium instead of
of the Septum using agarose embedding medium (see Note 4). Using liquid
Formation in S. pombe ~ medium allows to maintain the cells in the growth conditions more

3.1.1  Preparing the Cells

3.1.2 Coating the Slide

efficiently and without any stress. In addition, this method is more
conservative because it does not apply pressure on the cells, con-
trarily to the pressure caused by the coverslips used in agarose
embedding medium.

Use early log-phase cells growing in the same liquid medium and
temperature that are going to be used for imaging. Maintain the
cells in early log-phase with the appropriate dilutions.

Incubate 4-ml of early log-phase cells in 25-ml flasks using an
incubator shaker set to 200 rpm shaking speed, which allows a
stable incubation temperature and the adequate aeration of the
cells (see Note 5).

The uncoated slide must be coated with lectin to promote the cell
adhesion to the bottom surface.

1. Add the lectin (1 mg/ml) 20-30 min before image acquisition
onto the bottom surface of a well of the p-Slide (5 pl for plastic
or 2.5 pl for glass bottom slides).

2. Gently spread the lectin to cover uniformly the well bottom
surface. The side of a clean pipette tip can be used for spread-
ing. Let the lectin dry at room temperature and wash the well
twice with 300 pl of growth medium each, before addition of
cells (see Notes 6 and 7).


http://www-bcf.usc.edu/~forsburg/media.html
http://www-bcf.usc.edu/~forsburg/media.html

3.1.3 Seeding Cells

3.1.4 Time-Lapse
Microscopy

3.2 Fluorescence
Microscopy

of the Septum
Structure in S. pombe

3.2.1 CW-Staining
of Live Cells
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1. Prepare a fresh stock of growth medium with CW. Dilute the
CW to the desired final concentration (1.25-5 pg/ml) in 10-ml
of the same growth medium where the cells are growing.

2. Centrifuge 750 pl of early log-phase growing cells at 2348 x4
during 1 min and resuspend them in 300-500 pl of liquid
medium containing CW.

3. Apply 300 pl of the cell suspension into a well of the p-Slide
and leave it at room temperature for 1.5 min. Avoid shaking or
moving the p-Slide as this will result in a non-homogenous
distribution of the cells (see¢ Note 8).

4. After seeding the cells, carefully remove the medium and wash
the well twice with 300 pl of liquid medium containing
CW. The washes permit to remove the cells that are not
attached to the bottom surface of the well.

5. Add 300 pl of liquid medium containing CW and cover the
p-slide with the supplied lid. Then the cells are ready to be
observed and imaged on the inverted fluorescence microscope.

Consider the time scale of the dynamic processes being imaged to
specifically optimize the image acquisition intervals and the total
time of cell imaging. In a wild-type S. pombe strain, septum forma-
tion takes approximately 20-30 min depending on the tempera-
ture and growth medium selected for the specific experiment.
However, in diverse mutant strains, septum formation may take
longer. Although the septum forms a disk structure, 3D acquisi-
tion over the time is not required. As an example, a typical capture
uses: 100x/1.40 IX70 objective lens; the camera set up to 2x2
binning; 30-120 s interval between successive images; 0.250 s
exposure time with 10 % of light transmission intensity; and
30-60 min of total cell imaging time (se¢ Notes 9 and 10).

To image directly the primary septum of live cells, early log-phase
cells grown in liquid medium can be visualized directly by adding a
solution of CW to the sample (1.25-50 pg,/ml final concentration):

1. Use precleaned /ready-to-use microscope slides. Always clean
the surface of the slide with a coverslip to remove the remain-
ing dust particles. This will help to image all the cells in focus,
in a single focal plane. The single layer of cells between slide
and coverslip permits to keep the cells stopped, without the
cell movement that would be caused by convection of the lig-
uid medium in a broader space.

2. Centrifuge 500-1000 pl of growing early log-phase cells at
2348 x g during 1 min. Discard the supernatant leaving 10-25
pl of the liquid medium, depending on the amount of cells to
be imaged. Resuspend the cells and add CW to make 1.25-50
pg/ml final concentration. Alternatively, remove the entire
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3.2.2 CW-Staining
of Fixed Cells

liquid medium and resuspend the pellet of cells in 10-25 pl of
water, PBS, or liquid medium containing CW (1.25-50 pg/ml
final concentration).

The standard concentration of CW used for septum stain-
ing is 50 pg/ml final concentration; but lower concentration
can be useful for differential staining in non-saturated condi-
tions (see Notes 11 and 12).

3. Deposit 1.75 pl of the cell suspension in the slide and place a
clean coverslip over the sample. To obtain a monolayer of cells
distributed uniformly, be sure that the cell suspension is cover-
ing all the surface of the coverslip. Depending on the time used
for imaging cells in a single slide, the coverslip can be sealed
with melted VALAP (1:1:1 vol mixture of vaseline, lanolin,
and paraffin) to prevent the sample from drying.

4. Image the cells under a microscope equipped with a UV lamp
and the appropriate filter (see Note 13).

When acquisition of multiple label fluorescences is required, the
cells may be occasionally fixed to preserve the fluorescence of a
specific dye or tagged protein or its localization to a specific cellular
structure. Several methods for S. pombe cells fixation have been
described [30]. For CW-staining, cold 70 % ethanol is the most
generally used:

1. Centrifuge 500-1000 pl of growing early log-phase cells at
2348 x4 during 1 min.

2. Add 1-ml of cold 70 % ethanol and resuspend by vortexing the
pellet of cells. In this step the samples can be stored at 4 °C.

3. Before microscope acquisition rehydrate the cells by removing
the ethanol by centrifugation as above and adding 1 ml of
water. Centrifuge the cells and resuspend the pellet in 10-25 pl
of'a solution containing CW and proceed as described for CW-
staining of live cells (see Subheading 3.2.1).

Ethanol fixation can be used to image the nucleus (DAPI or
Hoechst staining) and septum (CW-staining) simultaneously. CW
fluorescence interferes with the signal from the DAPI or Hoechst
staining. Thus proper CW concentration should be adjusted before
imaging. Here, we briefly describe a protocol that works well for
live and fixed cells. Centrifuge early-logarithmic phase cells, live or
fixed with cold 70 % ethanol, and resuspend them in 20 pg/ml
Hoechst or DAPI. Keep the cells at room temperature in the dark
for several minutes, wash them to remove the Hoechst or DAPI,
and add 10-25 pl of a 10 pg/ml CW solution. All these fluoro-
phores are visualized with the same UV filter (see Note 14).

An alternative method using mounting media, CW, and DAPI
can be found in [30].



3.2.3  Immunofiuo-
rescence of the Linear
B(1,3)-Glucan of the
Primary Septum
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Since the primary septum contains L-BG, its structure can be
studied through immunofluorescence by using a specific monoclo-
nal antibody against the L-BG [7, 31]. S. pombe immunofluores-
cence method is essentially described in [ 32 ] with some modifications
[8]. Briefly, cells are fixed with 100 % ethanol for 30 min at -20 °C,
washed and incubated with 0.15-5.0 pg/ml of Novozyme-234,
also named Glucanex (Sigma-Aldrich) for 45 min at 30 °C in PEMS
bufter (100 mM Pipes pH 6.9, 1 mM EGTA, 1 mM MgSO,, 1.2 M
sorbitol) to allow a controlled and progressive partial digestion of
the cell wall. Then labeling of the primary septum is performed
using primary anti-L-BG-specific monoclonal antibody 400-2
(1:100 dilution; Biosupplies), and secondary Alexa Fluor
594-labeled anti-mouse antibody (1:400 dilution) (se¢ Note 15).

4 Notes

1. CW is described as hazardous and potentially carcinogenic.
Wear protective gloves, eye shields, and a dusk mask to prevent
inhalation during stock preparation.

2. Depending on the supplier the CW cannot be directly dis-
solved in water so its dissolution may be aided by the addition
of 10 N KOH dropwise, with mixing until the solution
becomes clear.

3. In addition to the 15 p-Slide 8 well, this method can be used
with glass bottom dishes (P35G, MatTek), although we favor the
use of the p-Slides because they can be inserted in most of micro-
scope stages and can be used for eight individual experiments.

4. As an alternative method to the live fluorescence imaging with
lectin-coated p-Slides or bottom-glass dishes the cells can be
mounted in agarose pads, where the agar embedding growth
medium keeps the cell in a immobilized position and provides
an acceptable environment for sustained cell growth. Briefly,
these agarose pads contain the appropriate yeast growth
medium plus 2 % w/vol of agarose. Place approximately 100 pl
of hot melted agarose onto a clean glass slide and immediately
place a second glass slide on top of the agar drop. After a few
minutes to let the agar to cool and solidify, remove the top
glass slide from the agar pad by gently but quickly sliding apart
both glass slides. Next add quickly 1-2 pl of cell suspension
onto the solid agar pad, place a coverslip on top of the cells and
seal it with melted VALAP (a 1:1:1 vol mixture of vaseline,
lanolin, and paraffin). Then the cells are ready to be imaged for
a long-term period [33].

5. To improve the cell wall and septum labeling, CW can be
added to the growth medium and the cells can be incubated in



82

Juan Carlos Ribas and Juan Carlos G. Cortés

10.

11.

this medium for 12-24 h or longer times before image acquisi-
tion. Use the same concentration of CW (1.25-5 pg/ml)
before and during image acquisition.

. Coating can be prepared a day in advance, but it is preferable

to make it the same day of use. Keep the coated p-Slide at
room temperature until its use. Be sure to keep track of which
well is coated.

. Poly-L-lysine or Concanavalin A-coated p-Slides do not com-

pletely immobilize fission yeast cells; however, they can be used
for budding yeast cells microscopy.

. The cells must be handled and seeded carefully. The absence of

adequate care can lead to non-flattened cells, resulting in
regions of the cells out of focus and hence, with multiple focal
layers. In our case, 1.5 min of seeding works well in most of
the cell backgrounds displaying wild-type morphology.
However the seeding time may vary depending on the concen-
tration of lectin used to coat the well, the growth medium or
the cell shape. For example, liquid medium containing sorbitol
is denser and therefore the cells need longer times (2.5-3 min)
to seed and attach to the well surface. On the contrary, longer
mutant cells need less time to seed (0.5-1 min).

. Phototoxicity and photobleaching are two major problems in

live cell analysis. Although it has been described that CW fades
rapidly when exposed to excitation wavelengths [26], in our
experimental conditions we never detected any bleaching of
the CW fluorescence over the time.

CW is excited with UV or near-UV light, phototoxicity can be
also an issue. Phototoxicity describes a general class of damag-
ing effects on live cells based on either long term or short but
extreme exposures to a light source. Phototoxicity can be a
result of DNA damage (UV light) or protein damage (infrared
light). Besides, excessive excitation of a fluorophore can lead to
oxide radical formation and may also negatively impact cell
growth [34]. To avoid unexpected effects during acquisition,
3D microscopy of the septum over the time is not recom-
mended unless necessary for a specific experiment. On the
contrary, reducing the percentage of light transmission to 10 %
and using 0.250 s of exposure time permit to extend the movie
acquisition time up to at least 90 time points during 90 min
using the CW fluorescent dye to follow septum formation.

CW signal depends on the concentration of cells in the sample.
To more cells concentration, less CW signal will be detected.

12. We have observed that much lower concentrations of CW,

such as 1.25 pg/ml, are still able to stain all the septa of a wild-
type strain. Concentrations below 1.25 pg/ml can also be used
by increasing the exposure time. The analysis with low CW
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concentration can be useful for strains affected in the forma-
tion of the primary septum, where 50 pg/ml of CW can satu-
rate and eventually mask a defective staining of the septum.
This is the case of Bgsl-depleted cells, whose defects in the
primary septum structure are clearly observed using CW at
1.25 pg/ml, but are not detected at the standard concentra-
tion of 50 pg/ml. Under conditions of low CW concentration,
many Bgsl-depleted septa did not stain or displayed a very
weak and irregular CW-staining [8].

CW only stains the L-BG and therefore, the primary septum
structure. No fluorochrome has been described for B-BG,
a-glucan, or secondary septum labeling. Lectins that bind the
outer layer of cell wall galactomannoproteins have been used to
image the cell outline, but they do not label the septum, proba-
bly because the outer layer of galactomannoproteins is absent of
this structure. Therefore, to study the complete septum mor-
phology by fluorescence microscopy, the only option available
nowadays is the analysis of the septum thickness by using fluores-
cent tagged proteins or probes that localize to the septum plasma
membrane (glucan synthases, acylated GFP, syntaxin Psyl, etc.)
and therefore, that are surrounding the septum structure.

When imaging fixed cells notice that while some cellular struc-
tures are well preserved after rehydration, others can result
affected. The last is the case for the septum structure. When .
pombe cells are fixed with ethanol (or methanol, formaldehyde,
etc.) and imaged, the septa appear as thicker and curved struc-
tures with a very weak CW-stain when compared with the
septa of live cells. This is probably due to alterations in the wall
structure and/or linkage between polysaccharides, causing
flufty and expanded wall structures.

For optimal primary septum L-BG labeling, we observed that 1
pg,/ml of Novozyme preserves the cell shape and allows labeling
of all the septa in wild-type cells. However, this concentration
could not be adequate for cells of mutants affected in the cell
wall structure, and therefore in this case a range of Novozyme
234 or Glucanex concentrations should be previously tested.
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Chapter 7

Visualization of Cytokinesis Events in Budding Yeast
by Transmission Electron Microscopy

Franz Meitinger and Gislene Pereira

Abstract

In yeast cells, cytokinesis is accompanied by morphological changes due to cell wall growth during furrow
ingression and abscission. The characteristics of the growing cell wall can be used as an indicator for the
function of the contractile actomyosin ring, the Rho-GTPases Rhol and Cdc42 and/or other factors that
drive cytokinesis. The ultrastructural information of the cell wall can be easily acquired by transmission
electron microscopy, which makes this technique an invaluable tool to analyze cell division in yeast cells.
Here, we describe the process of embedding and staining budding yeast cells for transmission electron
microscopic analysis of cytokinetic events.

Key words Budding yeast, Cell division, Cytokinesis, Primary septum, Secondary septum, Electron
microscopy

1 Introduction

Cytokinesis is a complex process that involves the re-organization
of the cytoskeleton, targeted membrane trafficking, and the forma-
tion of an actomyosin ring (AMR) that drives membrane ingres-
sion. In yeast, an additional structure composed of chitin, named
the primary septum, is formed during AMR contraction. Primary
septum formation and AMR contraction are followed by the depo-
sition of the secondary septum, which is composed of extracellular
matrix that is continuous with the cell wall [1].

Transmission electron microscopy (TEM) is a powerful tool to
analyze the ultrastructure of yeast cells (Fig. 1) and in particular of
the primary/secondary septa during cytokinesis (Fig. 2). Electron
microscopes operate on the same principle as optical /light micro-
scopes. However, the physical properties of electrons, which have
a wavelength below those of visible light, allow us to obtain 1000
times higher magnifications than with a light microscope. The
image is formed through the interaction of an emitted electron
beam with the specimen under a high vacuum. The specimen

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_7, © Springer Science+Business Media New York 2016
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Fig. 1 Electron micrograph of a budding yeast cell. Yeast cells were embedded
and stained as described in this protocol. The cross-section shows the bud neck
region after completion of cytokinesis (red arrowhead points to the primary and
secondary septa at the site of cell division) and cytokinesis remnants or bud
scars (black arrowhead). Scale bar, 1 um

secondary
septum

Fig. 2 Electron micrographs of the cell division site. (a, b) Electron micrographs show the cell division site dur-
ing primary septum formation (a) and after secondary septum deposition (b). The enlarged regions (red boxes)
show plasma membrane staining. Scale bar, 1 um

therefore has to be free of water and resistant to vacuum. Biological
samples like yeast cells have to be fixed and embedded into resin to
meet the requirements for TEM. Special staining procedures allow
the discrimination between cellular structures. Several different
techniques have been developed to visualize different aspects of
yeast cells [2]. Here, we describe how to fix and embed yeast cells
for inspection of the cell wall and plasma membrane structures
using TEM (Figs. 1 and 2). The method is based on a combination
of potassium permanganate and uranyl acetate [ 3-5]. The protocol
described here was successfully used to analyze the functions of
genes in cell division [6-9] and cell polarization [10, 11].
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2 Materials

2.1 Yeast
Growth Media

2.2 Fixation
and Embedding

2.3 Sectioning
and Contrasting

Prepare all solutions with ultrapure distilled water. Hazardous
materials should be handled and disposed according to local safety
regulations. Unless otherwise specified, solutions should be stored
at room temperature (23 °C).

1.

YPDA medium: dissolve 10 g Bacto Yeast Extract (BD
Biosciences), 20 g Bacto Peptone (BD Biosciences), 20 g glu-
cose (BD Biosciences), and 0.1 g adenine (Sigma) in 1 I dis-
tilled water. Autoclave or filter-sterilize using a 0.22 pm filter
unit (see Note 1) [12].

. Glutaraldehyde 25 % (biological grade, Polyscience).

2. Potassium permanganate: 4 % solution in water (see Note 2).

. Uranyl acetate: saturated solution in water (see Note 3). Store

at 4 °C.

. Ethanol absolute (>99.8 %, Sigma) and dilutions (30, 50, 70,

85, and 95 %).

. Propylene oxide (Sigma) (see Note 4).

6. Agar 100 resin kit (Agar Scientific) (see Note 5).

. Agar100 mix1: 5 ml Agar100 epoxy resin, 3.5 ml MNA, and

1.5 ml DDSA (see Note 6).

. Agar100 mix2: Agar100 mix1+0.15 ml DMP-30 (sec Note 6).
. BEEM® capsules 5.2 mm for EM-embedding (Serva

Electrophoresis).

. Tweezers for handling grids (e.g. Dumont Biology, Dumostar

tweezer high precision grade, tip dimensions 0.05x 0.01 mm).

. Ultramicrotome.

. Formvar film-coated copper grids (3.05 mm 100 mesh)

(obtained from Electron Microscopy Sciences or any other
company that supplies reagents for TEM).

. Filter paper (e.g. Whatman® qualitative filter paper, grade 1

from Sigma or similar).

. Uranyl acetate: 2 % in absolute methanol. Store at 4 °C pro-

tected from light. Allow to reach room temperature before
use.

. Methanol (analytical grade).

6. Lead citrate: mix 1.33 g Lead(II)nitrate (Pb(NO;),) (Sigma)

with 1.76 g sodium citrate dihydrate (Na;CsH;0,-2H,0)
(Sigma) in 30 ml distilled water in a 50 ml volumetric flask. Stir
for 30 min. Add 8 ml of 1 N NaOH and distilled water to
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reach a final volume of 50 ml. Mix well. The pH of the solu-
tion was routinely found to be around 12. Faint turbidity, if
present, can be easily removed by centrifugation. The staining
solution, stored in glass or polyethylene bottles, is stable for a
period of up to 6 months [13].

. 0.05 N Sodium hydroxide (NaOH). Store in glass bottles at

room temperature.

. Nine 5 ml glass snap-cap bottles (approx. 35 mm H, 13 mm D).
9. Grid storage boxes (e.g. Gilder Grid Storage Box SB100,

Gilder Grids Ltd., UK).

3 Methods

3.1 Embedding

. Grow yeast cells in the appropriate growth medium until the

cell suspension reaches an optical density of 0.5-1.0 at 600 nm
(approximately 1-2 x 107 cells/ml). We normally use 10-20 ml
of this cell suspension per embedding.

. Fix cells in 2.5 % glutaraldehyde for 1 h at room temperature.

For this, add 1 ml of 25 % glutaraldehyde to 9 ml cell suspen-
sion in a conical tube. Leave it on your bench and mix the cells
every 10 min by inversion. After incubation at room tempera-
ture, the cell suspension can be placed on ice overnight or
processed further.

. Spin cells with a relative centrifugal force of 400 x4 or less to

prevent clumping. Centrifugation steps are carried out at room
temperature for 2 min. Discard the supernatant and gently
resuspend the cell pellet in 1 ml of distilled water using a
micropipette or by flicking the tube by hand (do not vortex).
Use this condition for all subsequent washing steps.

. Transfer the cell suspension into a 2 ml conical polypropylene

tube (we normally use Eppendorf Safe-Lock tubes®). Wash cells
once more with water. Centrifuge and discard supernatant.

. Resuspend cells in 1 ml of 4 % potassium permanganate and

incubate for 30 min at room temperature. Centrifuge and dis-
card supernatant.

. Wash cells twice with 1 ml of distilled water as described in

step 3.

. Resuspend cells in 500 pl of aqueous saturated uranyl acetate

solution (filtered prior to use, see Note 3). Place tubes in the
dark for 30 min at room temperature (tubes can be placed in a
drawer or covered with aluminum foil). We normally do not
mix the samples during this incubation.

. Wash cells once with 1 ml of distilled water as described in

step 3.
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. Dehydrate cells by sequentially incubating them with increas-

ing concentrations of ethanol. For this, centrifuge cells (400 x g,
2 min), discard supernatant and gently resuspend the cells in
1 ml of 30 % ethanol by flicking the tubes by hand (do not
vortex). Incubate for 5-10 min. Centrifuge, discard the super-
natant, and repeat the incubation with fresh 30 % ethanol.
Repeat this procedure with 50, 70, 85, 95 % and absolute etha-
nol solutions.

Wash cells twice with 1 ml of propylene oxide. After the last
centrifugation step, aspirate off the supernatant leaving 100-
200 pl of propylene oxide in the tube (see Notes 4, 7 and 8).

Add 1 ml of Agar100 mix1 to the cells and incubate for at least
30 min at room temperature. Repeat this step two more times
(three washes with Agar100 mix1 in total) (sec Notes 8-10).

Wash once with 1 ml of Agarl00 mix2. Transfer cells into
BEEM®-capsules and incubate cells in Agar100 mix2 for 1-2 days
at room temperature in the dark (see Note 11). Spin capsules
using a swing out rotor at 4000 x g for approximately 20 min or
until the cells are pelleted (see Note 10 and Fig. 3a). Incubate
cells for another 2 days at room temperature in the dark.

Label (see Note 12 and Fig. 3a) and place the BEEM®-capsules
in an incubator at 60-65 °C for 24 h to allow the solidifying
polymerization process.

3.2 Sectioning 1. Ultrathin sections (50-90 nm) should be prepared with a dia-
and Contrasting mond knife using an ultramicrotome (se¢ Notes 13 and 14) [14].
Procedure 2. The sections should be mounted on the Formvar-coated side
of the grid (see Note 15 and Fig. 3b).
3. For the post-embedding contrasting of the cells, prepare sili-
cone tubes with slots to hold the grids (see Fig. 4 and Note 16).
a b
sample label
: e gy
S a5 grids
4x
BEEM- — .
capsule ’ v dull bright
X T side side

cell pellet

Fig. 3 Embedding of yeast cells and mounting on a grid. (a) Resin-embedded yeast cells in the BEEM®-capsule
(leffy or after removal of the BEEM®-capsule after resin polymerization (righd). (b) Formvar film-coated copper
grids (3.05 mm 100 mesh). The magnification on the /eft shows one mounted section on the grid (image taken
using a DeltaVision RT microscope system with a 4x magnification objective lens)
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grids

razor @ @
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.

tube
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shap cap bottle

Fig. 4 Post-embedding contrasting procedure. Schematic representation of the different steps of the contrast-

ing procedure

Attach grids (section-face down) at the silicone tube as depicted
in Fig. 4. Also prepare nine glass snap-cap bottles as containers
for the following incubation steps (see below). Add approxi-
mately 4-5 ml of the corresponding solution per container.

. Place the silicone tube carrying the grids in container 1 filled

with 2 % uranyl acetate solution in methanol. Incubate for
20 min (protected from light).

. Immerse grids briefly in methanol in container 2.

6. Briefly immerse grids in a 1:1 mixture of methanol and distilled

10.
11.

12.
13.

water in container 3.

. Briefly immerse grids twice in distilled water in containers

4 and 5.

. Using a wash bottle filled with distilled water, rinse the grids

carefully with steady streams of water for approximately 30 s.

. Incubate the grids for 5 min in lead citrate solution in con-

tainer 6.
Briefly immerse grids in 0.05 N NaOH in container 7.

Briefly immerse grids twice in distilled water in containers
8and 9.

Rinse grids with distilled water as described in step 12.

Dry grids carefully with filter paper. For this, take each grid out
of the silicone tube using a tweezer (hold at the rim of the grid
and avoid touching the Formvar film or sections with the twee-
zer). Gently tap the rim of the grid on the filter paper to elimi-
nate the excess of water. Place the grid on a Petri dish coated
with clean filter paper (section-face up) and allow the grids to
dry. Store grids in a grid holder.
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1. Analyze prepared sections at a transmission electron microscope

(e.g. Zeiss EM900 or EM910; follow the manufacturer’s
instructions).

2. Find the bud neck region (cell division site) of dividing yeast

cells. Use a magnification of 3,000—4,000.

3. Acquire images of the region of interest. Use a magnification

of 20,000-40,000.

4. Quantifiable phenotypes include the symmetry or the direc-

tionality of primary septum formation (indicator for actomyo-
sin ring function) [6, 8, 9], the thickness of the secondary
septum (indicator for Rhol activity) or the appearance of bud
neck collars (indicator for impaired spatial regulation of Cdc42)
[10, 11].

4 Notes

. YPDA is a rich medium and it is used to grow cells when selec-

tion is not required. Use your choice of appropriate growth
medium if your strains carry plasmids or genes under control
of inducible promoters [12].

. Prepare potassium permanganate solution fresh and filter it

prior to use. Potassium permanganate (KMnQO,) is a strong
oxidizer and forms a brown product (MnQO,) over time once in
solution.

. Note that uranyl acetate is toxic and radioactive and should be

handled carefully. Uranyl acetate saturates at around 7 % in
water. To prepare 100 ml of a saturated uranyl acetate solution,
weigh 7 g of uranyl acetate in a glass beaker and add 100 ml
distilled water. Stir the suspension overnight at room tempera-
ture and store at 4 °C in a glass bottle protected from light.
Before use, allow the not-fully dissolved uranyl acetate to settle
down, remove the supernatant, and filter it through a 0.22 pm
syringe filter. Use uranyl acetate solution at room temperature.
This procedure prevents crystallization of uranyl acetate during
sample preparation.

. Propylene oxide is a potential carcinogen and should be

handled carefully inside the fume hood.

. The Agar 100 resin kit contains Agar 100 epoxy resin, which is

equal to Epon 812 but it has a more defined composition and
is less viscous. The lower viscosity of Agar 100 in comparison
to Epon 812 facilitates the handling and improves the infiltra-
tion of the resin into the specimen. In addition, the Agar 100
kit contains the hardeners dodecenylsuccinic anhydride
(DDSA) and methyl nadic anhydride (MNA), and the polym-
erization accelerator Tris-(dimethyl amino methyl) phenol
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10.

11.

12.

(DMP-30). Safety data sheets and more detailed technical
specifications of the Agar 100 kit components can be down-
loaded from the supplier (http://www.agarscientific.com /fr/
agar-100-resin-kit.html). We strongly recommend a closer
inspection of these files, as these substances are hazardous and
should be handled with care. Also, follow the supplier’s instruc-
tions to prepare the mixes.

. Prepare Agar100 mixes 1 and 2 1 day before usage. For this,

add the components into a 50 ml conical polypropylene tube.
Place the tubes overnight on a roller mixer to obtain a homog-
enous mix. Avoid the formation of bubbles. The mixes can be
stored at =20 °C. In this case, allow the mixes to reach room
temperature before use.

. Propylene oxide is an ethereal liquid and therefore difficult to

pipette because of its high vapor pressure. To overcome this
problem, pipette the liquid several times up and down using
disposables or glass pipettes to adjust the pressure inside the
pipette.

. A critical step during embedding of the sample is the infiltra-

tion of the Agarl00 mix into the cells. Infiltration can be
improved by mixing the Agar100 mix]l with the leftovers of
propylene oxide from the previous washing step. To further
improve penetration of the resin into cells, the Agar100 mix1
can be incubated with the cells for up to 12 h in the second and
third washing steps.

. Please keep in mind that Agar100 mix1 will increase in viscos-

ity over time. If cells are incubated for longer periods of time
with this mix, they will become more difficult to be pelleted by
centrifugation. It is therefore important to find a good bal-
ance. In our hands, a total incubation for up to 2 days with
Agar100 mix] worked well.

It cells are not pelleted, you can increase the centrifugation
speed and time gradually until a good size pellet is obtained. Try
to prevent high-speed centrifugations to avoid cell clumping.

Do not fill the BEEM®-capsules more than three-quarters full
with the cell suspension in Agar100 mix2 at this step to leave
some space for labeling. We normally prepare two BEEM®-
capsules per sample strain.

Label the BEEM®-capsules before placing them in the 60-65
°C incubator. We prepare a small piece of paper, which is
approximately as long as the perimeter of the BEEM®-capsules
and 3—4 mm broad. Label the paper with a pencil and place it
inside the BEEM®-capsule along the edge, so that the label
faces the outside. Carefully fill up the BEEM®-capsule with
Agarl00-mix2 and place it in the incubator (Fig. 3a).
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Making ultrathin sections with a microtome is technically
difficult and requires a lot of practice and experience. Thus, we
strongly recommend that you attend an appropriate training
course or work in close collaboration with experienced
researchers.

Thin sections (50-60 nm; these sections have a silver-gray
color) tend to break and may have holes. Yeast cells especially
tend to break out of the sections during cutting when embed-
ding is not optimal. Therefore, it can be useful to also make
thicker sections (70-90 nm; these sections have a bright silver-
pale or gold color), which are less likely to break. These sec-
tions should however be thin enough to allow visualization of
the desired structures. Mount thin and thick sections on the
same grid.

The pre-coated grid usually has a bright dull side and a darker
shiny side. The Formvar film is usually at the dull side (Fig. 3b).

Take a silicone tube with an approximate diameter of 5 mm
and cut the slots for the grids with a razor blade or scalpel.
Attach the grid with the rim to the tube, so that the specimen

itself'is not covered (Fig. 4).
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Chapter 8

Visualization of Fission Yeast Cells by Transmission
Electron Microscopy

Matthias Sipiczki

Abstract

This chapter deals with the preparation of fission yeast ( Schizosaccharomyces) cells for ultrastructural exami-
nation. The structure of the cell must be preserved as close to the in vivo situation as possible. This can be
achieved by either chemical or cryofixation; the latter will not be dealt with in this chapter. Aldehydes that
cross-link proteins and permanganates that besides cross-linking also stain membranous and cell wall struc-
tures are used for chemical fixation. This step is followed by dehydration and embedding of the cells in
epoxy or acrylic resin. Sectioning of the embedded material produces slices of the cells that have to be
stained with heavy metals to increase contrast differences between different structures or can be used for
immunodetection of antigens (polysaccharides or proteins) with specific primary antibodies and gold-
conjugated secondary antibodies.

Key words Transmission electron microscopy, Immunoelectron microscopy, Schizosaccharomyces,
Cell wall, Septum, Ultrastructure

1 Introduction

The major reason for using a transmission electron microscope as
opposed to a light microscope is the vast increase in resolution of
the images. Cellular and subcellular structures can be viewed in
greater detail with an electron microscope than with a light micro-
scope (general refs. 1, 2). Electron microscopy in combination
with immunolabeling also allows the localization of macromole-
cules at high resolution in the structural context of the cell.
Transmission electron microscopy of fission yeasts requires the
transformation of their cells from the living, hydrated state to a dry
state that faithfully maintains the structural and biological relation-
ships. To accomplish this, the cells must pass through a series of
preparatory steps: fixation, embedding, sectioning, and contrasting.
The procedure starts with the stabilization of the cell struc-
ture by fixation. There are three main ways in which fission yeast
cells can be processed to retain their structural organization for

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_8, © Springer Science+Business Media New York 2016
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subsequent staining. These are fixation by cross-linking, fixation
by precipitation, and fixation by freezing (cryofixation).
Cryofixation is probably the best technique for cellular preserva-
tion [3] and has been efficiently used to study fission yeasts (e.g.
[4-6]). The disadvantage of this method is that it requires spe-
cialized equipments usually unavailable in most laboratories.
Therefore, I will not discuss it in this chapter. The most frequently
used methods are based on treatment of the cells with specific
chemicals called fixatives (general refs. 2, 7). Today, the most
common primary fixatives for electron microscopy (EM) are alde-
hydes (e.g. glutaraldehyde, formaldehyde) that preserve the
structure by cross-linking proteins and certain other types of
macromolecules. Their application to fixation of fission yeast cells
will be discussed in this chapter. Oxidizing compounds (e.g.
osmium tetroxide, permanganates, and dichromates) form
another group of fixatives. The way of the action of permanga-
nate is not well known [8, 9]. It also may cross-link proteins but
simultaneously causes denaturation of proteins much more exten-
sively than aldehyde fixatives. The two types of fixatives are fre-
quently used in combination (e.g. glutaraldehyde-fixed cells are
post-fixed with potassium permanganate; e.g. [10]).

Potassium permanganate was introduced as an alternative fixa-
tive to OsOy by Luft [11] prior to the introduction of glutaralde-
hyde fixation and became popular because of the clarity of the
membranes on the sections and the ease of its application. It has
the advantage that it acts both as a fixative and as a stain because it
not only preserves the membranes but also gives them high con-
trast (Fig. 1) by depositing MnO,. Nowadays, it is sparsely used
when internal structures are to be visualized but has proven very
effective in visualization of the structure of the cell wall and the
division septum (cell plate) in fungi and plants (e.g. [10, 12-15]).
It appears that permanganate fixation reveals more details of the
organization of the cell wall and septum of fission yeasts than any
other method. It was the permanganate fixation that revealed that
the division septum consists of three layers (a primary septum
flanked by two secondary septa; Fig. 1c, d), the cell wall has a lami-
nal structure and forms a specific structural element called “fuscan-
nel” around the base of the centripetally growing septum (septum
edging) (Fig. 1c, d, arrows) which persists after cytokinesis as a ring
(Fig. la, b, asterisk) of the division scar (Fig. la—c, o, asterisk) vis-
ible on the surface of the growing daughter cell [12, 13]. Secretion
vesicles are also clearly visible near the site of cytokinesis in the
TEM images of permanganate-fixed cells [16] (Fig. lo). Since
building and degradation of wall structures and vesicle trafficking
are important elements of the cytokinetic process, special attention
will be devoted to permanganate fixation in this chapter.

The next step is the elimination of free water from the fixed
cells [2, 7]. Dehydration is necessary because the resins used to



Fig. 1 Permanganate-stained Schizosaccharomyces pombe cells. (a) Young cell with one division scar. (h)
Young cell with two division scars. (c) Dividing cell with complete septum. (d) The standard trilaminar structure
of the septum consisting of a primary septum and two secondary septa. (e) A growing septum. (f) Twin septa
in the mutant sep2-SA2. (g) Aberrant septum structure in a cdc3ts cell growing at the restrictive temperature
35 °C. (h, i) Septum swelling in rho~ cells. (j) Septum swelling in a bgs4A cell. (k) Overproduction of septal
material in @ mutant defective in the regulation of septum synthesis. (I) Multilayered cell wall in a kin7A cell.
(m) Multilayered cell wall and secondary inwards wall synthesis in kin1A exo70A cells. (n) Septum cleavage
in a mutant defective in the regulation of septum synthesis. (0) Accumulation of vesicles near the septum of a
sec8-1 cell. (p) Immunogold localization of 1,3-f glucan in the primary septum of a wild-type cell. (q, r)
Demonstration by immunogold localization that the overproduced septal material of the mutant shown in (k)
and (n) contains 1,3-p glucan. *, division scar; +, overproduced septal material; arrow, fuscannel; p, primary
septum; s, secondary septum; i, inwards deposition of cell wall layers
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infiltrate and embed the cells to make them suitable for sectioning
are not miscible with water. The dehydrated cells are then infil-
trated with a plastic monomer, most commonly an epoxy resin
(Araldite, Epon) [17] or acrylic media (Lowicryl, LR White, LR
Gold) [18]. Upon infiltration, the monomers are polymerized,
resulting in chemically preserved yeast cells completely filled and
surrounded by a hard plastic. The hardened resin blocks contain-
ing the yeast cells are thinly sectioned with an ultramicrotome, and
the sections treated with solutions of heavy metal salts (lead citrate,
uranyl acetate) in order to impart contrast [ 19, 20] or with specific
antibody probes to detect and localize defined antigens (e.g. spe-
cific proteins or wall polysaccharides) (Fig. 1p-r). This chapter
describes protocols for fixation, dehydration and embedding of fis-
sion yeast cells as well as contrasting and immunogold labeling of
their ultrathin sections.

2 Materials

2.1 Consumables
and Equipments

2.2 Fixatives

1. Glassware (Erlenmeyer flasks, beakers, cylinders, 10 mL tubes,
etc.) including brown glass bottles (200 mL) with screw caps.

. Microcentrifuge tubes and capped vials.
. Rotary shaker (incubator).

. Refrigerated centrifuge.

. Laboratory oven.

. Electron microscopy grade forceps.

. Filter paper (Whatman #1).

. Agarose or agar.

O 0 N N Ol W

. Polypropylene embedding capsules and holder.

—
=)

. Gelatin embedding capsules and holder.

—
—

. Primary antigen with antigen specificity (e.g. mouse monoclo-
nal linear $-1,3-glucan antibody).

—
[\S]

. Gold-conjugated secondary antigen (“gold probe”; e.g. ultra
small colloidal gold-conjugated goat antimouse 1G).

13. Silver enhancement kit (e.g. LI SILVER).
14. Ultramicrotome.

15. Glass or diamond EM knives.

16. Copper and nickel EM grids.

Fixatives are poisonous irritants; work in a fume hood and wear
gloves.

1. Potassium permanganate (PM), 1 g of potassium permanga-
nate crystals in 100 mL of distilled water (1 % PM). For post-
fixation of glutaraldehyde-fixed cells dissolve 1.2 g crystals in



2.3 Embedding
Resins

2.4 Other Reagents
and Solutions
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the same volume of distilled water (1.2 % PM). Approximately
15-30 min afford ample time for complete dissolution of the
crystals. Use an Erlenmeyer flask with screw lid to reduce
exposure to air. Contact with air promotes precipitation.
The stain solution should not be filtered in attempting to
remove crystals, since precipitation of permanganate is aug-
mented by aeration (see Note 1).

. Glutaraldehyde (GA), GA fixatives of various concentrations

(0.5, 1.0, or 2.5 %) can be prepared from electron microscopy
grade solution (25 %) available in sealed glass ampoules by
dilution with 0.2 M sodium phosphate bufter or PBS (for the
composition of PBS see Subheading 2.4, item 5) (pH 7.2) and
distilled water (final buffer concentration: 50 mM).

. Glutaraldehyde and paraformaldehyde (GA-PA).

A mixture of 0.5 % GA and 3 % paraformaldehyde in 0.1 M
PBS (pH 7.2) can also be used as a fixative. However, parafor-
maldehyde adversely affects the preservation of ultrastructural
details.

. Osmium Tetroxide (OT)

1 g of osmium tetroxide is dissolved in 50 mL of distilled
water. Since the OT solution must be absolutely pure, it is bet-
ter to prepare it from ampoules of EM-grade solution.

. Epoxy vesin 812 (see Note 2) (ER), 30 mL Epoxy resin 812,

16 mL Dodecenylsuccinic anhydride, 8 mL NMA, 1.3 mL,
BDMA (benzyldimethylamine). To achieve faster mixing
(reduced viscosity) warm up the components separately in a
60 °C oven. After measuring the warmed components into a
graduated disposable 50 mL centrifuge tube, tighten the cap
and invert the tube end over end continuously for 5 min.
Prepare the mixture several hours in advance.

. LR Whate (see Note 11) (LRW), LR White is a ready-to-use

embedding medium and can be purchased from suppliers of
materials for electron microscopy. When using it, follow the
manufacturer’s instructions.

. Ethyl alcobol solutions (ethanol). Dehydration solutions are

prepared from absolute ethanol in 50, 70, 95, and 100 %
concentrations.

. Propylene oxide (PO). PO is used as a transitional solvent to

replace the dehydration agent (ethanol) before the infiltration
step. PO is carcinogenic and highly flammable; use a fume hood.

. Uranyl acetate (UA), 4 g of uranyl acetate under the fume

hood (wear protection) to 100 mL of near-boiling (CO,-free)
double-distilled water in an Erlenmeyer flask. Place the flask on
a stirrer until the uranyl acetate dihydrate crystals are dissolved.
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After dissolving, let the solution cool down to room tempera-
ture. Filter the solution through filter paper (Whatman #1)
into a brown bottle for light protection and cap tightly. This
stock solution can be stored for months at 4 °C. Uranyl acetate
is extremely toxic due to the combined effect of chemical tox-
icity and mild radioactivity and there is a danger of cumulative
effects from long-term exposure.

. Reynolds lead citrate (LC), 30 mL freshly boiled (CO,-free)

and cooled double-distilled water in an Erlenmeyer flask with
screw cap, 1.33 g of lead nitrate, 1.76 g of sodium citrate.
Close the flask and shake vigorously for 1 min; continue inter-
mittent shaking for 30 min. The solution should appear cloudy.
Add 8 mL of 1 N NaOH solution (carbonate free) and invert
slowly. The solution should appear clear. Add the solution to
50 mL of freshly boiled (CO,-free) and cooled double-distilled
water in a brown bottle (light protection) and cap tightly. This
stock solution can be stored for about 1 month at 4 °C. The
pH should be 12.0+0.1. If the pH is too low add more NaOH
to the clear solution (see Note 3).

. Blocking buffer for immunogold-silver labeling (PBS-BSA), 1 %

solution of bovine serum albumin in PBS. PBS buffer: 20 mM
phosphate, 150 mM NaCl, pH 7.4.

3 Methods

3.1 Culture
Preparation
(See Note 4)

3.2 Fixation

. Inoculate 15-50 mL of yeast extract liquid medium (YEL) to

an ODgp 0f 0.2-0.5 (0.5-2 x 10° cells/mL), depending on the
doubling time of the cells and incubate overnight in a rotary
shaker at the proper temperature. For inoculation, use cells of
overnight precultures. If the strain is not temperature-sensitive,
30 °C is an ideal temperature to obtain a log-phase overnight
culture. If the cells are cultured in a selective minimal medium,
transfer the overnight culture into YEL for 1 or 2 h before
fixation.

. Centrifuge 2 mL of log-phase culture at room temperature to

generate a cell pellet (e.g. 800x g for 5-10 min). Extensive
centrifugation must be avoided, but the pellet should be com-
pact enough to remain a firm mass.

. Carefully remove the supernatant by a pipette and gently resus-

pend the cells in distilled water (see Note 5).

4. Repeat washing two or three times.

Fixation is the first and most important step in any EM study, since
mistakes made at this point render the whole project useless. Cells



3.2.1 Primary Fixation
of Cells with Potassium
Permanganate (PM)

3.2.2 Primary Fixation
with Glutaraldehyde (GA)

3.2.3  Primary Fixation
with Mixture

of Glutaraldehyde

and Paraformaldehyde
(GA-PA)

3.2.4 Postfixation

of Cells with Potassium
Permanganate

(See Note 6)
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can be fixed in one step with one fixative (primary fixation) or in
two steps by treating the cells with two fixatives in succession
(primary fixation + postfixation). Postfixation can take place before
(Subheading 3.2.2) or after (Subheading 3.2.4) agarose/agar
enrobement. Primary fixation can be performed with PM, GA, or
GA-PA.

1.

2.

Resuspend pellet in 2 mL of 1 % freshly prepared PM fixative
and keep them at 4 °C.

After 1 h, collect cells by centrifugation (e.g. 800 x g for 5-10
min).

. Resuspend cells in 5 mL of distilled water.
. After 10 min, collect cells by centrifugation.

. Repeat steps 3 and 4 three times.

. Resuspend pellet in 2 mL of 2 % GA and keep them at 4 °C.
. After 2 h, collect cells by centrifugation.

. Resuspend cells in 2 mL of distilled water.

. After 10 min, collect cells by centrifugation.

. Repeat steps 3 and 4 two times.

. Resuspend cells in 2 mL of GA-PA and keep them at 4 °C.
. After 2 h, collect cells by centrifugation.

. Resuspend cells in 2 mL of PBS.

. After 5 min, collect cells by centrifugation.

. Repeat steps 3 and 4 two times.

. Resuspend cells in 2 mL of 1 % sodium metaperiodate and

keep them at 4 °C.

7. After 15 min, collect cells by centrifugation.

O o

. Resuspend cells in 2 mL of 50 mM ammonium chloride.

. After 30 min, collect cells by centrifugation and repeat steps 3

and 4 two times.

. Resuspend cells fixed with GA or GA-PA in 2 mL of freshly

prepared 1.2 % PM and keep them at 4 °C.

. After 1 h, collect cells by centrifugation at 4 °C (e.g. 800 x g for

5-10 min).

. Resuspend cells in 2 mL of 0.2 M sodium phosphate buffer

(pH 7.2).

4. After 10 min, collect cells by centrifugation.

. Repeat steps 3 and 4 three times.
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3.2.5 Agarose/Agar
Enrobement

3.2.6 Postfixation

of the Enrobed Cells
(Agarose/Agar Cubes)
with Osmium Tetroxide
(See Note 7)

3.3 Dehydration
(See Note 8)

3.4 Infiltration
and Embedding
(See Note 9)

3.4.1 Infiltration
and Embedding with Resin
(See Note 2)

To prepare a firm pellet suitable for further processing, cells must
be embedded in agarose or agar blocks.

1. Using a warmed pipette, quickly transfer approx 50 pL of mol-
ten agarose (or agar) onto the pellet of fixed cells and gently
stir the cells with the tip of the plastic pipette to suspend the
cells.

2. Place the tube in a refrigerator until the agarose solidifies
(15 min).

3. Overlay the solidified agar with several mL of buffer and use a
spatula to dislodge the agarose plug.

4. Transfer the plug into a Petri dish containing several mL of
buffer and trim the plug into 1- to 2-mm cubes using a razor
blade.

Cubes containing cells fixed with GA or GA-PA must be post-fixed
with OT to impart contrast to the specimen.

1. Transfer the agarose/agar cubes into a small vial containing
1 mL of OT for 1 h at room temperature.

2. Remove OT with a pipette and rinse cubes by adding and
removing 1 mL of distilled water two times.

All types of cubes regardless of the mode of fixation and postfix-
ation applied must be dehydrated before infiltration because most
epoxy resins used for infiltration are not miscible with water. Thus,
all free water from the cubes must be replaced with an organic
solvent.

1. Transfer the cubes into a small capped vial containing 1 mL of
50 % ethanol, incubate at room temperature for 15 min.

2. Remove ethanol with a pipette.
3. Repeat steps 1 and 2 with 70, 95, and 100 % ethanol.

4. Repeat dehydration with 100 % ethanol three times, each for
10 min.

1. Repeat dehydration step 4 with propylene oxide (PO), if nec-
essary (see Note 10).

2. Place 1 mL of 1:1 PO:ER embedding medium over the cubes
and gently rotate the capped vial several times during a period
of 20 min at room temperature. Vials should be closed so that
moisture from the air does not enter them.

3. Replace the 1:1 mixture with 1 mL of 1:3 mixture of PO:ER
and rotate the capped vial a few times during a period of 45 min.

4. Replace the 1:3 mixture with several mL of pure ER and rotate
the vial a few times during a period of 90 min.
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3.5 Sectioning

3.6 Contrasting
(Poststaining
of Sections on Grids)
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. Fill several embedding capsules half-way with ER. Dislodge air

bubbles from the mixture with a needle. Use a small spatula to
transfer the specimen cubes from the vials into the capsules.
Allow the cubes to sink to the bottom of the capsules which
may take an hour or more.

. Transfer the capsules into a 60 °C oven for 24 h until the epoxy

resin is completely hardened.

. Place 1 mL of LRW embedding medium over the ethanol-

dehydrated cubes (se¢ Note 12) and gently rotate the capped
vial in a fume hood overnight at room temperature.

. Replace the embedding medium with fresh medium and gently

rotate the vials for 20 min at room temperature.

. Repeat step 2.

. Transfer the cubes from the vial into small gelatin capsules (see

Note 13) completely filled with fresh LRW medium and then
seal the capsules to keep oxygen from interfering with the
polymerization process.

. Place the loaded capsules in an oven adjusted to 60 °C for a

period of 20-24 h (see Note 14).

Ultrathin sections from the hardened ER and LRW blocks are pro-
duced by sectioning with an ultramicrotome and are collected on
copper or nickel grids. For producing ultrathin sections by ultrami-
crotomy, the reader is referred to recent methodological descrip-
tions such as [21].

To enhance differential contrast on ultrathin sections, the sections
placed on grids are usually stained with heavy metal salts (see
Note 15). The double-contrast method of ultrathin sections on
grids with uranyl acetate and lead citrate is the standard contrasting
technique.

1.

Fill several small beakers with warm, freshly boiled deionized
water.

. Cut two pieces of parafilm and place them in two small Petri

dishes.

. In the first dish, create a CO,-free area for staining: place

several pellets of sodium hydroxide around the edge of the
parafilm to quickly absorb CO, and place the lid on the Petri
dish (see Note 3).

. In the second dish, place 1 drop of UA for each grid onto the

parafilm.

. Place grids section side down on the UA drops and let them

float for 10 min (se¢ Note 16). Cover the dish with a larger
aluminum-foil wrapped Petri dish lid to protect against light.



106 Matthias Sipiczki

3.7 Immunogold-
Silver Labeling

of Sections
(Immunolocalization)

6. Caretully remove the grid from the UA drop and dip it in the
water of the first beaker and swirl it around. Repeat the process
in three other beakers.

7. In the first dish lift the lid only enough to insert the Pasteur
pipette and place 1 drop of LC for each grid on the parafilm.

8. Place the UA-stained grids on the LC drops and cover the dish
to reduce CO, contamination. Let the grids float for 5 min (see
Note 16).

9. Carefully remove the grid from the UA drop and dip it in the
water of the first beaker and swirl it around. Repeat the process
in three other beakers.

10. Blot grids and forceps on filter paper (se¢ Note 17).

11. Place the grids in a small Petri dish and let them dry at room
temperature.

Use cells in which the antigen has survived fixation, processing,
and embedding in such a form as to be recognizable to the specific
antibody. For detection of cell wall polysaccharides, both PM-fixed
and aldehyde-fixed cells can be used because neither treatment
destroys the ability of the polysaccharides to bind antibodies. If
proteins are to be localized, do not use PM-fixed cells because per-
manganate denaturizes protein antigens much more extensively
than aldehyde fixatives. Another problem is that the epoxy resin,
which is needed to support the sectioned cells, prevents the anti-
body from gaining access to many antigens. Section etching with
agents that cleave the ester bounds in the polymerized epoxides
may produce a gel layer on the surface of the section, which may
allow an antigen—antibody interaction. The new generation poly-
hydroxy acrylates (i.e. LR White) can be polymerized with some
5-30 % of water in the cells, which may help maintain the proteins
in a state closer to their native conformation and allows better
access for antibodies. Therefore, it is recommended to use
LR-White-embedded sections for immunolocalization of proteins.
Fixing with osmium tetroxide also may cause problems. When this
compound reacts with cellular components, the resulting osmium
metal coating will prevent the antibodies from binding to the anti-
gens. To visualize the antigen—antibody interaction, “secondary”
antibodies bound to colloidal gold particles are applied. These
bind the gold particles to the “primary” antibodies specifically
bound to the antigen to be detected. However, the small gold
particles can hardly be recognized on the contrasted ultrastructure.
For better visibility, they have to be enlarged, which can be achieved
by the silver enhancement reaction. In this reaction, the gold par-
ticle catalyzes the reduction of silver ions to metallic silver on its
surface which enlarges the particle. It must be completed before
contrasting reagents such as osmium tetroxide, lead citrate, or ura-
nyl acetate are applied, since the osmium and lead deposits can also
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nucleate silver deposition in the same manner as gold and produce
non-specific staining.

1.
2.

10.

11.

12.

13.

14.
15.

Fill several small beakers with the PBS-BSA blocking buffer.
Cut several pieces of parafilm and place them on a large filter
paper.

. Dilute the primary antibody in PBS-BSA and centrifuge (see

Note 18).

. Put small drops of PBS-BSA and diluted antibody onto parafilm

pieces.

. To mask nonspecific binding site, place the grid section side

down on a small drop of PBS-BSA on parafilm for 5 min (see
Note 19).

. Transfer the grids and float them section-side down on the

antibody drops for 20-60 min.

. Transfer the grids on drops of PBS-BSA for 2 min. Repeat

washing five times (in five drops).

. Dilute the colloidal gold probe to the working concentration

in PBS-BSA and place drops on parafilm pieces.

. Transfer the grids, section-side down, to the drops of gold

probe (secondary antibody) and incubate for 10-60 min.

Transfer the grids on drops of PBS-BSA for 2 min. Repeat
washing two times.

Transfer the grids on drops of PBS for 2 min. Repeat washing
two times.

Prepare silver enhancement reagent (developer) by combining
equal volumes of enhancer and initiator solutions and put
drops on parafilm. Avoid skin contact since the silver enhance-
ment reagents will stain skin.

Transfer the grids on developer drops for 1-4 min (see
Note 20).

Transfer the grids on drops of deionized water for 5 min, twice.

If desired, contrast sections with UA and/or LC (see
Subheading 3.6).

4 Notes

. Potassium permanganate is presently not widely used as a fixa-

tive. Its disadvantages include capriciousness, contamination
of sections by precipitation (“dirt”), granularity, and fragility
of the section to the electron beam. Contamination of the sec-
tion by precipitated material can be prevented /reduced by using
freshly prepared solution and by excluding air from the solution.
If dirt is already produced, a treatment of the specimen with a
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0.025 % solution of citric acid can remove most of the precipi-
tated material. Although Luft [11] originally prepared KMnO,
in a bufter, unbuffered solutions yield equally satisfactory pres-
ervation and staining. Potassium permanganate has been
shown to preserve some carbohydrates that are extracted by
glutaraldehyde.

. Epoxy Resin 812 is made by various manufacturers (Poly/Bed,

EMbed, etc.). The Epon embedding media consist of epoxy
resin (Epon 812 or substitute), the hardeners DDSA (dodecyl
succinic anhydride) and NMA (nadic methyl anhydride), and
an accelerant such as BDMA (benzyldimethylamine) [17]. It s
possible to prepare resin mixtures by manipulating with the
proportions of the components that will polymerize into plas-
tics of various hardness. More NMA makes a harder resin,
more DDSA makes it softer.

. Lead salts are extremely toxic, exercise care in weighting the

powder. Lead citrate reacts with CO, in the atmosphere to
form lead carbonate precipitate, which appears as electron-
dense particles of various sizes and shapes (“dirt”) on the sec-
tion. Another common cause of lead precipitates is incorrect
pH. The correct pH for Reynolds led citrate is 12. A pH lower
than 12 causes precipitation of lead carbonate.

. The cells should be fixed during early log phase when the den-

sity of the cytoplasm appears minimal and the permeability of
the cell wall appears maximal.

. Because compounds can be present in media that interact with

fixatives, cells have to be washed thoroughly. If mutants with
fragile cell walls are to be fixed, use a sorbitol solution (0.8-1.2
M) for washing.

. Primary fixation with GA or GA + PA, followed by a secondary

fixation with PM, has become a routine procedure in fission
yeast laboratories (e.g. [10, 22]). It has been found, through
years of personal experience, that GA can be omitted and direct
(primary) fixation with PM can result in images superior to
those obtained with double fixation. The involvement of PA
can reduce the clarity of certain intracellular structures.
Formalin fixation yields unacceptable EM ultrastructure.

. Osmium tetroxide has a relatively slow rate of penetration and

for this reason is usually used as a secondary fixative. It also
serves as a stain of membranes and lipid-containing bodies. It
reacts poorly with proteins and carbohydrates. It should be
avoided when immunolabeling is to be performed as it almost
totally destroys antigenicity of reactive sites.

. The aim of the dehydration process is to replace the water in

cells with a fluid that acts as a solvent between the aqueous
environment of the cell and the hydrophobic embedding
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media. Water is removed stepwise by passing the cubes through
a series of solutions of increasing concentration of an organic
solvent (ethanol, acetone, or acetonitrile). Ethanol is preferred
to acetone as a dehydrating agent because anhydrous acetone
absorbs water from the atmosphere and is a more powerful
extractor of lipids within the cell. Many dehydration schedules
exist.

. Infiltration is the process by which dehydrants (e.g. ethanol)

and transition fluids (e.g. PO) are replaced by resin monomers,
most of which are very viscous. For infiltration, acrylic media
(Lowicryl, LR White, LR Gold) or epoxy resins (Araldite,
Epon) are used.

Replacement of ethanol by another intermediary solvent that is
highly miscible with the plastic embedding medium is usually
necessary to interface with the embedding media. The standard
solvent used is propylene oxide (PO). PO reduces the viscosity
of the embedding media and increases its infiltration into the
cells. Ethanol does not reduce the viscosity to the same degree.
However, PO can severely deplete lipids from the fixed cells. As
yeast cells form a loose pellet (not a dense tissue), the use of PO
can be omitted from the dehydration procedure.

LR White is an acrylic resin preferably used for immunoelectron
microscopy. Its chemical components are not fully known. The
special hydrophobic nature of the LR White resin allows the pen-
etration of aqueous solutions that contain antibodies. LR White
may be polymerized by heat, addition of an accelerator, or UV
light. Its polymerization is exothermic and is carried out in an
anoxic atmosphere. The fixation protocol is governed by the
need to preserve antigens. Ethanol dehydration is preferred.

Avoid acetone during dehydration because acetone acts as a
radical scavenger and can interfere with polymerization.

LR White can penetrate and soften low-density polyethylene
capsules. In addition, polyethylene is not impermeable to oxy-
gen and may allow enough contact with atmospheric oxygen
to interfere with polymerization. Both these problems can be
overcome by the use of gelatin capsules.

Curing with LR White accelerator may also be employed but
for immunolocalization the thermally cured blocks are much
better, probably because when accelerator-curing the resin the
exotherm produced may damage the integrity of antigens.

The contrast in the electron microscope depends primarily on
the differences in the electron density of the organic molecules
in the cell. However, these differences are usually poor in
aldehyde-fixed specimens and need to be enhanced by stain-
ing. The pre-embedding treatment of (intact) cells alone may
not enhance the contrast sufficiently. Therefore, the sections
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are frequently “poststained” with agents that attach metals of
high atomic weight (uranium and lead) to the biological struc-
tures. The most commonly used methodology consists of post-
staining the grids carrying the sections with aqueous uranyl
acetate followed by Reynolds’ lead citrate [ 19]. Uranyl acetate
stains membranous structures and structures containing
nucleic acids. Lead binds to RNA-containing structures and
hydroxyl groups of carbohydrates. Better contrast is achieved
by poststaining grids immediately after the sections are pro-
duced and without exposure to the electron beam. If it is nec-
essary to check the quality of the sections before poststaining,
only one grid from a batch should be examined in the electron
microscope.

16. Staining time longer than 10 min for uranyl acetate and longer
than 5 min for lead citrate can result in stain precipitates (dirt)
on the section.

17. Grids should be kept wet throughout the contrasting process.

18. The optimal concentration of the antibody can be determined
by serial dilutions.

19. Use nickel grids, not copper. Nickel is more inert and less poi-
sonous to immunoreactions. Copper grids can turn black due
to corrosion.

20. More or less time can be used to control particle size and
intensity of signal. A series of different development times
should be tried, to find the optimum time for your experiment.
After this time, silver may be precipitated spontaneously by
self-nucleation, producing background signal.
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Chapter 9

Characterization of Septin Ultrastructure in Budding
Yeast Using Electron Tomography

Aurélie Bertin and Eva Nogales

Abstract

Septins are essential for the completion of cytokinesis. In budding yeast, Saccharomyces cerevisine, septins
are located at the bud neck during mitosis and are closely connected to the inner plasma membrane. In
vitro, yeast septins have been shown to self-assemble into a variety of filamentous structures, including
rods, paired filaments, bundles, and rings (Bertin et al. Proc Natl Acad Sci U S A, 105(24):8274-8279,
2008; Garcia et al. J Cell Biol, 195(6):993-1004, 2011; Bertin et al. ] Mol Biol, 404(4):711-731, 2010).
Using electron tomography of freeze-substituted sections and cryo-electron tomography of frozen sec-
tions, we determined the three-dimensional organization of the septin cytoskeleton in dividing budding
yeast with molecular resolution (Bertin et al. Mol Biol Cell, 23(3):423—432, 2012; Bertin and Nogales.
Commun Integr Biol 5(5):503-505, 2012). Here, we describe the detailed procedures used for our char-
acterization of the septin cellular ultrastructure.

Key words Septin, Budding yeast, Cytokinesis, Cryo-tomography, Image processing, Cryo-sectioning

1 Introduction

Septins were discovered through a screen for cell division cycle
mutants in budding yeast more than 40 years ago [6]. Septins are
indeed essential for cytokinesis, and play a variety of molecular
roles, including the recruitment of proteins like myosin2 [7] or
serving as a diffusion barrier for membrane-bound proteins [8].
Furthermore, the self-assembly of septin has been shown to be
required for cell survival in yeast [9]. From early electron micros-
copy studies using standard preparation methods [10, 11], we
know that septins assemble in concentric rings at the bud neck, but
several studies point to a variable organization and orientation of
septins through the cell cycle, likely regulated by post-translational
modifications [12]. In situ FRAP experiments have shown that the
assembly of septins at the bud neck is dynamic [12], while fluores-
cence polarization studies indicate a global reorientation of the
septin filaments at the onset of cytokinesis [ 13]. In agreement with

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_9, © Springer Science+Business Media New York 2016
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these in vivo observations, we have characterized a variety of septin
structures in vitro depending on ionic strength [1], the nature of
the septin subunit composition [2], presence of specific lipids
[3], or the phosphorylation state of septins [2]. In high salt (above
200 mM), the mitotic septin complex made of Cdc3, CdclO0,
Cdcl2, and Cdcll exists as a 32 nm long octameric, symmetric,
rod-like structure [1]. At lower ionic strength, these rods self-
assemble into long paired filaments resembling railroad tracks, or
into bundles of filaments [1]. Remarkably, replacing Cdcll by
Shsl, a less essential and sub-stoichiometric septin, induces the for-
mation of ring-like structure or, for a specific phosphomimetic
Shs]l mutation, into gauzes of orthogonal filaments [2]. Hence,
the organization of septins is highly variable and plastic. In order
to get insight into the organization of septin filaments in situ, it is
necessary to use advance electron microscopy methods for sample
preparation and visualization that enable the quantitative descrip-
tion under optimized cellular preservation. Using electron tomog-
raphy, we have characterized the three-dimensional organization of
septin filaments in dividing budding yeasts [4, 5]. This chapter
describes the methods we used for sample preparation, data collec-
tion, and computation.

2 Materials

2.1 Preparation

of Resin Embedded
Samples

for Sectioning and EM
Analysis

The methods presented here require specialized equipment for
sample preparation and data collection. Below we list the material
we have used in our studies; electron microscopy facilities are often
equipped with these or similar tool alternatives.

1. Yeast extract peptone glucose, commonly referred to as YPD
medium (1 % yeast extract, 2 % peptone, 2 % glucose), auto-
claved for 20 min at 121 °C. To prevent burning the glucose,
sterile, filtered glucose can be added after autoclaving. Otherwise
the media will darken and cell growth will not be optimal.

2. Incubator and shaker (to be set at 30 °C) able to contain 2 L
cell culture flasks.

3. Spectrophotometer.

4. Vacuum filtration device with a pump and a borosilicate glass
funnel, equipped with a fritted glass of 25 mm in diameter
(Millipore). 0.45 pm polycarbonate filters are used.

5. High-pressure freezing device (EMPACT2-RTS, Leica) and
100 uM deep membrane carriers (Leica). Hexadecene (Fluka)
to be used to coat the membrane carriers.

6. Cryogenic vials (Nalgene) of 2 mL for sample conservation at
liquid nitrogen temperature (in a nitrogen tank) or freeze
substitution.
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. Freeze substitution media: 1 % osmium tetraoxide, 0.1 % ura-

nyl acetate, 5 % water in freshly opened dry acetone. The freeze
substitution medium can be prepared in advance and stored in
liquid nitrogen. We used a Leica AFS2 freeze substitution
apparatus.

. Epon resin solutions in acetone at increasing concentrations of

30, 60, and 100 %. Epon polymerization molds and oven to be
set at 60 °C.

. Ultamicrotome (Ultracut E, Reichert) equipped with either a

homemade glass knife (with a glass “knifemaker”) or a diamond
knife of 4.5 mm (Diatome). One of your own eyelash glued
(with nailpolish) to a toothpick to be used to handle the sec-
tions. Dumont tweezers N7 to be used to hold the hexagonal
copper grids (mesh size of 100) coated with formvar (0.5 %).

Solutions of uranyl acetate (2 %) and lead citrate (70 %) in
methanol, and 10 nm gold beads (Aurion).

A carbon evaporator apparatus.

. YPD medium as described above.
. Vacuum filtration device as described above.
. High-pressure freezing device (EMPACT2-RTS, Leica) and

copper tubes (350 pm inner diameter, Leica).

. Cryo-ultramicrotome (UC7, Leica) equipped with an anti-

contamination “cryosphere” (Leica) and a CRION ionizer (Leica).

. Trimming diamond knife (Diatome) and 3.5 mm cryo-

immuno diamond knife (Diatome).

. C-flat holey carbon grids (Protochips) coated with gold beads

(Aurion) and an eyelash glued to a 20 cm long stick.

. Data collection for resin-embedded samples, at room tempera-

ture: a dual-axis holder (model 2040, Fischione) enables the
collection of two, perpendicular tilt series. For data collection,
we use an FEG CM200 microscope (FEI) equipped with a
4K x4K CCD camera (Ultrascan 4000, Gatan). We use Digital
Micrograph software (Gatan) for automated data collection.

. Data collection for cryo-samples: we mount the sample on a

626 cryo-holder (Gatan) and visualize it using a Tecnai 12
electron microscope (FEI) equipped with a 4Kx4K Eagle
camera (FEI). We use the software suite Xplore 3D (FEI) for
automated data collection.

. We used the IMOD software [ 14] for both tilt series alignment

and three-dimensional reconstruction. The segmentation can
be performed using either Amira [15] or IMOD.

. Our computation was carried out using workstations with

48 GB of RAM and NVDIA video cards.
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3 Methods

3.1 Sample
Preparation for Resin-
Embedded Cells

For tomography and cryo-tomography analysis, two different
strategies can be employed as described in Fig. 1. Either the har-
vested cells are directly sectioned after vitrification and then ana-
lyzed in a hydrated state, or the vitrified cells are gradually
freeze-substituted in the presence of fixative and staining chemi-
cals, embedded in resin, and sectioned at room temperature.

1. Grow yeast cells at 30 °C in Erlenmeyer flasks (growing 500
mL of media in 2 L flasks should provide cells with sufficient
oxygenation). Grow the cells to mid-exponential phase
(ODg0o nm=0.4-0.6). Measure the Optical density at 600 nm
with a spectrophotometer every 20 min.

Cell growth

30°

Cell harvest by vacuum filtration

High pressure freezing

Freeze substitution

Resin embedding Cryo-sectionning

Sectionning

Fig. 1 Schematic of the procedure used for sample preparation for electron
microscopy analysis. After cell growth, the cells are harvested by vacuum filtra-
tion and vitrified by high-pressure freezing. Two strategies can then be employed.
Either the vitrified cells are cryo-sectioned right before observation in the scope
(or storage) or the cells are freeze-substituted, embedded in resin at room tem-
perature and sectioned



3.2 Sample
Preparation of Vitrified
Samples
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. Harvest the yeast cells by vacuum filtration as described in

McDonald [16] (see Note 1). After filtration, a yeast thick
paste is isolated on top of the filtration membrane. Transfer the
membrane in a wet Petri dish (see Note 2).

. Coat the membrane carriers with hexadecene, which is a cryo-

protectant. Use a sterile toothpick to transfer some of the yeast
paste to the 100 pm deep membrane carrier already attached
to its stand. This step is easier using binoculars. Then transfer
the membrane carrier into the high-pressure freezing machine
and vitrify the sample at once (se¢ Note 3).

. Transfer the vitrified samples into cryo vials containing the fro-

zen freeze-substitution media and either store in liquid nitro-
gen (see Note 4) or process further for freeze substitution.
During freeze substitution, steadily and accurately raise the
temperature from -90 to -25 °C in increments of 2 °C per
hour. Then raise the temperature to 0 °C in 5 °C per hour
increments (see Note 5).

. Rinse the samples three times for 10 min in pure acetone. The

samples should be now darker due to the presence of osmium
tetraoxide in the media. The samples are most likely to detach
from the membrane carrier by themselves during the rinses.

. Perform resin embedding by consecutive baths in epon/ace-

tone solutions of increasing epon concentrations: 30, 60, and
100 % for 1 h or more each (se¢ Note 6). During the baths,
gently mix the samples on a shaker. To remove any trace of
acetone, wash the samples in three consecutive solutions of
pure acetone for at least 1 h each. Then put the samples into
polymerization molds and label them (see Note 7) betfore put-
ting them into an oven at 60 °C for 48 h.

. Before sectioning, trim the resin-embedded sample using a

homemade glass knife. Then section the resin block using a
4.5 mm diamond knife, using standard procedures. Depending
on desired use, choose the proper thickness for sectioning (see
Note 8). Use the eyelash to move the sections across the air/
water interface. Grab the sections with the formvar-coated
hexagonal grid held with tweezers and coming from below.
Then let the grid dry.

. Evaporate carefully a thin layer of carbon on top of the grid on

the sample side (see Note 9). The grids are then ready to be
analyzed by electron microscopy.

. Grow the yeast cells to mid-log phase as described above (see

step 1 in Subheading 3.1) in YPD media containing 20 % of
sterile-filtered dextran (see Note 10).

. Harvest the cells by vacuum filtration and keep a few milliliters in

the funnel without waiting to obtain a yeast paste (see Note 11).
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3.3 Data Collection
for Resin-Embedded
Samples

3.4 Data Collection
for Cryo-Sections

3.

Suck some yeast solution into the copper tube mounted on its
holder. Make sure the tube is entirely filled in order to ensure
good vitrification. Quickly transfer the sample into the high-
pressure freezing machine for vitrification and operate follow-
ing standard procedures.

. Either store the copper tubes in liquid nitrogen or transfer it

into a cryo-ultramicrotome.

. Coat some C-flat holey grids with 10 nm gold beads by incu-

bating them upside down on a gold beads solution, followed
by several rinses in PBS buffer.

. Cool the cryo-ultramicrotome down to -150 °C. Attach the

copper tube safely into the jaws of the cryo-ultramicrotome
and trim one of'its ends into a pyramidal shape using the trim-
ming diamond knife (see Note 12).

. Then use the cryo-immuno knife to section 50 nm thick rib-

bons. Hold the ribbon with an eyelash attached to a 20 cm
long stick. When the ribbon is long enough, hold a pre-cooled
grid below the ribbon and invert the charge of the “CRION
Tonizer” to make the ribbon stick onto the grid (sec Note 13).
The cryo-sectioning procedure has been described in details by
Pierson et al. [17].

. Then transfer the grid, kept under liquid nitrogen, into the

cryo-holder and either store in liquid nitrogen or transfer to
the microscope.

. Insert a good grid (see Note 14) into the dual axis holder.

. Irradiate the area of interest for about 30 min to shrink the

resin to its final thickness (se¢e Note 15). Choose an area of
interest in the center of a hexagonal copper hole to prevent a
grid bar from coming into the field of view.

. Make sure that the sample is at eucentric height. Tilt the sam-

ple from -70° to 70° to make sure a tilt series can be acquired
within this range of angles. Collect a tilt series (se¢ Note 16) as
shown in Fig. 2a. On resin sections, tracking and focusing of
the sample can be performed on the area of interest. Choose a
reasonable magnification to get a resolution that will enable
the visualization of filaments within the cell (se¢ Note 17).

. Rotate the sample by 90° to collect a second tilt series as shown

in Fig. 2b (see Note 18). Once the sample has been rotated,
move the grid to have the area of interest in the center of the
screen. Collect the second tilt series.

. Place the frozen grid into the cryo-holder, keeping the sample

always at liquid nitrogen temperature.

. Make sure the ribbon is still vitrified (see Note 19). Using low-

dose procedures, find a dividing cell in the center ofa grid square.
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Fig. 2 Snapshots from a reconstructed tomogram and its corresponding model. (@) Images from a tilted series
collected from a resin-embedded sample. (b) After the sample has been rotated by 90°, another tilted series
was collected from which a few images are shown. (¢) Images from different slices of the corresponding 3D
reconstruction. (d) Model obtained after segmentation of the reconstructed tomogram

3.5 Data Processing

. Collect a tilt series from —-60° to 60° in two-degree increments

(~60 images), using a total dose of about 50 electrons per A2,
Focus and tracking have to be performed on an area a few
microns away from the area of interest to prevent any irradia-
tion and burning of the sample.

. Align the tomographic dataset using the fiducial gold beads

and software like IMOD [14] (see Note 20).

. Perform the 3D reconstructions using weighted back projec-

tion (for both tilted series in the case of a dual dataset from a
resin-embedded sample).

. For resin-embedded samples, recombine the 3D reconstruc-

tion using the datasets from the two perpendicular tit series.
One example is displayed in Fig. 2c.

. For datasets from cryo-samples, enhance the signal-to-noise

ratio trying different types of filtering software (see Note 21).

. Segment the sample by tracing recognizable features (fila-

ments, vesicles, microtubules, membranes, etc.) through
sequential consecutive slices in the depth of the 3D recon-
struction (see Note 22) as shown in Fig. 2d.
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4 Notes

10.

11.

12.

13.

. For optimum cell preservation, cells should not be harvested

by centrifugation. The mechanical stress induced by centrifu-
gation can disrupt cellular ultrastructural features.

. A water-soaked filter paper can be set in the Petri dish. It pre-

vents the cells from being dried. The yeast paste can be pre-
served this way for several minutes, the time needed to transfer
the sample into the high-pressure freezing apparatus.

. The transfer needs to be carried out as quickly as possible in

order to prevent the cells from drying before being vitrified.

. If the freeze substitution device is not readily available, the

vitrified samples can be kept in liquid nitrogen for as long as
necessary.

. It is convenient to start the freeze substitution procedure just

before the weekend. The sample will be ready, at 0 °C, Monday
morning. It is important to make sure that the liquid nitrogen
tank connected to the apparatus is full.

. The epon resin can be kept at =20 °C and defrosted before use.

To replace a bath one should use plastic Pasteur pipettes and make
sure the samples are not disposed of with the discarded solution.
The discarded and rinsing solutions need to be discarded in a
dedicated chemical waste container. The preparation of solutions
has to be performed under a hood for safety reasons.

. To label the samples, you can insert small pieces of paper writ-

ten with a lead pencil inside the molds.

. 50 nm sections are fine for 2D imaging. Thicker sections

(150-200 nm) can and should be used for tomography (irra-
diation with the electron beam will thin down the sections).

. Carbon evaporation prevents charging and subsequent drifting

of the sample during data collection. While evaporating car-
bon, make sure not to produce any sparks, which can damage
the formvar film and tear it apart.

Dextran is a cryo-protectant that helps the vitrification process
and also makes cryo-sectioning easier.

Since the media is more viscous because of the dextran, do not
wait until a yeast paste is obtained. There will be enough cells
when harvesting 2—-3 mL from an initial 500 mL.

Usually the tips of the tubes are not perfectly vitrified, as seen
by the presence of holes and cracks in the ice. Trim the first 50
pm of the tube before carving the pyramid. The surface of the
vitrified ice, when inspected through the binoculars, should
look dark and shiny.

This step is the most delicate and challenging part of the method.
Tune the sectioning speed to make it comfortable for yourself.
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The “CRION ionizer” makes the attachment of the vitrified rib-
bon onto the grid easier than using a mechanical “stamping”
device. The ribbon has to be perfectly attached to the grid and
has to lay flat on top of'it. Otherwise, cryo-tomography and 3D
reconstruction will be difficult to carry out.

It is wise to pre-screen the different grids and samples one has
prepared to choose the best one for data collection. The qual-
ity of the stain, the density of cells in the sample, and the sam-
ple preservation (e.g. the quality of the cellular membranes)
are important factors to keep in mind.

Pre-irradiation of the sample is needed to shrink the resin to its
final thickness (by about 30 %). Otherwise, the resin will shrink
during data collection, making it challenging to align the
images and to obtain a consistent reconstruction.

Depending on the data collection software use, this procedure
will be different (some steps may or may not be automated).
The quality of the data (tracking and focusing have to be cor-
rect) is essential to be able to carry out any further processing.

About 4 A per pixels should be enough. We collect our data at
a magnification of 50,000 on a 4Kx4K camera and bin by 2,
resulting in a final resolution of about 4 A per pixels.

The dual-axis holder from Fischione enables a mechanical rota-
tion of the sample gradually so that one can still follow an area
of interest (in our case a dividing cell) throughout the rotation.
This way the cell of interest is kept in the center of the screen by
moving the sample in the x,y directions. Collecting two tilt
series at 90° from one another reduces the “missing wedge” in
the tomographic data to a “missing pyramid” and thus mini-
mizes the anisotropy of the tomographic reconstruction.

Check the diffraction pattern to make sure the ice is vitreous.
Additionally, the ribbon has to lay perfectly flat onto the grid.
Otherwise, this will affect negatively the quality of the
reconstruction.

IMOD [14]is a free, downloadable software package (http://
bio3d.colorado.edu/imod/). It is powerful, user-friendly,
and widely used in the field. We used IMOD for almost all the
processing steps. The IMOD website includes comprehensive
instructions and tutorials as well as practical advice and help
from the developers. The initial dataset has to be in mrc
format.

One can use a nonlinear anisotropic diffusion filter [18] for
instance, available in IMOD or TOMOAND [19] (https://
sites.google.com/site /3demimageprocessing,/tomoand).

For most of our datasets we carry out this task manually using
IMOD, but Amira [15] enables some automated rendering in
the process.


http://bio3d.colorado.edu/imod/
http://bio3d.colorado.edu/imod/
https://sites.google.com/site/3demimageprocessing/tomoand
https://sites.google.com/site/3demimageprocessing/tomoand
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Chapter 10

Isolation of Cytokinetic Actomyosin Rings from
Saccharomyces cerevisiae and Schizosaccharomyces
pombe

Junqi Huang*, Mithilesh Mishra*, Saravanan Palani,
Ting Gang Chew, and Mohan K. Balasubramanian

Abstract

Cytokinesis is the final stage of cell division, through which cellular constituents of mother cells are parti-
tioned into two daughter cells resulting in the increase in cell number. In animal and fungal cells cytokine-
sis is mediated by an actomyosin contractile ring, which is attached to the overlying cell membrane.
Contraction of this ring after chromosome segregation physically severs the mother cell into two daugh-
ters. Here we describe methods for the isolation and partial purification of the actomyosin ring from the
fission yeast Schizosaccharomyces pombe and the budding yeast Saccharomyces cevevisine, which can serve as
in vitro systems to facilitate biochemical and ultrastructural analysis of cytokinesis in these genetically trac-
table model systems.

Key words Yeast, Schizosaccharomyces pombe, Saccharomyces cerevisine, Actomyosin ring, Isolation,
ATDP-dependent contraction

1 Introduction

In most eukaryotes from yeast to human, cytokinesis is carried out
by the regulated assembly and subsequent contraction of an
actomyosin-based contractile ring, which leads to constriction of
the plasma membrane at the division site. This ring is made up of a
conserved set of proteins including actin, formin, myosin II,
IQGAP, and F-BAR proteins [ 1, 2]. While genetic and cell biologi-
cal analysis in the last couple of decades in yeasts, nematodes, fruit
flies, and human cells have led to the identification of many con-
served proteins involved in cytokinesis, the mechanism of ring for-
mation, contraction, and disassembly remain mysterious [2-6].
For ring contraction, uncovering its mechanisms will require a

* Both the editors contributed equally.
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definitive list of factors sufficient for ring contraction, as well as
experimental tools enabling more detailed biochemical and
ultrastructural examination of the process. Achieving these goals
will demand a system of ring contraction in vitro.

Actomyosin contractile rings are highly complex assemblies of
more than 130 different proteins [2]. As an important first step
toward understanding this complex macromolecular structure,
intact actomyosin rings were recently isolated /partially isolated from
both budding yeast and fission yeast, respectively [7, 8]. Although it
is still not clear whether rings isolated from budding yeast are fully
contractile, cytokinetic rings isolated from fission yeast are functional
and upon addition of ATP these rings undergo complete closure
in vitro [7, 8]. Fission yeast ring contraction in vitro is myosin
II-dependent but surprisingly is independent of actin turnover.
Though functional actomyosin rings have been isolated from newt
eggs and sea urchin embryos [9, 10], the genetic intractability of
these organism has limited the progress in furthering these studies.
On the other hand, yeasts are easy to manipulate genetically and
have a short generation time. This allows for isolation of sufficient
amounts of cellular material for cytokinesis studies.

The isolated contractile ring systems allow a combination of
biochemical and genetic analysis that complement cell biological
studies of the cytokinetic ring. Moreover, isolated rings would also
be amenable to ultrastructural analysis. In summary, these
approaches to the isolation of the cytokinetic apparatus and its
analysis hold great potential in increasing our understanding of the
important process of cytokinesis. The subsequent sections provide
detailed step-by-step protocol for isolation and analysis of yeast
actomyosin rings.

2 Materials

2.1 S.pombe
Actomyosin Ring
Isolation

1. Edinburgh minimal medium + Supplements (EMM48S) +0.5 %
Glucose (filter-sterilized, room temperature storage): 3 g/I
potassium hydrogen phthalate, 2.2 g/l sodium phosphate
dibasic, 5 g/l ammonium chloride, 5 g/1 p-(+)-glucose (anhy-
drous), 1x salt solution, 1x minerals solution, 1x vitamins
solution, 82.5 mg/l r-histidine, 82.5 mg/l L-LEUCINE,
112.5 mg/1 adenine hemisulfate, 82.5 mg/1 uracil.

2. 50x salt solution stock (filter-sterilized, 4 °C storage): 0.26 M
MgCl,-6H,0, 4.99 mM CaCl,-2H,0, 0.67 M KCI, 14.1
mM Nast4.

3. 50x minerals solution stock (filter-sterilized, 4 °C storage):
80.9 mM boricacid,23.7 mM MnSO,, 13.9 mM ZnSO, - 7H,0,
7.40 mM FeCl,-6H,0, 2.47 mM molybdic acid, 6.02 mM KI,
1.60 mM CuSO,-5H,0, 47.6 mM citric acid.
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. 50x vitamins solution stock (filter-sterilized, 4 °C storage):

4.20 mM pantothenic acid, 81.2 mM nicotinic acid, 55.5 mM
inositol, 40.8 pM biotin.

. E-Buffer (filter-sterilized, room temperature storage): 50 mM

sodium citrate-dihydrate, 100 mM sodium phosphate.

. E-Buffer with 1.2 M sorbitol (filter-sterilized, room tempera-

ture storage): 50 mM sodium citrate-dihydrate, 100 mM
sodium phosphate, 1.2 M p-sorbitol.

. E-Bufter with 0.6 M sorbitol (filter-sterilized, room tempera-

ture storage): 50 mM sodium citrate-dihydrate, 100 mM
sodium phosphate, 0.6 M p-sorbitol.

. EMM4S+ 0.8 M Sorbitol (filter-sterilized, room temperature

storage): 3 g/1 potassium hydrogen phthalate, 2.2 g /I sodium
phosphate dibasic, 5 g/1 ammonium chloride, 20 g/1 p-(+)-
glucose (anhydrous), 1x salt solution, 1x minerals solution, 1x
vitamins solution, 82.5 mg /1 -histidine, 82.5 mg/1 L-LEUCINE,
112.5 mg/1 adenine hemisulfate, 82.5 mg/1 uracil, 0.8 M
p-sorbitol.

. Wash Buffer (pH ~7.0, no need to adjust pH, filter-sterilized,

4 °C storage): 0.8 M p-sorbitol, 2 mM EGTA, 5 mM MgClL,
and 20 mM PIPES-NaOH (pH 7.0).

Isolation Buffer (pH ~7.0, no need to adjust pH, filter-
sterilized, 4 °C storage): 0.16 M sucrose, 50 mM EGTA,
5 mM MgCl,, 50 mM potassium acetate, 50 mM PIPES-
NaOH (pH 7.0), 0.5 % NP-40 (Nonidet P40 substitute, from
Fluka, added fresh every time before experiments), 10 pg /ml
leupeptin hemisulfate (stock solution: 10 mg,/ml), 10 pg /ml
aprotinin from bovine lung (stock solution: 10 mg/ml),
400 pg/ml benzamidine hydrochloride hydrate (stock solu-
tion: 80 mg,/ml), 1 mM phenylmethylsulfonyl fluoride (PMSF,
stock solution: 0.1 M), and 1 mM dithiothreitol (DTT, stock
solution: 1 M).

Reactivation Buffer (pH adjusted to ~7.5 with NaOH, filter-
sterilized, 4 °C storage): 0.16 M sucrose, 5 mM MgCl,,
50 mM potassium acetate, 20 mM MOPS-NaOH (pH 7.0),
10 pg /ml leupeptin hemisulfate (stock solution: 10 mg,/ml),
10 pg /ml aprotinin from bovine lung (stock solution: 10 mg/
ml), 400 pg/ml benzamidine hydrochloride hydrate (stock
solution: 80 mg/ml), 1 mM phenylmethylsulfonyl fluoride
(PMSEF, stock solution: 0.1 M), and 1 mM dithiothreitol
(DTT, stock solution: 1 M). For protease inhibitors (leupeptin
hemisulfate, aprotinin from bovine lung, benzamidine
hydrochloride hydrate, PMSF) and DTT, aliquot the stock
solutions and store at —20 °C.

ATP, stock solution: 0.1 M (aliquot and storage at =20 °C).
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2.2 8. cerevisiae
Ring Isolation

13.

14.
15.

o NN O\ Ul W

Lysing enzymes from T7icoderma harzianun (Sigma, working
concentration: 0.0125 g/5 ml).

Zymolyase (G-Biosciences, 1.5 units/pl).

Glass homogenizer (Corning Potter-Elvehjem Tissue Grinders,
Thomas Scientific).

. YPDA /YP-Raffinose media.
. S-buffer: 100 mM potassium phosphate (pH 7.0), 1.33 M

p-sorbitol, 40 mM p-mercaptoethanol.

. Ring isolation buffer: 50 mM HEPES-KOH (pH 7.5), 10 mM

MgOAc (pH 7.5), 60 mM potassium acetate (pH 7.5), 1 mM
EDTA, 10 % glycerol, 1 mM DTT.

. Lyticase (Sigma-Aldrich).

. Protease Inhibitor (Roche, EDTA-free, complete cocktail).

. 1 mM PMSFE.

. 0.5 % NP-40.

. Strains used for the ring isolation (kindly provided by Dr.

David G. Drubin, University of California, Berkeley): Mat a
mobl-77 MYOI-GFP:KANMX pep4A::TRP1 MLC2-HPM
(bis9-precission2-myc9):: HIS3 ura3-52 trplA 1 his3A200 len2-

3 Methods

3.1 S. pombe
Protoplast
Formation (Fig. 1)

. Inoculate fresh (from -80 °C freezer, 1 day on 24 °C YES

plate) cdc25-228. pombe cells (with fluorescent actomyosin ring
marker such as Rlc1p-3GFP) into 20 ml liquid EMM4S + 0.5
% Glucose, and grow overnight at 24 °C and shaking at
200 rpm (see Notes 1-3).

. Next day morning, measure O.D.505 (should be around 0.3;

3x10° cells/ml), shift up cells to 36 °C for 3.5 h, while still
shaking at 200 rpm (see Notes 4 and 5).

. Spin down cells in a 50 ml Falcon tube at 450 x g for 2 min at

room temperature.

. Wash cells once with E-buffer. Spin at 450 x4 for 2 min at

room temperature.

. Resuspend cells in E-buffer supplemented with 1.2 M sorbitol

up to the volume of 5 ml in the 50 ml Falcon tube.

. Weigh 0.0125 g lysing enzymes from Tricoderma harzianun

(Sigma, working concentration: 0.0125 g/5 ml) (see Note 6).

. Mix lysing enzymes evenly with the cell suspension from step

5. Lay the Falcon tube flat on the air shaker. Digest cell walls
at 36 °C, while shaking at 80 rpm for 1 h 20 min.
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Fig. 1 S. pombe ring isolation. Upper panel shows the schematic of S. pombe ring isolation process. Lower
panel shows an example of purified S. pombe ring constriction. Scale bar, 5 um

3.2 S.pombe
Actomyosin Ring
Isolation

8.

10.
11.

12.

Monitor protoplast formation by phase-contrast microscopy.
Take 5 pl cells from step 7, gently spread on a coverslip
(24 x40 mm), and observe cells directly without another cov-
erslip on top. After step 7, more than 80 % cylindrical cells
should form a bud-like extrusion at the tip(s)/cell middle
(see Note 7).

. Add 10 pl of zymolyase (G-Biosciences, 1.5 units/pl) into the

cell suspension from step 7. Cells are kept at 36 °C, while
shaking at 80 rpm for another 40 min (se¢ Note 8).

Spin at 450 x 4 for 2 min at room temperature.

Wash once with E-buffer supplemented with 0.6 M sorbitol.
Spin at 450 x g for 2 min at room temperature.

Resuspend protoplasts in 10 ml EMM4S+0.8 M Sorbitol,
80 rpm at 24 °C for 5-6 h. Check actomyosin ring formation
on the coverslip (similar to step 8 without another coverslip)
under wide-field fluorescence microscopy. Isolate rings when
more than 30 % of the protoplasts form a full actomyosin ring.

. Cool down the bench-top centrifuge to 4 °C for ring

isolation.

. Prepare 2 ml isolation buffer (with 0.5 % NP-40) and 6 ml

reactivation buffer by adding protease inhibitors (leupeptin,
aprotinin, benzamidine, PMSF) and DTT every time before
experiments. To make ATP-reactivation buffer, mix 995 pl
reactivation buffer from above with 5 pl ATP (stock concentra-
tion: 100 mM. Final concentration after dilution: 0.5 mM) (see
Note 9).
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3.3 Poly-L-lysine-
Goated Coverslips
for S. pombe Ring
Constriction Movies

10.

11.

. Spin down (450 x g, 2 min, room temperature, in a 50 ml tube)

protoplasts after Subheading 3.1, step 12.

. Resuspend protoplasts with 1 ml wash buffer in the 50 ml

tube. Operate on ice and be gentle from this step on.

. Transfer protoplasts to a 1.5 ml eppendorf tube by pouring

(no pipetting). Spin at 450 x g and at 4 °C for 2 min. Decant
the supernatant.

. Add 1.5 ml isolation buffer and mix thoroughly by gently

inverting and tapping.

. Cells from step 6 are poured into a 5 ml glass homogenizer

(Corning Potter-Elvehjem Tissue Grinders, Thomas Scientific)
pre-chilled on ice. Leave on ice for 5 min. Homogenize the
sample (no need to rotate the pestle) for six times and avoid
bubble formation. Leave on ice for another 5 min. Cells after
this step are called ghosts as most of them are permeabilized
(see Note 10).

. Spin at 450 x g in a centrifuge cooled to 4 °C for 2 min.
. Wash twice with 1 ml reactivation buffer. Spin at 450 x4 in a

centrifuge cooled to 4 °C for 2 min.

Resuspend ghosts in 250-800 pl (volume depends on the spe-
cific experiment planned) reactivation buffer. Isolated rings are
preserved inside the ghosts.

Mix ghosts with equal volume (~8 pl each) of ATP-reactivation
buffer (from step 2) to check ring contractility on the coverslip
(similar to Subheading 3.1, step 8). Most isolated rings should
be able to finish contraction and become a dot/cluster after
6 min (see Note 11).

. Add 40 pl poly-r-lysine (Sigma) onto the centre of the cover-

slips (24 x40 mm).

. Cut parafilm (~15x 15 mm) and place it on top of poly-lysine

from step 1. Press the parafilm to spread the poly-lysine evenly.

. Dry the coverslips from step 2 in the laminar flow cabinets for

2-3 h. Peel oft the parafilm.

. Cut and paste two double-sided tapes (NICHIBAN, NW-5,

5 mm width) onto a poly-L-lysine-coated coverslip from step
3. The double-sided tapes should be parallel to each other and
the space between them should be similar to the width (5 mm)
of the NICHIBAN NW-5 double-sided tape for better perfu-
sion efficiency (see Note 12).

. To make sure the double-sided tapes stick tight to the cover-

slip, use the front end of a pipette to scratch them. Use a pair
of fine point forceps to tear off the non-sticky side of the dou-
ble-sided tape before perfusion experiments (Fig. 2).
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Fig. 2 Schematic of perfusion process for S. pombe ring constriction

3.4 ATP Perfusion
for S. pombe Ring
Constriction Movies

. Add 14 pl ghosts (from Subheading 3.2, step 10, ghosts are

kept on ice before experiments) onto a poly-L-lysine-coated
coverslip from Subheading 3.3.

. To make a chamber for perfusion, place a small coverslip

(18x18 mm) on top of the ghosts and the double-sided tapes
from step 1. Use the front end of a pipette to press the sides of
the small coverslip to make sure it sticks tight on the double-
sided tapes.

. Make sure the chamber is stable on the microscope stage

(important) (se¢ Note 13).

. Add 40 pl reactivation buffer (without ATP, this step is to wash

away the unbound ghosts) on one side of the chamber,
exchange buffer by sucking from the other side of the chamber
using filter paper (Whatman, cut into a rectangular shape) (see
Note 14).

. Search for stable ghosts possessing a fully formed, unbroken

ring. Optimal rings have a diameter slightly smaller than that of
the ghost and are bright, even, round, and parallel to the
coverslip (see Notes 15-19).
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3.5 8. cerevisiae

. Start time-lapse movie acquisition (15 s interval time). Pause the

movie after the first two time points (the first two time points are
to show that there is no contraction before adding ATP).

. Perfuse the chamber with 40 ul of 0.5 mM ATP-reactivation

buffer (from Subheading 3.2, step 2) similar to step 4.

. Restart movie acquisition. The whole isolated ring contraction

process typically finishes within 20 time points. Ring contrac-
tion should be obvious from the third or the fourth time point.

. Culture §. cerevisine cells [using mitotic exit temperature-

Ring Isolation sensitive (ts) alleles, e.g., mob1-77] with Myol-GEP (type-II
(Modified from [7]) myosin) actomyosin ring marker in YPDA /YP-Raffinose media
(Fig. 3) at permissive temperature (23 °C/30 °C) until O.D.gpp~0.4
(~5x10° cells/ml) then shift cells to 37 °C for 4 h to arrest
cells at late anaphase with fully formed rings. As an alternative
to using mobl-77 allele, galactose is added to overexpress pro-
teins to arrest cells at specific cell cycle stage (e.g., overexpres-
sion of non-degradable version of mitotic cyclin, Clb2 to arrest
the cells in late anaphase) (see Note 20).
a Ring Cell Wall Ring
o Formation Digestion Isolation .
D 0
) ot )
) ' = O,
Cell Wall === Plasma Membrane &3 Actomyosin Ring @ Cell Content

Intact cells

+ Lyticase
& NP-40

b Myo1-GFP Merge

Fig. 3 S. cerevisiae ring isolation. (a) Schematic of S. cerevisiae ring isolation process. (b) Bright field and fluo-
rescent images showing S. cerevisiae ring isolation process. Scale bar, 5 pm. (c) Bright field, fluorescent, and
Imaris 3D rendering images showing the purified S. cerevisiae rings on poly-L-lysine-coated coverslip
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. For the purpose of simplifying the protocol, the methods

described below are detailed for a 100 ml culture. Cells are pel-
leted at 2000 x g for 20 min in a rotor pre-warmed to 37 °C (in
case of using ts allele) or 30 °C (see Note 21).

. Wash pellets twice with 10 ml sterile PBS and once with 10 ml

PBS + PMSE. Freeze cells using liquid nitrogen or by placing
the pellets at -80 °C (see Note 22).

. To isolate the cytokinetic rings, frozen cells (from step 3) are

rapidly brought to 30 or 37 °C (in case of using ts alleles) by
adding 0.5 ml pre-warmed sorbitol buffer (S-bufter).

. Pre-incubate cells in a 37 °C water bath for 5-10 min before

the addition of 25 pg Lyticase (recombinant O. xanthineolytica
B-1,3-glucanase, either expressed and purified from E. cols
(homemade, please refer to Scott and Schekman [11]) or
obtained commercially (Sigma-Aldrich)). Incubate cells at 37
°C for 30 min (see Note 23).

. Cells are centrifuged at 1000 x g for 3 min. The cell pellets are

then washed twice with 0.5 ml sorbitol buffer and osmotically
lysed using 100 pl ofice-cold ringisolation buffer supplemented
with EDTA-free protease cocktail inhibitor (Roche) and 1 mM
PMSE.

. NP-40 is added to a final concentration of 0.5 % and cells are

incubated on ice for approximately 10 min.

. Lysate is cleared of debris/unbroken cells by centrifugation at

300 x g for 5-10 min at 4 °C (se¢ Note 24).

. Clarified lysate is spotted on a poly-L-lysine-coated cover-

slip (refer to Subheading 3.3 and Fig. 2), incubated for 10 min
at room temperature and then washed twice with ring isolation
buffer to clear the unattached rings and debris.

Rings attached on the poly-L-lysine-coated coverslips are visu-
alized by fluorescence microscopy.

Actomyosin ring components from the clarified lysate are con-
firmed by immunoblotting using respective antibodies.

4 Notes

. Itis very important that S. pombe cells are fresh. It may be help-

tul to dilute fresh cells 2 days before the isolation experiment
and to sub-culture them on the following days.

. ¢dc25-22 background and the 36 °C shift up process are not

essential for ring isolation.

. Low glucose medium (EMM4S + 0.5 % Glucose) may be good

for protoplast formation.
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4.

10.

11.

12.

13.

14.

15.

16.

It is better to culture cells in a programmable shaker, as the
whole fission yeast ring isolation process (including shift up)
takes around 12-13 h. Inoculate a few flasks (each flask con-
tains 20 ml EMM4S + 0.5 % Glucose medium, choose the best
flask later for ring isolation) of fresh fission yeast cells at 9 a.m.
1 day before the experiments (24 °C, 200 rpm). At 6 p.m.,
dilute the culture to O.D.gp0~0.05 (6 x 10° cells/ml), keep the
volume around 20 ml. Culture cells in a programmable shaker
(setting: 200 rpm, 24 °C for 10.5 h; then 200 rpm, 36 °C for
3.5 h). The next day morning at 8 a.m. check O.D.4, con-
tinue the steps from Subheading 3.1, step 3.

. Do not shift cells up at 36 °C for more than 4 h.
. Lysing enzymes activity may differ from batch to batch; one

can either adjust the amount of lysing enzymes used in the
experiment or adjust the lysing enzymes digestion time.

. When observing protoplasts directly on the coverslip under

bench-top phase-contrast microscopy, do not observe cells on
the edge or observe for too long. Protoplasts may shrink
because of water evaporation.

. Adding Zymolyase may help improving the isolated ring con-

striction in the later steps.

. For NP-40, first use double-distilled water to dilute the 100 %

NP-40 into 20 %, then used at the final working concentration
of 0.5 %.

Homogenizer in Subheading 3.2, step 7 may not be necessary.
Protoplasts can be permeabilized with isolation buffer for
10 min on ice. Invert tubes 2-3 times every 2 min.

It is very important to mix equal volume of ATP-reactivation
bufter with ghosts to check ring contractility. This is especially
important when working with rings isolated from mutants that
may affect ring constriction.

The quality of the double-sided tape can influence the perfusion
efficiency. NICHIBAN, NW-5 (5 mm width) is one of the best.

Scotch tapes can be used to stabilize the chamber on the
microscopy stage.

It may be better to choose soft filter papers for perfusion
experiment as the hard ones can move the chamber during
buffer exchange.

It is necessary to make a few time-lapse movies to check ring
quality before other experiments such as drug treatment. Some
solvents may affect ring constriction.

It is very important to choose proper rings for ATP perfusion
movies (refer to Subheading 3.4, step 5) because it is unavoid-
able that structures of some isolated rings are altered after
permeabilization.
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23.

24.
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To search for proper rings under fluorescent microscopy, it is
better to search by eyepiece (only if the fluorescent signal
would not be bleached easily such as Rlclp-3GFP). This is
because the field of view through eyepiece is usually bigger
than that through the camera.

After washing away the unbound ghosts with reactivation buf-
fer (Subheading 3.4, step 4), the number of remaining ghosts
reduces. Depending on the purpose, it may be good to con-
centrate the ghosts from Subheading 3.2, step 10 or try other
ways to coat the coverslips with poly-L-lysine more efficiently.

ATP perfusion occasionally does not work well as quality dif-
fers from chamber to chamber. It is suggested to acquire more
movies for quantitative analysis.

S. cervevisine cells can be grown in YPDA medium when no
external selection is required. Appropriate selection medium
(with/without supplements) can be used for growing strains
containing plasmids or genes with inducible promoters.

Depending on the purpose of the experiment, the culture vol-
ume can be scaled up from 0.05 to 4 1.

Freshly frozen cells (refer to Subheading 3.5, step 3) yield bet-
ter ring preps in comparison to ring preps from a few months
old stock. Care is to be taken to minimize the storage time at
permissive temperature prior to freezing.

Commercial lyticase may be better than homemade lyticase for
cell wall digestion.

Isolated S. cerevisine rings are stable in solution for a few hours
(~2—4 h) on ice. Further lysate clarification and subcellular
fractionation can be performed as described [7].
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Chapter 11

Measurements of Myosin-ll Motor Activity During
Cytokinesis in Fission Yeast

Qing Tang, Luther W. Pollard, and Matthew Lord

Abstract

Fission yeast myosin-II (Myo2p) represents the critical actin-based motor protein that drives actomyosin
ring assembly and constriction during cytokinesis. We detail three different methods to measure Myo2p
motor function. Actin-activated ATPases provide a readout of actomyosin ATPase motor activity in a bulk
assay; actin filament motility assays reveal the speed and efficiency of myosin-driven actin filament gliding
(when motors are anchored); myosin-bead motility assays reveal the speed and efficiency of myosin ensem-
bles traveling along actin filaments (when actin is anchored). Collectively, these methods allow us to com-
bine the standard in vivo approaches common to fission yeast with in vitro biochemical methods to learn
more about the mechanistic action of myosin-II during cytokinesis.

Key words Actin-activated ATPase assay, Colorimetric assay, Actin filament motility assay,
Epifluorescence microscopy, Myosin-bead motility assays, Total internal reflection fluorescence
microscopy, Protein-fluorophores

1 Introduction

Robust molecular genetics, live cell imaging, and mathematical
approaches have elevated fission yeast as a model cell system for
studying the complex process of cytokinesis [1, 2]. However,
in vivo phenomena and theoretical predictions rely on in vitro
measurements of protein function to gain a clear understanding of
cellular processes. This chapter focuses on three biochemical-based
approaches that can be employed to study a key fission yeast cyto-
kinesis protein: myosin-II (Myo2p).

Myosin motors use the energy derived from ATP hydrolysis to
propagate a conformational change which generates force on
attached actin filaments. Conventional (class IT) myosin is found in
all cell types in the human body and (in addition to cytokinesis)
participates in many different processes, including muscle contrac-
tion, cell motility, cortical tension, and cell morphogenesis [3].
The general mechanism of myosin-II function is quite well defined

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_11, © Springer Science+Business Media New York 2016
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thanks to the application of a range of in vitro approaches over the
past few decades to study the readily available muscle myosin-IIs.
Such approaches include kinetic methods, optical trapping, struc-
tural studies (electron microscopy and X-ray crystallography), and
motility assays unique to molecular motor proteins. However, the
action and regulation of non-muscle myosin-II motors in other
cellular processes such as cytokinesis remains relatively poorly
understood.

Cytokinesis in fission yeast relies on the assembly and constric-
tion of an actomyosin ring, which contains actin filaments, myosin-
II, and a whole host of other conserved factors [4]. Rings fail to
assemble in the absence of Myo2p function, making this particular
myosin essential for fission yeast cell division and growth [5-7].
Two other fission yeast myosins (myosin-II Myp2p and myosin-V
Myo51p) are also found at the ring and play accessory roles in
cytokinesis [8—11]. Reconstitution of motor activity using fission
yeast-purified Myo2p has advanced structure-function analysis and
regulatory studies, leading to a much better understanding of the
mechanism of myosin-II action during cytokinesis [12-16].

Here we describe three biochemical methods that we have
employed in the past to study Myo2p. Firstly, ATPase assays allow
apparent actomyosin affinities and rates of actomyosin motor activ-
ity to be measured using the actin-dependent ATPase of the motor,
the enzyme reaction that fuels force production. The experiment
involves sampling of actomyosin reactions over time with a range
of actin filament concentrations. A colorimetric assay is used to
quantitate released phosphate to generate rates of P; release [17],
which are subsequently assessed in plots using Michaelis-Menten
kinetics. Secondly, actin filament motility assays rely on the attach-
ment of purified myosin molecules to a glass cover-slip surface
[18]. The ability of these tethered molecules to propel the move-
ment of actin filaments can be monitored over time by visualiza-
tion of labeled actin using epifluorescence microscopy. Actin
filament binding efficiency is directly visualized and the speeds of
myosin-driven filament gliding can be deduced over several imaged
frames. Finally, myosin-bead motility assays utilize the attachment
of myosin molecules to fluorescent beads. The ability of individual
beads to undergo motility along fluorescently labeled actin fila-
ments (tethered to the cover-slip surface) can be resolved and mea-
sured using total internal reflection fluorescence (TIRF) microscopy
[19]. Efficiency, speeds, and run lengths of myosin-beads are
determined by analysis of the movies. Collectively, these methods
offer important approaches to extend analysis and gain a greater
understanding of myosin-II function and regulation during cytoki-
nesis in fission yeast and other systems.
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2 Materials

2.1 Proteins

2.2 Myosin Actin-
Activated
ATPase Assays

2.3 Myosin-Driven
Actin Filament Motility
Assays

Prepare all solutions using ultrapure water and analytical grade
reagents. Prepare and store all reagents at room temperature
(unless otherwise specified).

1.

Fission yeast myosin-II Myo2p can be isolated from fission
yeast viaa two-step purification process [ 12 ] (see Subheading 3.1
for the detailed protocol).

. Rabbit skeletal muscle actin is purified in a monomeric, non-

polymerized form using a standard protocol [20] and stored in G
Bufter (5 mM Tris—-HCI, pH 8.0, 0.2 mM CaCl,, 0.2 mM ATP,
0.5 mM DTT) at 4 °C (see Note 1). A standard actin purification
protocol can be found at http://www.med.upenn.edu/
ostaplab/documents /ActinPreparationfromAcetonePowder.pdf

. Prior to use Myo2p is dialyzed overnight into Working Buffer

(10 mM imidazole, pH 7.4, 500 mM KCl, 1 mM DTT). An
actin filament (F-actin) stock is polymerized by diluting KMI
Buffer (100 mM imidazole, pH 6.8, 500 mM KCl, 20 mM
MgCl,) tenfold with G-actin. Mock KG Butffer is prepared in
the same way using G Butffer lacking actin.

. ATPase reactions are started by addition of 10x Supplements

(40 mM ATP, 40 mM MgCl, in G Buffer) to actin/myosin
samples.

. Detection solution (1:1:2:2 0.572 % ammonium molybdate in

6 N HCIL:0.232 % poly-vinyl alcohol:0.0812 % malachite
green:double-distilled water) is used to quantify the levels of P;
in reaction samples.

. Stop Solution (20 mM sodium citrate) is used to terminate

ATPase reactions and halt color development in this colorimet-
ric assay.

. Phosphate Color Standard is employed to generate standard a

P; curve to derive free phosphate released in ATPase reactions.
A range of P; concentration standards are generated by back-
diluting a phosphate stock (4 mM KH,PO, solution) into H,O.

. Myo2p and actin filament working stocks are prepared as in

Subheading 2.2, item 1 (see Note 2). Fluorescent F-actin is
generated by mixing 5 pM actin filaments 1:1 with rhodamine-
phalloidin (see Note 3).

. Nitrocellulose-coated cover slips: 22 mmx22 mm, glass #1

(see Note 4). These cover-slips are used to adhere myosin.

. Motility chamber components: top cover glass: nitrocellulose-

coated 22 mmx22 mm cover-slips; bottom cover glass:


http://www.med.upenn.edu/ostaplab/documents/ActinPreparationfromAcetonePowder.pdf
http://www.med.upenn.edu/ostaplab/documents/ActinPreparationfromAcetonePowder.pdf

140 Qing Tang et al.

2.4 Myosin-Bead
Motility Assays

24 mm x 60 mm, #1; plastic shim of 0.125 mm thickness (Blue
0.005 in.; Artus Corporation, Englewood, NJ, USA); optical
adhesive.

. Standard running buffer is Motility Buffer (25 mM imidazole,

pH 7.4, 50 mM KCI, 1 mM EGTA, 4 mM MgCl,, 50 mM
DTT) plus additional reagents as indicated at appropriate
places in Subheading 3 (see below).

. Microscopy equipment: An inverted fluorescence microscope

(e.g., Nikon TE2000-E2) with a rhodamine fluorescence
(543 nm excitation) filter and a Plan Apo 60x (1.45 NA)
objective is used to capture epifluorescence images of actin fila-
ments over time at room temperature. Fluorescence utilizes an
EXFO X-CITE 120 illuminator. Nikon NIS Elements software
is used to control the microscope, two Uniblitz shutters, and a
CoolSNAP HQ2 14-bit camera.

. Working stocks of Myo2p and fluorescent actin filaments are

prepared as described in Subheading 2.2, item 1, and
Subheading 2.3, item 1.

. Uncoated glass cover slips to adhere N-ethylmaleimide-modified

skeletal muscle myosin (NEM-myosin; Cytoskeleton Inc.,
Denver, CO, USA). NEM-myosin is a chemically inactivated
form that tightly binds to F-actin without generating any force or
movement (by persisting in the “rigor” state). NEM-myosin is
diluted into dilution bufter (motility buffer plus 350 mM KCl).

. Motility chamber components (see Subheading 2.3, item 3).

Unlike in the myosin-driven actin filament motility assay,
nitrocellulose-coating of the top cover slip is not required to
attach NEM-myosin for the myosin-bead motility assay.

. Standard running buffer is motility buffer plus additional

reagents as indicated in Subheading 3 (see Subheadings 3.3
and 3.4 below).

. Quantum dots (655 nm; Invitrogen, Waltham, MA, USA) are

highly fluorescent beads with which to attach multiple Myo2p
molecules. These commercially available beads are obtained
pre-coated with streptavidin. A Myo2p heavy chain species car-
rying a C-terminal biotin carrier peptide (BCP) tag is employed
(see Note 5).

. Microscopy equipment: Through-the-objective TIRF micros-

copy is performed at room temperature using a microscope
equipped with a 100x Plan Apo objective lens (1.49 NA) and
auxiliary 1.5x magnification. Still images of fluorescent actin are
detected as described earlier (Subheading 2.3, item 5), whereas
quantum dots (Qdots) are excited with a 473-nm laser line to
obtain time-lapse images collected using a high-speed XR/
Turbo-Z camera controlled by Piper Control software v2.3.39.
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3 Methods

3.1 Myo2p Over-
Expression

and Purification
from Fission Yeast

. Myo2p is purified as a complex that includes the Myo2p heavy

chain and its light chains (essential light chain Cdc4p and regu-
latory light chain Rlclp). To this end, a Myo2p over-expression
strain (natf:nmt417°"-myo2) is co-transformed with p- nm3rr-
GST-7lcl (ura4') and p-nmit3"-GST-cdc4 (LEU2) plasmids.
Transtormants are isolated on EMM (Edinburgh minimal
media) Leu~ Ura™ plates (containing 5 pg/ml of thiamine to
repress the toxic over-expression of Myo2p).

. Transformants are grown in liquid cultures to saturation in

EMM Leu~ Ura- containing 5 pg/ml of thiamine. Cells are
harvested and washed three times in EMM Leu™ Ura- medium
(lacking thiamine). Over-expression of Myo2p and its light
chains are induced by diluting the washed cells to an optical
density at 595 nm (ODsy5) of ~0.05 (10° cells/ml) in 4 | of the
same medium lacking thiamine.

. Sufficient over-expression of Myo2p, GST-Rlclp, and GST-

Cdc4p is achieved after 24-28 h of incubation at 32 °C, by
which time the OD reaches ~3.0 (6 x 107 cells/ml) (see Note 6).

. Cells are harvested and washed once in water and once in ice-

cold lysis buffer (25 mM Tris—-HCI, pH 7.4, 750 mM KCl,
4 mM MgCl,, 20 mM Na,P,0,, 2 mM EGTA, and 0.1 %
Triton X-100). Pellets are resuspended in an equal volume of
ice-cold Lysis Buftfer with additives consisting of 1 mM DTT,
4 mM ATP, 2 mM PMSEF, EDTA-free protease inhibitors, and
diisopropyl fluorophosphate at a final concentration of
0.5 mM. From this point forward all work is conducted at
4 °C with samples stored on ice whenever possible.

. Cells are lysed by glass bead-beating with a Fastprep-24 (MP

Biochemicals, Santa Anna, CA, USA). The lysate is centrifuged
at 500xyg for 5 min to remove unlysed cells and beads, and
then further centrifuged at 100,000 x 4 for 45 min to remove
insoluble matter.

. The supernatant is batch-incubated with 2 ml of glutathione-

Sepharose for 90 min, and then transferred to a 20 ml dispos-
able column. Once the glutathione-Sepharose is packed, the
lysate is then slowly flowed over the column once at a rate of
~0.5 ml/min.

. The bound sample is washed with lysis buffer plus additives

(4x15 ml at a flow rate of ~0.5 ml/min) before eluting in 5 ml
of lysis buftfer plus additives and 100 mM glutathione. Eluate
contains affinity-purified GST-Rlc1lp and GST-Cdc4p enriched
with co-purifying Myo2p.

. The sample is filtered with a 0.22 pum filter and dialyzed for

24 h into 1 | of Al5 Buffer (10 mM imidazole, pH 7.0,
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3.2 Myosin Actin-
Activated
ATPase Assays

10.

11.

12.

13.

14.

500 mM KCl, 10 mM EDTA, 1 mM DTT, and 0.3 mM
NaNj;). The Al5 buffer should be changed (with another liter)
at the 12 h mark.

. Thrombin is added to the sample (Amersham Biosciences;

10 units/mg GST-Cdc4p,/GST-Rlclp) and incubated at 4 °C
for 24 h to detach GST from the light chains (see Note 7). The
amount of GST-light chains present is estimated using the
Bradford assay to measure the total protein concentration of
the crude one-step purified sample. BSA is used as the protein
standard here.

One-step purified, cleaved Myo2p is further purified by gel fil-
tration on a 2.5x50 cm column of Bio-Gel Al5m, 200-
400 mesh (Bio-Rad Laboratories) equilibrated and run with
Al5 Buffer (see Note 8). The column should be run with a
flow rate of 0.5 ml/min. >80 x4 ml fractions are typically col-
lected in a fraction collector.

Gel filtration fractions enriched in Myo2p are identified by
running samples on SDS-PAGE gels. Typical of a myosin-I1,
Myo2p elutes in the early fractions owing to its large size and
elongated molecular shape. The first two-thirds of the Myo2p-
containing fractions yield ~95 % pure Myo2p. The final third
of the fractions can be sacrificed (depending on purity).

Pooled fractions (~50 ml) are concentrated to a volume of
~1-2 ml by repeated rounds of dialysis in: (1) 500 ml Al5
Buffer containing 50 % glycerol (8 h) and (2) 1 1 A15 Buffer
(8 h). The dialysis bag is tightened each time dialysis in A15-
glycerol Buffer is completed. This process typically requires
two rounds of dialysis with a final dialysis back into the A15-
glycerol buffer.

Myo2p concentration is determined using the Bradford assay,
with rabbit skeletal muscle myosin-II being used as the stan-
dard (extinction co-efficient=0.54 at 280 nm for a 1 mg/ml
solution). The two-step purification typically yields 0.5 mg
Myo2p per 4 | of culture.

Myo2p is stored in the A15-glycerol buffer at -20 °C, where it
remains stable for at least 6 months.

. Myo2p is diluted to a final concentration of 2040 nM in both

KG butffer alone (zero actin control) and KG buffer including
different actin filament concentrations (5-80 pM). Sample size
(myosin +actin) =180 pl.

. Reactions are started through addition of 20 pl 10x supple-

ments for a total sample volume of 200 pl. A replicate set of
samples lacking Myo2p are prepared in unison as blanks to
account for any excess P; from the buffer, basal Myo2p
ATPase activity (i.e., in the absence of actin), or actin filaments.
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Three 50 pl samples of the reaction are collected at 10, 20,
and 30 min following addition of the 10x supplements.

3. Reactions (50 pl) are assayed and halted by subsequent addition
of (a) 200 pl detection solution and (b) 50 pl stop solution. The
300 pl samples are transferred to a 96-well plate for detection
following full color development 1 h later (see Note 9).

4. P; levels are determined through quantification of the mala-
chite green-dependent color change using the 595 nm setting
on a spectrophotometer plate reader (Biorad, Hercules, CA,
USA). Both basal Myo2p P, release-associated color changes
and color change associated with F-actin alone are subtracted
from initial sample measurements to yield P; release corre-
sponding to the actomyosin ATPase alone (se¢e Note 10).
Molar amounts of phosphate released per Myo2p head per sec-
ond (rates, s!) can be derived for each sample using the
Phosphate Color Standard (working phosphate curve range
for detection = 0-3 nmol).

5. Final Myo2p ATPase rates are determined and plotted versus
F-actin concentration to generate an actin-activated ATPase
curve (Fig. 1). Typically 3-5 experimental data sets are required
to produce an accurate representative average curve. The
apparent actin affinity (Ky) and ATPase rate (Vyax) can be
derived using Michaelis-Menten kinetics (Fig. 1). Curve fits
are best obtained using graphing software such as KaleidaGraph
(Synergy Software, Reading, PA, USA).

4 L | ] L ] L | ]

Myo2p Mg?*-ATPase

Pjrelease (s”)
(]
L

Ky = 20.4 £ 2.9 uM
Viux=35+02s"

0 20 40 60 80
actin filaments (M)

1 1 1 1

Fig. 1 Myo2p actin-activated ATPase curve. Myo2p actin-activated ATPase rates
plotted versus F-actin concentration (average values from four separate experi-
ments are shown). The plot is fit to Michaelis-Menten kinetics to derive Myo2p’s
apparent actin affinity (F-actin concentration yielding half-maximal activity, Ky)
and ATPase rate (maximal ATPase rate, Vyax)
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Fig. 2 Preparation and use of the motility chamber. (a) Summary of the individual steps used to construct a
motility chamber. (b) Setup of the motility chamber on the microscope objective (shown here positioned on the
objective for Myo2p-bead motility assays by TIRF microscopy). The chamber is inverted (positioned with the
top cover slip facing the objective lens) for use in the myosin-driven actin filament motility assays

3.3 Myosin-Driven
Actin Filament Motility
Assays

10.

. Motility chambers are routinely constructed homemade using

aforementioned glass cover slips (Subheading 2.3, item 3)
(Fig. 2a). Firstly, cut the plastic shims into 3 mm x45 mm strips
and cover front and back with the optical adhesive. Place three
pieces of the plastic strips on top of the 24 x60 mm cover slip
(bottom glass) to form two lanes, the width of which is usually
5-7 mm. Then, lightly press down the 22 x22 mm cover slip
(top glass) on top to the plastic strips, and make sure that there
is sufficient glue to seal the contacting area between the glass
cover slip and the plastic strips so that there is no leak between
the two flow cells. Expose the assembled slides under UV light
for 5-7 min to allow the glue to solidify (se¢ Note 11).

. 100 pl of 5-10 nM of Myo2p is delivered into motility cham-

bers and adhered to the nitrocellulose-coated cover slip for
10 min.

. The chamber is subsequently washed using filter paper and

capillary action, employing 100 pl of the appropriate buffer per
wash. First set of washes: 3x motility buffer plus 0.5 mg/ml
BSA.

. Three times washes with motility buffer alone.

. Two times washes with motility buffer containing 1 pM of vor-

texed (30 s) unlabeled actin filaments to load non-motile, inac-
tive myosin motors.

. Three times washes with motility buffer plus 1 mM ATP.

. Two times washes with motility buffer plus 25 nM rhodamine

phalloidin-labeled actin filaments and oxygen scavengers
(50 pg/ml catalase, 130 pg/ml glucose oxidase, and 3 mg,/ml
glucose) to minimize fluorescence bleaching.

. Two times washes with motility buffer plus 20 mM DTT,

0.5 % methyl-cellulose, and oxygen scavengers.

. Two times washes with motility buffer plus 20 mM DTT,

0.5 % methyl-cellulose, 1.5 mM ATP, and oxygen scavengers.

Once samples have been applied and washed, the motility cham-
ber should be immediately transferred to the epifluorescence
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Fig. 3 Myo2p actin filament motility assay. Myo2p attached to the surface of the top glass cover slip propels
rhodamine-phalloidin-labeled actin filament motility. (a) lllustration depicting an experiment with Myo2p
attached to the nitrocellulose-coated cover slip. The orientations of the Myo2p molecules shown indicate how
(ideally) these molecules will be situated to freely translocate an actin filament. The pointed and barbed ends
of the actin filament are indicated for reference (given that myosin-II, like most myosins, is a barbed end-
directed motor). (b) Time-lapse images recording Myo2p-driven actin filament motility by epifluorescence
microscopy. The average speed of actin filament gliding from this experiment was 0.50 pm/s

3.4 Myosin-Bead
Motility Assays

11.

microscope (see Note 12). We use an inverted objective where
the chamber is put in place such that the top cover-slip sits on
the objective lens. Note that this placement is inverse to the way
in which the chamber is positioned for TIRF microscopy in
Myo2p-bead motility assays, where the bottom cover slip sits on
the objective (Fig. 2b).

Fluorescent actin filaments are observed at room temperature
and their movements recorded at intervals of 1-2 s for 1 min
(Fig. 3a, b). Movies are processed in Image J (http://image;j.
nih.gov/ij/); plug-in  Mtrack] (www.imagescience.org/
meijering/software /mtrackj/) is employed to measure the
speed (pm/s) of individual filaments (%> 50 filaments).

. Motility chambers are constructed as described in

Subheading 3.3, step 1 (Fig. 2a). Chamber washes are per-
formed in a similar fashion to those described in Subheading 3.3
in that 100 pl of the indicated solutions/samples are typically
used (unless indicated otherwise). Nitrocellulose-coating of
the top glass cover slips is not needed in this assay.

. 100 pl of 0.1 mg/ml NEM-myosin is delivered into motility

chambers and adhered to the cover-slip surfaces for 10 min.

. Three times washes with motility buffer plus 1 mg/ml BSA.

4. Apply 200 pl of 60 nM rhodamine-phalloidin-labeled actin

filaments and incubate for 4 min. This step attaches labeled
actin tracks to the adhered NEM-myosin.

. Two times washes with motility buffer.

. One time washes with motility buffer plus 1 mg/ml BSA and

0.15 mM ATP.

. Flow in 20 pl of a diluted Myo2p-Qdot mixture. To achieve

attachment of multiple motors per bead, Myo2p and the Qdots
are mixed at a 20:1 ratio, which yields 3-5 myosin motors per
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Qdot-Myo2p beads (green), F-actin track (red)

0.166 s frames

Fig. 4 Myo2p-bead motility assay. Time-lapse series of images showing movement of a Myo2p-bead (green)
along a rhodamine phalloidin-labeled actin filament (red). The green Qdot (decorated with multiple Myo2p
motors) moves along the actin track (from the lower portion of the image to a higher position). The experiment
was performed using buffer containing 0.15 mM ATP; the bead shown is moving at a speed of 0.35 pm/s with
arun length of 1.0 pm

Qdot when geometric constraints are considered [21]. Thus,
20 pl of a Myo2p stock (diluted to 0.4 pM in storage bufter) is
mixed with 2 pl Qdots (0.2 pM). The mixture is stored on ice
in a lighttight tube. This mixture is diluted tenfold into Motility
Buffer plus 1 mg/ml BSA and 0.15 mM ATP prior to applying
to the chamber (sec Notes 13 and 14).

8. Once the sample has been applied, the motility chamber should
be immediately transferred to the TIRF microscope (see Note
12). We use an inverted objective where the chamber is put in
place such that the bottom cover slip sits on the objective lens
(Fig. 2b).

9. Focus on the NEM-myosin-bound actin filaments using the
rhodamine channel and capture a still image of the actin to
mark the myosin tracks. Switch to the channel and use TIRF
microscopy to capture Qdot movements at ~6 frames per sec-
ond for 2 min (see Subheading 2.4, item 6 for specifications re.
laser line) (Fig. 4).

10. Movies are processed in Image J (http://imagej.nih.gov/ij/);
plug-in Mtrack] (www.imagescience.org,/meijering,/software /
mtrackj/) is employed to measure bead run lengths (pm) and
speeds (pm/s). The time-lapse series shown in Fig. 4 captures
movement of a Myo2p-decorated Qdot along an actin fila-
ment. ~100 runs from individual events should be sampled to
derive run lengths and speeds. Average run lengths are derived
from a plot of run length distributions fitted with a nonlinear
regression curve y=Aeé-x/'A.

4 Notes

1. Actin stock shelf-life at 4 °C (~2 months) can be preserved by
flash-freezing concentrated G-actin stocks in liquid N, and
storing at —-80 °C (for years). Avoid the need to refreeze actin
stocks by preparing small, convenient-sized aliquots.
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2. Inactive or ‘dead’ Myo2p motors can be removed from work-
ing Myo2p stocks (following dialysis into working buffer).
This is achieved by a pre-clarification step using 5 pM F-actin
(plus 1 mM Mg?*-ATP). F-actin is sedimented using an ultra-
centrifuge such as the Beckman Optima MAX-E with a TLA
100 rotor (Beckman Coulter, Fullerton, CA, USA) for 1 h at
120,000xg in 0.2 ml polycarbonate tubes. This will pellet
most (if not all) of the ‘dead’ motors that assume rigor binding
of F-actin (even in the weak actin-binding ATP state). Active
Myo2p retained in solution is carried forward and employed in
both actin filament gliding and myosin-bead motility assays.
This step limits artificial reduction in motility speeds and bind-
ing of non-motile filaments.

3. Labeled rhodamine phalloidin-stabilized F-actin stocks can be
stored at 4 °C and are stable for months. This avoids remaking
a new stock of labeled F-actin, adding some additional consis-
tency with experiments performed over a period of days/weeks.

4. A convenient way to produce nitrocellulose-coated cover slips
involves placing one drop of high grade 1 % nitrocellulose
stored in amyl acetate into ultrapure water. A Pasteur pipette is
used to administer a drop of the 1 % nitrocellulose onto the
surface of water housed in a 10 cm diameter container. The
amyl acetate evaporates in ~1 min leaving a nitrocellulose film
on the surface of the water. Cover slips are carefully placed on
the film using forceps and allowed to sit for 1-2 min. A
nitrocellulose-coated cover slip is then generated by holding it
with forceps and pushing it down into the water where it is
inverted and lifted out. This technique prevents surface action
from damaging the film. Coated cover slips are allowed to air-
dry and are used within a few hours of preparation.

5. Include excess biotin in fission yeast growth media when puri-
fying Myo2p carrying the BCP tag (100-fold greater than
standard media recipe). This ensures 100 % biotinylation of
Myo2p tails.

6. The thiamine-repressible zmt promoter starts to trigger gene
expression approximately 16 h following the removal of thia-
mine. Thus, 28 h of induction results in ~12 h of continuous
Myo2p (and light chain) over-expression. Prolonged Myo2p
over-expression beyond 28 h should be avoided as it becomes
highly toxic leading to cell lysis and loss of yield. By 28 h, cells
should appear elongated (due to cytokinesis defects associated
with successful Myo2p over-expression) while largely remain-
ing intact.

7. The efficiency of GST cleavage from the light chains should be
confirmed prior to applying the sample to the gel filtration
column. This can be done by simply using SDS-PAGE analysis



148

Qing Tang et al.

10.

11.

12.

13.

to compare an aliquot of the thrombin-treated sample with an
untreated aliquot (i.e. a 20 pl sample removed prior to addition
of thrombin). A second round of thrombin treatment may be
required in some cases.

. A small aliquot of glycerol (5 % v/v) should be added to the

cleaved one-step purified sample prior to loading it on the gel
filtration column. This step increases sample density and limits
its diffusion when loading the top of the column. Start the
column running while loading to favor immediate movement
of the sample into the resin.

. A brief spin (1 min at 800 x g in a microcentrifuge) is advisable

for samples containing high concentrations of F-actin (which
tends to precipitate in the detection solution). This clarifica-
tion ensures accurate color change measurement prior to
applying samples to the 96-well plate.

Before conducting an extensive range of ATPase reactions one
should ensure the appropriate concentration of Myo2p and
reactions times are being employed. This can quickly be done
by performing a small number of trial experiments at low,
medium, and high actin concentrations. The aim is to attain
measurements that fall in the working range of your phosphate
standard curve (0.2-2.0 at ODs95). Measurements that yield
too low or too high color changes will fall outside the linear
range of the standard curve leading to inaccuracies.

Avoid excessive glue as it will occupy chamber space when the
top cover slip is pressed down.

Ideally microscopy should be initiated immediately following
sample preparation in the motility chamber. This expeditious
move limits drying of the sample before or during microscopy,
which can take place within 15 min depending on the humid-
ity of the imaging room/suite.

Relatively low ATP (0.15 mM) concentrations are used (cf.
with 1-2 mM ATP typically employed in such assays). This
adjustment facilitates capture of motility events by beads deco-
rated with the non-processive Myo2p motors. Like most
myosin-IIs, Myo2p is a low-duty-ratio motor [16], meaning it
spends very little of its ATPase cycle time in the strong actin-
bound ADP state. This property does not allow hand-over-
hand processive motility by single dimeric Myo2p molecules
(nor does it favor motility driven by multiple Myo2p mole-
cules), in contrast to what is observed with, e.g., the high duty
ratio, double-headed, processive myosin-V motors [22].
Lower ATP concentrations will introduce some degree of apo/
rigor strong actin-bound Myo2p events, which provide tran-
sient tethers that help establish and propagate motility, albeit at
suboptimal rates of movement. The ATP concentration
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employed is ultimately determined by the type of myosin under
study in such bead-based assays.

14. Myo2p is more stable when kept at high concentration. For
optimal activity, the Myo2p-Qdot mixture is diluted to the
appropriate concentration immediately before diffusing it into

the motility chamber.
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Chapter 12

In Vitro Biochemical Characterization of Cytokinesis
Actin-Binding Proteins

Dennis Zimmermann, Alisha N. Morganthaler, David R. Kovar,
and Cristian Suarez

Abstract

Characterizing the biochemical and biophysical properties of purified proteins is critical to understand the
underlying molecular mechanisms that facilitate complicated cellular processes such as cytokinesis. Here
we outline in vitro assays to investigate the effects of cytokinesis actin-binding proteins on actin filament
dynamics and organization. We describe (1) multicolor single-molecule TIRF microscopy actin assembly
assays, (2) “bulk” pyrene actin assembly,/disassembly assays, and (3) “bulk” sedimentation actin filament
binding and bundling assays.

Key words Actin, Cytokinesis, TIRF, Microscopy, Single molecule, Micropatterning, Biomimetics

1 Introduction

Eukaryotic cells assemble diverse actin filament networks with dis-
tinct organization and dynamics to facilitate a variety of fundamen-
tal processes such as polarization, endocytosis, motility, and
cytokinesis [ 1, 2]. Specific actin filament networks are assembled at
the right time and place through the coordinated action of numer-
ous actin-binding proteins (ABPs) with complementary properties
including monomer binding, nucleating, cross-linking, and sever-
ing/disassembly [1]. Therefore, it is critical to understand how
specific sets of diverse ABPs work in concert to facilitate actin fila-
ment networks for different cellular processes.

Most types of eukaryotic cells physically separate through the
formation of a contractile actin filament network that is assembled,
maintained, constricted, and disassembled by diverse actin binding
proteins including profilin, formin, myosin, a-actinin, tropomyosin,
cofilin, and capping protein [ 3-6]. Understanding the mechanisms
by which these biochemically diverse ABPs facilitate formation of a

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_12, © Springer Science+Business Media New York 2016
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contractile network depends upon our understanding of their com-
binatorial effects on actin filament dynamics.

Here we describe in vitro biochemical methods that can be
used to measure the association of purified ABPs with actin fila-
ments and their effects on actin filament dynamics and network
organization: (1) multicolor single filament/molecule TIRF
microscopy assays to directly visualize association with actin fila-
ments and effects on actin filament dynamics and organization,
(2) pyrene actin assays to measure general effects on spontaneous
actin assembly, elongation and disassembly, (3) biomimetic and
micropattern assays to directly observe actin filament network for-
mation, and (4) actin filament sedimentation assays to measure
actin filament affinity and actin filament cross-linking ability.
Utilizing combinations of these assays will provide key mechanis-
tic insight into cytokinesis actin filament network organization
and dynamics.

2 Materials

2.1 General Stock
Reagents Required
for Actin

Assembly Assays

Unless mentioned otherwise, all solutions should be prepared
using cold ultrapure water (purify deionized water to attain a sen-
sitivity of 18 MQ cm at 25 °C) and analytical grade reagents. All
reagents should be prepared fresh on ice unless otherwise
indicated.

1. 0.1 M ATP stock: For 100 mL, dissolve 6.05 g of solid ATP
(disodium-trihydrate) in 95 mL ice-cold Milli-Q water. Raise
the pH to 7.4 using ~15-20 drops of 10 M NaOH. Add ice-
cold water to 100 mL and prepare 0.5, 1.0 and 10 mL ali-
quots. Store at =20 °C.

2. 1 M DTT stock: Prepare 0.5 and 1.0 mL aliquots by dissolving
7.71 g solid DTT to a volume of 50 mL Milli-Q water. Store
at =20 °C.

3. 100x Buffer G (G-actin buffer) stock: 200 mM Tris-Cl
(pH 8.0), 50 mM DTT, 20 mM ATP, 100 mM Na-azide.
Make 100 mL and prepare 5 mL aliquots. Store at -20 °C.

4. 1x Ca-Buffer G: Thaw frozen 100x Buffer G stock and dilute
to 1x in cold Milli-Q water, and add 1 pL/10 mL of 1 M
CaCl, for 0.1 mM CaCl,. Store at 4 °C.

5. 10x KMEI (KCl, MgCl,, EGTA, Imidazole polymerization
buffer) stock: 500 mM KCI, 100 mM Imidazole (pH 7.0), 10
mM MgCl,, 10 mM EGTA (pH 7.0). Prepare 10 mL and
sterile-filter using a syringe-filter device (0.22 pm, Fisher).
Store at room temperature.

6. 10x ME buftfer (Mg exchange bufter) stock: Prepare 500 pM
MgCl, and 2 mM EGTA by mixing 50 pL of 1 M MgCl,
(in H,O) and 400 pL of 0.5 M EGTA (pH 8.0, in H,O), and
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bring up to 100 mL with Milli-Q water. Sterile-filter using a
syringe-filter device (0.22 pm, Fisher, Pittsburgh, PA, USA).
Store at 4 °C.

. Prepare Ca-ATP-actin from rabbit skeletal muscle acetone

powder (Pel-Freez, Rogers, AR, USA) [7].

. OG (Oregon Green) label 10 mM: Dissolve 5 mg of Oregon

Green 488 iodoacetamide (Invitrogen, Life Technologies Inc.,
Burlington, Ontario, Canada) in 907 pL of dimethylfor-
mamide (DMF).

. TMR (Tetramethylrhodamine) label 10 mM: Dissolve 5 mg of

tetramethylrhodamine-6-maleimide (Invitrogen, Life
Technologies Inc.) in 964 pL. DMF.

. Pyrene label 10 mM: Dissolve 100 mg of N-(1-pyrene)iodo-

acetamide in 26 mL of DMF.

. pPSNAP-tag® (T7)-2 E. coli expression plasmid (New England

Biolabs, Ipswich, MA, USA).

. SNAP-Surface™ fluorescent substrates (New England Biolabs)

to label SNAP-tagged fusion proteins (see Table 1).

. 1 M Glucose stock: Dissolve 901 mg of high-grade glucose up

to 5 mL H,O and prepare 300 pL aliquots. Store at -20 °C.

. 2 % Methyl-cellulose (400 cP) stock: For 50 mL, dissolve 1 g

methyl-cellulose in 25 mL of Milli-Q water that was preheated
to 65 °C, add up to 25 mL of room temperature water, and
rock/rotate overnight at 4 °C. Spin in an ultracentrifuge at
150,000 x g and transfer the upper 75 % of the supernatant to
a fresh 50 mL tube. Store at 4 °C.

. 2x TIRF buffer stock: 2x KMEI, 200 mM DTT, 0.4 mM ATP,

30 mM glucose, 1 % methyl-cellulose (2 %, 400 cp). Prepare

List of SNAP-Surface substrates to label SNAP-tagged proteins

Excitation Emission Product
Product name maximum (nm) maximum (nm) number
SNAP-Surface® 488 506 526 §9124S
SNAP-Surface® Alexa Fluor® 546 558 574 S9132S
SNAP-Surface® 549 560 575 $91128
SNAP-Surface® 594 606 626 $9134S
SNAP-Surface® Alexa Fluor® 647 652 670 S9136S
SNAP-Surface® 649 655 676 S9159S
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2.5 Reagents

for Biomimetic TIRF

Microscopy

Table 2

10 mL and make 240 pL aliquots. Store at =20 °C. Just before
use, add 10 pL of GOC mix (see item 5) and 10 pL of 5 % BSA
per 240 pL 2x TIRF Bufter.

. Ix TIRF buffer is prepared by mixing 100 pL of the above

prepared 2x TIRF Buffer with 100 pL ice-cold MilliQ water.

. 50x Glucose-oxidase /catalase (GOC) mix: Dissolve 20 mg of

Catalase and 100 mg of Glucose-oxidase (Sigma) in 10 mL
cold water. Clear undissolved particles by ultracentrifugation
for 30 min at 100,000 x g at 4 °C and prepare 50 pL aliquots
from the upper 90 % of the supernatant in the cold room.
Stored at -20 °C.

. 5 % BSA stock: Dissolve 500 mg bovine serum albumin (BSA)

in 10 mL Milli-Q water and prepare 0.5 mL aliquots. Store at
-20 °C.

. 5x ME (Mg-Exchange) buffer: Prepare 500 pL 5x ME bufter

from a 10x ME stock with water. Sterile-filter using a syringe-
filter device (0.22 pm) and store at 4 °C.

. ABPs and associated buffers will be specific to particular

interests.

. Microspheres: There are many different microsphere products

commercially available, and as mentioned in more detail in
Subheading 3.6, the best fit depends on factors such as (a) the
ABP, (b) microsphere size, and (c) whether the microspheres
need to be functionalized or nonfunctionalized and/or fluo-
rescent or non-fluorescent. An overview of the microsphere
products we have successfully used are listed in Table 2.

List of a subset of fluorescent and non-fluorescent microsphere products used to specifically
or nonspecifically attach actin-binding proteins

Diameter Excitation Emission Product number

Color Functionalization (um) max. max. (Company)

Black Carboxylate 1.0 - - 08226 (Polysciences)
Black Carboxylate 20 - - 18327 (Polysciences)
Yellow-green  Carboxylate 1.0 505 515 F8823 (Molecular Probes)
Red Carboxylate 1.0 580 605 F8821 (Molecular Probes)
Black Streptavidin 20 - - 24160 (Polysciences)
Black NeutrAvidin® 1.0 - - F8777 (Molecular Probes)
Yellow-green  NeutrAvidin® 1.0 505 515 F8776 (Molecular Probes)
Red NeutrAvidin® 1.0 580 605 E8775 (Molecular Probes)
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. 10x Bead butffer stock: 100 mM Hepes (pH 7.5), 1 M KCl, 10

mM MgCl,, 1 mM CaCl,. Prepare 5 mL and make 200 pL
aliquots. Store at -20 °C.

. 1x Bead buffers containing 0, 0.1, and 1 % BSA: Using the

previously prepared 10x bead buffer stock solution, prepare a
1x solution and add 1 mM ATDP as well as 0 %, 0.1 %, or 1 %
BSA, respectively.

. 98.8 % Acetone.

. 95 % Ethanol (EtOH).

. Hellmanex III (Hellma, Southend on Sea, UK).

. 35 % Hydrogen chloride (HCI).

. 30 % Hydrogen peroxide (H,0,).

. 96.4 % Sulfuric acid (H,SO,).

. Glass Coplin jar: Slide jar with glass cover for 8 slides.
. 24x40-1 mm Cover glasses.

. 25x75x1 mm Microscope slides.

. Acid-resistant goggles.

. Acid-resistant coat: 100 % Tychem QC.

. Laminate acid-resistant gloves.

. General-purpose Oft-Tipped forceps.

. Ceramic Tweezers (0.38 mm tip width).

. mPEG-Silane: MW 5k (creative PEGworks, Winston Salem,

NC, USA). Bring 1 L of 95 % EtOH and 0.1 % HCl to 70 °C
on a hot plate while stirring. Add 1 g of mPEG-Si. Stir until
dissolved. Aliquot in four 250 mL bottles and store in the dark
at room temperature. Solutions can be reused up to 2 months.

Water bath sonicator: Branson 1510 wultrasonic cleaner
(Ultrasonics Co., Danbury, Connecticut, USA) or similar.

. Mask creation software: AutoCAD (Autodesk, San Rafael, CA,

USA).

. Mask: Chrome mask 12.5x12.5 c¢m, containing transparent

micropatterns (Applied Image Inc, Rochester, NY, USA).

. UV machine: UVO-Cleaner 42 (Jelight, Irvine, California,

USA) or similar.

4. Isopropanol: 99.9 % 2-propanol.

. Double-sided tape: Double-coated pressure-sensitive adhesive

tape with low emission values.

. Olympus IX-71 microscope equipped with through-the-

objective TIRFM illumination.
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2.9 Reagents
for Sedimentation
Assays

2.10 Reagents
for Bulk Assays
with Pyrene-Actin

2.

Lasers: Sapphire LP 488 nm and Sapphire LP 561 nm
(Coherent, Inc., Santa Clara, CA, USA) or similar.

. Objectives: 100x,/1.45 Oil, TIRFM.

4. Camera: iXon EMCCD camera (Andor Technology, Belfast,

Northern Ireland) or similar.

. Ix SDS running buffer: Dissolve 30.3 g Tris, 144.1 g glycine

and 10 g SDS in up to 1 L water.

. 5x PBS: Dissolve 10 g SDS, 10 mL 2-mercaptoethanol, 100

mL glycerol and 40 mg bromophenol blue in up to 200 mL of
water. Adjust the pH to 4.6.

. Coomassie Blue stain: In a glass beaker dissolve 2 g Coomassie

Brilliant Blue in 1 L MeOH, 200 mL acetic acid and add water
to 2 L.

. Gel destain: Mix 1 L. MeOH with 400 mL acetic acid and

water to 4 L.

. Broad range marker: Bio-Rad, Hercules, California, USA.
. Ultracentifuge: Optima TLX ultracentrifuge (Beckman

Coulter, Brea, California, USA).

. Table centrifuge similar to Centrifuge 5415D (Eppendorf,

Hamburg, Germany).

. Gel scanner: Odyssey Infrared Imager (LI-COR Biosciences,

Lincoln, NE, USA).

. Pyrene-labeled Ca-ATP-actin: See Subheading 2.2, item 3.
. 1x Mg-bufter G: Thaw frozen 100x stock of bufter G, dilute in

appropriate volume of cold water and add 1 pL of 1 M MgCl,
per 10 mL to yield a final Mg?* concentration of 0.1 mM.

. Microtiter plates: 96-Well half area, black polystyrene, flat bot-

tom, non-binding surface assay plates (Corning, Tewksbury,
MA, USA).

4. 100x Antifoam 204.

. Fluorescence microplate reader such as Tecan Safire? and/or

Infinite M200 Pro (Tecan Systems, Inc., San Jose, CA, USA).

3 Methods

3.1 Fluorescent
Labeling of Actin

Carry out all procedures on ice unless otherwise specified.

1.

2.

Oregon green actin (OGA) labeling: Actin is labeled on
Cys374 with Oregon Green iodoacetamide [8].

Tetramethylrhodamine (TMR) actin labeling: Actin is labeled
on Cys374 with Tetramethylrhodamine-6-maleimide [9].
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Pyrene actin labeling: Actin is labeled on Cys374 with N-(1-
pyrenyl)iodoacetamide [10].

4. Pick the appropriate fractions of gel-filtration purified black

(unlabeled) and fluorescently labeled Ca-ATP-actin (see Note 1).

Before labeling a protein of interest for single-molecule TIRF
microscopy imaging, it is important to consider the following fac-
tors to achieve optimal image quality:

1.

For multicolor TIRF microscopy, it is important to consider
how many different fluorescently labeled proteins will be
imaged. Assuming actin is labeled, one (two-color TIRF) to
two (three-color TIRF) other proteins can be labeled.

. To achieve high labeling efficiency and high image quality,

fluorophores with optimal photophysical properties (maximal
photostability, medium to high brightness, minimal photo-
blinking and narrow excitation/emission spectra) should be
used to covalently label the protein of interest.

. When working with multiple fluorophores, the excitation and

emission wavelength spectra of the individual fluorophores
must have as little overlap as possible. User-friendly applica-
tions are available online (Fluorescence SpectraViewer, Life
Technologies) to check the excitation and emission spectra for
most commercially available fluorophores along with the
desired laser excitation wavelength.

. Small-molecule fluorophores such as cyanine, AlexaFluor and

SNAP-Surface dyes have enhanced photophysical properties
that are superior to fluorescent proteins like GFP.

. Even when photostable (high photon yield prior to photo-

bleaching) fluorophores are utilized, it is important to include
agents in the imaging buffer that improve the inherent prob-
lem of photobleaching. The TIRF microscopy protocol below
(Subheading 3.5) employs an oxygen-scavenging system of
glucose-oxidase and catalase that reduce photobleaching by
depleting phototoxic free oxygen radicals.

One possibility is to fluorescently label proteins with fluorescent
dyes conjugated directly to either succinimidyl- or maleimide esters
that target primary amines or exposed cysteine residues.

Alternatively, commercial photostable fluorescent substrates that

bind specifically to a protein fusion tag (SNAP, New England
Biolabs; CLIP, New England Biolabs; Halo, Promega) are now

widely used.
1.

The 189 amino acid SNAP-tag (approx. 20 kDa) must be
fused to either the N- or C-terminus of the protein of interest
by standard cloning methods (along with any desired purification
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3.4 Following
ActinDynamics

by Single-Color TIRF
Microscopy

Table 3

tags such as MBP, 6 x HIS, FLAG, GST). Typically, expression
and purification of SNAP-tagged proteins are carried out the
same way as for untagged versions. All SNAP-tagged proteins
must be stored in buffers with 1 mM DTT, but without EDTA,
to increase labeling efficiency (see Note 2).

. Suspend the lyophilized fluorescent probe with the appropri-

ate volume of DMSO to yield a 3 mM stock that can be stored
at -20 °C.

. Mix 30 pM fluorescent SNAP substrate with 5-10 pM SNAP-

tagged protein, and incubate overnight at 4 °C on a rocking
device under light-protected conditions (see example reaction
outlined in Table 3).

. The following day, separate unreacted fluorescent SNAP sub-

strate from labeled protein by dialysis in the dark at 4 °C with
three to four exchanges of 500 mL buffer (containing 1 mM
DTT without EDTA) over a period of 6-8 h.

. Because the SNAP-tag absorbs at 280 nm, protein concentra-

tion should be determined with a SDS-PAGE (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis) gel using an
untagged version of the same protein (determined photomet-
rically at 280 nm) as a standard. The fluorescence labeling effi-
ciency can be determined by conventional photometric
measurements at the appropriate wavelength (depends on the
fluorophore).

. Prepare a stock mixture of fluorescently labeled actin at six times

the concentration in the final reaction. Use 10-30 % fluores-
cently labeled green (Oregon-green, OG) or red (tetramethyl-
rhodamine, TMR) actin. Example: for experiments with a final
concentration of 1.5 pM of 15 % OG-actin, a mixture contain-
ing a total of 9 pM actin (1.35 pM OG-actin and 7.65 pM unla-
beled (black) actin) in Ca-Buffer G is prepared (see Note 3).

Reaction setup for the fluorescent labeling of SNAP-tagged proteins with SNAP-Surface substrate

Reagent Final conc. (uM) Final volume (pL)
40 pM SNAP-tagged fusion protein 10 12.5

3 mM Fluorescent SNAP substrate 30 0.5

1x Protein buffer - 37

Total - 50
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Table 4
Reaction setup for preparing a mix of 9 uM actin containing 15 %
Oregon-green actin

Reagent Final conc. (uM)  Final volume (uL)
20 pM OG-actin [50 % labeled] 2.7 6.8
40 pM Black actin 6.3 7.9
Ca-Buffer G - 35.3
Total 9 50
Table 5

Reaction setup for tubes A and B for following actin dynamics by single-
color TIRF microscopy

Tube 6x Actin stock (uL) 5x ME (uL) 2x TIRF buffer (uL) H,0 (pL)

A 5 1 - -
B - = 15 9

Example for preparing a 9 pM OG (15 %)-labeled Ca-ATP-
actin stock is outlined in Table 4:

2. 30 pL reaction setup: Prepare three reaction tubes labeled A,
B, and C as outlined in Table 5. To start the Mg-exchange of
Ca-ATP actin, make tube A mixture and allow to incubate for
2 min. Immediately prepare tube B mixture. Initiate the assem-
bly reaction in tube C by thoroughly mixing 4 pL from tube A
with 16 pL from tube B by pipetting gently up and down four
times. Immediately add the entire reaction from tube C into a
flow cell and begin imaging.

3. TIRF microscopy imaging (Fig. 1a):

Typical settings for TIRF microscopy imaging of actin fila-
ments are listed in Table 6 (see Note 4):

1. Label the protein(s) of interest with an optimal fluorophore,
such as the SNAP-tag labeling method described in Subheading
3.3 (see Note 5).

2. Prepare stock solutions of your protein(s)-of-interest by dilut-
ing in its storage buffer to concentrations that allow pipetting
of volumes larger than 1 pL to the final reaction.

3. To set up the reaction follow the general steps outlined in
Subheading 3.4 (Table 5), except that fluorescently labeled
protein(s) of interest are included in tube B.
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Fig. 1 Multicolor total internal reflection fluorescence (TIRF) microscopy. (a) Schematic of through-the-objective
TIRF microscopy imaging of single fluorescently labeled actin filaments and/or molecules. At its critical angle
incoming light is completely reflected. A portion of the incident light is thereby converted to an electromagnetic
field forming an exponentially decaying evanescent wave at the probe surface. Only fluorophores close to the
surface (i.e., 50-200 nm) are excited, which enables imaging with high signal-to-noise ratio [17]. (b) Time-
lapse images from a dual-color TIRF microscopy experiment showing the continuous growth of control actin
filaments (white arrowheads) and fluorescently labeled formin-associated actin filaments (red arrowheads).
1.5 pM Mg-ATP actin (15 % Oregon-green) was assembled with 1 nM SNAP549-labeled formin mDia2 and 2.5
uM profilin. Scale bar=5 pum. (¢) Kymographs reveal the change in length over time for rapidly elongating
formin-associated filaments (/eff) or slower growing control filaments (righf). White dashed lines indicate the
rate of filament growth

Table 6
Settings for imaging individual fluorescently labeled actin filaments

Category Setting
Exposure time [ms] 50-100
Cycle time [s] 0.1-5

Laser power [mW] 5-50
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Reaction setup for tubes A and B for following the dynamics of profilin-actin along with fluorescently
labeled formin by dual-color TIRF microscopy

9 uM 0G-Actin 2x TIRF 50 uM Profilin 100 nM
Tube  (pl) 5% ME (uL)  buffer (uL)  (uL) Formin (ul)  H,0 (pL)
A 5 1 = - - _
B - - 15 1.5 3 4.5

3.6 Biomimetic
Assays

Table 7 provides an example for how to prepare a spontane-
ous assembly reaction of 1.5 pM OG-labeled actin in the pres-
ence of 2.5 pM profilin and 10 nM fluorescently labeled
SNAP-tagged formin. Because the contents in tube B are
diluted 1.25-fold upon mixing with tube A, 1.25-fold the
desired final concentration should be added to tube B. An
example of a dual-color experiment can be found in Fig. 1b
along with the respective kymograph in Fig. lc.

4. Before imaging, make sure that the microscope and laser set-
tings are adjusted optimally. To determine optimal (a) TIRFE-
angle and intensity for each laser, (b) exposure time (i.c., little
photo-bleaching, but good signal-to-noise ratio), and (c)
frame rate (i.e., resolve the biochemical process of interest with
as little photo-bleaching as possible), a control reaction con-
taining fluorescently labeled actin and ABPs should be tested
and the settings adjusted accordingly until the optimal condi-
tions for (a)—(c) are met.

In biomimetic assays functionalized polystyrene microspheres are
typically coated with actin assembly factors (e.g., formins) that
facilitate F-actin network assembly. All proteins cannot be attached
to microspheres in the same way. There are multiple ways to spe-
cifically or nonspecifically attach proteins to microspheres.
Optimization of the protocol is key to success. Because of space
limitations we focus on one method we have successfully estab-
lished for the cytokinesis actin assembly factor formin on function-
alized (carboxylated) microspheres. Consider the following before
coating microspheres with your protein of interest:

1. Microsphere size. We have found microspheres of 1-2 pm in
diameter work well because sufficient amounts of protein can
be attached to the microspheres, and because non-fluorescent
microspheres are large enough to be easily detected by bright-
field illumination with a 100x TIRF objective.

2. There are diverse microspheres with different functionalized
groups or proteins (e.g., amino, sulfate, antibody, streptavi-
din/NeutrAvidin, proteinA/B) available for specific protein
attachment. Here we describe a method that uses microspheres
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3.7 Coating2pm
Garboxylated
Microspheres

with Formin

3.8 Biomimetic
Assays to Follow
F-ActinDynamics
by Multicolor TIRF
Microscopy

with carboxyl-groups through which proteins such as formins
can be covalently bound to their surface.

3. Most vendors offer fluorescent versions of microspheres
(Subheading 2.5, Table 2), which may be useful for identifica-
tion. However, fluorescent microspheres are very bright, so
the detection of single molecules on or close to fluorescent
microspheres is difficult.

1. Dispense 10 pL of microspheres (Polysciences Inc., Warrington,
PA, USA) into a reaction tube, centrifuge for 1 min at full-
speed in a benchtop centrifuge, and aspirate the supernatant.
Wash the microspheres: resuspend in 500 pL Milli-Q water,
centrifuge as before, and aspirate the supernatant. Keep the
pelleted microspheres on ice.

2. By gently flicking the tube, resuspend the microspheres in
30 pL of 2 pM protein (formin) solution in 1x bead buffer
(0 % BSA).

3. Mount the tube(s) on a vortex-shaking device and incubate
shaking (position 2.5) for 60 min at 4 °C.

4. Spin the reaction in a benchtop centrifuge for 1 min at full-
speed at 4 °C. Aspirate the supernatant and wash the pellet
three times by resuspending in 100 pL. 1x bead buffer (with 1
% BSA) by gently flicking the tube and centrifuging as before.
Resuspend the pellet in 30 pl. 1x bead buffer (with 0.1 %
BSA).

5. Although it is best to coat microspheres the day of the experi-
ment, it is possible to store coated microspheres on ice for up
to 2 days without experiencing significant loss in activity.

For TIRF microscopy imaging we typically work with final concen-
trations of 1.5 pM OG-labeled (10-15 %) actin and 2.5 pM pro-
filin. For some experiments it is desirable to use flow cells made
with untreated glass cover slips and objective slides because micro-
spheres will adhere more strongly. However, nonspecific binding
of proteins to the glass surface may make the use of ultra-clean and
treated (hydrophobic) glasses necessary (see Subheading 3.15) (see
Note 6).

1. Dilute 1-5 pL of the coated microspheres stock into 10 pL
total 1x Bead Buffer (containing 0.1 % BSA), and perfuse into
a flow cell. Incubate for 5 min. We recommend starting with a
1:1 dilution, and dilute further if the flow cell is too crowded
with surface-adhered microspheres.

2. Rinse the flow cell twice with 10 pL of 1x bead buffer (with 1
% BSA) and incubate for 4 min.

3. During this incubation step, prepare the reaction containing
magnesium-exchanged fluorescently labeled actin, oxygen
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Table 8

Reaction setup for tubes A and B for following individual actin filaments nucleated and elongated

off of formin-coated microspheres

9 uM 0G-Actin
Tube  mix (pL) 5x ME (uL)  2x TIRF buffer (uL) 50 pM Profilin (ul)  H,0 (pL)
A 5 1 = = =
B = = 15 1.5 7.5

a Pointed end b : P i

Formin couplet{ -

Formin d

i/ Barbed end

Side view of microscope slide

Fig. 2 Biomimetic F-actin network formation. (a) Schematic depicting actin filament assembly from formins
adsorbed to microspheres. (b) TIRF microscope image of a microsphere (2 pm diameter) coated with formin
molecules that nucleate and processively elongate actin filaments from 1.5 pM Mg-ATP actin (10 % Oregon-

green) and 2.5 pM profilin

3.9 Preparation
of Pyrene-Actin
Assembly

and Disassembly
Assays

scavenging-system and any additional ABPs to be added (e.g.,
profilin). The example in Table 8 describes how tubes A and B
are set up for reactions containing 1.5 pM OG-labeled (10-15
%) actin along with 2.5 pM profilin. Because the contents in
tube B are diluted 1.25-fold upon mixing with tube A, 1.25-
fold the desired final concentration should be added to tube B.

4. Rinse the flow cell twice with 10 pLL 1x TIRF buffer (2x TIRF
buffer diluted 1:1 with Milli-Q water).

5. Initiate the assembly reaction in tube C by thoroughly mixing
4 pL from tube A with 16 pL from tube B by pipetting gently
up and down four times. Immediately perfuse the entire reac-
tion from tube C into a flow cell and begin imaging (see
Subheading 3.4). An example of a one-color TIRF experiment
using formin-coated microspheres is provided in Fig. 2.

To follow the kinetics of actin assembly (Fig. 3a, b) and disassem-
bly (Fig. 3c), pyrene-fluorescence bulk biochemistry assays are
employed where the increase or decrease in signal is used to deduce
the rate of polymerization (assembly) or depolymerization (disas-
sembly). Actin is labeled at Cys374 with the thiol-specific dye
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Fig. 3 Bulk pyrene actin assembly and disassembly assays. (a) Spontaneous
actin monomer assembly: Time-course of the polymerization of 2.5 uM pyrene
(15 %)-labeled Mg-ATP actin monomers. Pyrene fluorescence (F-actin) over time
for actin alone (reaq), or in the presence of either formin (blue) or profilin (green).
Formin nucleates actin filament assembly, whereas profilin inhibits nucleation.



Actin-Binding Protein Biochemistry 165

N-(1-pyrenyl)iodoacetamide (pyrene). The pyrene fluorescence
actin assay has proven to be very useful because the signal is pro-
portional only to polymer weight concentration [10, 11].

1. Dialyze 1-2 mL of unlabeled (black) and pyrene-labeled

Ca-ATDP-actin overnight for at least 18 h at 4 °C in 250 mL of
fresh 1x Ca-buffer G (Subheading 2.1). Dialysis should take
place under light-protected conditions as pyrene is light-sensi-
tive. Dialyze black actin weekly, and pyrene-labeled actin every
2 weeks.

. Following dialysis, use an ultracentrifuge to spin both black

and pyrene-labeled Ca-ATP-actin at 175,000 x4 for 60 min at
4 °C. Following ultracentrifugation, carefully transfer the top
80 % of the actins into fresh tubes and keep on ice until further
usage.
Determine the protein concentrations for both black and
pyrene-labeled Ca-ATP-actin by using either a nanodrop or a
conventional spectrophotometer (here dilute the actin solu-
tion 1:10 in 1x Ca-buffer G and use a quartz cuvette for the
measurement). While unlabeled (black) actin is measured at
290 nm, measurements of the pyrene-labeled actin fraction are
carried out at 344 nm. For calculating the concentrations of
black as well as pyrene-labeled Ca-ATP-actin, refer to the fol-
lowing equations (see Note 7):
Black Ca-ATP-actin: ¢ (pM)=38.5x (A9 umxdilution
factor)
Pyrene-labeled Ca- ATP-actin:

— DPyrene-labeled actin fraction: ¢ (PM) =45 x (Az44 o x dilu-
tion factor).
— Total Ca-ATP-actin:

¢ (pM)=38.5x[( Az nmx dilution factor) - (Azsy nmxdilu-
tion factorx 0.1277)].

3. For any other proteins that will be used in the experiment,

<

carry out centrifugation for 30 min at 4 °C in a benchtop
centrifuge to remove precipitate. Following centrifugation,
transfer the top 90 % into a fresh pre-chilled reaction tube and

Fig. 3 (continued) (b) Seeded actin assembly: Time course of the addition of
0.5 uM pyrene (15 %)-labeled Mg-ATP actin monomers to 0.5 pM unlabeled
F-actin seeds. Pre-assembled F-actin seeds (grey) eliminate the long nucleation
lag phase (black) at low actin monomer concentrations. Capping protein blocks
addition of monomers to F-actin seeds (purple), whereas formin increases the
actin monomer addition rate in the presence of profilin (b/ue). (¢) F-actin disas-
sembly: Time course of the barbed end depolymerization of 5.0 pM pyrene (50
%]-labeled Mg-ATP preassembled F-actin upon dilution below the critical con-
centration for assembly (0.1 pM). Capping protein blocks barbed end depolymer-
ization (purple)
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3.10 Spontaneous
Pyrene-Actin
Assembly Assays

store proteins on ice until further usage. Following centrifuga-
tion always determine the protein concentration photometri-
cally at 280 nm using the respective extinction coefficient.

4. When planning the setup of reactions to be carried out, include
a control reaction containing only pyrene-labeled Mg-ATP-
actin without having any accessory ABP present (at best run as
duplicate).

5. Prepare a mixture of pyrene-labeled Ca-ATP-actin at six times
the final total actin concentration. Typically one uses an actin
mixture that contains 10-20 % pyrene labeled actin. For exam-
ple, for experiments where pyrene-labeled (20 %) actin at a
final concentration of 2.5 pM is used, a mixture containing a
total of 3 pM pyrene-labeled actin and 12 pM unlabeled (black)
actin in 1x Ca-bufter G would be required. For the assay setup
laid out here, calculate 25 pL of the actin stock per microtiter
plate well (corresponds to one reaction), plus two extra reac-
tions (i.e., 50 pL). Prepare the actin stock solution fresh and
keep on ice until further usage (Table 9) (see Note 3).

Table 9 shows how to prepare 350 pL (sufficient for 12
reactions) of 15 pM pyrene (10 %)-labeled Ca-ATP-actin mix:

6. Make an appropriate stock solution of additional proteins that
will be included in the assay (e.g., formin and profilin) using
their respective storage buffers.

7. Make sure that the plate reader is set up and ready to go before
setting up the reactions. While some settings (e.g., gain, read
interval) are specific to the device used, others (Table 10) work
well for all pyrene-actin with final actin concentrations that
range from 1.5 to 3 pM (containing 5-20 % pyrene-actin).

For the actual reaction setup, carry out steps (1-7) in the order
listed below. This setup is laid out for a 96-well half-area flat bot-
tom (non-transparent black) microtiter plate with a total reaction
volume of 150 pL/well, and requires two rows of the microtiter
plate to prepare the reactions. A general layout of the components

Table 9
Reaction setup for preparing a mix of 15 puM actin containing 10 %
pyrene-labeled actin

Reagent Final 6x conc. (uM) Final volume (pL)
Pyrene-actin [35 pM, 90 % 1.7 17
labeled]
Black actin [50 pM ] 13.3 93.1
1x Ca-buffer G - 239.9

Total 15 350




Table 11

Table 10
List of general settings used for measuring assembly and disassembly

of pyrene-actin
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Category Setting

Read setting Kinetic

Read mode Fluorescence

Wavelengths Excitation =365 nm;
Emission=407 nm

Timing Run time=1-3 h; interval=10-20 s

Automixing No

Autocalibrating Yes

Type of microtiter plate

Wells to read

96 half-area flat bottom
(non-transparent)

User dependent

A general layout of the components and their respective volumes added to either the upper or lower
row of the microtiter plate used for spontaneous pyrene-actin assembly assays

Total vol. 6x Pyrene-

10x

100x

Protein 10x

Plate per well actin mix ME-buffer Anti-foam Protein buffer’ KMEI 1x Mg-buffer
row  (pl) (L) (L) (L) (L) (ub)  (pb) G (pb)

Upper 29 25 2.5 1.5 - - - -

Lower 145 - - - X y 18 145 - (18 +x+y)

*Protein buffer is added only for measurements that are carried out at different concentrations. The appropriate amount
of 1x protein buffer is calculated by subtracting the amount of a protein added at that respective concentration from the
amount of protein added in the condition with the highest protein concentration.

and their respective volumes added to either the upper or lower

row is given in Table 11.

1. Calculate the volumes of accessory proteins to be included in

the 150 pL reaction (e.g., profilin and formins). With this infor-
mation the amount of 1x Mg-buffer G can be calculated, as the
amount of Mg-buffer G depends on the volumes of accessory
proteins. Be sure to calculate for 1.2-fold the indicated protein
amount (i.e., for a total reaction of 180 pL/well).

. Depending on the number of reactions, mix the appropriate
amount of 10x KMEI (18 pL/well) with the appropriate
amount of 1x Mg-buffer G (see Table 11) and add the
appropriate amount of the KMEI-Mg-buffer G mix to each
well of the lower row.
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3.11 Preparation
of Pyrene-Actin Seeds

3. Add the appropriate amounts of 1x protein buffer (if required)
and protein to each well of the lower row.

4. Depending on the number of reactions, mix the appropriate
amount of the 6x pyrene-actin mix (25 pL/well) with the
appropriate amount of 10x ME-buffer (2.5 pL/well) and let
incubate for exactly 2 min for magnesium-exchange.

5. 20 s before the 2-min incubation is over, apply 27.5 pL of the
6x Mg-ATP pyrene-actin mix to each well of the upper row.
Subsequently, add 1.5 pL of 100x anti-foam per well, yielding
a total volume of 29 pL/well.

6. Immediately transfer the plate to the plate reader. Using a mul-
tichannel pipette, transfer 121 pL from each well of the lower
row to the respective well of the upper row. This starts the
reaction and marks time point zero (se¢ Note 8).

7. After saving the data, the fluorescence intensities are plotted
over time (Fig. 3a).

The spontaneous pyrene-actin assembly assays described above
(Fig. 3a) cannot distinguish between filament elongation and fila-
ment nucleation, because both events are reflected by an increase
in fluorescence intensity. However, actin filament elongation can
be exclusively analyzed by seeded pyrene-actin assembly assays
(Fig. 3b). Preassembled unlabeled F-actin seeds are prepared that
bypass nucleation, thereby providing barbed ends to which pyrene-
labeled actin monomers can immediately add. Based on the pyrene-
actin spontaneous monomer assembly assay, we describe here the
key steps for seeded pyrene-actin assembly assays.

1. For picking gel-filtered black and pyrene-labeled actin, actin
dialysis, determination of actin (as well as any accessory
protein) concentrations, refer to steps 1 through 5 of
Subheading 3.9.

2. When planning the setup of all the reactions to be carried out,
make sure to include the following control reactions: (1)
pyrene-labeled monomeric actin in the absence of F-actin seeds
in both the absence and presence of accessory ABPs, and (2)
F-actin seeds with pyrene-labeled monomeric actin in the
absence of accessory ABPs.

3. Prepare a solution containing a final concentration of 5 pM black
F-actin seeds (Table 12). 15 pL of seeds will be used per reaction,
but always prepare sufficient amount for an extra two reactions.
Once the entire reaction of Mg-ATP-actin is gently but thor-
oughly mixed, deliver 15 pL./well into the upper row of a half-
area flat bottom microtiter plate, seal the plate with Parafilm and
let incubate for 1 h at room temperature (sec Note 9).

Example for preparation of 210 pL (14 reactions) of 5 puM unla-
beled (black) F-actin seeds.
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Table 12
Reaction setup for preparing 5 pM unlabeled (black) F-actin seeds, used
for seeded pyrene-actin assembly assays

Reagent Final 10x conc. Final volume (pL)
Black actin [50 pM | 5 uM 21
10x ME-buffer 1x 21
1x Ca-buffer G - 147

2-min incubation
10x KMEI 1x 21
Total 5 pM 210

Table 13
A general layout of the components and their respective volumes added to either the upper or lower
row of the microtiter plate used for seeded pyrene-actin assembly assays

Total 100x%
vol. per 10x 10% 1x Protein Anti- 10x
Plate well F-actin Pyrene- Ca-buffer Protein buffer? foam KMEI 1x Mg-buffer

row (ub) (ub) actin(ul) G(ut) (ub) (L)  (ub) (pl) G (L)
Upper 60 15 - - 5% y 1.5 15 60-(15+15+1.5+x+}Y)

Lower 108 - 18 90 = — — _ _

*Protein buffer is added only for measurements that are carried out at different concentrations. The appropriate amount
of 1x protein buffer is calculated by subtracting the amount of a protein added at that respective concentration from the
amount of protein added in the condition with the highest protein concentration.

3.12 Seeded 1. Ten minutes before the 1-h incubation for generating the seeds
Pyrene-Actin is over, start to prepare for setting up the actual reaction con-
Assembly Assay taining a final concentration of 0.5 pM pyrene-labeled (5-20

%) Mg-ATP-actin monomers along with any accessory protein-
of-interest. Carry out steps 1 through 9 in the order as they
are listed below. A general layout of the components and their

respective volumes added to the upper and lower rows is given
in Table 13.

2. Prepare an appropriate amount (18 pL/well) of a 5 pM stock
solution of pyrene-labeled (5-20 %) Mg-ATPactin (Table 14).
First, mix thoroughly the required amounts of 10x ME-Bufter
and 1x Ca-buffer G and keep at room temperature.
Approximately 2 min before the measurements are carried out,
thoroughly but gently mix all components (i.e., Ca-Buffer
G-ME-Buffer mix, and pyrene-labeled actin) and keep on ice
under light-protected conditions (see Note 3). Table 14 shows
an example of how to prepare 250 pL (sufficient for 14 reac-
tions) of 5 pM pyrene (10 %)-labeled Mg-ATP-actin mix:
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Table 14
Setup for preparing 5 pM pyrene (10 %)-labeled actin monomer, used for
seeded pyrene-actin assembly assays

Reagent Final 10x conc. Final volume (pL)
10x ME buffer 1x 25
1x Ca-buffer G — 198.8
Pyrene-actin [35 pM, 90 %  0.56 pM 4

labeled ]
Black actin [50 pM] 4.44 yM 2212
Total 5 pM 250

3. Depending on the total number of reactions carried out, pre-
pare an appropriate amount of master mix containing 18 pL
per reaction of pyrene-labeled 5 pM Mg-ATP-actin and 90 pL.
per reaction of 1x Ca-buffer G. Subsequently, deliver 108 pL
of the solution to each well of the lower row on the microtiter
plate.

4. Depending on the number of reactions, mix the appropriate
amount of 10x KMEI (15 pL/well) with the appropriate
amount of 1x Mg-buffer G (Table 13) and carefully add the
appropriate per-well amount of the KMEI-Mg-buffer G mix to
each well of the upper row, followed by the addition of 1.5 pL
100x anti-foam.

5. Add the appropriate per-well amounts of 1x protein buffer (if
required) and protein to each well of the upper row.

6. Mix components of upper wells by carefully pipetting up and
down twice using a multichannel pipette.

7. Immediately transfer the plate to the plate reader. By using a
multichannel pipette transfer 90 pL from each well of the lower
row to the respective well of the upper row and mix gently by
pipetting up and down three times. As this starts the reaction
and marks time point zero, the actual measurement of the
plate should be started immediately thereafter (see Note 8).

8. Due to the fact that in seeded assembly assays there is no lag
phase (i.e., phase where nucleation rather than elongation takes
place), reactions are relatively fast, so that depending on the
applied ABP typically measurements are carried out for only
10-20 min (and often only the first few minutes are analyzed).

9. After saving the data, the fluorescence intensities are plotted
over time yielding graphs where depending on the ABPs
added, the slopes may be smaller (i.e., poor elongation) or
larger (i.e., enhanced elongation) with respect to the actin only
control (Fig. 3b).



3.13 Pyrene-Actin
Depolymerization
Assay Preparation
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In addition to measuring actin polymerization, Pyrene-labeled
actin assays can also be used to follow depolymerization (Fig. 3c¢).
In general, actin undergoes polymerization only when the concen-
tration of actin monomer is higher than the critical concentration
(c.)- The . at the filament pointed end (~0.6 pM) is higher than c,
at the barbed end (~0.1 pM) [12, 13]. At steady-state F-actin
depolymerization happens primarily at the pointed end, while new
actin monomers are added to the barbed end. Due to the slow off-
rate of actin subunits from the pointed end and the fast on-rate of
subunits at free barbed ends, actin turnover in vitro is relatively
slow [14, 15]. However, in vivo actin turnover is up to 100-times
faster [16], which is attributed to ABPs. The depolymerization
assay described below starts with 5 pM of pre-formed pyrene-
labeled F-actin that is diluted to 0.1 pM (below the ¢, ) immediately
before the measurement. Thereby, ABP-mediated effects on
F-actin disassembly can be assessed quantitatively.

1. For picking gel-filtered black and pyrene-labeled actin, actin
dialysis, determination of actin (as well as any accessory protein)
concentrations, refer to steps 1 through 5 of the above-described
spontaneous pyrene-actin assembly assay (Subheading 3.9).

2. When planning the setup of all the reactions to be carried out,
make sure to always include a reaction containing only pyrene-
labeled F-actin without having any accessory ABP present.

3. Prepare a solution containing a final concentration of 5 pM
pyrene-labeled (50 %) F-actin seeds as outlined in Table 15. Per
reaction (i.e., well) 3 pLL of F-actin will be used, however always
prepare sufficient amount for an extra two reactions. Once the
entire reaction of Mg-ATP-actin is gently but thoroughly
mixed, deliver 3 pL /well into the upper row of a half-area flat

Table 15
Reaction setup for preparing 5 uM pyrene (50 %)-labeled F-actin seeds,
used for pyrene-actin disassembly assays

Reagent Final 10x conc. Final volume (L)
Black actin [50 pM] 2.2 uM 2
Pyrene-actin [35 pM, 90 % 2.8 uM 3.6
labeled]
10x ME-buffer 1x 4.5
1x Ca-bufter G - 30.4

2-min incubation
10x KMEI 1x 4.5
Total 5uM 45
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3.14 Pyrene-Actin
Depolymerization

Assay

Table 16

1.

bottom microtiter plate, seal the plate with Parafilm and incu-
bate for 2 h at room temperature (see Note 3). Table 15 shows
an example of how to prepare 45 pL (14 reactions) of 5 pM
pyrene-labeled (50 %) F-actin seeds (see Note 9).

Ten minutes before the 2-h reaction period for generating the
pyrene-labeled F-actin is complete, begin setting up the reac-
tions that will ultimately contain a final concentration of 0.1
pM pyrene-labeled (50 %) F-actin along with the accessory
proteins of interest. Carry out steps 2 through 7 in the order
as they are listed below. A general layout of the components
and their respective volumes added to either the upper or lower
row is given below. If running all 12 reactions (entire row of
wells), it is important to make sure that the fluorescence plate-
reader is capable of reading 12 wells at a time. Also, use a new
pipette tip for each component.

. Calculate the exact volumes of accessory ABPs to be added to

the 150 pL reaction (e.g., profilin and formins). With this
information, the actual amount of 1x Mg-Buffer G can be cal-
culated, as the amount of applied Mg-buffer G depends on the
volumes of ABPs that included to the reaction. The way the
reactions are setup, always calculate for 1.2 times the indicated
protein amount (i.e., for a total reaction of 180 pL/well).

. Add 1.5 pL 100x anti-foam along with 3 pL of 1x Mg-buffer

G per well to the F-actin in the upper row.

. Depending on the number of reactions, mix the appropriate

amount of 10x KMEI (18 pL/well) with the appropriate
amount of 1x Mg-bufter G (Table 16), and subsequently add
the appropriate per-well amount of the KMEI-Mg-buffer G
mix to each well of the lower row.

. Add the appropriate amounts of 1x protein buffer (if required)

and protein to each well of the lower row.

A general layout of the components and their respective volumes added to either the upper
or lower row of the microtiter plate used for pyrene-actin disassembly assays

50x 100x
Plate  Total vol. per F-actin Protein Protein Anti-foam 10x KMEI 1x Mg-buffer
row  well (ul) (uL) (1) buffer (ul) (nL) (L) G (uL)
Upper 7.5 3 - - 1.5 - 3
Lower 171 - 5 y — 18 171 - (18 +x+y)

“Protein buffer is added only for measurements that are carried out at different concentrations. The appropriate amount
of 1x protein buffer is calculated by subtracting the amount of a protein added at that respective concentration from the
amount of protein added in the condition with the highest protein concentration.
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Coating of Piranha-
Cleaned Gover Glasses

12.

13.

14.

15.

16.
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. Mix components of the lower row wells by carefully pipetting

up and down twice using a multi-channel pipette.

. Immediately transfer the plate to the plate reader. By using a

multichannel pipette transfer 142.5 pL from each well of the
lower row to the respective well of the upper row and mix
gently by pipetting up and down three times. As this starts the
reaction and marks time point zero, the actual measurement
of the plate should be started immediately thereafter (Fig. 3¢)
(see Note 8).

. Place slides and cover glasses in a metal rack submerged in a

2 L acetone-filled glass beaker. Stir for 30 min in orbital shaker.

. Transfer the rack in a 2 L ethanol-filled beaker. Stir for 15 min

in orbital shaker.

. Wash the rack in a 2 L MilliQ water-filled beaker. Stir for 5 min

in orbital shaker.

. Put the rack in a plastic container filled with Hellmanex I1I 2 %

in a bath sonicator filled with water. Sonicate for 2 h at room
temperature.

. Wash the rack in a 2 L. MilliQ water-filled beaker. Stir for 5 min

in orbital shaker.

. Put cover glasses and slides in a glass Coplin jar for piranha

acid treatment (see Note 10).

. Add first 50 mL sulfuric acid (96.4 % H,SO,) in the glass

Coplin jar.

. Add 25 mL peroxide (30 % H,0,) to fully immerse the cover

glasses.

. Stir 30 s with glass stir bar.
10.
11.

Leave the slides in piranha acid for 1 h 30 min.

Using acid resistant tweezers, put the slides in a dry glass
Coplin jar. Let the piranha solution finish reacting overnight
in the fume hood. Do not store or cover with an airtight lid as
pressure will build up and an explosion can occur. Dispose
piranha acid appropriately.

Add 75 mL of MilliQ water, and then empty the solution.
Repeat ten times.

Add 75 mL of ethanol, and then empty the solution. Repeat
five times.

Transfer slides in a dry glass Coplin jar.

Incubate cover glass with 1 mg/mL PEG-Si solution on
orbital shaker for 18 h at RT. Cover glass Coplin jar to protect
from light.

Pour the PEG-Si in glass bottle. The solution can be stored at
RT in the dark and reused during up to 2 months.
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17.

18.

19.
20.

3.16 Creation 1.

of Micropatterned
Surfaces 2

Add 75 mL of ethanol, and then empty the solution. Repeat
five times.

Add 75 mL of MilliQ water, and then empty the solution.
Repeat ten times.

Dry PEG-Si coated slide with a slow air flow.
Store glass at 4 °C in plates sealed with Parafilm up to 2 weeks.

Turn on the UV machine UVO-Cleaner-42 (Jetlight Company,
Irvine, CA) 5 min before use.

. The mask has to be cleaned before each use with a MilliQ-

water soaked Kimwipe, followed with a rinse of isopropanol.

. Puta 10 pL drop of MilliQ water on the desired micropattern-

ing area.

4. Add the PEG-Si-coated cover glass on top of the drop.

. Put on the montage mask/cover glass in the UV machine

upside down. Turn on the UV light for 1 min.

. Wait 5 min before opening the machine and taking out the

mask/cover glass.

. Take out the cover glass. Adding 1 mL of water on top of the

cover glass can help to take it out.

. The patterned cover glass can be stored in plastic dishes sealed

with Parafilm up to 1 week.
A schematic of steps 1 through 8 is provided in Fig. 4a.

3.17 Building 1. Cut double-sided tape at dimensions of 40 x 2 mm.
Micropattern Flow 2. Stick the tapes on the cover glass to form individual flow
Chambers chambers.

3. Seal the chamber sticking the slide on top of the cover glass
(Fig. 4b).

3.18 Coating 1. Flow purified protein (30 pL at desired concentration) into a
of Micropatterns chamber. Let the protein bind specifically on patterned areas
for 1 min.

2. Wash unbound protein with protein buffer (two times 100
pL). Use a Kimwipe to absorb excess buffer solution at the
opposite side of the chamber.

3.19 Experiments The actin polymerization reaction is prepared and flowed in the
with Micropatterns flow chamber as described in Subheadings 3.4 and 3.5 (Table 5).

Table 17 shows an example of how a typical micropatterning

experiment is set up:

1.
2.

Flow 30 pL of 1 pM pWA into a flow chamber.
Wait 1 min at RT.
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a
chrome mask §§>l;\;>§§ flow pWA
> L& &
PEG-Si micropatterns double sided tape
cover glass 160 pm
pWA coated
micropatterns flow actin

+Arp2/3 complex

A

=

10 nM pWA coated patten

Fig. 4 F-actin network formation on micropatterns. (a) Schematic of the general steps for F-actin network
growth on micropatterned surfaces, as described in detail in Subheadings 3.15-3.19. (b) Photograph of a
micropatterned flow chamber. (¢) Time-lapse fluorescent images of branched F-actin networks assembled by
50 nM Arp2/3 complex from 1.5 pM (30 % Oregon Green) Mg-ATP actin on a micropattern (yellow box) coated
with Arp2/3 complex activator pWA

Table 17
Typical reaction setup of a micropatterning experiment using 1 pM pWA
pWA buffer
Final concentration 5 uM pWA (ulL) (uL)
1 uM pWA 6 24

3. Wash two times with 100 pL pWA Buffer.

4. Prepare the TIRF polymerization reaction mix (Table 18):

5. As mentioned in Subheading 3.4 (Table 5), after a 2-min incu-
bation of tube A, mix of 4 pL of tube A with 16 pL of tube
B. Flow 16 pL of this mix into the chamber and start imaging
by TIRF microscopy (Subheading 3.4, Fig. 4c).
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Table 18

Reaction setup for tubes A and B for following the generation of a branched F-actin network formed

by Arp2/3-complexd on a pWA-coated micropattern using TIRF microscopy

9 uM 0G-Actin 2x TIRF 1.6 uM Arp2/3
Tube mix (plL) 5x ME (ulL) buffer (uL) complex (uL) H,0 (L)
A 5 1 - -
B - - 15 8
Table 19
Reaction setup for preparing 20 uM F-actin, used in actin sedimentation
assays
Reagent Final conc. Final volume (pL)
Black actin [40 pM | 20 pM 100
10x ME 1x 20
2-min incubation
Ca-buffer G - 60
10x KMEI 1x 20

3.20 Sedimentation
Assays

Before beginning sedimentation experiments, spin actin and any
accessory proteins at 125,000 x g for 30 min (se¢ Note 11). Transfer

the supernatant in a new tube and determine concentrations of all
proteins.

1. Polymerize actin filaments (Table 19): Mix 100 pL of actin 40

pM with 20 pL 10x ME.

2. Wait for 2 min before adding 20 pL. of 10x KMEI and 60 pL

Ca-buffer G to have 200 pL of 20 pM F-actin. Let polymerize
at RT for 2 h (Table 19).

. Add the actin-binding protein of interest in a 100 pL final

volume in 200 pL ultracentrifuge tubes. The F-actin has to be
added last to the reaction. Incubate at room-temperature for
20 min covered with Parafilm. Two different centrifugation
speeds can be used: (1) at high speed (100,000xy), actin
filaments will pellet with bound ABPs leaving G-actin and
unbound ABPs in the supernatant (Fig. 5a, b), or (2) at low
speed (10,000 x g) filament cross-links along with bound ABPs
will pellet leaving G-actin, non-cross-linked actin filaments
and remaining ABPs (bound to single filaments or unbound)
in the supernatant (Fig. 5¢, d).
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High Speed Sedimentation
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Fig. 5 F-actin sedimentation assays. (a, b) High-speed sedimentation. 3.0 uM fimbrin was incubated with a
range of F-actin concentrations, centrifuged at 100,000 x g for 20 min, and the resulting supernatants (S) and
pellets (P) were separated by 12.5 % SDS PAGE and stained with Coomassie Blue. Unbound fimbrin and
G-actin remain in the supernatant, whereas fimbrin bound to F-actin pellets. (c, d) Low-speed sedimentation.
3.0 uM F-actin was incubated with a range of fimbrin concentrations, centrifuged at 10,000 x g for 20 min,
and the resulting supernatants were separated by 12.5 % SDS PAGE and stained with Coomassie Blue.
Unbundled F-actin remains in the supernatant, whereas F-actin bundled by fimbrin moves to the pellet (repro-
duced from [18] with permission from JBC)

An example for a high-speed co-sedimentation assay using
3 uM Fiml and a range of F-actin concentrations is given in
Table 20:

An example for a low-speed co-sedimentation assay using

3 uM F-actin and a range of Fiml concentrations is given in
Table 21:

4. Spin reactions in an ultracentrifuge at 100,000 x g for 20 min
at 25° C for high-speed sedimentation assay and at 10,000 x4
for 20 min at 25 °C for low-speed sedimentation assay.

5. Carefully remove 40 pL of the supernatant and place in an
Eppendorf tube. Add 10 pL of 5x PSB and flick to mix.

6. Very carefully remove the remaining supernatant and discard
without disturbing the pellets.

7. To resuspend the pellets, first mix 200 pL. of 5x PSB with
800 pL. dH,O and boil at 95 °C.
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Table 20
Reaction setup for a high-speed co-sedimentation experiment using a constant concentration
of Fim1 (3 uM) along with increasing concentrations of F-actin (1-10 uM)

#  Condition 30 pM Fim1 (uL)  CGaBG (uL)  10x KMEI (uL) 20 pM F-actin (plL)
1 3 pM Fiml 10 80 10 =
2 +1 pM F-actin 10 75 10 5
3 +2 pM F-actin 10 70 10 10
4 +5 pM F-actin 10 55 10 25
5 +7.5 pM F-actin 10 42.5 10 37.5
6  +10 pM F-actin 10 30 10 50
Table 21

Reaction setup for a low-speed co-sedimentation experiment using a constant concentration
of F-actin (3 uM) along with increasing concentrations of Fim1 (0.025-2.5 uM)

Fim1 20 pM
# Condition Fim1 buffer (uL) CaBG (uL) 10x KMEI (nL) F-actin (uL)
1 3 pM F-actin - 5 70 10 15
2 +0.025 pM Fiml 1 pL [2.5puM] 4 70 10 15
3 +0.05 pM Fim1 2pL[2.5puM] 3 70 10 15
4 +0.1 pM Fiml 4pL[25puM] 1 70 10 15
5 +0.15 pM Fiml 1pL (15 pM] 4 70 10 15
6 +0.3 pM Fiml 2 pL[15 uM] 3 70 10 15
7  +0.5 pM Fim1 1 pL[50 pM] 4 70 10 15
8 +1 pM Fiml 2 pL [50 pM] 3 70 10 15
9  +2.5 uM Fiml 5uL [50 pM] - 70 10 15

8. To each sedimentation assay tube add 125 pL of the hot 1x
PSB and resuspend the pellet. Load 15 pL of each supernatant
on a 12.5 % SDS-PAGE gel with 5 pL. broad range marker;
load 15 pL of each pellet on a separate gel.

9. Run gels at 180 V for 50 min.

10. Stain gels with Coomassie blue stain for 30 min by rocking on
an orbital shaker.

11. Decant the Coomassie solution and rinse with water once, fol-
lowed by rocking the gel in destain solution for 16 h.

12. Pour off destain and wash with water; rock in water until gel
appears rehydrated, then scan the gel to determine the optical
density of the bands of interest.
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13. The optical density of bands of interest can be analyzed
by densitometry, such as on an Odyssey Infrared Imager
(LI-COR Biosciences, Lincoln, NE, USA) (see Note 12).
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Chapter 13

Characterization of Cytokinetic F-BARs and Other
Membrane-Binding Proteins

Nathan A. McDonald and Kathleen L. Gould

Abstract

Multiple membrane-binding proteins are key players in cytokinesis in yeast and other organisms. In vivo
techniques for analyzing protein-membrane interactions are currently limited. In vitro assays allow char-
acterization of the biochemical properties of these proteins to build a mechanistic understanding of pro-
tein—-membrane interactions during cytokinesis. Here, we describe two in vitro assays to characterize
FCH-Bin/Amphyphysin/RVS (F-BAR) domains and other protein’s interactions with membranes: lipo-
some co-pelleting and giant unilamellar vesicle fluorescent binding.

Key words Liposomes, Membrane binding, Giant unilamellar vesicles, F-BAR domain

1 Introduction

During cytokinesis, the actomyosin-based contractile ring (CR)
must associate tightly with the plasma membrane as it forms and
constricts. Multiple protein components of the CR have been
identified that directly bind the plasma membrane and contribute
to the tight linkage. One family of proteins that has been impli-
cated in CR-membrane linkage in yeast is the Fer /CIP4 homology-
Bin/Amphyphysin/Rvs (F-BAR) family, including Cdc15, Imp2,
and Rga7 in Schizosaccharomyces pombe and Hofl in Saccharomyces
cevevisine [ 1-5]. F-BAR domains are crescent-shaped dimers, usu-
ally present in proteins with additional protein binding or enzy-
matic domains [6, 7]. In addition to binding membranes, many
F-BARs are able to oligomerize and collectively bend and remodel
membranes [8]. Methods to study membrane binding of F-BARs
and other proteins in vivo are currently limited to fluorescent live
cell imaging or biochemical fractionation techniques. It is often
difficult to derive the mechanism of membrane binding and remod-
eling from these in vivo assays. In vitro assays offer an alternative
approach to rigorously analyze how individual protein components
interact with biological membranes. Here, we describe two assays

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
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that can be used to analyze F-BAR or other proteins’ membrane
interactions in vitro: (1) Liposome co-pelleting to determine
membrane-binding properties and kinetics, and (2) Giant unila-
mellar vesicle (GUV) fluorescent binding to assay membrane bend-
ing and remodeling activities.

2 Materials

2.1 Reagents

2.2 Equipment

e Recombinant or purified protein of interest (see Note 1), free
of detergent (see Note 2).

e DPolar lipids dissolved in CHCIl; or CHCI;/Methanol /water
(Avanti Polar Lipids, Alabaster, AL, USA) (se¢ Note 3).
Common lipids used to create a cell-like membrane include
DOPC (synthetic phosphatidylcholine), DOPE (synthetic
phosphatidylethanolamine), DOPS (synthetic phosphatidyl-
serine), phosphorylated phosphatidylinositols, and sterols [9].

e Liposome buffer: 20 mM HEPES pH 7.4, 100 mM NaCl
(see Note 4).

e 5x Protein sample buffer: 300 mM Tris—HCI pH 6.8, 50 %
v/v glycerol, 10 % w/v sodium dodecyl sulfate (SDS), 25 %
v/v p-mercaptoethanol, 0.05 % w/v bromophenol blue. Store
at -20 °C.

¢ Coomassic Blue stain: 0.1 % w/v Coomassic Brilliant Blue G,
50 % v/v methanol, 10 % v/v glacial acetic acid, 40 % v/v
H,O. Stir for 3—4 h before filtering through Whatman paper.
Colloidal Coomassie can be substituted.

¢ Destain solution: 10 % v/v isopropanol, 10 % v/v glacial acetic
acid, 80 % v/v water. Alternatively, Coomassie Blue stained
gels can be destained in water.

e GUV buffer: 20 mM HEPES pH 7.4, 500 mM sucrose; filter-
sterilize to prevent contamination. 1 mM each of EDTA and
EGTA can be added to prevent clustering of certain lipids in
the final GUVs.

*  Glucose solution: 1 M glucose in water; filter-sterilize to pre-
vent contamination.

e Glass tubes.
e Vacuum chamber capable of ~1 x 102 torr.

e  Gas-tight glass syringes (Avanti Polar Lipids, Alabaster, AL,
USA) (see Note 5).
e QGlass syringe mini-extruder and filters (Avanti Polar Lipids,

Alabaster, AL, USA). Liposomes can also be sized with a water
bath sonicator (Avanti Polar Lipids, Alabaster, AL, USA).
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Ultracentrifuge capable of 150,000 x4 such as the Beckman
Optima MAX series (Beckman Coulter, Brea, CA, USA).
LI-COR Odyssey imager (LI-COR, Lincoln, NE, USA) or
equivalent gel scanner.

Indium tin oxide (ITO) coated glass slides, 30-60 € /sq (cat.
703184, Sigma-Aldrich, St. Louis, MO, USA).

Silicon imaging chambers, press-to-seal, 2 and 0.5 mm thick
(Electron Microscopy Sciences, Hatfield, PA, USA).

Copper conductive tape (Electron Microscopy Sciences,
Hatfield, PA, USA).

Signal generator and oscilloscope capable of 10 Hz, 2.5 V sine
current. USB computer modules containing both functions
are available.

Glass microscope slides and glass coverslips.

Fluorescence microscope with 488 nm (GFP/green) and
561 nm (TRITC/red) laser lines. 60x or 100x objectives excel
at visualization of 10-30 pum GUVs utilized here.

3 Methods

3.1 InVitro Liposome
Preparation

Carry out all procedures at room temperature unless otherwise
noted. Prepare recombinant protein of interest before beginning
(see Note 1).

1.

Mix appropriate amount of lipid stocks at desired ratios in a
glass tube using glass syringes (se¢ Note 5). A concentration of
1 mg/mL lipids in the final liposome sample is common and
recommended (see Note 6).

. Evaporate solvent away from lipids under a stream of N, while

gently swirling to form a thin film of lipid on the bottom of the
glass tube.

. Remove residual solvent by high vacuum for 1 h (see Note 7).

. Add appropriate amount of liposome buffer to yield a 1 mg/

mL sample (se¢e Note 6). Rehydrate in liposome buffer for
30 min without disturbance to swell and separate the lipid
films into bilayers.

. Vortex vigorously for ~1 min to form liposomes. This sample

is now composed of large multilamellar vesicles (LMVs).

. Freeze and thaw the liposome sample 5-10x by moving

between a dry ice-ethanol bath and a warm water bath (~36
°C). This step forces the LMVs to fracture and reform into
smaller unilamellar liposomes.

. Heat liposome sample above the transition temperature of lip-

ids within the mixture (see Note 8) and extrude liposomes to
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3.2 Liposome
Co-pelleting

3.3 Giant Vesicle
Preparation

8.

the desired size (100, 200, 400, 800 nm diameters are com-
mon) by passing 10x through a filter with the mini-extruder.
Alternatively, sonicate lipids in a water sonication bath for
1 min to form small (<50 nm) vesicles.

Use vesicles immediately or store at 4 °C for up to 24 h.

The following protocol describes a simple equilibrium binding
assay between liposomes and protein. Many conditions can be
experimentally altered to investigate different aspects of membrane
binding, including but not limited to: liposome size, liposome lipid
composition, protein concentration, or buffer compositions.

1.

Mix 100 pL of a 1 mg/mL liposome sample with 100 pL
recombinant protein and incubate at room temperature for
15 min (see Note 9). Also include liposome-free samples (100
pL liposome buffer+100 pL. recombinant protein) for all
experimental conditions (see Note 10).

2. Spin reactions at 150,000 x g for 15 min at 25 °C.

. Carefully remove supernatant from small liposome pellet to

another tube (see Note 11). This is the unbound fraction.

. Resuspend the small liposome pellet with 200 pL liposome

buffer. This is the bound fraction.

. Add 50 pL 5x protein sample buffer to each fraction, boil for

5 min, and run a sample (~15 pL) of pellet and supernatant
fractions on SDS-PAGE.

. Place gel in ~10 mL Coomassie Blue stain for 10 min. Destain

in destain solution for 1 h.

. Quantify band intensity of pellet and supernatant fractions

with LI-COR Odyssey imager or equivalent gel scanner for
each experimental condition. Subtract background pelleting
from the no liposome control to determine final % binding
(Fig. 1) (see Note 12).

. Prepare a mixture of CHCI; lipid stocks at 10 mg/mL with

desired lipid ratios using glass syringes (see Note 5). Include
~0.5 % fluorescently labeled lipid for visualization of mem-
brane (see Note 13).

. Evaporate 10 pL of prepared lipid stock into a film on the

Indium Tin Oxide (ITO)-coated side of each glass slide under
N, stream.

. Evaporate residual CHCI; under high vacuum for 1 h (se¢ Note

7). Protect from light to prevent fluorophore bleaching.

. Attach conductive copper tape to the edge of each ITO glass

slide (Fig. 2). Remove plastic from both sides of silicon imag-
ing chamber and press firmly to one I'TO glass slide to attach.
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Fig. 1 Liposome co-pelleting. (a) Example liposome binding experiment between recombinant S. pombe Cdc15
F-BAR (aa19-312) and liposomes composed of 70 % DOPC, 15 % DOPE, 10 % DOPS, 5 % PI4P at the indicated
concentration of NaCl. S supernatant, unbound fraction; P pellet, bound fraction. Gels were scanned with a
LI-COR Odyssey infrared imager at 700 nm and lane intensities were quantified in ImagedJ. (b) Average binding
from three liposome co-pelleting experiments at different NaCl concentrations. Error bars indicate SEM

Lipid-coated ITO slide
Conductive copper tape

600uL GUV buffer i

Silicon spacer + .
Function generator

2.5V 10Hz sine

Lipid-coated ITO slide

Fig. 2 The GUV formation chamber. A 2 mm thick silicon spacer is sandwiched between two indium tin oxide
glass slides coated with evaporated lipids. 600 pL GUV buffer is added, the chamber is sealed, and a 2.5V,
10 Hz sine current is passed through the chamber

5. Fill the silicon spacer chamber with 600 pL. GUV formation
buffer and form a seal with the remaining I'TO glass slide, the
lipid-coated side facing inward (se¢ Note 14). Attach one cop-
per tape strand to the anode and one to the cathode of a signal
generator (Fig. 2).

6. Passa 10 Hz, 2.5 V sine current across the chamber for 2 h or
up to overnight to form the GUVs.

7. Carefully open chamber and remove the 600 pL GUV solution
to a microcentrifuge tube. Add 300 pL of a 1 M glucose solu-
tion to form an isosmolar solution (see Note 15). This GUV
sample can be used as-is, or can be concentrated by sedimenta-
tion overnight at 4 °C, after which ~50-75 % of buffer from
the top is removed. Use GUVs immediately or store at 4 °C for
up to 24 h.
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Prepare fluorescently labeled protein of interest before proceeding.
GFP fusions, covalent epitope modifications [10, 11], or covalent

thiol, amine, or ester fluorophore modifications can be used for
fluorescent visualization of the protein of interest.

Mix 2.5 pL of GUV sample with 2.5 pL of protein sample.
Different protein concentrations and bufter conditions should
be investigated for optimal binding and remodeling activity.

2. Assemble a chamber on a glass microscope slide with a 0.5 mm

press-to-seal silicon spacer. Add 5 pL of GUV /protein sample
and seal with a glass coverslip, suspending the sample between
slide and coverslip (see Note 16).

. Mount the imaging chamber on a fluorescent microscope.

GUVs will settle onto the lower coverslip. A small amount of
thermal motion in the GUVs is unavoidable (se¢ Note 17).

. Image GUYV fluorescence and protein fluorescence channels to

assay membrane binding, indicated by colocalization of both
fluorescent signals. Membrane deformations and remodeling
can be visualized through colocalization of both signals on
GUVs bent, deformed, invaginated, or tubulated from circular
(see Note 18). Z-stacks can be taken to build a 3D image of
membrane binding and bending. Time-lapse imaging may also
be employed to visualize membrane binding and deformation
over time (Fig. 3).

Fluorescent Binding
1.
3
4
4 Notes

GFP-Cdc15 F-BAR

Rhodamine-PE

GFP Merge
¥ | \
/ . .
b"

. Proteins and protein domains can be produced recombinantly

in E. coli and purified with affinity tags (see [12] for general
overview). Alternatively, proteins can be purified to isolation
from yeast using an epitope tag of choice. We find that the

Fig. 3 Fluorescent binding to giant unilamellar vesicles. Recombinant S. pombeGFP-Cdc15 F-BAR (aa19-312)
binds to GUVs composed of 69 % DOPC, 15 % DOPE, 10 % DOPS, 5 % PI4P, 1 % Rhodamin-PE
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affinity tags must often be removed from the protein in order
to avoid pleiotropic binding effects.

. If affinity tag purification includes detergents, they must be

removed from proteins of interest to prevent liposome “pop-
ping.” A second ion exchange or gel filtration purification step
can accomplish this.

. Solvent-dissolved lipids should be stored in glass vials at —20

°C for no longer than 6 months. Sealing lipid stock containers
in the absence of oxygen (e.g. under N, stream) can prolong
storage life by slowing oxidation.

. This generic bufter is recommended to start, but liposome for-

mation is robust in multiple buffers and conditions.

. Before liposomes are formed, lipid stocks should only touch

glass or metal vials and syringes, as the hydrophobic tails can
bind to plastic tips and containers.

. For example, with 10 mg/mL lipid stocks, 1 mL of 1 mg/mL

liposomes composed of 65 % DOPC, 25 % DOPE, and 10 %
DOPS will require 65 pl. DOPC, 25 pl. DOPE, and 10 pL
DOPS CHCI; stocks, respectively. Alternatively, molar per-
centages can be calculated based on individual lipid mass.

. High vacuum (>1073 torr) is required to remove all residual

CHC;; bench-top vacuum lines are usually insufficient.

. The transition temperatures for synthetic lipids are available

from Avanti Polar Lipids. For unsaturated lipids such as DOPC,
this temperature is lower than 0 °C. However, saturated lipids
regularly have higher transition temperatures and require
heating.

. The amount of protein in each sample depends on the experi-

ment being performed. Initially, 10 pg of protein is a reason-

able amount per reaction to yield easy quantification with
SDS-PAGE.

This sample is crucial to control for background sedimentation
of the protein of interest. If background sedimentation is prob-
lematic, a pre-sedimentation spin of the protein sample can be
carried out at 175,000 x g4 before the binding reaction.

Itis crucial that the liposome pellet remains intact and unmixed
with the supernatant during this step. Use a thin pipet tip on
the opposite side of the tube as the pellet for supernatant
removal.

Ensure the software used subtracts the background gel inten-
sity from each band. Alternatively, measure a background
region and manually subtract from each intensity value. For
example, to calculate % binding of the 200 mM NaCl condi-
tion in Fig. 1, first subtract the background intensity of the gel
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from each value and determine the fraction of intensity present
in the pellet lane: (169.2-139.3)/[(150.7-139.3)+(169.2—
139.3)]=0.724. Next calculate the amount of background
pelleting in the no liposome control: (145.7-139.3) /[(145.7-
139.3)+(204.4-139.3)]=0.090. Subtract the background
pelleting value from the pellet fraction value to yield % bind-

ing: 0.724-0.090=0.634; 63.4 % binding.
(red emission) or 7-nitro-2-1,3-

benzoxadiazol-4-yl (NBD; green emission) are excellent

Small air bubbles are usually unavoidable, but attempt to max-
imize the amount of lipid-coated glass slide in contact with

13. Lissamine rhodamine
choices.
14.
GUV buffer in the chamber.
15.

16.

17.

18.

The difference in refraction from sucrose inside GUVs and
glucose outside allows visualization with differential interfer-
ing contrast (DIC) optics as well.

An imaging chamber is necessary, as GUV samples suspended
between a glass slide and glass coverslips will deform and easily
“.pop‘7’

If GUVs fail to settle or move too quickly to image, a biotin—
streptavidin immobilization technique can be used to tether
GUVs to coverslips [13]. We find in the highly viscous
sucrose /glucose solution that GUVs remain stable enough to
image without this technique.

For instance, certain F-BAR proteins bend GUVs into thin
tubules.
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Chapter 14

Analysis of Three-Dimensional Structures of Exocyst
Components

Johannes Lesigang and Gang Dong

Abstract

The exocyst is an octameric protein complex implicated in tethering secretory vesicles to the plasma mem-
brane during exocytosis. To provide a mechanistic understanding of how it functions, it is of critical impor-
tance to elucidate its three-dimensional structure. This chapter briefly describes the protocols used in our
structure determination of Exo70p and Exo84p, two subunits of the exocyst from Saccharomyces cevevisine.
Folding and domain arrangements of both proteins are predicted using bioinformatics tools. Limited pro-
teolysis is carried out to define the boundaries of folded structures, which guides the design of suitable
constructs for protein crystallization. The solved structures of both proteins validate the strategy and sug-
gest it might be also used for structural studies of other proteins alike.

Key words Crystallization, Exo70p, Exo84p, Exocyst, Limited proteolysis, Protein structure

1 Introduction

Intracellular vesicular transport is a major transport system for all
eukaryotic cells to deliver thousands of internally generated mole-
cules [1-3]. The last step in vesicular transport is to target and fuse
vesicles to their destination compartments, which is a stepwise pro-
cess including tethering by tethering factors, docking by soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) proteins, and membrane fusion [4—6]. The exocyst is an
evolutionarily conserved protein complex initially identified for
tethering vesicles at the plasma membrane during exocytosis [7—
10]. Recent studies have shown that the exocyst also participates in
cell migration and many other cellular processes [8, 11, 12].
Previous electron microscopic studies of purified exocyst show
irregular flower-like structures with multiple relatively rigid petals,
which suggests that although each subunit forms a folded struc-
ture, the whole complex might have a dynamic structure [13]. It is
believed that side-to-side interactions of the rod-shaped exocyst
subunits might serve to bring opposing membranes together for

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
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SNARE-mediated homotypic membrane fusion [14]. Although
high-resolution structures of the intact exocyst complex or any of
its subcomplexes are unavailable, likely owing to the dynamic
structure of the complex, crystal structures of several of its subunits
and their domains (either alone or in complex with binding part-
ners) have been reported [15-22]. In this chapter we describe the
protocols we used to determine the crystal structures of Exo70p
and Exo84p, which are two subunits of the S. cerevisine exocyst
complex.

Selection of these two exocyst subunits is based on our bioin-
formatic analysis, which predicts that Exo70p is overall well-folded
and Ex084p contains a distinct C-terminal segment connected to
the preceding sequences by a long loop. Limited proteolysis of
purified proteins overexpressed in E. cols reveals that Exo70p bears
a flexible N-terminus, whereas the Exo84p C-terminal region
forms a protease-resistant compact structure. Both an N-terminal
truncation of Exo70p and the originally designed Exo84p
C-terminal construct are successfully crystallized; their structures
are determined using selenomethionine (SeMet)-substituted pro-
teins for phase determination. Our results and reported structures
of other exocyst subunits together demonstrate that most of the
exocyst subunits crystallize by longitudinal packing of the rod-like
molecules in the crystal lattice, which leaves no big cavities to
accommodate large flexible parts of the molecules. Therefore, bio-
informatic analysis, together with limited proteolysis by multiple
proteases, proves to be critical in precisely defining domain bound-
aries of exocyst components that can significantly facilitate the
crystallization of purified proteins.

2 Materials

2.1 Bioinformatics
Tools

2.2 Molecular
Cloning and Protein
Expression

1. A computer with basic setups and an Internet connection.
Software for general photo/file processing includes Adobe
Photoshop and Acrobat Pro, for crystallographic structure
determination is CCP4 Program Suite [23], and for structural
analysis is PyMOL (the PyMOL Molecular Graphics System,
Version 1.5.0.4 Schrodinger, LLC).

2. All bioinformatic analyses are carried out online. Links of the
used servers are listed here: the IUPred server for the predic-
tion of intrinsically unstructured regions of proteins—http://
iupred.enzim.hu/, and the PSIPRED server for protein sec-
ondary structure predictions—http://bioinf.cs.ucl.ac.uk/

psipred/.

1. Plasmid vector pET15b (Novagen).
2. Restriction enzyme Ndel.

3. Restriction enzyme BamHI.


http://iupred.enzim.hu/
http://iupred.enzim.hu/
http://bioinf.cs.ucl.ac.uk/psipred/
http://bioinf.cs.ucl.ac.uk/psipred/

2.3 Protein
Expression
and Purification
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4.

O 0 NN O Ul

11.

12.

13.
14.
15.
16.

|92 B NS B S R

PCR kit with DNA polymerase, dNTP mixture, and stock
buftfer.

. PCR thermal cycler.

. DNA purification kit such as the Qiagen gel extraction Kkit.
. T4 ligase and 10x ligation buffer.

. Agarose.

. SYBR® Safe DNA Gel Stain (Life technologies).

10.

1x Tris-acetate-EDTA (TAE) buffer: 40 mM Tris, 20 mM ace-
tic acid, and 1 mM EDTA.

Sterile luria broth (LB) medium: 10 g tryptone, 5 g yeast
extract, and 10 g NaCl (for 1 1).

LB-agar plates: 10 g tryptone, 5 g yeast extract, 10 g NaCl,
and 15 g agar (for 1 1).

Filtered sterile ampicillin stock solution (50 mg/ml).
Water bath at 42 °C.
Competent cells of DH5a and BL21(DES3).

6x DNA loading dye: 30 % (v/v) glycerol, and 0.25 % (w/V)
bromophenol blue.

. Sterile luria broth (LB) medium.

. FPLC.

. Size-exclusion column (Superdex 200, 16 /60; GE Healthcare).
. 5-ml prepacked Ni-HiTrap column (GE Healthcare).

. French Press: high-pressure homogenizer (EmulsiFlex-C5,

Avestin).

. Bacteria lysis buftfer: 20 mM Tris-HCI (pH 8.0), 0.3 M NaCl,

15 mM 2-mercaptoethanol, 20 mM imidazole, 5 % (v/v) glyc-
erol, and 2 pg/ml DNase 1.

. Ni-HiTrap elution buffer: 20 mM Tris-HCI (pH 8.0), 0.3 M

NaCl, 15 mM 2-mercaptoethanol, and 200 mM imidazole.

. Gel filtration buffer: 20 mM Tris-HCI (pH 8.0), 100 mM

NaCl, and 5 % (v/v) glycerol.

. Thrombin (Sigma-Aldrich).
10.
11.
12.
13.
14.
15.
16.

Shaking incubator with temperature control.
IPTG (isopropyl-p-p-thiogalactopyranoside).
Bench-top centrifuge.

Photometer.

Liquid nitrogen.

Standard centrifuges and set of rotors.

Amicon Ultra-15 Centrifugal Filter Units with MWCO of 10
and 30 kDa.
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17.

18.

24 SDS 1.
Polyacrylamide Gel )
Components

3

4x Tris/SDS (pH 6.8) buffer: dissolve 60.5 g Tris-base in
400 ml distilled water, adjust pH to 6.8 with 1 N HCl, add 4
g SDS, and finally add distilled water to bring the total volume
to 1000 ml.

6x SDS-PAGE sample buffer: 7 ml 4x Tris-HCl/SDS bufter
(pH 6.8), 3 ml glycerol, 1 g SDS,0.93 g DTT, 1.2 mg bromo-
phenol blue, and finally bring to 10 ml with distilled water.

Stock 30 % acrylamide /bis-acrylamide solution (Serva).

. N, N, N, N-tetramethyl-ethylenediamine (TEMED)

(Sigma-Aldrich).

. 10 % (w/v) ammonium persulfate (APS).

4. 4x Stacking gel buffer: 0.5 M TrissHCI (pH 6.8), and 0.4 %

2.5 Limited 1.
Proteolysis
2
3

(w/v) SDS (see Subheading 2.3, step 17).

. 4x Resolving gel buffer: 1.5 M Tris-HCI (pH 8.8), and 0.4 %

(w/v) SDS.

. Ix SDS-PAGE electrophoresis running buffer: 25 mM Tris—

HCI (pH 8.3), 192 mM glycine, and 0.1 % (w/v) SDS.

Proteases: trypsin, chymotrypsin, thermolysis, and elastase

(Sigma-Aldrich).

. Prepare protease stock solutions (1 mg/ml or 10 mg/ml) by

dissolving the powder of each selected protease into a buffer
containing 10 mM Tris—HCI (pH 8.0) and 100 mM NaCl (see
Note 1).

. 1x Transfer buffer without SDS: 25 mM Tris-HCI (pH 8.3)

and 192 mM glycine.

4. PVDF membrane.

928

. Semi-Dry Western blot transfer apparatus.

2.6 Crystallization 1. Crystallization screen kits (Hampton Research).
and Structure 2. Crystallization plates.
Determination 3. Coverslips.
4. Crystal handling tools.
5. Crystallization incubators (4 and 22 °C).
6. Access to X-ray synchrotron beamlines with tunable wavelengths.
7. Computer with software for structure determination.
3 Methods

The following methods outline the sequential steps in our struc-
ture determination of Exo70p and Exo84p (see Fig. 1). Details in
buffer usage and protein purification procedures have been
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Bioinformatic analysis
To predict folding and domain organization

Cloning, expression, purification

Limited proteolysis
To identify stable fragments

Original construct is partially stable| |Original construct is stable
(Full-length Exo70p) (Exo84p C-terminal region)

. 2

Re-cloning of the stable fragment

8

Protein expression/purification

|—> Crystallization

8

Structure determination

r 3

Fig. 1 Flowchart of the structure determination procedure of Exo70p and Exo84p

reported previously [22]. Both proteins contain an N-terminal 6x
His-tag and are overexpressed in E. coli. Proteins are purified
using a two-step protocol on a Ni-HiTrap column followed by
size exclusion chromatography (SEC). Limited proteolysis is car-
ried out to check whether the proteins contain any long flexible
regions that often hinder protein crystallization. It turns out that
the N-terminal 60-65 residues of Exo70p are sensitive to prote-
olysis, whereas the Exo84p C-terminal region (residues 523-753)
is proteolysis-resistant. Based on these results, a truncation of
Exo70p (residues 63-623) is recloned. Purified protein is sub-
jected to crystallization trials, which yield crystals diffracting
X-rays to a resolution of 2.0 A. The stably folded Exo80p
C-terminal region is subjected to crystallization trials directly,
which yield crystals diffracting X-rays to a resolution of 2.85 A.
Both structures were solved using SeMet-substituted proteins
exploiting the anomalous signal at the K absorption edge of incor-
porated selenium atoms in the proteins [22].
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3.1 Folding 1. Open webpage of the IUPred Server [24] (http://iupred.
Prediction and Domain enzim.hu/).

Boum_!.'j)ry ) 2. Input primary sequences of Exo70p and Exo84p separately.
Iden{'f{catmn , 3. Select “Prediction type: structured regions” (see Note 2).

by Bioinformatic w .

Analysis 4. Select “Output type: generate plot” (see Note 3).

5. Click “SUBMIT.” Prediction results will come out in a new
window, which contains a list of globular domains (disordered
loops are highlighted in red in the sequence) and a graphic
report displaying the disorder tendency of each residue (on the
T-axis with numerical scores between 0 and 1.0) and residue
numbers along the X-axis. Regions that are predicted to form
globular domains (the default disorder tendency cutoff'is 0.5)
are shown as blue bars (see Figs. 2a and 3a). Exo70p is pre-
dicted to be fully folded, whereas Exo84p contains three struc-
tured regions.
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Fig. 2 Folding prediction of Exo70p. (a) The whole protein is predicted to be folded based on the prediction
carried out on the IUPred Server (http://iupred.enzim.hu/). The Y-axis represents the disorder tendency scored
between 0 and 1.0 (lower values suggest higher likelihood of folded structures). The region that is predicted to
be structured is shown as a horizontal bar. (b) Secondary structures of Exo70p predicted by the PSIPRED
server using the position-specific scoring matrices (http://bioinf.cs.ucl.ac.uk/psipred/). For clarity, only the
N-terminal region of Exo70p is shown for a direct comparison with the limited proteolysis results
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Fig. 3 Folding and secondary structure predictions of Exo84p. (a) Predictions carried out on the IUPred Server
suggest that Exo84p likely contains a disordered N-terminus plus three structured regions which are shown
as horizontal bars. Between the structured regions are long loops (marked by vertical arrows) that have high
tendencies to be intrinsically disordered. (b) Secondary structures of Exo84p predicted by the PSIPRED server.
Consistent with the folding prediction results in (a), Exo84p has a flexible N-terminus that contains very
few folded secondary structures. In contrast, the rest of the protein is mostly folded except for the two long
disordered loops (marked by boxes with the same color scheme as the arrows in (a)). The red arrow indicates
the starting point of our selected cloning fragment, which spans residues 523—-753



198 Johannes Lesigang and Gang Dong

3.2 Molecular
Cloning

3.3 Protein
Expression
and Protein
Purification

6.

Perform secondary structure predictions using the web server
of the PSIPRED Protein Sequence Analysis Workbench
(http:/ /bioinf.cs.ucl.ac.uk/psipred /) [25] (see Note 4).

. Exo70p is suggested to consist exclusively of helices. Although

the N-terminal part of Exo70p is predicted to form con-
densed helical structures (see Fig. 2b), this region of the pro-
tein turns out to be sensitive to proteolysis (see Fig. 4). In the
case of Exo84p, the predicted disordered /folded regions are
in good agreement with the secondary structure predictions
(see Fig. 3b).

. Based on the bioinformatic analysis results obtained above,

tull-length Exo70p (residues 1-623) and the C-terminal
region of Exo84p (residues 523-753) are cloned into the plas-
mid pET15b, which provides an N-terminal 6x His tag cleav-
able by thrombin. In both cases, the 5'- and 3’-primers contain
a Ndel and BamHI endonuclease cleavage sites, respectively
(see Note 5).

. Perform PCR reactions using the S. cerevisiae cDNA library as

the template (see Note 6).

. Extract DNA following the protocols of the Qiagen Gel

Extraction Kit. Eluted DNA are double digested by
Ndel /BamHI and then ligated into pET15b which is precut
by the same endonucleases (see Note 7).

. Protein expression is carried out in the E. colistrain BL21(DE3).

Constructs confirmed by DNA sequencing are transformed
into BL21(DE3) competent cells. Cells are grown in a 37 °C
shaker till ODygqg reaches 0.6-0.8 (see Note 8).

. Add IPTG to the cell culture to a final concentration of 1 mM

(see Note 9).

. Induced cells are harvested after 3—4 h of incubation at 37 °C

(see Note 10).

. Harvest cells by centrifugation (4000x 4, 12 min). Harvested

cells are broken using a high-pressure homogenizer (see Note
11).

. Purify proteins on a Ni-HiTrap column. Examine fractions at

elution peaks on an SDS-PAGE gel and pool those containing
target proteins. To remove the N-terminal 6x His tag, add
approximately 1 % (w/w) of thrombin to the each protein
sample and leave it at 4 °C overnight (se¢ Note 12).

. Further purify untagged Exo70p and Exo84p by SEC

(Superdex 200, 16/60). Fractions containing target proteins
are pooled for subsequent experiments (se¢ Note 13).
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Fig. 4 Limited proteolysis analysis of Exo70p. (a) Digestions of Exo70p by a serial dilution of three proteases:
trypsin—cutting after K/R, chymotrypsin with low specificity—cutting after F/Y/W/M/L but not before P, and
thermolysin—cutting before A/I/L/V but not after D/E. Proteolytic bands that were sent for N-terminal sequenc-
ing are marked by empty triangles (trypsin digestion), arrowheads (chymotrypsin digestion), and arrows (ther-
molysis digestion). (b) N-terminal sequencing results of the proteolytic products of Exo70p. Shown are the
primary sequence of Exo70p (residues 50-90) and the first eight residues of each digestion bands determined
by the N-terminal sequencing. (¢) The crystal structure of the truncated Exo70p (residues 63-623; 2B1E.pdb),
which is color ramped from blue at the N-terminus to red at the C-terminus. Positions of the first (T67) and last
residues (R623) in the structure are indicated by arrows. The presumably flexible N-terminal region is shown
as a dashed line
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3.4 Limited
Proteolysis

3.5 Recloning

of a Stable Fragment
of Exo70p Identified
by Limited Proteolysis

3.6 Crystallization
and Structure
Determination

1.

10.

Dilute purified Exo70p and Exo84p to ~1 mg/ml, which is
then divided to 10-pl aliquots in 1.5-ml sterile Eppendorf
tubes. The number of aliquots depends on how many prote-
olysis reactions one wants to perform (se¢ Note 14).

. Add 1 pl of the stock solution to the first aliquot of either pro-

tein. Mix it by tapping the tube a few times, and then transfer
1 pl from the mixture to the next aliquot. Keep doing the same
thing till the final planned dilution is achieved (see Note 15).

. Briefly spin the tubes (now containing both the target proteins

and the proteases) and let the incubation go for 30—-60 min at
room temperature.

. Add 2 pl of 6x SDS loading buffer to each sample and boil it

for 3 min (see Note 16).

. Load the samples onto a 15 % (w/v) SDS-PAGE gel and run

the electrophoresis at 120 V for ~1 h or at 300 V for roughly
25 min (see Note 17).

. Transfer protein bands in the resolving gel onto a PVDF mem-

brane using a Semi-Dry Western blot transfer apparatus.

. Stain the membrane briefly by Coomassie Brilliant Blue (see

Note 18).

. Rinse the stained membrane first by distaining solution and

then by distilled water. Let the membrane dry on a clean tissue
paper for 3-5 min.

. Identify and cut out major digestion bands. Send the gel pieces

for N-terminal sequencing (see Note 19).

Map the sequencing results onto the primary sequence of the
target protein (Exo70p) to identify the proteolysis sites of each
protease (see Fig. 4b).

. Based on the limited proteolysis results, reclone the stable frag-

ment of Exo70p containing residues 63-623 into pET15b (see
Note 20).

. No recloning is done for Exo84p since the original construct

does not seem to contain any protease-accessible flexible parts
(see Fig. 5a).

. Carry out protein expression and purification using the same

protocols as described in Subheading 3.3 (see Note 21).

. Purified proteins are subjected to crystallization trials using the

commercial screening kit (Crystal Screens 1 & 2) from
Hampton Research (see Note 22).

. In both cases, the target proteins (Exo70p and Exo84p) are

able to form crystals in numerous crystallization conditions.
The structures are solved eventually using SeMet-substituted
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Fig. 5 Limited proteolysis analysis of Exo84p. (a) Digestions of the Exo84p C-terminal region (residues 523—
753) by a serial dilution of four proteases: trypsin, chymotrypsin, thermolysin, and elastase—cutting preferen-
tially after A/G/V. Marked by an asterisk is a protein from the protease solution—likely thermolysin (Mr ~35
kDa). (b) The crystal structure of Exo84p (residues 523-753; 2D2S.pdb), which is color ramped from blue at
the N-terminus to red at the C-terminus. The first (D525) and last residues (R753) in the final structure are
indicated. Only two residues at the N-terminus of the protein are invisible in the final electron density map
used for model building

proteins employing the single-wavelength anomalous dispersion
(SAD) techniques [22].

4. The solved structures turn out to be in good agreement with
the initial proteolysis results. In the case of Exo70p, residues
from position 67 all the way to the C-terminus (R623) are
structurally ordered (except for several short loops within the
structure) (see Fig. 4¢). For Exo84p, residues 525-753 form a
compact structure (see Fig. 5b). These results validate the strat-
egies employed in the structure determination of the two exo-
cyst components.
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4 Notes

10.

11.

12.

13.

14.

. Divide the protease stock solutions into small aliquots (5-10

pl), snap-freeze them in liquid nitrogen, and store them at -80
°C for late uses. The stocks may stay good for a few years as we
have found out in our laboratory.

. Use the other two options on the screen if you want to check

the disordered distributions along your target protein.

. Adjust the “plot window size” to allow the whole sequence

displayed in a continuous graph.

. Select “PSIPRED v3.3 (Predict Secondary Structure)” in the

“Input” window if you want to do just secondary structure pre-
diction. Check options in the “Sequence Filter” window if you
want to mask some particular regions (e.g. low complexity,
transmembrane, and coiled coils) in the protein. There are also
multiple other options in the “Input” window for you to choose.

. Include 6-8 extra nucleotides in front of the Ndel cutting site

when designing the 5'-primer to achieve accurate and efficient
cleavage.

. Use a precloned construct of your gene if you have it, which

would be more efficient and give fewer nonspecific bands. Play
with different PCR strategies if no products are obtained or
yields are too low.

. To get a higher recovery of the target DNA, (a) use a large

volume of elution buffer (e.g. 80-100 pl), (b) incubate for
2-3 min before centrifugation, and (c) reapply the eluent back
onto the same binding membrane and centrifuge again.

. Try induction at a higher cell density (ODgoy 0.8-1.2) if you

want to get a better yield of the target protein.

. Adjust IPTG concentration to control protein production.

Usage of as low as 10-20 pM of IPTG for induction has been
reported.

Adjust the post-induction incubation time if necessary. Most
target proteins are expressed within 1-2 h after adding IPTG.

Avoid extensive tumbling of the cell resuspension because
Exo70p aggregates upon agitation.

This protocol is usually sufficient to completely cut off the 6x
His tag. You are advised to adjust the amount of thrombin in
your digestion depending on the efficiency of your thrombin.

Avoid unnecessary pipetting and any extensive agitation
because the proteins (particularly Exo70p) tend to form aggre-
gates upon mixing.

Try 10-'-10-° mg/ml of proteases in your proteolysis reactions
first in case you are not sure about how much protease you
should use.
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15. Keep all samples on ice before starting the next step.

16. Do not forget to include a control which is the protein sample
alone containing no proteases.

17. Make sure the buffer tank is safely sealed, particularly if you

run the electrophoresis with a high voltage (e.g. 200-300 V).

18. Keep the staining time as short as possible (usually 30-60 s is

sufficient).

19. Cut off protein bands of interest using sterile scissors; do not

touch the membrane with bare hands.

20. Cautiously leave a few extra residues at the N-terminus of the

protein for protein stability.

Yields of both Exo70p and Exo84p are very high (10-20 mg
per L of cells).

21.

22. Crystallization droplets can be set up either by hands or using
a robot. Try not to mix the protein sample with reservoir solu-

tion if you manually set up the droplets; over-mixing opera-

tions tend to cause irreversible aggregates of the proteins.

Acknowledgements

The original crystallization and structure determination were car-
ried out in the group of Karin M. Reinisch at the Yale School of
Medicine. Proteolysis analysis was repeated using the same proto-
cols to generate Figs. 4a and 5a. The experiments were carried out
in our group at the Max F. Perutz Laboratories in the Medical
University of Vienna under the support of grant P24383-B21 from
the Austrian Science Fund (FWF) to GD.

References

1.

Benarroch EE (2012) Membrane trafficking
and transport: overview and neurologic impli-
cations. Neurology 79(12):1288-1295

. Cheung AY, de Vries SC (2008) Membrane

trafficking: intracellular highways and country
roads. Plant Physiol 147(4):1451-1453

. Stow JL (2013) Nobel Prize discovery paves

the way for immunological traffic. Nat Rev
Immunol 13(12):839-841

. Chia PZ, Gleeson PA (2014) Membrane teth-

ering. F1000Prime Rep 6:74

. Brown FC, Pfeffer SR (2010) An update on

transport vesicle tethering. Mol Membr Biol
27(8):457-461

. Whyte JR, Munro S (2002) Vesicle tethering

complexes in membrane traffic. J Cell Sci
115(Pt 13):2627-2637

10.

11.

12.

. Liu J, Guo W (2012) The exocyst complex in

exocytosis and cell migration. Protoplasma
249(3):587-597

. Heider MR, Munson M (2012) Exorcising the

exocyst complex. Traffic 13(7):898-907

. Zarsky V et al (2013) Exocyst complexes mul-

tiple functions in plant cells secretory path-
ways. Curr Opin Plant Biol 16(6):726-733
Lipschutz JH, Mostov KE (2002) Exocytosis:
the many masters of the exocyst. Curr Biol
12(6):R212-R214

Wang S et al (2004) The mammalian exocyst, a
complex required for exocytosis, inhibits tubu-
lin  polymerization. J  Biol  Chem
279(34):35958-35966

Zuo X, Guo W, Lipschutz JH (2009) The exo-
cyst protein SeclQ is necessary for primary



204

13.

14.

15.

16.

17.

18.

19.

Johannes Lesigang and Gang Dong

ciliogenesis and cystogenesis in vitro. Mol Biol
Cell 20(10):2522-2529

Hsu SC et al (1998) Subunit composition,
protein interactions, and structures of the
mammalian brain sec6/8 complex and septin
filaments. Neuron 20(6):1111-1122

Munson M, Novick P (2006) The exocyst
defrocked, a framework of rods revealed. Nat
Struct Mol Biol 13(7):577-581

Yamashita M et al (2010) Structural basis for
the Rho- and phosphoinositide-dependent
localization of the exocyst subunit Sec3. Nat
Struct Mol Biol 17(2):180-186

Moore BA, Robinson HH, Xu Z (2007) The
crystal structure of mouse Exo70 reveals
unique features of the mammalian exocyst.
J Mol Biol 371(2):410-421

Hamburger ZA et al (20006) Crystal structure
of the S.cerevisiae exocyst component Exo70p.
J Mol Biol 356(1):9-21

Wu S et al (2005) Secl5 interacts with Rab11 via
a novel domain and affects Rabl1 localization
in vivo. Nat Struct Mol Biol 12(10):879-885

Fukai S et al (2003) Structural basis of the
interaction between RalA and Sec5, a subunit

20.

21.

22.

23.

24.

25.

of the sec6/8 complex. EMBO ] 22(13):
3267-3278

Jin R et al (2005) Exo84 and Sec5 are com-
petitive regulatory Sec6/8 effectors to the
RalA GTPase. EMBO J 24(12):2064-2074
Sivaram MV et al (2006) The structure of the
exocyst subunit Sec6p defines a conserved
architecture with diverse roles. Nat Struct Mol
Biol 13(6):555-556

Dong G et al (2005) The structures of exocyst
subunit Exo70p and the Exo84p C-terminal

domains reveal a common motif. Nat Struct
Mol Biol 12(12):1094-1100

Winn MD et al (2011) Overview of the CCP4
suite and current developments. Acta
Crystallogr D Biol Crystallogr 67(Pt 4):
235-242

Dosztanyi Z et al (2005) IUPred: web server
for the prediction of intrinsically unstructured
regions of proteins based on estimated energy
content. Bioinformatics 21(16):3433-3434
Buchan DW et al (2013) Scalable web services
for the PSIPRED Protein Analysis Workbench.
Nucleic  Acids  Res  41(Web  Server
issue):W349-W357



Chapter 15

Analysis of Rho-GTPase Activity During Budding
Yeast Cytokinesis

Masayuki Onishi and John R. Pringle

Abstract

Rho-type small GTPases are involved in cytokinesis in various organisms, but their precise roles and regulation
remain unclear. Rho proteins function as molecular switches by cycling between the active GTP-bound
and inactive GDP-bound states; the GTP-bound proteins in turn interact with their downstream effectors
to transmit the signal. Biochemical assays using Rho-binding domains of effector proteins have been used
to specifically pull down GTP-bound Rho proteins from cell extracts. Here, we describe the application of
such a method in combination with cell-cycle synchronization in the budding yeast Saccharomyces cerevi-
sine; this approach allows dissection of the activity of Rhol at different stages of cytokinesis. We also pres-
ent data showing the importance of caution in interpreting such biochemical data and of comparing to the
results obtained with other approaches where possible. The principle of this protocol is also applicable to
analyses of other Rho-type GTPases and cell-cycle events.

Key words Saccharomyces cevevisine, Abscission, RhoA, Rhol, Cdc42, Rhotekin, Pkcl, Rho effector

1 Introduction

Rho-type small GTPases have been found at the division site in
many eukaryotes; examples include Rho and Cdc42 (animals and
yeasts), Rac (animals and slime molds), and ROPs (plants) [14].
These observations suggest a deep evolutionary root for the roles
of these proteins in cytokinesis. However, the precise roles and
regulation of each Rho GTPase in each organism are not fully elu-
cidated, in part due to the complexity of their functions through-
out the multiple processes involved in cytokinesis. For example, in
animals and yeasts, the RhoA/Rhol proteins play roles during at
least two distinct stages in cytokinesis, namely at the onset, to pro-
mote assembly and contraction of the actomyosin ring [5-7], and
at the end, for final resolution of the plasma membrane during
abscission [8-11]. However, some data also suggest that RhoA/
Rhol activity is dispensable for the intervening cleavage-furrow
ingression in many mammalian cells [12, 13] and budding yeast [11].
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Whether RhoA/Rhol remains active throughout these processes
or is switched on and oft at specific times and locations remains
unclear.

Rho GTPases operate as signaling switches that alternate
between the active GTP-bound and the inactive GDP-bound
forms; this alternation is highly regulated by guanine-nucleotide-
exchange factors (GEFs) and GTPase-activating factors (GADPs). In
the budding yeast Saccharomyces cevevisine, Rhol can be activated
by three GEFs (Roml, Rom2, and Tusl) [14, 15] and is inacti-
vated mainly by two major GAPs (Sac7 and Lrgl) [10, 16]. In
addition, activation of Rholcan be inhibited by the guanine-
nucleotide dissociation inhibitor Rdil [17]. The active Rhol-GTP
forms complexes with effectors including the protein kinase Pkcl,
the formin Bnil, the exocyst subunit Sec3, the glucan synthase
Fks1 (and its paralog Fks2) [18-23], and there are probably other
effectors that are not yet known. The highly selective binding by
such effectors has been utilized to specifically detect GTP-bound
Rho proteins by biochemistry and microscopy in both yeasts and
other organisms. The original method was developed using the
Rho-binding domain (RBD) of human Rhotekin: bacterially
expressed GST-Rhotekin RBD was used to specifically pull down
human RhoA-GTP, which was then detected and quantified by
Western blotting [24, 25]. In yeast, the same Rhotekin RBD and
other RBDs from the native effectors Pkcl (C2-HRI1 and Cl1
domains) and Bnil have been used in similar biochemical assays [ 6,
11, 26, 27], with Rhotekin RBD and the Pkcl C1 domain (amino
acids 377-640, hereafter Pkcl RBD) proving most efficient for
pulling down Rhol-GTP in vitro [27] and in vivo (our unpub-
lished results), although the other domains have been used for
microscopic detection of Rhol-GTP in specific biological contexts
[28]. The availability of these probes and the ease and the variety
of methods for cell-cycle synchronization and genetic manipula-
tion in yeast have allowed detection of Rhol activity at specific
times and places during the cell cycle [11, 26].

Here we describe a method in which Pkcl-RBD is used to
monitor Rhol activity through cytokinesis after cell-cycle synchro-
nization using a cdcl5 mutation. Upon cdcl5 inactivation, cells
complete chromosome segregation but fail to exit from mitosis. In
this situation, the Polo-kinase Cdc5 is active at the bud neck, which
in turn activates Rhol to promote actin-ring formation [6].
However, because the machinery for primary-septum synthesis
requires an active mitotic-exit network (MEN), in which Cdcl5
plays a central role [29, 30], actual cleavage-furrow ingression
does not take place until after release from the cdcl5-mediated
arrest. Thus, actomyosin-ring formation and subsequent processes
in cytokinesis are now separated by 35—40 min as compared to the
normal 10-15 min, allowing for a temporal dissection of the
Rhol activities involved in these processes. In such experiments,
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Rhol activity is initially high for formation of the actomyosin ring
(and perhaps its maintenance) but is then quickly reduced before
cleavage-furrow ingression, consistent with the apparent dispens-
ability of Rhol activity for this process. Rhol is then slightly acti-
vated concomitant with secondary-septum formation/abscission.
We also describe how Pkcl-RBD and Rhotekin-RBD detect differ-
ent pools of Rhol-GTP during cytokinesis, to demonstrate how
choice of the probe could affect the results. These observations
highlight the importance of performing independent and parallel
experiments, such as imaging-based visualization of Rhol activity
or genetic assays, to verify and support the biochemical data. The
principle of this protocol can also be applied in similar experiments
using other methods for cell-cycle synchronization and/or using
probes for other Rho-type GTPases, such as Cdc42 [31], to gain a
better understanding of the overall regulation and crosstalk among
GTPases during cytokinesis [32].

2 Materials

2.1 Preparation
of GST-Pkc1-RBD
Beads

1. E. coli strain: BL21 (DE3) pLysS (se¢ Note 1).

2. Plasmids: pGEX-PKCIRBD (also known as pB2535). This
plasmid expresses amino-acid residues 377-640 of yeast Pkcl
(see Note 2) as a GST-fusion protein.

3. LB medium: (per liter) 10 g Bacto Trypton, 5 g Bacto Yeast
Extract, 7.5 g NaCl, 300 pl 10 N NaOH, autoclaved. Add
ampicillin (from 100 mg/ml stock in water) and/or chloram-
phenicol (from 30 mg/ml stock in ethanol) before use as
described below.

4. IPTG stock solution: 100 mM in water; store at —20 °C.

5. STE Bufter: 10 mM Tris—=HCI, pH 8.0, 150 mM NaCl, and
1 mM EDTA; store at 4 °C.

6. STE-15 % sarkosyl: STE Bufter containing 15 % (w/v) Sodium
lauroyl sarcosinate; store at 4 °C.

7. STE-20%TX100: STE Buffer containing 20 % (v/v) Triton
X-100; store at 4 °C.
8. STE-2%TX100: STE Buffer containing 2 % (v/v) Triton
X-100; store at 4 °C.
9. DTT stock solution: 1 M in water; store at —20 °C.
10. Glutathione Sepharose 4 Fast Flow (GE Healthcare) or equiv-
alent beads.

11. RPD Buffer: 50 mM Tris—-HCI, pH 7.5, 150 mM NaCl,
12 mM MgCl,, 1 mM EDTA (see Note 3), 1 mM DTT; store
at 4 °C.

12. Lysozyme: 100 pg/ml in water.
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Table 1

Yeast strains used in this protocol

Strain Genotype Source

YEF473A MATa his3 len2 lys2 trpl ura3 [37]

YEF473B MATw his3 len2 lys2 trpl ura3 [37]

MOY522 As YEF473A except rholA::his3MX6 URA3:3HA-RHOI [11]

MOY553 As YEF473B except 7holA::his3MX6 URA3:3HA-RHOI cdcl5-2 [11]

MOY686 As YEF473A except lrglA::His3MX6 rholA::His3MX6 Our laboratory?
URA3:3HA-RHOI

MOY718 As YEF473A except sac7A::His3MXO6 rholA::His3MX6 Our laboratory?
URA3:3HA-RHOI

MOY801 As YEF473A except [YCp-Pgar-3HA-RHO1 ] [11]

MOY803 As YEF473A except [YCp-Pgar-3HA-RHO1 268 ] [11]

MOY824 As YEF473A except [YCp-Pgar-3HA-RHO1724N] [11]

*Constructed by crossing MOY522 to MOY407 (as YEF473B except lglA::His3MX6) or MOY408 (as YEF473B

except sac7A::His3MX6) [11]

2.2 Preparation
of Control and Cell-
Cycle-Synchronized
Yeast Samples

2.3 Preparation

of Whole-Cell Extracts
for Rho1-GTP
Pull-Down Assays

. Yeast strains: see Table 1 for the strains that we have used with

this protocol. Strains expressing N-terminally tagged 3HA-
Rhol were used for sensitive detection of Rhol by a commer-
cially available anti-3HA antibody (se¢ Note 4).

. SC-Leu (3 % raffinose) media: Dissolve 6.7 g Difco Yeast

Nitrogen Base without amino acids and 2 g leucine-dropout
powder (mix of amino acids, purines, and pyrimidines without
leucine) in 900 ml water and autoclave. Separately filter-steril-
ize 30 g raffinose in 100 ml water and combine the two.

. 40 % Galactose: 40 g galactose in 100 ml water; filter-sterilize.
4. YM-P medium (se¢e Note 5): Dissolve 6.3 g Difco Yeast

Nitrogen Base without amino acids, 4.5 g Yeast Extract, 9 g
Difco Peptone, 9 g succinic acid, and 5.4 g NaOH in 900 ml
water and autoclave. Separately autoclave 20 g glucose in
100 ml water and combine the two.

. 37 % Formaldehyde: molecular-biology grade solution con-

taining a low concentration of methanol is adequate.

. Liquid nitrogen.

. Protease-inhibitor cocktail: EDTA-free cocktail purchased

from Roche or Pierce. A tablet is dissolved in water at 100x
manufacturer’s recommendation, used at 2x concentration.
The stock solution can be stored at -20 °C in small aliquots.
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. Glass beads: 0.4-0.6 mm diameter, purchased sterilized or

autoclaved (see Note 6).

. RPD-1.2 % NP40: RPD (Subheading 2.1) containing 1.2 %

(w/v) Nonidet P40 (United States Biochemical Corp.); store
at 4 °C.

. RPD-1 % NP40: RPD containing 1 % (w/v) Nonidet P40

(see Note 7); store at 4 °C.

. SDS sample buffer: 63 mM Tris—-HCL, pH 6.8, 2 % SDS, 1 %

beta-mercaptoethanol, 0.01 % bromophenolblue.

. Antibody: Peroxidase-conjugated mouse anti-HA antibody

(e.g. 3F10, Roche).

. pGEX-RBD (Rhotekin): This plasmid expresses amino-acid

residues 7-89 of human Rhotekin as a GST fusion (Addgene
plasmid #15247) [24].

3 Methods

3.1 Preparation
of GST-Pkc1-RBD
Beads

. Preculture: Transform E. colz strain BL21 (DE3) pLysS with

plasmid pGEX-PKCI1RBD. Inoculate 2 ml of LB medium
containing 50 pg/ml ampicillin and 30 pg/ml chlorampheni-
col with a single colony of the transformant. Shake or roll the
culture overnight at 37 °C.

. Expression: Inoculate 100 ml of fresh LB medium containing

50 pg/ml ampicillin (sec Note 8) with the preculture to a final
ODggo of ~0.1 (~1.6x10° cells/ml) and shake at 150 rpm at
37 °C. At ODgpo~ 0.5 (~8 x 10° cells/ml), add IPTG to a final
concentration of 1 mM to induce expression of GST-Pkcl-
RBD. Shake at 37 °C for 4 h.

. Harvest the cells by centrifugation (3000 x4, 15 min, 4 °C) in

a 50 ml conical tube. Wash the cells with 50 ml of ice-cold
STE, centrifuge, and resuspend in 5.4 ml of STE containing
100 pg/ml lysozyme. After incubation on ice for 15 min, add
30 pl of 1 M DTT (5 mM final concentration) and 600 pl of
15 % STE-sarkosyl (1.5 % final concentration) (se¢ Note 9).
Lyse the cells by 6-12 x 15-s bursts of sonication with a 10-s
cooling period between bursts. Clear the lysate by centrifuga-
tion (12,000x 4, 5 min, 4 °C) in 2-ml microcentrifuge tubes
and transfer the supernatants to a 15-ml conical tube. Measure
the volume, and add STE-20 % TX100 to achieve a final Triton
X-100 concentration of 2 %.

. Equilibrate 200 pl (packed volume) of Glutathione Sepharose

4 Fast Flow beads by washing three times with 1 ml STE-2 %
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3.2 Preparation
of Control and Cell-
Cycle-Synchronized
Gell Samples

TX100. Resuspend the beads with the lysate from step 3, and
incubate at 4 °C for 1 h on a rotator. Wash beads three times
with 1 ml of RPD buffer, then resuspend in 1.4 ml RPD + 10 %
glycerol (final volume including the beads is 1.6 ml). Store
the beads in 200-pl aliquots (each containing 25 pl of beads)
at —80 °C (see Note 10).

. Control samples: Grow wild-type cells transformed with

galactose-inducible SHA-RHOI1, 3HA-RHOI1T24N, or 3HA-
RHOIQO68L constructs (strains MOY801, MOYS803, and
MOY824) at ~24 °C in 47.5 ml of SC-Leu (3 % raffinose)
medium to an ODg=0.5 (~8 x 10° cells/ml). Add 2.5 ml of
40 % galactose to induce expression of the transformed genes
and incubate for 1 h (see Note 11). Grow wild-type, lrglA,
and sac7A cells harboring 3HA-RHOI as the only endogenous
copy of RHOI (strains MOY522, MOY686, and MOY718) in
50 ml of YM-P medium to an ODgyy~ 0.5 (~8 x 10° cells/ml).
Collect the cells from each culture by centrifugation (3000 x g,
~24 °C, 2 min), freeze the pellets in liquid nitrogen, and store
at -80 °C.

. Synchronized samples: Grow 3HA-RHOI cdcl5-2 cells (strain

MOY553) to exponential phase in 5 ml of YM-P medium at
24 °C. Dilute the cells to a final ODgyy~0.05 (~0.8x10° cells/
ml) in 600 ml of fresh YM-P in a 2 L baffled Erlenmeyer flask
and shake the culture until an ODgpo~0.25 (~4 x 10 cells/ml)
is reached.

. Transfer the flask to a 37 °C air (not water) incubator in

order to gradually increase the medium temperature to 37 °C
(see Note 12).

. Start monitoring the progress of cell-cycle arrest at ~2 h by

taking small samples of cells and examining by phase-contrast
microscopy. Typically by 3 h, more than 95 % of cells are large-
budded, and the ODg reaches ~0.5 (~8 x 10° cells/ml).

. Rapidly cool the culture to 24 °C by shaking the flask in ice-

water bath. Use a thermometer (not necessary to sterilize it) to
monitor the temperature. This process should be completed
within 5 min for best time resolution. Start the timer.

. Take samples at 15-min intervals, starting at the time of tem-

perature shift to 24 °C, for 120 min. At each sampling, (a)
take a 1-ml sample, fix the cells by adding 100 pl 37 % form-
aldehyde, and store at room temperature until all samples are
collected and (b) collect the cells from a 50-ml sample by cen-
triftugation (3000 x g, ~24 °C, 30 s) in a 50-ml conical tube,
discard most of the medium by decantation, resuspend the
cell pellet in the residual medium and transfer to a 1.7-ml
microcentrifuge tube, and collect the cells by centrifugation
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Fig. 1 Representative results of cell-cycle synchronization using cdc15-2.
3HA-RHO1 cdc15-2 cells (strain MOY553) were treated as described in
Subheading 3.2, and >200 cells were counted for their morphologies at each
time point

(12,000xg, 24 °C, 10 s) in a benchtop microcentrifuge.
Carefully remove the supernatant, snap-freeze the cell pellet
in liquid nitrogen, and store at -80 °C.

7. To monitor the progress of cytokinesis and cell separation, the
fixed cells should be briefly sonicated (<5 s) to separate post-
cytokinesis cell pairs (see Note 13), and examined for budding
indices by phase-contrast microscopy (Fig. 1).

1. Thaw the cell pellets (~50 pl) from Subheading 3.2 on ice and
resuspend in 100 pl RPD buffer supplemented with the
protease-inhibitor cocktail at 2x concentration (see above).

2. Add 150-200 pl of pre-chilled glass beads to the resuspended
cells. The top of the beads should be near the meniscus of the
cell suspension. Vortex three to five times for 1 min at max
speed with 30 s cooling periods. Confirm that 95-100 % of the
cells have been disrupted by the dark appearance of disrupted
cells in phase-contrast microscopy (see Note 14).

3. Remove the supernatants using a 200 pl pipet and transfer to
fresh microcentrifuge tubes. Wash the glass beads with 400 pl
RPD-1.2 % NP40 (with the protease-inhibitor cocktail at 2x
concentration) buffer, and combine the supernatant with the
previous sample. Each sample should have a final volume of
~500 pl and final NP40 concentration of 1.0 %. Incubate the
samples on ice for 15 min.

4. Clear the samples of unbroken cells and cell debris by centrifu-
gation (12,000 x4, 4 °C, 15 min). Determine the total protein
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3.4 Rho1-GTP
Pull-Down Assay
Using GST-Pkc1-RBD

3.5 Rho1-GTP
Pull-Down Assay
Using GST-Rhotekin
RBD

concentrations by Bradford assay and adjust it to 6 mg/ml in
each sample with RPD-1 % NP40 (with the protease-inhibitor
cocktail at 2x concentration). Use the extracts immediately for
the Rhol-GTP pull-down assays.

. Thaw tubes of GST-Pkcl-RBD beads from Subheading 3.1

and equilibrate the beads with RPD-1%NDP40 by washing twice
in this buffer. After the last wash, aliquot the suspended beads
into microcentrifuge tubes so that 5 pl packed volume of beads
are distributed to each tube. Centrifuge and carefully remove
the supernatants using a 30G needle connected to a vacuum
manifold.

. In each tube, add a 500 pl sample of extract (3 mg of protein)

from Subheading 3.3 to the beads, incubate at 4 °C on a rota-
tor for 1 h, and wash the beads three times with 500 pl per
wash of RPD-1 % NP40 buffer. After the last wash, spin the
tube briefly, and remove the residual buffer from above and
in-between the beads using a 30G needle connected to a vacuum
manifold.

. Elute the bound Rhol-GTP by adding 40 pl of SDS sample

buffer and boiling for 5 min. For input controls, boil 15 pg
(5 pl) of the extracts from Subheading 3.1 in SDS sample buf-
fer. The samples can then be stored at -20 °C for at least a
week or at -80 °C indefinitely.

. Analyze the samples by SDS-PAGE (14 % Tris-glycine gel) and

Western blotting using appropriate antibodies. We use a
peroxidase-conjugated mouse anti-HA antibody. Quantify
band intensities by densitometry and normalize Rhol-GTP
values against input values. With control samples (Fig. 2),
strong bands should be observed with 3HA-RHOI1Q68L and
sac7A 3HA-RHOI but not with the other samples (see Note 15).
With ¢dc15-2 synchronization (Fig. 3), Rhol activity is initially
high for formation and maintenance of filamentous actin in the
actomyosin ring but quickly decreases after release from the
block and before the onset of cleavage-furrow ingression at
~30 min. At ~45 min, consistent and transient re-activation is
observed, which coincides with the initiation of secondary-
septum formation. Rhol is then activated more strongly at
later time points, presumably reflecting its involvement in bud
growth in the new cell cycle (see Note 16).

Here, we briefly describe a similar assay using GST-Rhotekin-RBD
to demonstrate how the choice of RBD can affect the results.

1. Preparation of GST-Rhotekin-RBD beads. Follow Subheading

3.1 except using plasmid pGST-RBD (Rhotekin) in place of
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Fig. 2 Results of a control experiment to verify the specificity and capacity of GST-RBD beads to pull down
active Rho1. See Subheadings 3.4 and 3.5 for details. Rho1-GTP was pulled down using GST-Pkc1-RBD
and GST-Rhotekin-RBD in parallel from extracts of wild-type cells transiently overexpressing the indicated
3HA-Rho1 constructs (/eft three lanes; strains MOY801, MOY803, MQOY824) or from extracts of wild-type
and GAP-mutant cells expressing 3HA-Rho1 as the sole copy of Rho1 (right three lanes; strains M0Y522,
MOY686, and MQY718). 3HA-Rho1 in the input and pull-down samples was analyzed by SDS-PAGE and
Western blotting using an anti-HA antibody. The membrane was subsequently stained with Ponceau S to
reveal the GST-tagged proteins

pGEX-PKCIRBD. Alternatively, pre-bound beads can be pur-
chased from commercial sources (see Note 17).

2. Follow Subheadings 3.2-3.4 using the GST-Rhotekin-RBD
beads. Figure 2 (bottom) shows that GST-Rhotekin-RBD
behaves similarly to GST-Pkcl-RBD in control experiments
(see Note 18). In contrast, Fig. 3 shows an example of pull-down
experiments carried out in parallel using the same yeast cell
extracts and either GST-Pkcl-RBD or GST-Rhotekin-RBD.
Note that Rhotekin-RBD fails to recognize Rhol-GTP at 0 min
although it does detect the subsequent activation of Rhol.
Moreover, the temporary inactivation of Rhol after secondary-
septum formation was less obvious with GST-Rhotekin-RBD
than with GST-Pkcl-RBD. These results suggest that the two
RBDs recognize different pools of Rhol-GTP in the cell,
emphasizing the importance of choosing the right probe for
the experiment and of using more than one experimental
approach (see Note 19).
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Fig. 3 A representative analysis of Rho1 activity during cytokinesis using two different probes for active Rho1
and synchronized 3HA-RHO1 cdc15-2 cells (strain MOY553). Analyses were as in Fig. 2. (b) The band intensi-
ties in (a) were quantified, and the relative intensities of active (“pull-down”) relative to total (“input”) Rho1
were plotted. The value for GST-Pkc1-RBD at time 0 was set to 1.0

4 Notes

1. Several other commonly available strains including BL21 and
Rosetta (DE3) pLysS, and even the non-protease-deficient
DH5a, have also been used successfully in our own and
other labs.
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2. The construction of this plasmid has been described previously
[26], and a similar plasmid has also been used [27]. Note that
fragments of Pkcl (amino-acid residues 87-243 [27] or
87-391 [28]) containing another Rhol-binding domain
(HRI [33]) cannot be used for the pull-down assay described
in this protocol ([27], our unpublished data).

3. We have found that inclusion of 1-2 mM EDTA in this buffer
is important for reproducible detection of Rhol-GTP, espe-
cially with wild-type (i.e., not GTP or GDP-locked) Rhol.

4. It is important to tag Rhol at its N terminus, because any
alteration to the C terminus will render the protein nonfunc-
tional by interfering with its prenylation. The functionality of
the tagged gene should be tested by constructing a strain in
which only the tagged allele is expressed and culturing the
strain at 37 °C, where Rhol activity is more important than at
lower temperatures. Alternatively, untagged RHOI strains
can be used if an anti-Rhol antibody is available [18, 34].
However, our attempts to utilize a commercially available
anti-Rhol antibody (Santa Cruz Biotechnology sc-25818)
were unsuccessful.

5. Conventional unbuffered YPD medium also works well for the
assay described in this protocol.

6. Lower-grade glass beads with a wide diameter range appear to
be most efficient in disrupting yeast cells. The same effect can
also be achieved by mixing glass beads of different nominal
diameters.

7. Such assays have sometimes used other non-denaturing deter-
gents (or their combinations), such as 0.6 % CHAPS; 1 %
Triton X100; or a combination of 1 % NP-40, 0.1 % SDS,
and 1 % sodium deoxycholate (or “RIPA”). In our own
experiments using control samples expressing 3HA-Rhol,
3HA-Rhol™*N| or 3HA-Rhol®®L) replacing 1 % NP-40
with these detergents did not have any discernible effect on
the results. We have not tested the effects of these other
detergents on cell-cycle-synchronized samples.

8. Chloramphenicol is omitted in this step, because it is our expe-
rience that this translation inhibitor can interfere with the
expression of induced proteins. pLysS (conveying
chloramphenicol resistance) is not lost during a short incuba-
tion without selection.

9. For more details about this method for solubilization and puri-
fication of GST-tagged proteins using sarkosyl and Triton
X100, see ref. [35].

10. We have successfully used up to 12-month-old beads with no
signs of deterioration.
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11.

12.

13.

14.

15.

16.

17.
18.

19.

Presumably due to the “leaky” nature of the GAL promoter,
RHOIP*N-expressing cells may grow slowly even in raffinose-
containing media. However, we prefer not to add glucose to
suppress the GAL promoter during preculture, in order to
ensure a rapid induction upon galactose addition. Upon induc-
tion, RHOI™*N is lethal to the cells, so that the duration of
expression should be kept short. RHO19%E, on the other hand,
is not lethal to wild-type cells although it is not functional
enough to support the growth of 7holA cells.

It is important not to increase the temperature too rapidly
[36], and an increase of 2-3 °C per 10 min or slower gives
optimal results. With a volume of 600 ml, simply shake the
culture in a 37 °C air incubator. For a culture of less volume, it
is best to first place the culture in a 30 °C air incubator for
~30 min, then transfer it to a 37 °C air incubator.

In a population of ¢dcl5-2-synchronized cells, the timing of
cell separation is delayed and heterogeneous in relation to
cleavage-furrow ingression and abscission [36], and many cells
remain connected by undigested primary septum after cytoki-
nesis is complete. Such cell pairs can be separated after fixation
by brief sonication.

In our experience, having no detergent present during vortex-
ing with glass beads and vortexing at a high glass-beads-to-cell
ratio appear to significantly improve the success of disruption.

This control experiment should be done every time a new
batch of GST-Pkcl-RBD beads is prepared to confirm their
specificity and sufficient capacity to pull-down all Rhol-GTP
from cell extracts in subsequent experiments. In our strain
background, deletion of LRGI seems to have little effect on
the global Rhol-GTP level. Similarly, deletions of Rhol GEFs
have little effects on Rhol-GTDP levels [10].

For quantitative assays, it is imperative not to saturate the GST-
Pkecl RBD beads with Rhol-GTP. Lack of saturation can be
confirmed by comparing the maximum band intensities from
the control samples and the cell-cycle-synchronized samples.

For example, Cytoskeleton, Inc. (http: //www.cytoskeleton.com).

The slightly increased affinity of Rhol™* for the beads is
reproducible in our hands. We do not know the explanation
for this observation.

These results suggest that binding of Rhol to RBDs is not
governed exclusively by the nucleotide-binding state of Rhol.
Other possible factors include binding of Rhol to GEFs and
GAPs that may compete with RBDs, thereby potentially defin-
ing a specificity of signaling to downstream effectors. These
data also raise the possibility that RBDs from other Rhol
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effectors might provide different results, although so far only
Pkcl-RBD and Rhotekin-RBD have been used successfully in
this assay. Thus, any conclusions based on this type of bio-
chemical assay should also be supported by other independent
data, such as microscopic assays for Rhol-GTP [28] and/or

genetic evidence.
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Chapter 16

Detection of Phosphorylation Status of Cytokinetic
Components

Franz Meitinger, Saravanan Palani, and Gislene Pereira

Abstract

Yeast cells can be easily cultured, synchronized, and genetically modified making them a convenient model
system to study molecular mechanisms underlying cytokinesis. Here, we describe simple methods that
allow the analysis of the phosphorylation profile of cytokinetic proteins, both in vivo and in vitro, using
standard laboratory equipment. In addition, we compare the ability of three different, standard, and opti-
mized acrylamide gel conditions to separate phosphorylated forms, using the protein Innl as an
example.

Key words Cytokinesis, Phosphorylation, Cell cycle synchronization, Kinase, Phosphatase, Mitotic
exit network (MEN), Dbf2, Cdc5, Cdkl, SDS-PAGE, Yeast

1 Introduction

Protein phosphorylation is one of the most important post-
translational modifications that regulates the function and the
activity of target proteins, either through a conformational change
in the protein structure or by changing the charges of the protein
surface thereby influencing protein—protein interactions [1-3].
Cytokinesis is controlled by spatio-temporal phosphorylation
events, which connect the cell cycle machinery with structural rear-
rangements at the cell division site [4, 5]. Monitoring and charac-
terizing phospho-regulation events during cytokinesis is key to
understand the molecular basis of cell division.

The differential mobility of phosphorylated and non-
phosphorylated forms of proteins on sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) has been vastly used
as a measure for the analysis of phosphorylation events. In most of
the studies, cells were stopped at a specific cell cycle stage (e.g. by
addition of drugs) and allowed to resume the cell cycle after drug
removal. This procedure of cell cycle synchronization allows one to

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
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follow protein mobility shifts by SDS-PAGE and Western blotting
techniques in a cell cycle-dependent manner [6].

In yeast, cytokinesis initiates after the down-regulation of
mitotic cyclin-dependent kinase activity that is triggered by the
mitotic-exit-network (MEN) signaling pathway at the end of mito-
sis [4]. After its onset, cytokinesis takes only a few minutes to com-
plete. Therefore, due to this short duration, one major challenge in
the analysis of phosphorylation events during cytokinesis by SDS-
PAGE /Western blotting is to obtain a well-synchronized cell cul-
ture, in which most of the cells undergo cytokinesis at the same
time. The second major challenge is the ability to visualize phos-
phorylation shifts by SDS-PAGE and Western blotting. One should
also keep in mind that not all phosphorylations cause a mobility
shift, and the degree of the shift varies depending on proteins and
phosphorylation sites. Also, mobility shifts may be caused by post-
translational modifications other than phosphorylation. Here, we
describe the synchronization strategy and SDS-PAGE gel condi-
tions that we have used to study the phosphorylation of cytokinesis
components by MEN kinases. Furthermore, we describe protocols
to study phosphorylation of the kinase and substrate of interest
in vitro.

2 Materials

2.1 Sample
Preparation for In Vivo
Phosphorylation
Detection

2.1.1 Yeast Growth
Media, Synchronization,
and Monitoring

Prepare all solutions with ultrapure distilled water. Make sure that
hazardous materials are handled and disposed according to local
safety regulations. Unless otherwise specified, solutions should be
stored at room temperature (23 °C).

1. YPDA medium: dissolve 10 g Bacto yeast extract (BD
Biosciences), 20 g Bacto peptone (BD Biosciences), 20 g glu-
cose and 0.1 g adenine (Sigma) in 1 1 distilled water. Autoclave
or filter-sterilize using 0.22 pm filter [7].

2. Ammonium persulfate: 10 % solution in water.

3. Nocodazole (Sigma): 1.5 mg/ml stock solution (100x) in
dimethyl sulfoxide (DMSO), store in aliquots at —20 °C.

4. a-factor (Sigma): 1 mg/ml stock solution in DMSO, store in
aliquots at -20 °C. Use at 1:1000 dilution for barIA strains
and 1:100 dilution for BARI strains.

5. 4',6-Diamidino-2-phenylindole (DAPI, Sigma): 1 mg/ml
stock solution (10,000x) in PBS. Store in small aliquots at -20
°C. Prepare 0.1 pg/ml DAPI working solution by diluting
stock 10,000 times in PBS, which can be kept protected from
light at 4 °C for a couple of months.



2.1.2  Protein
Precipitation and Sample
Preparation

2.2 Western Blots

11.

12.
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. Trichloroacetic acid (TCA): prepare a 55 % (w/w) solution in

water. Store solution at 4 °C and protected from light. Use
protection gloves when working with TCA.

. HU buffer: 8 M urea, 5 % sodium dodecyl sulfate, 200 mM

NaPO, pH 6.8, 0.1 mM ethylenediaminetetraacetic acid
(EDTA), 0.05 % bromophenol blue. Make 10 ml aliquots and
store at =20 °C. To prepare HU-DTT, add 100 mM dithioth-
reitol (DTT) before use.

. 5x SDS sample bufter: 4.5 ml glycerol, 0.5 g SDS, 1.75 ml

0.5 M Tris-HCI pH 6.8, 600 mM DTT (0.93 g), 5 mg bro-
mophenol blue, adjust to a final volume of 10 ml with water.

Store the buffer either at room temperature without DTT or
at -20 °C with DTT.

. SDS-PAGE equipment for casting, running, and blotting pro-

tein gels: Casting system, electrophoresis chambers, power
supply, semi-dry blotter, Whatman® blotting paper and nitro-
cellulose transfer membrane.

. 10 % SDS solution in water, filter-sterilized using a 0.22 pm

bottle top filter (solution should not be autoclaved as it may
precipitate irreversibly). Store at room temperature.

. 99 % Tetramethylethylenediamine (TEMED).
. 2-Amino-2-(hydroxymethyl)-1,3-propanediol ~ (Tris  base,

Sigma): prepare 1.5 M (for Laemmli and Phospho gels) and
3 M (for Kornberg gels) stock solutions pH 8.8 and 0.5 M
solution pH 6.8 (for stacking gels). Adjust the pH with HCI.
Filter-sterilize using a 0.22 pm filter or autoclave. Store at
room temperature.

. Ammonium persulfate: 10 % solution in water. Make aliquots

and freeze at -20 °C. Alternatively, store at 4 °C for up to 4
weeks.

. Isopropanol.
. SDS-PAGE protein standard markers.
. Blotting buffer: 25 mM Tris, 192 mM glycine, 0.25 % SDS, 20

% methanol.

. Ponceau S: 0.2 % (w/w) Ponceau S, 3 % (w/w) TCA in water.
10.

Blocking solution: 3 % skimmed milk powder (electrophoresis
grade, SERVA) in PBS-T.

PBS-T: 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8
mM KH,PO, 1 mM CaCl,, 0.5 mM MgCl,, pH 7.2, 0.2 %
Tween 20.

Running buffer for Laemmli and Phospho gels [8]: 25 mM

Tris base pH 8.3, 192 mM glycine, 0.1 % SDS to a final volume
of 1 1 in water. Autoclave and store at room temperature.
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2.3 Dephospho-
rylation Assays

Table 1
Ingredients for 100 ml 30 % acrylamide stock solutions

Acrylamide in g Bisacrylamideing  Ratio

Laemmli gel [8] 29.3 0.781 37.5:1
Phospho gel 29.7 0.266 111.7:1
Kornberg gel [9] 30.0 0.149 200:1

Running buffer for Kornberg gels [9]: 50 mM Tris base,
0.38 M glycine, 0.1 % SDS. Autoclave and store at room
temperature.

13. 30 % Acrylamide stock solutions: dissolve acrylamide (Sigma,
electrophoresis grade) and N, N'-methylene-bisacrylamide
powder (hereafter referred to as bisacrylamide, GE Healthcare)
in 60 ml water (for amounts se¢ Table 1 and Note 1). Adjust
the volume to 100 ml. Filter the solution using a 0.22 pm
bottle top filter. Store the solution at 4 °C protected from light
(e.g. in a dark-colored glass bottle or in a glass bottle wrapped
in aluminum foil). The solution can be kept refrigerated for at
least 6 months.

1. Screw cap tubes (1.5 ml tubes, screw caps with integral O-ring,
Sarstedt).

. Lysis bufter: 50 mM Tris-HCI pH 7.5, 100 mM NaCl, 1 mM
EDTA pH 8.0, 10 % glycerol.

. Triton X100: prepare 10 % stock solution and store it at 4 °C.
. Glass beads (acid-washed, 250-500 pm, Sigma).
. Ribolyser (e.g. Thermo Savant BIO101 Fastprep FP120).

. Protease inhibitors:

Roche complete, EDTA-free protease inhibitor tablets (1 tab-
let is sufficient for 50 ml lysis buffer). One tablet can be dissolved
in 1 ml water to obtain a 50x stock solution that can be stored at
-20 °C.

Phenylmethanesulfonyl fluoride (PMSF, Sigma): prepare 500
mM stock in DMSO. Add to the buffer just before use as PMSF
has a short half-life in aqueous solutions.

Phosphatase inhibitors:

B-Glycerophosphate (inhibits Ser/Thr phosphatases). Prepare
1 M stock solution in water. The working concentration is 100
mM.

Sodium fluoride (inhibits Ser/Thr and acidic phosphatases).
Prepare 1 M stock solution in water. The working concentration is
50 mM.

[\
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2.4 InVitro
Phosphorylation
Assays
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Sodium orthovanadate (inhibits protein-phosphotyrosine
phosphatases and alkaline phosphatases) [10, 11]. Prepare a 0.2 M
stock solution in water (se¢ Note 5). The working concentration is
0.2 mM.

Alkaline phosphatase (Sigma) or Lambda phosphatase (New
England Biolabs).

1. Adenosine 5’-triphosphate disodium salt hydrate (ATD, Sigma).

2. ATD, [y-32P]-3000 Ci/mmol 10 m Ci/ml EasyTide, 250 pCi
(PerkinElmer).

3. Colloidal Coomassie staining [12] (see Notes 2—4 for prepara-
tion details).

. Bovine Serum Albumin powder (Sigma).
. Histone H1 (from calf thymus; Sigma).
. Myelin Basic Protein (Sigma).

N O\ Ul W

. Casein (from bovine brain; Sigma).

3 Methods

3.1 Sample
Preparation for
Detection of In Vivo
Phosphorylation
During Cytokinesis by
Phosphorylation Shift

3.1.1 Yeast Cell
Synchronization
and Sample Collection

To detect the phosphorylation profile of proteins during cytokine-
sis, we employ a two-step synchronization protocol, in which yeast
cells are first arrested in the G1-phase of the cell cycle with mating
pheromone (a-factor) and subsequently arrested in metaphase
using microtubule depolymerizing drug nocodazole (see Note 6).
This procedure generates a highly synchronous population after
nocodazole wash-out. To arrest cells with a-factor, we employ the
protocol originally described by Breeden et al. [13] with slight
modifications.

1. Inoculate yeast cells in YPDA medium 2 days before analysis
and keep cells in the logarithmic growth phase (ODgpy<1.0)
(see Note 7).

2. One day before the experiment, inoculate an appropriate vol-
ume of cell culture, which is sufficient for the experiment (see
Note 7).

3. On the day of the experiment, measure the ODg of the cul-
ture and re-adjust it to 0.2 if necessary (see Note 8). Add
a-factor to the cell culture to a final concentration of 1 pg/ml
(for barlA cells) or 10 pg/ml (for BARI cells) and place cul-
tures in a shaker with controlled temperature. Keep cells in
a-factor-containing medium for approximately 2 h 15 min at
30 °C or 3 h 45 min at 23 °C (see Note 9).

4. Wash yeast cells twice with YPDA by centrifugation. For this,
centrifuge yeast cell culture (e.g. 30 ml) in a 50 ml tube at
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1000 x g for 2 min, decant the supernatant, resuspend the cell
pellet in 30 ml YPDA and repeat the washing procedure once.
After the second washing step, resuspend the cell pellet in
30 ml YPDA.

. After the final wash in YPDA, transfer the cell suspension into

a clean conical glass flask and add nocodazole the cell culture
to a final concentration of 15 pg/ml. Place cultures in the
incubation shaker until more than 90 % of cells are arrested in
metaphase (i.e. large budded cells with one DAPI-stained
DNA region). To check the arrest, stain ethanol-fixed cells
with DAPT as described below. Inspect cells under the fluores-
cence microscope (excitation 350/50 nm; emission 470,/30
nm) (see Note 10).

. Release cells from nocodazole arrest by washing cells twice

with YPDA as described in step 4.

. After the final wash in YPDA, transfer the cell suspension into

a clean conical glass flask and initiate sample collection (this
will be the first time point, £=0). After collecting the first sam-
ple, return the flask to the incubator (se¢ Note 11). Samples
should be taken accordingly to time points to be studied.
Different samples are required for each time point:

— Samples for protein extract preparation (TCA-
precipitation, see below): pipette 1.5 ml of cell culture in
a 2 ml tube. Centrifuge at 16,000 x4 for 2 min at room
temperature. Aspirate off the supernatant and place the
tube on dry ice or liquid nitrogen to rapidly freeze the cell
pellet. Frozen pellets can be stored at =20 °C or -80 °C
freezer.

—  Samples for determination of the optical density at 600 nm
(see Note 12).

— Samples for DAPI staining and budding index analysis:
mix 300 pl of cell culture with 700 pl of absolute ethanol
(final ethanol concentration should be around 70 %, see
Note 13). Keep cells on ice or proceed immediately with
the DAPI staining. For DAPI staining, centrifuge cells
(5000xg, 3 min) and carefully remove supernatant.
Centrifuge again to remove the excess of ethanol.
Resuspend the cell pellet in 10-20 pl of 0.1 pg/ml DAPI
solution in PBS.

. Confirm synchronization by analysis and quantification of the

budding index and DNA separation (se¢e Note 14). Samples
should be taken every 15 min until the bulk of cells enter a new
cell cycle, which normally takes 1.5-2 h for wild-type cells
growing in YPDA medium at 30 °C.



3.1.2  Protein
Precipitation Using TCA

3.2 Western Blots
to Monitor Protein
Phosphorylation

3.2.1 SDS-PAGE Gel
Preparation and Running
Conditions
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1. Resuspend the frozen cell pellets in 800 pl ice-cold distilled
water. Keep tubes on ice.

2. Add 150 pl 1.85 M NaOH and vortex for 3 s to lyse the cells.

3. Add 150 pl of 55 % TCA solution and vortex for 3 s for protein
precipitation. Keep on ice for 15 min.

4. Centrifuge cells for 20 min at 16,000 x4 at 4 °C to pellet the
precipitated protein. Remove supernatant carefully to avoid
disturbing the pellet. Centrifuge briefly (30 s, 16,000 x4) and
remove remaining supernatant (se¢ Note 15).

5. Resuspend pellet in HU-DTT using a Vortex mixer or similar
(see Notes 16-18).

6. Incubate mixture for 15 min at 65 °C (see Note 19).

7. Centrifuge at room temperature for 2—3 min at 16,000 x g (see
Note 20).

8. Load 15 pl on a SDS-PAGE Gel (see Notes 21 and 22).

SDS-PAGE gels should be prepared fresh or 1 day before usage
(see Note 23). The optimal acrylamide percentage and ratio of
acrylamide and bisacrylamide of the SDS-PAGE gel depends on
the size and characteristics of the protein of interest (Table 3 and
see Note 24). Different gel conditions can significantly change the
ability to separate phosphorylation forms of one protein (Fig. 1).
Gel conditions should be optimized for each phospho-protein.
Here, we describe three different conditions, which are commonly
used in our laboratory (Tables 1, 2, and 3 and Fig. 1). Please see in
addition following protocols for basic principles of SDS-PAGE and
Western blotting [14-17].

1. Assemble the glass plates according to the manufacturer.
2. Mix and pour the separating gel (see Note 25).

3. Overlay the gel with isopropanol to prevent the formation of
an uneven edge and drying of the gel.

4. After polymerization, remove isopropanol by tilting the plate
and drying the liquid with a piece of Whatman® paper. Rinse
carefully with water and remove the excess of water by carefully
inserting a small piece of Whatman® paper between the plates
(do not touch the gel surface). Mix and poor the stacking gel
and attach the comb (see Note 26). Wait until the gel is com-
pletely polymerized.

5. Remove the comb and carefully wash the wells with water.
Assemble the gel in the running chamber (follow the manufac-
turer’s instructions), fill with running buffer and allow the gel
to equilibrate for 15 min.

6. Load gel with a protein ladder marker (dilute in HU-DTT if
necessary) and 15 pl of each sample of interest (see Note 27).
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Fig. 1 Mobility shift of phosphorylated Inn1 with different SDS-PAGE conditions.
The migration of phosphorylated wild-type Inn1-6HA and phospho-mutant Inn1-
5A-6HA was analyzed by SDS-PAGE and Western blotting. The same cell lysate
of wild-type and mutant was loaded on a Laemmli, Kornberg and Phospho gel
and probed with anti-HA antibodies. Each gel shows different separating charac-
teristics of the phosphorylated forms of Inn1 (asterisks). Please note that the
Inn1-5A mutant, which cannot be phosphorylated by Cdk1 [18], misses distinct
phosphorylation bands

Table 2
Composition of the stacking gel®

Volume in pl°
Acrylamide stock (30 %, 37.5:1) 1300
0.5 M Tris—HCI pH 6.8 2500
10 % SDS 100
Water 6000
10 % APS 50
TEMED 10

Final acrylamide /bisacrylamide concentration is 4 %
"The final volume is 10 ml, which is sufficient to cast two mini-protean gels using the
BioRad system (plate dimensions: 100 x 80 mm with 1 mm spacer)

7. Connect the gel chamber to a power supply and run gels at 20
mA. Limit the voltage to 200 V per gel (se¢ Notes 28 and 29).

8. Transfer proteins onto nitrocellulose membrane using an
apparatus for semi-dry or wet Western blotting. Follow the
manufacturer’s instructions for assembly and transfer.
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Table 3
Composition of separating gels

Separating gel
Protein size in kDa >100 70-120 45-100 30-70 10-40
Final gel concentration 6% 8% 10 % 12% 15%

Volume in pl?

30 % Acrylamide stock® 2000 2666 3333 4000 5000
Water 5345 4679 4012 3345 2345
1.5 M or 3 M Tris—=HCI pH 8.8° 2500

10 % SDS 100

10 % APS 50

TEMED 5

“The final volume is 10 ml, which is sufficient to cast two mini-protean gels using the
BioRad system (plate dimensions: 100 x 80 mm with 1 mm spacer)

*For Laemmli gels, use acrylamide/bisacrylamide at 37.5:1 ratio, for phospho-gels
200:1 and for Kornberg gels 111.7:1 ratios

‘Use 1.5 M for Laemmli and Phospho gels and 3 M for Kornberg gels

9.

10.

11.

12.

Incubate the membrane with Ponceau S solution for 5 min.
Wash with water until the excess of Ponceau S is removed and
protein bands are clearly visible. This staining allows you to
confirm the successful transfer of the proteins to the mem-
brane. At this stage, you can also use a pen to mark irregulari-
ties that occurred during the blotting (e.g. no transfer due to
air bubbles) and the protein bands of the ladder for reference
(if no pre-stained marker is used).

Incubate the membrane with 30-50 ml of blocking solution
for 1 h at room temperature or overnight at 4 °C on a rocking
shaker.

Probe the protein of interest with a suitable antibody (see Note
30). For this, dilute the antibody in blocking solution and
incubate with the membrane for 1-2 h at room temperature
or overnight at 4 °C. In general, 1 pg/ml antibody diluted in
blocking buffer worked well for most of the antibodies used in
the lab. Useful cell cycle markers, which should be probed in
parallel to the protein of interest, include CIb2 (degradation
during mitotic exit) and Sicl (expression during mitotic exit).
Cytokinesis occurs during CIb2 degradation and Sicl accumu-
lation. Phosphorylation or de-phosphorylation events that are
involved in cytokinesis should occur during this transition.

Wash the membrane three times for 5 min with PBS-T on a
rocking shaker.
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13. Incubate the membrane for 1 h at room temperature with a
suitable antibody against the primary antibody and fused to a
reporter like horseradish peroxidase (diluted in blocking solu-
tion). These antibodies are commercially available. Follow the
supplier’s guidelines for dilutions.

14. Wash the membrane three times for 5 min with PBS-T on a
rocking shaker.

15. Incubate the membrane with a substrate for horseradish per-
oxidase (e.g. enhanced chemiluminescence substrate, ECL)
and use a suitable gel documentation station to visualize the
chemiluminescence.

Figure 1 shows the separation of phosphorylation bands of
Innl with three different gel conditions (se¢ Tables 1, 2, and 3).
Phosphorylation-deficient mutants (Innl-A) are shown to confirm
that the mobility shift is at least partially dependent on phosphory-
lation [18]. Alternatively, if the phosphorylation sites are not
known, dephosphorylation assays can be used to confirm that the
mobility shift depends on phosphorylation (see Subheading 3.3).
See also Note 31.

3.3 Dephospho- Dephosphorylation assays should be performed to test whether the
rylation Assays observed mobility shift is caused by phosphorylation and not other
post-translational modifications.

1. Synchronize yeast cells as described in Subheading 3.1.1 and
harvest the cells by centrifugation (1000 x g, 2 min, room tem-
perature) when most of the cells are in the cell cycle stage of
interest (se¢e Notes 32 and 33). Before harvesting the cells,
measure the ODgyy of the culture (1 ODyyy corresponds to
approximately 2 x 107 cells/ml). Harvest 2 x 10 cells in 50 ml
tubes.

2. Resuspend cell pellet in 10 ml of ice-cold PBS and centrifuge
as before. Discard the supernatant, resuspend cell pellet in
1 ml of ice-cold PBS and transfer cell suspension into a 1.5 ml
conical screw cap tube (see Note 34). Centrifuge at 16,000 x g
for 2 min at 4 °C, discard supernatant and freeze the cell pellet
at =20 °C.

3. Add 300 pl ice-cold lysis buffer containing phosphatase and
protease inhibitors to the frozen cell pellet and add acid-
washed glass beads until the liquid surface is covered.

4. Place the tubes in the ribolyser and break the cells using six
cycles of homogenization (speed 5 m/s and run time 20 s).
Allow cells to cool down between each cycle for 1 min (see
Note 35). Check the efficiency of cell lysis under the micro-
scope (lysed cells have a dark appearance in phase-contrast
microscopy).
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Proteins In Vitro

10.

11.

12.
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. Transfer the cell lysate to a new tube, add 1 % Triton X100

(final concentration, se¢e Note 36) and incubate tubes for
20 min at 4 °C in a rotating shaker.

. Centrifuge cell lysate at 16,000 x4 for 10 min at 4 °C to sepa-

rate cell debris from the cell lysate.

. Carefully transfer the cell lysate into a new tube (do not disturb

the cell pellet). Mix the cell lysate with sepharose beads coupled
to an antibody against the protein of interest (se¢e Note 37)
[19]. Place tubes on a rotating shaker (use a gentle rotation).

. Incubate for 2 h at 4 °C (se¢ Note 37).
. After incubation, centrifuge the tube at 500 x g for 1 min at 4

°C. Place the tube on ice for a few minutes to make sure that
beads are completely pelleted. Discard the supernatant and
wash the beads twice with lysis buffer and once with phospha-
tase buffer (supplied with the phosphatase).

Split the beads into three tubes, each containing approx. 4 pg
of the immunoprecipitated protein-bound to beads (se¢ Note
38). To one tube, add 1 unit of alkaline phosphatase [20] or 1
unit of lambda phosphatase [21, 22]. Adjust the volume with
the supplied phosphatase bufter. To the second tube, add buf-
ter only. To the third tube, add the phosphatase together with
phosphatase inhibitor(s) (e.g. 10 mM sodium orthovanadate
or 50 mM EDTA) [10]. The final reaction volume is 50 pl.
Incubate reactions for 30 min at 30 °C.

Stop reactions by adding 5x sample buffer and boiling for
2 min at 95 °C.

Run samples on a SDS-PAGE gel of choice and perform a
Western blot as described. The amount of protein to be loaded
on the SDS-PAGE gel depends on the amount of protein of
interest in the lysate and on the sensitivity of the antibody used
to detect the protein on Western blots. Phosphorylated bands
will disappear after treatment with phosphatase (but not in the
buftfer-only control or in the reaction containing phosphatase
inhibitors), indicating that the mobility shift was due to
phosphorylation.

In vitro phosphorylation can be used to validate the activity of a
specific kinase on your protein of interest. This method, in combi-
nation with mass spectrometry, also permits one to determine the
kinase dependent phosphorylation sites contained within your pro-
tein of interest.

1.

Purify the kinase of interest as described [23-25]. If possible,
also purify a kinase dead or kinase analog-sensitive mutant [26]
to be used as a negative control for all reactions. Keep the puri-
fied kinases in small aliquots (enough for 2—4 kinase reactions)

at —80 °C (see Note 39).
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Table 4

Buffer conditions used for different mitotic kinases [27-30]

Kinase(-

regulatory

subunit) Cdk1(-CIb2) Cdc5 Dbf2(-Mob1)

Buffer 25 mM HEPES pH 7.5 50 mM Tris-HCl pH 7.5 50 mM Tris-HCI pH 7.5
Salt 100-150 mM NaCl* 0-100 mM NaCl? 0-100 mM NaCl

Or
75 mM (:2H3I<()2a

Add 0.25 pl ATP y-32P or 4 pl 100 mM ATP, 50 mM glycerophosphate, 10 mM NaF, 10 mM MgCl,

to all reactions

“The corresponding kinase was reported to work in this range of molarity and/or salt

10.
11.
12.

. Purify protein of interest to be used as a substrate (see Note

40). Alternatively, Histone H1, Casein or Myelin Basic Protein
can be used as substrates for many kinases (see Note 41).

. Incubate protein of interest (around 0.5-1 pg) with the puri-

fied kinase (se¢ Note 42) in the presence of ATP y-3?P for auto-
radiography (se¢c Note 43). ATP is the last ingredient to be
added as it starts the reaction. Prepare control reactions that
lack the protein of interest or the kinase. Control reactions
should also be performed with kinase dead or kinase analog-
sensitive mutants, as previously stated (see step 1 in Subheading
3.4). Buffer conditions depend on the kinase. See Table 4 for
three examples of buffers used for MEN kinases involved in
cytokinesis. Prepare 20 pl reactions.

. The incubation time depends on the kinase activity and can

range between 5 min and 60 min (see Note 44).

. Stop reactions by adding 5 pl 5x sample bufter. Incubate sam-

ples for 2 min at 95 °C.

. Load samples on an appropriate SDS-PAGE gel and run gel as

described.

. Apply gel onto Whatman® filter paper and cover with transpar-

ent foil.

. Dry gel on a vacuum gel dryer for 60 min at 95 °C.

. Expose dried gel to a phospho-imaging screen in a cassette for

1 h-3 days (incubation times vary depending on the signal
intensity).

Read out the screen with a phospho-imager.
Re-hydrate gel with water (see Note 45).

Gel can be subject to Western blot analysis or Coomassie stain-
ing to control for the amount of the substrate and kinase used
in the different reactions.
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4 Notes

. Several acrylamide stock solutions are commercially available

(e.g. 37.5:1, 29:1 or 19:1 from Roth or Bio-Rad). To our
knowledge, stock solutions for the ratios 111.7:1 and 200:1 are
not commercially available. The ratio between acrylamide and
bisacrylamide can be further optimized for each specific phos-
pho-protein if the herein described conditions do not work.

. Ingredients of colloidal Coomassie: water, methanol, 117 ml

H;PO,; 100 g ammonium sulfate; 1.2 g Coomassie Brilliant
Blue G-250. Mix 100 ml dH,O with 117 ml H;PO,. Add
ammonium sulfate to the solution and stir until completely dis-
solved. Add Coomassie and water to a total volume of 800 ml.
Add 200 ml methanol and mix (see also Notes 3 and 4).

. Since methanol tends to evaporate, we normally store the CBB

solution without methanol and add it just before use.

. Fifty milliliters of this solution (i.e. 40 ml of CBB plus 10 ml

methanol added before use) are sufficient to stain 1 SDS-PAGE
gel.

. Sodium orthovanadate has to be activated before use. The acti-

vation procedure depolymerizes the vanadate and converts it
into a more potent inhibitor. Adjust the pH of the sodium
orthovanadate stock solution to ten using either NaOH or
HCI. The pH of the solution varies according to the quality of
the chemical and can be higher or lower than 10. Boil the
sodium orthovanadate stock solution for 10 min or until it
turns colorless. Re-adjust the pH to 10 with HCI. The sodium
orthovanadate stock solution turns yellow after adding HCL.
Repeat boiling, cooling down and re-adjusting the pH until
the pH stabilizes at 10.

. Alternatively, yeast cells can be robustly arrested in metaphase

by repressing the expression of the anaphase-promoting com-
plex activator, CDC20 [31]. This requires the exchange of the
endogenous CDC20 promoter by a repressible one (e.g. Gall
or Met promoter) through genetic modification of the yeast
genome.

. Start with a 5 ml culture. In the morning, inoculate around

2x107 cells in 5 ml YPDA medium. This corresponds to an
optical density of 0.2 at the wavelength 600 nm (ODggo, 1
ODypp=2x107 cells/ml). Measure the ODyg of the culture in
the evening again (dilute the culture for the OD measurement,
if necessary. Keep in mind that the measured value has to be
between 0.1 and 0.8 to be accurate. In this range, the relation-
ship between optical density and cell concentration is linear).
Taking into consideration the doubling time of the cells, dilute
the cells to obtain a culture of ODgyy=0.5 in the next morning.
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10.

11.

12.

13.

Example for a yeast culture grown at 30 °C in YPDA medium
with a doubling time of 1.5 h: in 15 h, the cell culture doubles
10 times. Thus, you have to divide 0.5 (desired ODyy at the
next day) by 1024 (=21°h/15h-210) t5 obtain the concentration
of the cell culture you have to inoculate. In this case, the cell
culture should have an ODgyy of 0.0005. The day before the
experiment, inoculate cells in the volume required for your
experiment, which can be estimated considering the amount of
culture required for each sample (for Western blotting, DAPI
staining and ODygy measurement) and the number of time
points. For the initial experiment, we recommend taking sam-
ples every 15 min for 2 h after release from the metaphase block
(i.e. 9 time points: 0 min, 15 min, 30 min, ..., 120 min). For
this experiment, we suggest to start with 30 ml of cell culture.

. In our hands, the cell cycle arrest procedure works best when

the starting ODgg of the culture is between 0.2 and 0.3 (i.e.
around 4 x 10° cells per milliliter).

. We incubate the cells for 1.5 generation times with a-factor.

This allows all cells to complete the previous cell cycle and to
arrest in the G1 phase as unbudded cells with a mating projec-
tion (shmoo). Check for this morphology under the micro-
scope. Incubate with a-factor until more than 90 % of the cells
form a shmoo. The time of incubation with a-factor may vary
depending on the genetic background of the strain.

After release from a-factor arrest, cells need about 1 h 30 min
at 30 °C or 2 h 30 min at 23 °C to arrest in metaphase upon
nocodazole treatment. Release cells from metaphase arrest
when more than 90 % of the cells are large budded and contain
one DAPI-stained region. Prolonged incubation with
nocodazole leads to adaptation of the cells, which allows them
to eventually escape from the metaphase arrest. Escape is
indicated by the appearance of cells with two DAPI-stained
regions. Do not allow more than 5 % of the cells to escape.

It is important to work fast at this point because the arrested
cells may proceed with the cell cycle during a prolonged wash-
ing procedure. It is also advisable to collect samples within a
short timeframe to ensure that all samples represent the same
time point. Therefore, prepare all tubes for sample collection
in advance and take samples close to the incubator. Proceed
immediately with sample processing to stop cell cycle progres-
sion (e.g. by freezing or fixation).

The ODygg should be between 0.3 and 0.8. If necessary, dilute
the cell culture accordingly. Dilute all samples in the same way.

The cell suspension can be kept in ethanol for several days at 4
°C. Once cells are re-suspended in PBS /DAPI, they should be
inspected on the same day.
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The budding index is the percentage of cells with no bud (Gl
phase), small bud (G1-S phase), and large bud (M phase).

The second brief centrifugation is required to completely
remove the TCA solution. Remove the supernatant carefully as
soon as the centrifugation stops because the pellet tends to
detach from the tube over time. The remaining supernatant
can be removed by aspiration but we normally use a micropi-
pette to prevent unwanted pellet loss.

The amount of HU-DTT should be adjusted experimentally
for your protein of interest. We usually normalize the amount
of HU-DTT per cell pellet accordingly to the ODgg and vol-
ume of the cell culture. For most proteins we have analyzed,
150 pl of HU-DTT per 1 ODgyy pellet (corresponding to
approx. 2x 107 cells) worked well. For this, for example, we
resuspend the TCA-precipitate of 1 ml cell culture of
ODgpo=1in 150 pl of HU-DTT. If 2 ml of the same culture is
used (total of 2 ODyy), the TCA precipitate is resuspended in
300 pl of HU-DTT. For proteins that are less abundant, a ratio
of 1 ODggy to 75 ul of HU-DTT works better.

The HU-DTT bufter turns yellow it the TCA is not completely
removed. In this case, re-adjust the pH by adding stepwise 1 pl
of'a 2 M Tris solution (without pH adjustment) until the buf-
fer turns blue again.

Process the samples at room temperature after addition of
HU-DTT because urea solidifies in the cold.

Alternatively, samples could be heated up for 5 min at 95 °C
but 15 min at 65 °C is preferable. Urea breaks down to isocya-
nate at higher temperatures over time. This causes carba-
mylation of proteins that can lead to artifact on SDS-PAGE
gels.

Usually a white pellet of insoluble cell debris is visible at the
bottom of the tube. Avoid resuspending this pellet prior to
SDS-PAGE gel loading. Cell debris may disturb the migration
and separation of proteins during electrophoresis.

We recommend loading 15 pl of the lysate per well. However,
the optimal amount depends on the concentration of the pro-
tein of interest in the cell lysate and thus needs optimization
for each protein.

Samples can be stored for several months at —-20 °C. However,
some phospho-proteins are sensitive to freezing and a
phosphorylation-dependent shift might be lost after freezing
the samples.

SDS-PAGE gels can be stored at 4 °C wrapped in wet tissue
paper and foil to prevent drying. The separation of phospho-
bands can be compromised when using older SDS-PAGE gels.
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24.

25.

26.

27.

28.

29.

30.

31.

32.

The ratio between acrylamide and bisacrylamide can be varied.
Bisacrylamide, which is responsible to crosslink the acrylamide
network, may be increased or decreased to favor the separation
of the phospho-bands. However, a general rule is not
applicable.

The volume of the mix will depend on the size of the plates
and thickness of spacers being used; check the manufacturer’s
instructions or determine it empirically. Mix all ingredients in
a 50 ml tube. The mix will stay liquid until APS and TEMED
are added. Mix gently by inverting the tube. Do not vortex to
prevent bubble formation. The gel will solidify within
30-60 min at room temperature depending on the percentage
of acrylamide /bisacrylamide. Leave some gel mix in the 50 ml
tube to check the progress of solidification.

For the stacking gel, we normally leave 2—4 mm of distance
between the bottom of the well and the separating gel. In our
experience, larger stacking gels lead to inefficient separation of
phosphorylation bands in several cases.

Pre-stained protein markers are used to monitor the migration
of proteins according to molecular weight during the SDS-
PAGE gel run. We normally stop running the gel when the
molecular marker, which is closest to the weight of the protein
of interest, migrates half to two-thirds of the separating gel. At
this point, the phosphorylation bands should be well sepa-
rated. Running the gel for longer periods can compromise the
resolution of the protein bands.

Separation of phosphorylation bands of high molecular weight
or in high percentage gels may be improved by running gels
with less current and/or in the cold (i.e. in a cold room or
using an ice bath).

Run Kornberg gel and Phopho Gel with constant 100 V in a
cold room or using an ice bath.

Some primary antibodies can be reused. In this case store the
antibody-milk solution at -20 °C. If no antibody is available
for your protein of interest, you may consider using C- or
N-terminal fusions of your protein with epitopes, e.g. hema-
glutinin (HA) or Myc, against which established commercial
antibodies are available.

Phos-tag gels can be used if no phospho-shift is observed with
the described method [32]. Alternatively, a phospho-specific
peptide antibody can be raised against a predicted phosphory-
lation site.

It is useful to set up a small-scale experiment to determine the
exact time point at which you want to determine the phos-
phorylation sites of your protein of interest (e.g. time point
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with the highest phosphorylation shift or specific time point of
the cell cycle).

The necessary amount of cells depends on the abundance of
the protein. Cell culture volumes can vary from 100 ml to 2 1.

Please note that the tubes should be compatible with the
ribolyser.

Alternatively, cells can be lysed using a Vortex mixer. To do so,
harvest 2 x10? cells in a 50 ml tube. Add 3 ml lysis buffer and
enough glass beads to touch the meniscus of the lysate without
covering the liquid surface. Vortex for 1 min and place the
tube on ice for 1 min. Repeat this cycle until more than 80 %
of the cells are lysed (dark/ghost appearance under the light
microscope).

To transfer the cell lysate to a new tube, cut a slit with a scalpel
into the lid. Place the tube upside down in a 15 ml tube and
centrifuge for 2 min at 1000 x g at 4 °C. Remove the screw cap
tube and transfer the cell lysate into a 2 ml tube.

If no specific antibody against the protein of interest is avail-
able, the protein of interest can be fused to standard epitopes,
like HA or Myc, using standard gene fusion protocols [33,
34]. Commercially available antibodies against the epitope tags
are then used for the coupling reaction with beads. We nor-
mally use Protein-A or Protein-G Sepharose beads and stan-
dard protocols for the coupling reactions [ 19]. You should also
plan controls for unspecific binding. Therefore, if using an
antibody against your protein, a strain in which the corre-
sponding gene was deleted could be used as negative control.
If using tagged strains, also perform the immunoprecipitations
with strains carrying untagged proteins.

We normally estimate the amount of protein bound to the
beads by comparing it with different amounts of bovine serum
albumin (BSA) of known concentration. For this, we run a
SDS-PAGE gel with a defined amount of beads (10 pl) and
BSA standard (e.g. 0.25, 0.5, 1.0, 2.0, 4.0 and 8 pg BSA).
Both, BSA and beads are resuspended in HU-DTT and incu-
bated for 15 min at 65 °C before loading to the gel. Centrifuge
for 2 min at full speed (room temperature) in a benchtop cen-
triftuge. Make sure that the beads are not loaded onto the gel,
as they disturb the migration behavior of the loaded protein.

Most kinases retain their activity after freezing. However, mul-
tiple thawing and freezing steps may reduce the kinase activity.

We recommend recombinant protein purified from bacteria as a
source of non-phosphorylated substrate. Full-length or trun-
cated forms of the protein of interest can be used as a substrate.
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Chapter 17

Studying Protein-Protein Interactions in Budding
Yeast Using Co-immunoprecipitation

Magdalena Foltman and Alberto Sanchez-Diaz

Abstract

Understanding protein—protein interactions and the architecture of protein complexes in which they work
is essential to identify their biological role. Protein co-immunoprecipitation (co-IP) is an invaluable tech-
nique used in biochemistry allowing the identification of protein interactors. Here, we describe in detail an
immunoaffinity purification protocol as a one-step or two-step immunoprecipitation from budding yeast
Saccharomyces cerevisine cells to subsequently detect interactions between proteins involved in the same
biological process.

Key words Co-immunoprecipitation, Immunoaffinity purification, Magnetic beads, Antibody,
Protein interactions, Protein complexes, Cell extract, Freezer/Mill grinder

1 Introduction

Proteins are important building blocks in cellular architecture and
the vast majority of them interact with other proteins to form
multi-protein complexes and perform particular cellular tasks.
Biochemical analysis of protein complexes and identification of
their components has been fundamental for the biological under-
standing of their function [1, 2].

Protein—protein interactions are mediated by a variety of
bonds, namely the combination of hydrophobic bonding, van der
Waal’s forces, and salt bridges and might involve specific binding
domains on each protein or the whole protein itself. Interaction
between proteins might be stable or transient, which is reflected by
whether such proteins bind in a strong or weak fashion. Stable
interactions are those associated with proteins that are purified as
subunits of multiprotein complexes, such as the core RNA poly-
merase I [3]. On the other hand, dynamic interactions are expected
to control the majority of cellular processes and it is the dynamic
nature of these protein—protein interactions that makes them more
challenging to be detected.
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Here, we describe a protocol based on immunoaffinity
purification, as an efficient way to isolate protein complexes under
physiological conditions and subsequently analyze their compo-
nents. For this, budding yeast cells need to express the protein of
interest with a purification tag, which is then used as a bait to cap-
ture the interacting proteins. One of the key feature of this protocol
is that cell lysis is performed while cells are immersed under liquid
nitrogen to preserve protein—protein interactions. Commercially
available antibodies are coupled to magnetic beads and then anti-
body-coupled beads are used to immunoprecipitate the protein of
interest, together with its binding partners. Finally, the purified
material can be studied in different ways to characterize and identify
all components of the protein complexes. The protocol can be
divided into several steps:

e Growth, collection, and subsequent freezing of cells in liquid
nitrogen.

e Cell lysis and preparation of cell extract.

e DPre-clearing the protein extract using high-speed centrifuga-
tion steps.

e Protein immunoprecipitation from cell extract using antibod-
ies coupled to magnetic beads.

e Extensive wash of the protein complexes bound to the mag-
netic beads.

e Recovery of protein complexes and downstream analysis, such
as Western blot or mass spectrometry.

The protocol we report has been extensively used to study pro-
tein complexes and their biological role. We have applied this co-
immunoprecipitation to study different aspects of cellular biology,
such as chromosome replication [4-10] or cell division [11]. This
protocol can be efficiently adapted to study specific protein—pro-
tein interactions, for example, to study the weaker and transient
interactions by cross-linking the proteins with formaldehyde [8] in
order to preserve the transiently occurring interactions and enable
their analysis.

2 Materials

2.1 Preparation

of Antibody-
Coupled--> Magnetic
Beads

Prepare all solutions using ultrapure water and analytical grade
reagents. Store all reagents at room temperature unless specified
otherwise.

1. Magnetic rack.

2. Rotating wheel.

3. M-270 Epoxy magnetic beads (Life Technologies), store at 4 °C.
4. Dimethylformamide.



2.2 One-Step
Go-immunopreci-
pitation

92}

8.
9.
10.
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0.1 M Sodium phosphate pH 7.4.

. 3 M Ammonium sulfate.
. Antibody of your choice to couple to the magnetic beads (see

Note 1).

PRBS.

10 % IGEPAL CA-630 (NP-40).
20 % Sodium azide.

Store all reagents at room temperature unless specified otherwise.
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16.
17.
18.
19.
20.
21.
22.

23.
24.
25.

26.

. Ice, dry ice, liquid nitrogen.

. SPEX Sample Prep Freezer/Mill, grinding vials.
. Ultracentrifuge and appropriate tubes.

. High-speed centrifuge and appropriate tubes.

. Benchtop centrifuge.

. 100 ml plastic beakers (one per each sample).

. Thin long spatulas (one per each sample).

. 50 and 250 ml tubes.

. 1.5 ml tubes.

. Magnetic rack for 1.5 ml tubes.

. Rotating wheel.

. Heating block.

. 5 ml syringes with 20.0-gauge needles.

. Antibody-coupled beads (see Subheading 3.1).

. 1 M HEPES-KOH pH 7.9, pH needs to be adjusted at 4 °C

and solution stored at 4 °C.

0.5 M EDTA pH 7.9, store at 4 °C.

50 % Glycerol.

10 % IGEPAL CA-630 (NP-40).

5 M Potassium acetate.

1 M Magnesium acetate.

1 M Dithiothreitol (DTT), store at -20 °C.

0.2 M Sodium B-glycerophosphate pentahydrate, store at -20
°C.

0.2 M Sodium fluoride, store at =20 °C.
Protease inhibitor cocktail (Sigma), store at =20 °C.

Complete protease inhibitor cocktail, EDTA-free (Roche) —
stock solution 25x made by dissolving 1 tablet in 1 ml of water,
store at =20 °C.

PBS.
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2.3 Large-Scale
Two-Step TAP-MYC
Go-immunopreci-
pitation

27.
28.
29.
30.
31.

32.

33.

34.

20 % Sodium dodecylsulfate.
1 M Tris—-HCI pH 6.7.
f-Mercaptoethanol.

Bromophenol blue.

Lysis buffer (store at 4 °C) (see Note 2): 100 mM HEPES-
KOH pH 7.9, 100 mM potassium acetate, 10 mM magnesium
acetate, 2 mM EDTA (se¢ Note 3). Prior to use buffer needs
to be supplemented with 1 mM DTT and inhibitors: 2 mM
sodium B-glycerophosphate pentahydrate, 2 mM sodium fluo-
ride, 1 % protease inhibitor cocktail, 1x complete protease
inhibitor cocktail.

Glycerol mix buffer (store at 4 °C) (see Note 2): 100 mM
HEPES-KOH pH 7.9, 50 % glycerol, 100 mM potassium ace-
tate, 10 mM magnesium acetate, 2 mM EDTA, 0.5 % IGEPAL
CA-630 (see Note 3). Prior to use buffer needs to be supple-
mented with 1 mM DTT and inhibitors: 2 mM sodium
B-glycerophosphate pentahydrate, 2 mM sodium fluoride, 1 %
protease inhibitor cocktail, 1x complete protease inhibitor
cocktail.

Wash buffer (store at 4 °C) (se¢e Note 2): 100 mM HEPES-
KOH pH 7.9, 100 mM potassium acetate, 10 mM magnesium
acetate, 2 mM EDTA, 0.1 % IGEPAL CA-630 (se¢ Note 3).
Prior to use buffer needs to be supplemented with inhibitors:
2 mM sodium f-glycerophosphate pentahydrate, 2 mM
sodium fluoride, 1 % protease inhibitor cocktail, 1x complete
protease inhibitor cocktail.

3x Laemmli buffer (dilute buffer with water to make corre-
sponding 1.5x and 1x buffers that are required for the immu-
noprecipitation protocol): 5 % (w/v) sodium dodecylsulfate,
666 mM Tris-HCl pH 6.7, 30 % glycerol, 715 mM
B-mercaptoethanol, 0.0125 % bromophenol blue (see Note 4).

Store all reagents at room temperature unless specified otherwise.

O 0 NI O Ol B W N
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. Ice, dry ice, liquid nitrogen.

. SPEX Sample Prep Freezer/Mill, grinding vials.
. Ultracentrifuge and appropriate tubes.

. High-speed centrifuge and appropriate tubes.

. Benchtop centrifuge.

. 100 ml plastic beakers (one per each sample).

. Thin long spatulas (one per each sample).

. 50 and 250 ml tubes.

. 1.5 ml tubes.

. Magnetic rack for 1.5 ml tubes.
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12.
13.
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
28.
29.
30.
31.
32.
33.

34.

35.
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Rotating wheel.

Heating block.

Shaking thermomixer.

5 ml syringes with 20.0-gauge needles.

Antibody-coupled beads (see Subheading 3.1).

1 M HEPES-KOH pH 7.9, pH needs to be adjusted at 4 °C
and solution stored at 4 °C.

0.5 M EDTA pH 7.9, store at 4 °C.

Glycerol.

10 % IGEPAL CA-630 (NP-40).

5 M Potassium acetate.

1 M Magnesium acetate.

1 M Dithiothreitol (DTT), store at -20 °C.

0.2 M Sodium p-glycerophosphate pentahydrate, store at -20 °C.
0.2 M Sodium fluoride, store at =20 °C.

Protease inhibitor cocktail (Sigma), store at -20 °C.
Complete protease inhibitor cocktail (Roche) — stock solution
25x made by dissolving 1 tablet in 1 ml of water, store at -20 °C.
TEV protease (Life Technologies), store at —20 °C.

PBS.

20 % Sodium dodecylsulfate.

1 M Tris—-HCI pH 6.7.

B-mercaptoethanol.

Bromophenol blue.

Lysis buffer 1 (store at 4 °C) (se¢ Note 2): 100 mM HEPES-
KOH pH 7.9, 100 mM potassium acetate, 10 mM magnesium
acetate, 2 mM EDTA (see Note 3). Prior to use buffer needs
to be supplemented with 4 mM DTT and inhibitors: 8§ mM
sodium f-glycerophosphate pentahydrate, 8 mM sodium fluo-
ride, 4 % protease inhibitor cocktail, 4x complete protease
inhibitor cocktail (see Note 5).

Lysis buffer 2 (store at 4 °C) (see Note 2): 100 mM HEPES-
KOH pH 7.9, 100 mM potassium acetate, 10 mM magnesium
acetate, 2 mM EDTA (see Note 3). Prior to use buffer needs
to be supplemented with 1 mM DTT and inhibitors: 2 mM
sodium f-glycerophosphate pentahydrate, 2 mM sodium fluo-
ride, 1 % protease inhibitor cocktail, 1x complete protease
inhibitor cocktail.

Glycerol mix buffer (store at 4 °C) (see Note 2): 100 mM HEPES-
KOH pH 7.9, 50 % glycerol, 100 mM potassium acetate, 10 mM
magnesium acetate, 2 mM EDTA, 0.5 % IGEPAL CA-630 (see
Note 3). Prior to use buffer needs to be supplemented with
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36.

37.

38.

1 mM DTT and inhibitors: 2 mM sodium p-glycerophosphate
pentahydrate, 2 mM sodium fluoride, 1 % protease inhibitor
cocktail, 1x complete protease inhibitor cocktail.

Wash buffer 1 (store at 4 °C) (se¢ Note 2): 100 mM HEPES-
KOH pH 7.9, 100 mM Potassium acetate, 10 mM Magnesium
acetate, 2 mM EDTA, 0.1 % IGEPAL CA-630 (see Note 3).
Prior to use buffer needs to be supplemented with 1 mM DTT
and phosphatase inhibitors: 2 mM sodium p-glycerophosphate
pentahydrate, 2 mM sodium fluoride (we do not add protease
inhibitors as that would block TEV protease cleavage).

Wash butffer 2 (store at 4 °C) (se¢ Note 2): 100 mM HEPES-
KOH pH 7.9, 100 mM potassium acetate, 10 mM magnesium
acetate, 2 mM EDTA, 0.1 % IGEPAL CA-630 (see Note 3).
Prior to use buffer needs to be supplemented with inhibitors:
2 mM sodium f-glycerophosphate pentahydrate, 2 mM
sodium fluoride, 1 % protease inhibitor cocktail, 1x complete
protease inhibitor cocktail.

3x Laemmli buffer (dilute buffer with water to make corre-
sponding 1.5x and 1x buffers that are required for the immu-
noprecipitation protocol): 5 % (w/v) sodium dodecylsulfate,
666 mM Tris-HClI pH 6.7, 30 % glycerol, 715 mM
B-mercaptoethanol, 0.0125 % bromophenol blue (see Note 4).

3 Methods

3.1 Preparation

of the Antibody-
Coupled--> Magnetic
Beads

. Add appropriate amount of dimethylformamide to the vial

containing M-270 Epoxy beads as per the manufacturer’s
instruction (see Note 6).

. Vortex the vial with beads vigorously and store at 4 °C (see

Note 7).

. Remove 425 pl of beads to a 1.5 ml tube (see Note 8). Place

the tube on a magnetic rack and wait 30 s for the magnet in the
rack to gently capture the beads on the side of the tube.
Remove the supernatant.

. Add 1 ml of 0.1 M sodium phosphate pH 7.4 and agitate the

tube for 10 min on a rotating wheel.

. Place on magnetic rack and remove the supernatant and repeat

wash as in step 4.

. Place on magnetic rack and remove the supernatant and add

reagents and antibody in the following order (se¢ Table 1).

. Leave the beads on rotating wheel for 2 days at 4 °C (see

Note 9).

. After the incubation, spin tubes briefly to collect any liquid in

the cap and then place tubes containing beads in magnetic rack



3.2 One-Step
Go-immunopreci-
pitation

3.2.1 Preparation

of Frozen Cells Pellet:

“Popcorn”
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Table 1
Preparation of antibody-coupled magnetic beads

Reagent Volume Comment

3 M Ammonium sulfate 300 pl

0.1M Sodium phosphate pH Xl Adjust depending on volume of
7.4 antibody

Antibody Y pl Calculate volume that contains

300 pg antibody

Total volume 900 pl

10.

11.

12.

for 4 min, discard supernatant carefully and wash four times
with 1 ml of'ice-cold PBS at room temperature (se¢ Note 10).

. Add 1 ml of PBS containing 0.5 % IGEPAL, agitate the tube

on rotating wheel for 10 min place in magnetic rack and
remove supernatant (see Note 10).

Add 1 ml of PBS and leave on rotating wheel for 5 min, place
in magnetic rack and then remove supernatant.

Repeat the wash with a further 1 ml of PBS for 5 min. Place in
magnetic rack and discard the supernatant (see Note 10).

Resuspend the beads in 900 pl of PBS and add sodium azide to a
final concentration of 0.02 % (see Note 11). Store beads at 4 °C.

Important: Please follow all health and safety rules relating to work
using liquid nitrogen and always wear appropriate protective equip-
ment (mask, gloves, etc.).

Keep all the buffers and reagents on ice.

. Grow 250 ml yeast culture of your choice (see¢ Note 12) and

centrifuge culture at 200 x 4 for 3 min using 250 ml tubes.

. Resuspend cells with 50 ml of ice-cold 20 mM HEPES-KOH

pH 7.9 buffer, transfer to 50 ml tube and pellet cells at 200 x g
for 3 min. Take off the supernatant.

. Wash cells with 10 ml of ice-cold Lysis butfer WITHOUT the

inhibitors and centrifuge cells at 200x 4 for 3 min, discard
supernatant.

. Resuspend the cell pellet in three volumes of cold Lysis bufter

(supplemented with inhibitors) (1 g of cell pellet equals 1 ml
of buffer therefore, to resuspend 1 g of cell pellet add 3 ml of
cold lysis bufter with inhibitors).

. Place an empty 50 ml tube on dry ice, fill with liquid nitrogen

and freeze the resuspended pellet by dispensing dropwise into
the liquid nitrogen (see Note 13). Leave the tubes with cells
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3.2.2 Co-immunopreci-
pitation

on dry ice until all remaining liquid nitrogen has evaporated
(see Note 14).

6. Store frozen yeast cells (hereafter referred to as “popcorn”) at

-80 °C.

Important: Please follow all health and safety rules relating to work
using liquid nitrogen and always wear appropriate protective equip-
ment (mask, gloves, etc.).

Keep all the buffers and reagents on ice. Pre-cool all centri-

fuges and centrifuge tubes.

1.

Pre-cool the SPEX Sample Prep Freezer,/Mill by filling it with
liquid nitrogen (follow the manufacturer’s instruction). Pre-
cool the grinding vials in the filled freezer Mill (see Note 15).

. Weigh 1-3.5 g of frozen popcorn for every sample and place

into fresh 50 ml tube previously kept on dry ice (see Note 16).

. Place popcorn into appropriate grinding vials, seal tightly and

place securely inside the grinder (follow the manufacturer’s
instruction). To break efficiently budding yeast cells use two
cycles of grinding, each one with the following settings:

2 min pre-cool.
2 min run.

2 min cool.
Rate 14.

. After the run, collect the ground material carefully using a dif-

ferent spatula for each sample (see Note 17). Place the powder
(ground yeast) into a plastic beaker and let it thaw at room
temperature. This will take approximately 15-20 min.

. Transfer thawed extract from the plastic beaker into the appro-

priate centrifuge tubes (we use 50 ml tubes). Take note of the
volume of the extract transferred, as the volume of cell extract
is important to calculate the amount of buffer needed in the
next step.

. Add one-quarter volume of Glycerol mix buffer supplemented

with inhibitors to the same plastic beaker from which you have
collected the extract (therefore for each 1 ml of recovered cell
extract add 0.25 ml of Glycerol mix buffer with inhibitors).
Vortex well, collect the remaining liquid and transfer to the
centrifuge tube with the rest of the extract. This allows recov-
ery of all the remaining extract from the wall of plastic beaker
(see Note 18).

. Pellet the insoluble cell debris by centrifugation at 25,000 x g

for 30 min at 4 °C.

. Collect the supernatant and transfer into an ultracentrifuge

tube, top up with a thin layer of mineral oil ensuring the tubes
are balanced and centrifuge at 100,000 x4 for 1 h at 4 °C.
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Co-immunoprecip-
itation
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9. During the centrifugation wash the antibody-coupled beads
(prepared previously, see Subheading 3.1). Mix antibody-
coupled beads thoroughly and aliquot 100 pl into 1.5 ml tubes
(prepare two aliquots of beads for each extract). Wash beads
twice with 1 ml of PBS at room temperature (see Note 10).

10. After the ultracentrifuge spin remove the tube carefully to
avoid disrupting the separated phases. Using a 5 ml syringe
with a needle, carefully pierce the ultracentrifuge tube just
above the pellet. Make sure that the bevel of the needle is fac-
ing up to avoid disturbing the pellet. Collect the supernatant
into a fresh 5 ml tube. At this stage prepare a cell extract sam-
ple for later analysis. Remove 50 pl of cell extract and add 100
pl of 1.5x Laemmli buffer. Mix and heat cell extract at 95 °C
for 5 min and store at -80 °C.

11. Split remaining cell extract into two by adding half of the
extract to one of the two tubes of antibody-coupled beads
(prepared in step 9) after having removed any leftovers of
remaining PBS from the beads (se¢ Note 9).

12. Incubate at 4 °C for 2 h on a rotating wheel.

13. After the incubation, spin tubes briefly to collect any liquid in
the cap and then place tubes on a magnetic rack and remove the
supernatant. Once beads are captured on the side of the tube,
wash protein complexes bound to the antibody-coupled mag-
netic beads four times with 1 ml of Wash buffer (se¢ Note 10).

14. After the last wash, discard the supernatant. Important: make
sure all the washing buffer is completely removed. Add 50 pl
of 1x Laemmli buffer and heat samples at 95 °C for 5 min.

15. Place tubes in a magnetic rack and collect supernatant that
contains the purified material into a fresh 1.5 ml tube. Mix the
eluates from the corresponding samples (split in step 11),
together, aliquot the material accordingly (see Note 19) and
snap-freeze on dry ice and store at -80 °C.

16. Run purified material on an SDS-PAGE gel to subsequently
perform downstream analysis (sec Note 20).

A protein can interact with different partners and be involved in
different cellular processes. In order to try and isolate specific pro-
tein complexes we present one possible variation of the standard
co-immunoprecipitation protocol, which consist of a two-step
purification procedure. First, a protein of interest is immunopre-
cipitated together with its binding partners. One of these interac-
tor proteins needs to be known, in order to be used as bait for
second round of immunoprecipitation using the material purified
in the first step. We have efficiently used TAP and MYC tags to
perform this type of procedure. We have immunoprecipitated
TAP-tagged protein of interest and then we have used purified
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Isolation of specific protein complex

1. Yeast cells need to express two components of a complex of interest, both
tagged with epitopes (TAP and MYC).

The TAP tag consists of calmodulin binding peptide (CBP), followed by TEV
protease cleavage site and Protein A, which binds tightly to I1gG.

1st step purification: TAP IP

—

Protein complex of interest
' >

2. Yeast cell lysis

and subsequent mixing

of cell extracts with
magnetic beads coated

with IgG that recognizes the
TAP tag.

i Other protein complex, h
Y which do not contain MYC tagged protein
N € "
TAP beads [ = )
TEV protease cleavage
P 9 30 TAP beads

3. Cleavage within
TAP tag with TEV protease

~
to elute protein complexes
bound to magnetic beads
(CBP will be still fused to
protein of interest X). Elution

Protein complex of interest

Elution

Fig. 1 Overview of a two-step TAP-MYC co-immunoprecipitation
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2nd step purification MYC IP

4. MYC immunoprecipitation Protein complex of interest]
to isolate protein complex of :
interest.
MYC beads
Protein complex
(it does not contain
MYC tagged protein)
5. Recovery of protein Protein complex of interest]

complex from magnetic
beads by boiling of the
sample.

6. Downstream analysis
to identify components of
the complex of interest.

Fig. 1 (continued)
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3.3.1 Preparation

of Concentrated Frozen
Cells Pellet: “Concentrated
Popcorn”

3.3.2 Two-Step TAP-MYC
Co-immunoprecipitation

material to perform a second immunoprecipitation using a MYC
tag that had been previously fused to another component of the
complex of interest (se¢e Note 1). Therefore, the final isolated
material contains both bait proteins tagged with TAP and MYC
and their interactors (Fig. 1). This purified material might be then
subjected to the biochemical application of your choice, e.g.
Western blot or mass spectrometry. As we aim to enrich for the
specific complexes that we are trying to isolate we recommend
using initially higher amounts of cells and prepare what we term
“concentrated popcorn.”

Important: Please follow all health and safety rules relating to work
using liquid nitrogen and always wear appropriate protective equip-
ment (mask, gloves, etc.).

Keep all the buffers and reagents on ice. Pre-cool all centri-
fuges and centrifuge tubes.

1. Grow 1000 ml of yeast culture expressing proteins of interest
tagged with TAP and MYC (see Note 12) and centrifuge cul-
ture at 200 x g for 3 min using a 250 ml tube (se¢ Note 21).

2. Wash cells with 100 ml of ice-cold 20 mM HEPES-KOH pH
7.9 buffer and pellet cells at 200x g for 3 min. Remove the
supernatant.

3. Resuspend cells with 20 ml of ice-cold Lysis buffer 1 without
inhibitors, transfer to 50 ml tube and pellet cells at 200 x 4 for
3 min and remove the supernatant.

4. Resuspend the pellet in one-quarter of a volume of cold Lysis
buffer 1 (supplemented with inhibitors) (1 g of cell pellet
equals 1 ml of buffer with inhibitors, therefore, to resuspend 1
g of cell pellet add 0.25 ml of cold Lysis buffer 1 with inhibi-
tors) (see Note 22).

5. Place an empty 50 ml tube on dry ice, fill with liquid nitrogen
and freeze the resuspended pellet by dispensing dropwise into
the liquid nitrogen (se¢e Note 13). Leave the tubes with cells
on dry ice until all remaining liquid nitrogen has evaporated
before closing the tubes (see Note 14).

6. Store frozen yeast cells (“concentrated popcorn”) at —-80 °C.

Important: Please follow all health and safety rules relating to work
using liquid nitrogen and always wear appropriate protective equip-
ment (mask, gloves, etc.).

Keep all buffers and reagents on ice. Pre-cool all centrifuges
and centrifuge tubes.

1. Pre-cool the SPEX Sample Prep Freezer/Mill by filling it
with liquid nitrogen (follow the manufacturer’s instruction)
(see Note 15).
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. Weigh out equal amounts of frozen popcorn for every sam-

ple and place into fresh 50 ml tube previously kept on dry ice
(see Note 16).

. Place popcorn into appropriate pre-cooled grinding vials

(see Note 23), seal tightly and place securely inside the grinder
(follow the manufacturer’s instruction). To efficiently break
budding yeast cells use two cycles of grinding, each one with
the following settings:

2 min pre-cool.
2 min run.

2 min cool.
Rate 14.

. After the run collect the ground material carefully using a dit-

ferent spatula for each sample (see Note 17). Place powder
(ground vyeast) into a plastic beaker and let it thaw at room
temperature. This will take approximately 15-20 min.

. After thawing add 1 ml of Lysis buffer 2 supplemented with

inhibitors and transfer melted extract from plastic beaker into
the appropriate centrifuge tubes (we use 50 ml tubes). Vortex
well, collect the remaining liquid and transfer to the centrifuge
tube with the rest of the extract. Take note of the volume of
the extract in the process, as the volume of cell extract is impor-
tant to calculate the amount of buffer needed in the next step.

. Add one-quarter volume of Glycerol mix buffer supplemented

with inhibitors to the cell extract (see Note 18).

. Pellet the insoluble cell debris by centrifugation at 25,000 x4

for 30 min at 4 °C.

. Collect the supernatant and transfer into an ultracentrifuge

tube, top up with a thin layer of mineral oil ensuring the tubes
are balanced and centrifuge at 100,000 x4 for 1 h at 4 °C.

. Wash the IgG antibody-coupled beads (to pull down the TAP-

tagged protein) during the ultracentrifugation spin (prepared
previously, see Subheading 3.1). Mix the antibody-coupled
beads thoroughly and aliquot 100 pl of antibody-coupled
beads into 1.5 ml tubes (prepare two aliquots of beads for each
1000 ml of original yeast culture). Wash beads twice with 1 ml
of PBS at room temperature (see Note 10).

After the ultracentrifuge spin remove the tube carefully to
avoid disrupting the separated phases. Using a 5 ml syringe
with a needle, carefully pierce the ultracentrifuge tube just
above the pellet. Make sure that the bevel of the needle is fac-
ing up to avoid disturbing the pellet. Collect the supernatant
into a fresh 5 ml tube. At this stage prepare a cell extract sam-
ple for later analysis. Remove 50 pl of cell extract and add 100
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11.

12.
13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

pl of 1.5x Laemmli buffer. Boil cell extracts at 95 °C for 5 min
and store at -80 °C.

Split remaining cell extract into two adding each half of the
extract to one of the two tubes of antibody-coupled beads
(prepared in step 9) after having removed any leftovers of
remaining PBS from magnetic beads (se¢ Note 9).

Incubate at 4 °C for 2 h on a rotating wheel.

After the incubation, spin tubes briefly to collect any liquid in
the cap and then place tubes on a magnetic rack and remove
the supernatant. Once the beads are captured on the side of
the tube, wash the protein complexes bound to the antibody-
coupled magnetic beads four times with 1 ml of Wash buffer 1
(mot containing any protease inhibitors) (see Note 10).

After the last wash discard supernatant. Important: make sure
that all the washing buffer is removed and there is no liquid
remaining on the side of the tube (se¢ Note 24).

Add 50 pl of Wash bufter 1 and 10 U of TEV protease for each
1000 ml of original yeast culture (see Note 25).

Incubate for 2 h with agitation at room temperature, ¢.g. in
shaking thermomixer.

Wash the MYC antibody-coupled beads (to pull down the
MYC-tagged protein) during the TEV incubation (prepared
previously, see Subheading 3.1). Aliquot 100 pl of antibody-
coupled beads into 1.5 ml tubes (prepare two aliquots of
beads). Wash beads twice with 1 ml of PBS at room tempera-
ture (see Note 10).

After incubation with TEV protease, combine the extracts
together, adjust with Lysis buffer 2 to a final volume of 2 ml
and split the extracts again into the tubes containing the MYC
antibody-coupled magnetic beads.

Incubate at 4 °C for 2 h on a rotating wheel.

After the incubation, spin tubes briefly to collect any liquid in
the cap and then place the tubes on a magnetic rack and remove
the supernatant. Once the beads are captured on the side of
the tube, wash protein complexes bound to the antibody-
coupled magnetic beads four times with 1 ml of Wash buffer 2
(see Note 10).

After the last wash, discard the supernatant. Important: make
sure all the washing buffer is removed and there is no liquid
remaining on the side of the tube. Add 50 pl of 1x Laemmli
buffer and heat samples at 95 °C for 5 min.

Place tubes in a magnetic rack and collect supernatant that
contains the purified material into a fresh 1.5 ml tube. Mix the
eluates from the corresponding samples (split in step 18)
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together, aliquot the material accordingly (see Note 19) and
snap-freeze on dry ice and store at -80 °C.

Run purified material on a SDS-PAGE gel to subsequently
carry out Western blot analysis (see Note 20). Alternatively, to
identify components of protein complexes, mass spectrometry
can be performed on purified material (see Note 26).

4 Notes

. We do not recommend using the polyclonal antibodies raised

against particular proteins. In our experience the most efficient
way to pull down the protein of your choice is to use widely
available epitopes, we have extensively used: TAP, MYC, HA,
and FLAG. When performing two-step purification including
TAP tag on one of the protein it is important to use TAP puri-
fication always as a first step since TAP-tagged proteins can
bind some antibody-coupled beads and would ruin second-
step purification by binding unspecifically.

2. We find that it is best to prepare this fresh each time.

10.

11.

12

. When calculating the amount of water that needs to be added

to the buffer, the volume of inhibitors that you need to add
prior to use needs to be taken into account.

. SDS precipitates at 4 °C therefore the buffer needs to be

warmed up to room temperature prior to use.

. Note that the amounts of inhibitors used when making pop-

corn and concentrated popcorn (from concentrated extracts)
are different.

. Add dimethylformamide in a fume hood and follow all waste

disposal regulations accordingly.

. You can store beads for up to 6 months at 4 °C.

. We use 3.4 x10° of antibody-coupled magnetic beads for each

cell extract.

. Placing parafilm around the tube lid will reduce the risk of the

tube suddenly opening during the incubation.

To perform an extensive wash each time place tube on mag-
netic rack, remove magnet from rack and shake the rack for a
minimum of twenty times. Place back the magnet and allow it
to capture the beads on the side of the tube.

Antibody-coupled beads can be stored for up to 3—4 months at
4 °C. It is possible to omit sodium azide and store the coupled
beads up to 1 week at 4 °C.

. We have experience using yeast cultures with a density ranging

from 0.7 x 107 cells/ml up to 2 x 107 cells/ml. We grow strains
of interest together with corresponding controls.
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13.

14.

15.

16.

17.

18.

19.

20.

The most efficient way to create frozen cell extract is to use a
1 ml pipette and keep adding drops of yeast extract into a
50 ml tube placed on dry ice that has been filled with liquid
nitrogen, they will freeze instantly. It is important to do this
slowly in order to obtain separate drops of frozen yeast cells.
Add drops from above and in the middle of the 50 ml tube so
drops do not stick to the sides of the tube. Avoid placing the
pipette tip too close to the liquid nitrogen otherwise the extract
will freeze inside the pipette tip.

Make sure all liquid nitrogen is evaporated before closing the
tube. Secure caps loosely on the tubes overnight at -80 °C
whilst all traces of liquid nitrogen evaporate to prevent the
tube from “popping.” Tighten the lids fully the next day.

Depending on the type of the cryogenic grinder and the num-
ber of samples to be lysed, more liquid nitrogen might be
needed to be added to the grinder, always to be filled up in
between the cycles of grinding. Always follow the health and
safety rules when handling liquid nitrogen.

When analyzing few extracts that belong to the same experi-
ment, it is important to lyse the same amount of popcorn for
all of them. Start weighing the samples from the one that
weighed the least (you will know which one as you have to
calculate the weight of cell extracts before making the pop-
corn) and adjust the weight of remaining samples accordingly.

The ground material should form a fine powder. If not fine,
white powder is observed after grinding, consider extending the
number or the length of grinding cycles. You can check effi-
ciency of the lysis by placing 2 pl of material under the micro-
scope and checking the breakage of cells. Conditions that we use
give us 90-95 % breakage efficiency. When collecting the ground
material, it is essential to work quickly as once the powder starts
to thaw it becomes more difficult to recover it from the vials.

The study of protein interactions within complexes built
around DNA requires digestion of DNA in order to release
proteins. Add 400 U/ml Universal Nuclease (Fisher) (or 1600
U/ml when preparing “concentrated popcorn”) at this point
of the protocol and incubate for 30 min at 4 °C while mixing
on rotating wheel prior to the first centrifugation step.

We routinely make aliquots of 1x 50 pl and 2x 25 pl but
depending on the downstream application you might need to
reconsider these amounts. We do not recommend the repeated
freeze—thaw of immunoprecipitated extracts.

To identify proteins present in the purified material perform
Western blot analysis. We routinely load 5 pl of the cell extract
sample and 12 pl of the purified immunoprecipitated complex
on a SDS-PAGE gel in order to resolve the proteins and we
transfer them routinely onto nitrocellulose membrane.
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21. In our experience, to improve visualization and increase the
yield of purified complexes we have grown anything between 1
and 5 | of a single yeast culture.

22. For large-scale experiments we have adapted the protocol so
we produce more concentrated cell extracts by adding a quar-
ter of a volume of a lysis buffer compared to the three times
volume of lysis buffer for the standard protocol.

23. Depending on the manufacturer’s instruction for the cryo-
genic grinder of your choice there might be a weight limit for
the amount of sample that can be ground at once. More than
one vial per sample might be used, depending on the scale of
the original culture (see Note 21).

24. Make sure that the entire amount of washing buffer is col-
lected and there is no remaining liquid on the side of the tube.

25. TEV protease cuts within TEV recognition site thatis included
in the TAP tag (Fig. 1). Therefore, the tagged protein and its
interacting partners will be released from the magnetic beads.
It is important to remember that TAP tag will be lost after
this step and thereafter the protein of interest will be fused
only to the remaining Calmodulin Binding Protein (CBP)
(details in Fig. 1), thus anti-CBP or native antibodies against
the protein must be used in order to detect the protein on
Western blots. Efficiency of TEV protease digestion will
depend on the protein thus more or less TEV protease might
be required.

26. When more concentrated protein samples are required you can
elute your protein complexes bound to magnetic beads in 30
pl of 1x Laemmli buffer. We have routinely eluted the proteins
in 30 pl and used the whole eluate to run in SDS-PAGE gels.
To identify components of the purified protein complexes in
an unbiased fashion, mass spectrometry can be used.
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Chapter 18

Conditional Budding Yeast Mutants with Temperature-
Sensitive and Auxin-Inducible Degrons for Screening
of Suppressor Genes

Asli Devrekanli and Masato T. Kanemaki

Abstract

The conditional control of protein expression is useful to characterize the function of proteins, especially
of those that are essential for cell viability. Two degron-based systems, temperature-sensitive and auxin-
inducible degrons, can be used to generate conditional mutants of budding yeast, simply by transforming
appropriate cells with PCR-amplified DNA. We describe a protocol for the generation of temperature-
sensitive and auxin-inducible degron mutants. We also show that a conditional mutant with few spontane-
ous revertants was generated by combining two degron systems for the Innl protein. Finally, we describe
a suppressor screening method that uses the dual degron-Innl mutant to identify mutant proteins that
suppress Innl1-K31A, which has a defect in cytokinesis.

Key words Temperature-sensitive degron, Auxin-inducible degron, Protein degradation, Conditional
mutant, Suppressor screening, Innl

1 Introduction

Conditional depletion or inactivation of proteins of interest (POIs)
is useful to understand their role in vivo, especially to characterize
the role of essential proteins in cell viability. Two conditional
degron-based technologies, the temperature-sensitive (ts) degron
and the auxin-inducible degron (AID) systems, allow us to deplete
POIs in a short period of time under restrictive conditions (usually
within 30 min) [1]. We showed previously that the fast depletion
of POlIs is important to assess the direct consequences of their
function, because loss of POIs might impair the functional net-
work within cells, causing a secondary effect [2].

The ts-degron technology was originally developed by
Varshavsky and colleagues [3]. The fusion of a cassette composed
of ubiquitin (UBI) and temperature-sensitive dihydrofolate reduc-
tase (called ts-degron: td) at the N terminus of a POI leads to the
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expression of a fusion protein (Fig. 1a, 24 °C). The ubiquitin moi-
ety is cleaved by endogenous processing, thus exposing an arginine
residue at the N terminus. The exposed arginine residue is recog-
nized by the Ubrl-Ubc2 ubiquitin ligase complex; however, the
fusion proteins are usually stable at the permissive temperature of
24 °C. At the restrictive temperature of 37 °C, a conformational
change in td allows the ligase to place poly-ubiquitin. The fusion
protein is, therefore, rapidly degraded by proteasomes (Fig. la, 37
°C). The original ts-degron technology was improved by overpro-
ducing Ubrl from the conditional GALI-10 (PGAL) promoter
before the temperature shift [4]. Importantly, td can be fused only
at the N terminus of the POI because the degradation is depen-
dent on the N-end rule [5, 6].

As an alternative degron system, we developed the AID
technology by transplanting a plant-specific degradation pathway
controlled by the phytohormone auxin to budding yeast [7].

PaacL PADH1
R e T "
UBR1 PaaL [0 Jeore ormeree |
TIR1 or
QBII td IGeneofinterest% m
. Tl ¥

* SCFETIR1
24°C Cull

POI

Ubc2 Rbx1 +

Ubiquitylation

' &

Degradation by the proteasome

37°C

Degradation by the proteasome

Fig. 1 Principle of the ts-degron and AID systems. (a) Schematic illustration showing the mechanism of the
ts-degron (td) system. The ubiquitin (UBI) moiety is cleaved by endogenous processing, exposing an arginine
(R) residue at the N terminus. The arginine is recognized by Ubr1-Ubc2, which promotes the poly-ubiquitylation
of td only at 37 °C. (b) Schematic illustration showing the mechanism of the AID system. The degron (aid) fused
at either the N or C terminus of the POl is recognized and poly-ubiquitylated by the SCF™" E3 ubiquitin ligase
in the presence of auxin
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For this purpose, the expression of the auxin-perceptive F-box
protein, TIR1, of Oryza sativa is required. Together with the
endogenous SCF subunits, TIR1 forms the SCFT™-E3 ligase
complex in cells (Fig. 1b). By fusing a plant-derived degron (aid)
either at the N or C terminus of the POI, the degradation of the
fusion protein via the ubiquitin—proteasome system can be rap-
idly induced. The original degron derived from the Arabidopsis
TIAA17 protein is 25 kD [7]. We recently prepared a smaller
(8 kD) degron as well as highly active degrons by fusing multiple
smaller degrons [8, 9].

Degron mutants can be used not only for the functional char-
acterization of POls, in theory, but also for the identification of
suppressor mutations in genes that encode proteins that are func-
tionally related to POIs [10, 11]. However, the degron system has
never been used in suppressor screenings. This is because rever-
tants can be generated simply by losing the integrated UBRI or
TIR1 gene. To overcome this problem, i.c., to obtain a very tight
conditional allele, we used both ts-degron and AID on the same
protein (Fig. 3a). This enables the depletion of proteins via two
independent pathways, which reduces the possibility of reversion.

In this article, we describe protocols for the construction of
ts-degron and AID mutants using PCR-based tagging.
Subsequently, we describe a method to screen for mutations that
suppress the lethal effects of mutating the essential cytokinesis pro-
tein Innl [12]. We found that a positively charged amino acid at
position 31 of Innl was essential for cytokinesis, which may be a
key site of interaction with an unidentified factor that is important
for cytokinesis. Thus, we aimed to identify such a factor that was
able to suppress the cytokinesis defect of the non-functional znnl-
K31A allele when functional Innl was depleted by the dual-degron
system. In this example, we generated a very tight conditional
allele of INNI (td-innl-aid) with a very low reversion frequency,
combined this allele with in#n1-K31A and screened for suppressor
mutations that were generated by random mutagenesis that
restored growth under the restrictive condition.

2 Materials

2.1 Yeast Strains

All yeast strains described in this protocol are listed in Table 1 and
are based on the W303-1a or -1b genetic background.

1. The yeast strain YKL.200 (see Table 1) expressing Ubrl under
the control of the conditional GALI-10 promoter (PGAL) is
available from EUROSCAREF (http://web.uni-frankfurt.de/
tb15/mikro/euroscarf/data/degron.htmL).

2. The yeast strains YMK726 and YMK728 (see Table 1) expressing
codon-optimized TIRI under the control of the conditional
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Table 1

Yeast strains used in this protocol

Strain

name Genotype Source

W303-- MATn/o ade2-1 wra3-1 his3-11,15 trpl-1 len2-3,112 canl-100 R. Rothstein

la/b

YKL200  MATa UBRI:PGAL-UBRI (HIS3) [13]

YMK726  MATn ura3-1:PGAL-TIRI (URA3) [9]

YMK728  MATa ura3-1::PADHI-TIR1 (URA3) [9]

YAD240 MATr ubrlA::PGAL-HA-UBRI1 (HIS3) ura3-1:: PADHI-TIRI1-9MYC [12]
(URA3)

YAD257 MATa wbrlA::PGAL-HA-UBR1 (HIS3) ura3-1::PADHI-TIRI1-9IMYC [12]
(URA3) len2-3,112::pRS305-innl1-K31A-GFP(LEU2) innl::PCUPI-
td-innl -aid (K.L. TRPI1-kanMX)

YASD522  MATn ubrlA::PGAL-HA-UBRI1 (HIS3) innl::PCUPI-td-innl (kanMX) [19]

YAD236  MATna ubrlA:PGAL-HA-UBRI (HIS3) ura3-1:pRS306-PGAL-PKCI-  [12]
R398P (URA3) len2-3,112::;pRS305-PGAL-GPA2-G132V (LEU2)

YAD245 MATn ubrlA::PGAL-HA-UBR1 (HIS3) ura3-1::PADH]I1-Skp1-TIRI- [12]
IMYC (URA3) innl::PCUPI-td-innl-aid (K.L.TRPI1&kanMX)

YAD258 MATo wbrlA::PGAL-HA-UBRI1 (HIS3) wra3-1:: PADHI-TIR1-9MYC [12]
(URA3) len2-3,112::pRS305-innl-K31A-GFP(LEU2) innl::PCUPI-
td-innl -aid (K.I.TRPI1&GhanMX)

YAD276 MATr wbrlA::PGAL-HA-UBR1 (HIS3) uwra3-1::PADHI-TIRI1-9MYC [12]

(URA3) len2-3,112::pRS305-innl1-K31A-GFP(LEU2) innl::PCUPI-
td-innl -aid (K.I.TRPIGkanMX) suppressor-d21

2.2 Plasmids

2.3 Reagents

PGAL and the constitutive ADHI promoter (PADHI),
respectively, are available from National BioResource Project-
Yeast (http://yeast.lab.nig.ac.jp/nig/index_en.htmL).

. pKL187 for tagging with ts-degron at the N terminus of POIs

is available from EUROSCAREF [13].

. pMK38 and pMK43 for tagging with aid at the N and C ter-

mini of POIs, respectively, are available from National
BioResource Project-Yeast. Other related plasmids encoding
mini- or tandem mini-aid with various selection markers are
also available from National BioResource Project-Yeast [9].

. 20 % Glucose: Dissolve 100 g of glucose in water to a final

volume of 500 mL. Sterilize the solution by autoclaving.

. 20 % Ratfinose and galactose: Dissolve 100 g of raffinose or

galactose in water to a final volume of 500 mL. Note that heating
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10.

11.
12.
13.
14.

15.

16.
17.
18.
19.

20.

21.
22.
23.

is needed to dissolve raffinose or galactose powder. Do not boil
when heating. Sterilize the solutions by filtration.

. 10x TE, pH 7.5: Mix 20 mL of 1 M Tris—-HCI, pH 7.5 and 4

mL of 0.5 M EDTA, pH 8.0 by adding water to a final volume
of 200 mL; autoclave and store at room temperature.

. 1 M LiAc, pH 7.5: Dissolve 10.2 g of lithium acetate in water

to a final volume of 100 mL by adjusting the pH 7.5 with ace-
tic acid. Autoclave and store for up to 6 months at room
temperature.

. 50 % PEG 4000: Dissolve 50 g of PEG 4000 in water to a final

volume of 100 mL. Autoclave and store for up to 1 month at
room temperature.

. TE/LiAc: Mix 1 M LiAc, pH 7.5, 10x TE, pH 7.5 and steril-

ized water at 1:1:8. Prepare just before use.

. TE/LiAc/PEG: Mix 1 M LiAc, pH 7.5, 10x TE, pH 7.5, 50

% PEG 4000 at 1:1:8. Prepare just before use.

. 10 mg/mL salmon sperm DNA.
. 0.1 M CuSOy: Dissolve 2.5 g of CuSO,-5H,0 in water to a

final volume of 100 mL. Autoclave and store at room
temperature.

50 mg/mL G418: Dissolve in water at a concentration of 50
mg,/mL. Filter-sterilize and store at =20 °C.

DMSO.
B-Glucoronidase.
Phusion DNA polymerase.

0.5 M indole-3-acetic acid (IAA) (Sigma-Aldrich, 45533):
Dissolve in 100 % ethanol or DMSO. Aliquots can be kept for
6 months in the dark at -20 °C.

0.5 M l-naphthaleneacetic acid (NAA) (Sigma-Aldrich,
35745): Dissolve in 100 % DMSO. Aliquots can be kept for 6
months in the dark at -20 °C.

Ethyl methanesulfonate (EMS).
0.1 M sodium phosphate buffer.
5 % sodium thiosulfate.

1x TE, pH 8.0: Mix 2 mL of 1 M Tris-HCI, pH 8.0 and 0.4
mL of 0.5 M EDTA by adding water to a final volume of 200
mL; autoclave.

STET: 8 % sucrose, 5 % TritonX-100, 50 mM Tris-HCI, pH
8.0 and 50 mM EDTA.

7.5 M ammonium acetate.
Sau3Al restriction enzyme.

BamHI restriction enzyme.
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24.
25.

26.

2.4 Media 1.

Qiagen Genomic DNA kit with 500/G tips.

0.5 mm glass beads: 0.5 mm glass beads should be acid bathed
in HCI for 2 h. Subsequently, wash three times each in water
and 1 M Tris—HCI, pH 8.0. Wash again extensively in water
before drying.

Antibody to detect aid-tagged proteins via western blotting, a
specific monoclonal antibody against aid is commercially avail-
able from MBL (M214-3).

YPD, YPG, or YPR medium: 2 % peptone and 1 % yeast extract
in water. Sterilize by autoclaving before the addition of sterile
2 % glucose (YPD), 2 % galactose (YPQG), or 2 % raffinose
(YPR).

. YPD or YPG plates: Weigh 10 g peptone, 5 g yeast extract and

10 g agar. Add water to a final volume of 450 mL. Sterilize by
autoclaving before the addition of 50 mL of 20 % glucose
(YPD) or 20 % galactose (YPG). To prepare YPD plates con-
taining G418 (YPD + G418 plate), add 3 mL of 50 mg/mL
G418 (final concentration of 300 pg/mL). To prepare YPD or
YPG plates with auxin, add 500 pL of 0.5 M IAA or NAA
(final concentration of 0.5 mM). All supplements should be
added when the temperature is at around 50 °C.

. Synthetic complete (SC) drop-out plates with or without

auxin. Prepare the SC plates as described previously [14] by
dropping out the amino acid as required in the experiment (in
our case, we used SC-His plates supplemented with 0.125 mM
NAA to plate cells after transforming the genomic library with
a HIS3 yeast selection marker).

3 Methods

3.1 Design Ts-degron mutants expressing td-POI from its endogenous locus

of Oligonucleotides can be generated by transforming YKL200 cells with PCR-

for Making Ts-degron amplified DNA from pKL187 (Fig. 2, upper panel) [13]. Note

Mutants that td-POI is expressed from a CUPI promoter (PCUPI), instead
of its own promoter. To maintain expression of td-POI, all media
after transformation should contain 100 pM CuSO,.

1.

To design two oligonucleotides for PCR using pKL187,
retrieve the genomic sequence of the target gene and the sur-
rounding 1 kb from the Saccharomyces Genome Database
(http://www.yeastgenome.org).

. Design HPLC-purified “5" and 3’ 70-mers” as follows. The

“5’ 70-mer” should begin with 50 bases chosen from the pro-
moter region of the target gene, followed by 20 bases
(5'-ATTAAGGCGCGCCAGATCTG-3’) that are identical to
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N-terminal tagging (td and aid)

5 70-meN_>

:| Marker |:| Pcup1 H td/aid |:

* PCR N 70-mer

Marker |=| Pcup1 I:I td/aid I

]

'

|—>
=-| Marker |=| Pcup1 th/aid l Target gene |:

Target gene I:

C-terminal tagging (aid)

5 68-meN_)

! aid |=| Marker |:
*PCR <_\3 69-mer

I aid |:| Marker l

:l_»| Target gene —

/

;I:( Target gene l aid |=| Marker I-:

Fig. 2 PCR-based degron tagging to generate ts-degron and AID mutants. The
ts-degron (td) can be placed only at the N terminus, whereas aid can be fused at
either the N or C terminus of the POI. Note that the expression of N-terminally
tagged proteins is driven by PCUP1

the 5’ region of pKL187. We usually choose the first 50 bases
from the promoter region, located 50-100 bp upstream from
the first ATG sequence, which do not contain repeats or many
G/Cs. To design the “3’ 70-mer,” prepare an oligonucleotide
beginning with the first 20 bases
(5’-CAGGCGCTGGAGCGGGTGCC-3') followed by the
first 50 bases chosen from the open reading frame of the target
gene, including the first ATG. Order the anti-parallel oligo-
nucleotide as the “3’ 70-mer.”
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3.2 Design

of Oligonucleotides
to Prepare AID
Mutants

3.3 Preparation
of PCR-Amplified DNA
for Transformation

AID mutants can be made by transforming YMK726 (condition-
ally expressing TIR1 from PGAL) or YMK728 (constitutively
expressing TIR1 from PADH1I) with PCR-amplified DNA (Fig. 2)
[9]. In the case of fusing aid at the N terminus of the POI, the
fusion protein is expressed from PCUPI. As in the case of td-
degron mutants, all media should contain 100 pM CuSOy, after
transformation. In the case of fusing aid at the C terminus of the
POI, the expression of the protein is driven by its endogenous
promoter. Therefore, CuSOy is not required for expression.

1. To place aid at the N terminus of the POI using PCR-amplified
DNA from pMK38, the same oligonucleotides as those
designed for the construction of ts-degron mutants can be
used.

2. To place aid at the C terminus of the POI using PCR-amplified
DNA from pMK43, prepare two HPLC-purified oligonucle-
otides, “5" 68-mer” and “3’ 69-mer.” Design “5’ 68 mer”
using the first 50 bases from the 3’ end of the open reading
frame, without the stop codon. This sequence is followed by
the 18 bases 5'-CGTACGCTGCAGGTCGAC-3’, which are
identical to the 5" end of the degrons. Design a 69-mer oligo-
nucleotide beginning with the 19 bases that are identical to the
3’ region of the template plasmids, 5'-CGAGCTCGAATTC
ATCGAT-3'. The 3’ end is followed by 50 bases retrieved from
a sequence located between 50 and 200 bp downstream from
the stop codon. Order the anti-parallel oligonucleotide of this
sequence as the “3’ 69-mer.” Note that these oligonucleotides
are compatible with the plasmids used to generate epitope-
tagged strains [15, 16].

1. Set up a 100 pL PCR reaction.
10 ng/pL template DNA 1 pL.
20 pM 5’ 70- or 68-mer 2.5 pL.
20 uM 3’ 70- or 69-mer 2.5 pL.
5x HF buffer 20 pL.

2.5 mM dNTDs 8 pL.
Phusion DNA polymerase 1 pL.
Water up to 100 pL.

2. Run PCR using the following thermal cycling conditions:
98 °C, 30 s—> (98 °C, 55— 55 °C, 10 s—72 °C, 1.5 min), 30
times — 72 °C, 5 min— 4 °C, oo.

3. Apply 1-2 pL of the PCR reaction to 0.8 % agarose gel electro-
phoresis to check DNA amplification.

4. Purify the amplified DNA using a PCR purification kit and
clute DNA with 30 pL of TE. The eluted DNA can be stored
at -20 °C.
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3.4 Yeast Budding yeast cells are transformed with PCR-amplified DNA fol-
Transformation lowing the standard LiAc/SS-DNA/PEG protocol before grow-
and Selection ing on selection plates [17].

of Degron Mutants

1. Choose appropriate yeast cells. To prepare ts-degron mutants,
use YKL200, which express Ubrl from PGAL. To prepare
AID mutants, use either YMK726 or YMK728, which expresses
TIRI from the conditional PGAL or constitutive PADH I pro-
moter, respectively.

2. Count the cells and dilute the culture to 0.4 x 107 cells/mL in
YPD medium. One transformation requires 10 mL of culture.

3. Grow the cells at 24 °C until they reach a density of 0.9—
1.1x107 cells/mL.

4. Pellet the cells by centrifugation at 1600 x g for 3 min in a 50
mL tube.

5. Resuspend the cells in the same volume of sterilized water and
pellet them by centrifugation at 1600 x g for 3 min.

6. Resuspend the cells in 1 mL of sterilized water before transfer-
ring into a 1.5 mL microtube.

7. Pellet the cells by centrifugation at 15,000 x g for a few seconds
and remove all liquid by aspiration.
8. Resuspend the cells in 1 mL of TE /LiAc before centrifugation

at 15,000xg for a few seconds. Remove all liquid by
aspiration.

9. Resuspend the cells in 50 pL of TE/LiAc per 10 mL of cul-
ture. The cells are now ready for transformation.

10. Transfer 50 pL of the cell suspension into a new tube contain-
ing 5 pL of 10 mg/mL of salmon sperm DNA and 5 pL of
purified PCR-amplified DNA. Mix well by vortexing.

11. Add 0.3 mL of TE /LiAc/PEG and mix by vortexing.
12. Incubate the cells at 24 °C for 30—-60 min with agitation.

13. Add 40 pL of 100 % DMSO to the cell suspension and mix by
vortexing.

14. Incubate the cell suspension at 42 °C for 15 min and cool it on
ice for 2 min.

15. The cells have to be recovered in 1 mL of YPD medium at 24
°C with agitation before selection with G418. We usually allow
3 h for recovery. Note that all media should contain 100 pM
CuSO, from this point on, to drive the expression of POI from
PCUPI if the degrons are placed at the N terminus of the POI.

16. Collect the cells by centrifugation at 900 x4 for a few seconds
and remove all liquid by aspiration. Resuspend the cells in 300
pL of TE, and plate 100 pL of the cell suspension on YPD + G418
plate (total of three plates). Incubate the plates at 24 °C.
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3.5 Testing

the Growth of Strains
Containing the Degron
Fusion Proteins
(Serial-Dilution

and Liquid Culture
Assays)

17. Cells without integration also grow for a few days. To reduce
the background, make replica plates 1 or 2 days after
transformation.

18. Four to five days after transformation, colonies should be visi-
ble on the plates. Pick eight resistant clones and re-streak them
on a fresh selection plate to confirm their growth. Incubate the
re-streaked plate for 2—3 days, until colonies are formed.

19. Check integration of the PCR-amplified cassette by genomic
PCR [9, 13].

In the case of preparing degron mutants for proteins that are essen-
tial for cell viability, test the growth of the strains under both
restrictive and permissive conditions (se¢ Note 1).

First, a serial-dilution assay can be performed to compare the
growth of cells on different media (YPD, YPG, YPD +auxin, or
YPG +auxin) and at different temperatures (24 °C or 37 °C)
(Fig. 3b). At this step, it is also important to test the auxin type to
assess whether NAA or IAA works best for the strain. In this exper-
iment, it is possible to determine under which conditions the
revertants do not appear after prolonged incubation times (Fig. 3b,
also see Note 2).

1. Prepare 10 cm square YPD, YPG, YPD +auxin, and YPG +auxin
plates.

2. Pick 2-3 growing colonies of the yeast strains and resuspend
each in 1 mL of phosphate-buffered saline (PBS).

3. Determine the cell density using a hemocytometer and dilute
the cells to a concentration of 3.33x10° cells/mL. Prepare
three further tenfold dilutions.

4. Drop 15 pL of'a cell suspension from each dilution onto appro-
priate plates.

5. Incubate the plates for 2—4 days at 24 °C or 37 °C, as required.

A liquid culture assay can be performed to monitor defects

under a restrictive condition. Cell-cycle defects can be moni-

tored by flow cytometry as explained below (Fig. 4). The

expression level of degron-fused proteins can be checked by
Western blotting [9].

6. Inoculate cells in YPR medium (supplemented with 100 pM
CuSO0y in case the degron—POl is expressed from PCUPI) and
grow overnight at 24 °C.

7. On the following morning, determine the cell density using a
hemocytometer and dilute the cultures to 0.4 x 107 cells/mL.

8. Grow the cells for several hours until the cell density reaches
0.7-0.8 x 107 cells/mL.
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Fig. 3 Degron systems used to modify the target locus. (a) Schematic represen-
tations in which the /INN7 locus was modified by adding the indicated degron
cassettes. (b) Strains that carry both degron cassettes on the target protein do
not yield revertant colonies after prolonged incubation under restrictive growth
conditions. The td-inn1 (YASD522), inn1-aid (YAD236), td-inn1-aid (YAD245), and
control cells (YAD240) were grown at 24 °C on YPD medium before serial dilu-
tions of 50,000, 5000, 500, and 50 cells were plated on the indicated media and
incubated at the indicated temperatures for 3 days
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3.6 EMS
Mutagenesis
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Fig. 4 Asynchronous cultures of control (W303-1a) and td-innT-aid leu2::inn1-
K31A (YAD257) cells were grown at 24 °C in YPR medium, followed by replace-
ment of the medium with YPG medium supplemented with 0.5 mM NAA. Samples
were collected at the indicated time points and DNA content was measured by
flow cytometry

9. Pellet the cells at 200x g, resuspend in YPG +auxin medium
and continue to grow cells at 24 °C (either 0.5 mM NAA or
0.5 mM IAA can be used, depending on the response of the
strain).

10. Collect 1 or 10 mL of cell culture for flow cytometry or for
protein extraction for Western blotting [7].

11. It is also possible to capture phase-contrast images of the cells
at appropriate time points.

Hereafter, we describe a screening that was performed for the
identification of genomic mutations that suppress the lethality of
YAD258 cells expressing Innl-K31A in the td-innl-aid back-
ground. As shown in Fig. 3b, the td-innl-aid strain did not show
spontaneous revertants in the presence of auxin at both 24 and 37
°C. We introduced the innl-K31A gene into the td-innl-aid
strain. Subsequently, the resultant YAD258 cells were mutagenized
using EMS to identify suppressor mutations under the restrictive
condition. Dual-degron mutants showing few spontaneous



3.6.1 Optimizing
the Conditions

3.6.2 Mutagenesis
with EMS
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revertants can also be used for other genetic screenings, such as
dosage-suppressor screening, by introducing multicopy plasmids
containing a genomic library [11].

1.

Inoculate an appropriate dual-degron strain in 100 mL of YPD
medium, and grow the cells overnight at 24 °C.

. On the following morning, determine the cell density using a

hemocytometer and dilute the cells to 0.4 x107 cells/mL in
fresh YPD medium.

. Grow the cells until the cell density reaches a concentration of

0.8-1x107 cells/mL.

. Transfer a culture corresponding to 10® cells into each of sev-

eral 15 mL conical tubes (the number of tubes depends on the
number of incubation times to be tested, e.g., seven tubes in
total required: one for the control and six for incubation with
EMS for an amount of time of 10, 15, 20, 25, 30, or 45 min).

. Pellet the cells at 200 x g and resuspend each in 5 mL water.

6. Pellet the cells at 200 x g and resuspend each in 5 mL of 0.1 M

10.

11

12.

13.

14.

sodium phosphate buffer.

. Pellet the cells at 200 x g4 and resuspend each in 1 mL of 0.1 M

sodium phosphate bufter.

. Add 30 pL of EMS to each tube, with the exception of the one

that will be used as a control. Note that EMS is a strong muta-
gen; therefore, handle it in a fume hood with appropriate
protection.

. Incubate the cells with agitation for varying amounts of time

(e.g., 10, 15, 20, 25, 30, or 45 min).

For each tube, pellet the cells when the corresponding incuba-
tion time is completed. Resuspend the cells in 500 pL of 5 %
sodium thiosulfate, to inactivate EMS.

. Wash the cells twice with 500 pL of 5 % sodium thiosulfate

and, after the second wash, resuspend the cells in water.

For each time point, plate the cells on four YPDCu plates, to
give about 500 cells /plate.

Incubate the plates at 24 °C for 2-3 days and count the num-
ber of growing colonies on each plate for each time point.

Determine the time point corresponding to 50 % survival at
24 °C, and use this in the subsequent mutagenesis experiment.

The number of cells that will be screened can be changed depend-
ing on the experiment. The protocol included below indicates the
conditions to screen 2 x 108 cells. Refer to Fig. 5a for a summary of
the protocol.
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a

Day 1

Grow an overnight culture in YPD
Day 2

Dilute the culture to 0.4x107 cells/ml

Regrow the culture to 107 cells/ml

Mutagenise the cells with 3% ethyl methanesulfonate(EMS)
corresponding to 50% survival

Inactivate EMS by adding 5% sodium thiosulfate

Resuspend cells in YPD and incubate 3 hours for recovery
Plate out cells on selective plates (YPG + auxin)

Day 3

Next day replica plate on selective plates to avoid background
Day 5

Look for growing colonies

Check each marker by replica plating to selective medium

Day 6-7
Pick up and make stocks of growing colonies for further analysis
b

UBR1 OFF UBR1ON

- Auxin + Auxin

control

3 days /24°C

Fig. 5 Isolation of suppressor mutations. (a) Overview and timeline of the steps
used for the isolation of suppressor mutations. (b) Serial dilutions of the td-inn1-
aid (YAD258) and suppressor clone (YAD276) cells were plated on YPD or YPG
medium supplemented with 0.5 mM NAA and incubated for 3 days at 24 °C

1. Inoculate an appropriate dual-degron strain in 100 mL of YPD
medium and grow an overnight culture at 24 °C. To express
the dual-degron protein from PCUPI, all media under permis-
sive conditions should contain 100 pM CuSOy, to drive its
expression.

2. On the following morning, determine the cell density using a
hemocytometer, and dilute the cells to 0.4x107 cells/mL in
fresh YPD medium.

3. Grow the cells until the cell density reaches a concentration of
0.8-1x107 cells/mL.



3.7 Genetic Crosses
and Dominance Test
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4.

10.

11.

12.

13.

14.

15.

With the aim of spreading 107 cells/plate, pellet the required
amount of cells at 200 x g (e.g., for 20 plates, 2 x 108 cells are
required; therefore, pellet 20 mL of the culture at a density of
1x107 cells/mL).

. Resuspend the cells in 10 mL of water and pellet by centrifuga-

tion at 200 x 4.

. Wash the cells once with 10 mL of 0.1 M sodium phosphate

buffer and resuspend in 2 mL of 0.1 M sodium phosphate
buffer.

. Add 30 pL of EMS per 10® cells to the culture and incubate with

agitation for the amount of time determined above at 24 °C.

. Wash the cells twice with 1 mL of 5 % sodium thiosulfate and,

after the second wash, resuspend the cells in 2 mL of YPD
medium.

. Incubate the cultures for 3 h at 24 °C with agitation, for

recovery.

Plate the cells on selective plates (100 pL per plate for a total
of 20 plates) and incubate at 24 °C.

On the following day, prepare replica plates of selective plates,
to avoid a high background.

When the colonies become visible, pick all growing colonies
and re-streak them on both selective and YPD plates. It is
important to confirm that the revertants obtained carry TIR I,
UBR 1, and dual-degron genes.

Prepare replica plates of all necessary plates, to check the mark-
ers in the selected colonies.

Prepare glycerol stocks of the mutants that carry all the rele-
vant markers, for further analysis. To prepare a glycerol stock,
mix a 1 mL aliquot of overnight-grown YPD culture with 1
mL of sterile 50 % glycerol in a cryotube, and store at -80 °C.

Perform a serial-dilution assay to compare the growth of wild-
type, parental and suppressor strains under both permissive
and restrictive growth conditions, to determine the effectiveness
of suppression and facilitate greatly the genetic analysis

described below (Fig. 5b).

This process will eliminate revertants, in which td-POI-aid was not
degraded because of a defect in the degron systems (Fig. 6-1).

1.

Cross each of the mutant clones with WT cells of the opposite
mating type (W303-1a or -1b).

2. Perform a tetrad analysis of the resultant diploids.

. Assess whether any of the markers associated with PGAL-

UBR1, PADHI-TIRI, and td-POI-aid always segregate with
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For each suppressor clone (S, S,.....S);
1. Is the suppressor mutation unlinked to components of degron

system? S“_m x wild type (W303-1a)

Tetrad analysis of diploids

Does meiotic progeny with the genotype shown
below form colony?

PaaL-UBR1 YES (suppressor +)
PapHi-TIR1 Possible to be a real suppressor
td-inn1-aid

leu2::inn1-K31A NO (suppressor -)

Not a real suppressor

2. Is the suppression caused by mutation of a single gene?
S(1_n) x parental (YAD258)
Tetrad analysis of diploids
If suppressor phenotype in each tetrad segregates 2:2,
there will be a single mutated gene for that clone

3. How many different suppressor genes exist in isolated suppressor
clones? Sim X St

1-n)
Tetrad analysis of diploids

Pairwise crosses If all four meiotic ~ Suppressor genes
of different —>» progeny  — are tightly

suppressor in every tetrad linked to each
clones has suppressor other in these
phenotype two clones

4. Is the suppressor mutation dominant or recessive?

S,y X Parental

Y

Analysis of diploids on restrictive growth conditions

Suppressor phenotype: Dominant suppressor mutation
Parental phenotype: Recessive suppressor mutation

Fig. 6 Overview of the steps used for linkage analysis and the dominance test of suppressor clones

the suppressor phenotype. If this is the case, the suppressor
may represent a mutation at one of these loci.

4. Conversely, free segregation of the suppressor phenotype will
indicate that the suppressor mutation is located elsewhere in
the genome. Pursue the analysis using those clones.

This process will determine whether the suppressor muta-
tion in each clone is derived from a single gene (Fig. 6-2).
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5. Cross each of the mutant clones with the parental strain of the
opposite mating type.

6. Observe the segregation of the suppressor phenotype in each
tetrad.

7. The presence of two colonies with the suppressor phenotype in
each tetrad (2:2 segregation) will indicate the mutation of a
single gene for that suppressor clone.

This process will determine the number of different suppressor
genes represented in the clones obtained (Fig. 6-3).

8. Divide the suppressors into groups and cross each member of
the group to the other members in the same group.

9. Determine whether members of each group are closely linked
to each other or not (the observation that all four meiotic
progeny in a tetrad have a suppressor phenotype will indicate
mutation in a single gene for the two clones crossed).

10. If there is such a linkage, cross one suppressor from each group
to another suppressor in each of the other groups and analyze
the meiotic progeny.

11. Determine the total number of different suppressor genes
for all the suppressed clones. See Note 3 before moving the
next step.

This process will determine whether the mutant allele is domi-
nant or recessive (Fig. 6-4).

12. Cross each of the suppressor clones with the parental strain of
the opposite mating type.

13. Examine the diploid cells obtained on selective plates (UBRI
ON, TIR1 ON, + auxin).

14. The observation of growth of diploid cells on selective medium
will indicate that the mutation is dominant. The opposite
observation will indicate that the suppressor mutation is reces-
sive. Depending on the type of mutation, the strategy used for
cloning the mutated gene will change (Fig. 7, also se¢ Note 4).

3.8 Cloning As shown in Fig. 7, if the suppressor is dominant and there is no

of Suppressors additional phenotype, a genomic DNA library from the suppressor
clone is generated and transformed to the parental strain, which is
subsequently examined on selective medium (+auxin). Because
cells containing the suppressor plasmid will grow on the selective
medium, the identification and sequencing of that plasmid will
reveal the DNA sequence that causes suppression.

3.8.1 Preparing a Library 1. Grow the suppressor clone in 400 mL of YPD medium
of Yeast Genomic DNA overnight.

Fragments 2. Isolate genomic DNA using Qiagen Genomic DNA kit with

500/G tips.
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Dominant suppressor Recessive suppressor

Construct genomic library

, = Transform ‘suppressor strain’
from ’suppressor strain

with a plasmid library

PGaL-UBR1

PapH1-TIR1 -

td-inn1-aid -

leu2::inn1-K31A = i
i Screen for loss of suppression

Y

Transform the library into
the original parental strain

Y

Screen for suppression

Fig. 7 Overview of the steps used for cloning suppressors

10.

11.

. Partially digest the 100 pg of genomic DNA with the Sau3Al

restriction enzyme (0.03125 U), to give fragments between 3
and 10 kb after determining the conditions in a small-scale
experiment. Firstly, digest 1 pg of DNA with serial dilutions of
Sau3AIl: 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.0156,
0.0078, 0.0039, and 0.002 U. Secondly, run each reaction on
a 0.8 % agarose gel together with a 1 kb DNA Ladder, to assess
the size distribution of the digested DNA fragments. Finally,
select the reaction that yields a smear of digested DNA between
3 and 10 kb.

. Purify the digested DNA using Qiagen Genomic Tip 500/G.
. Precipitate the DNA first with isopropanol, and wash with

70 % ethanol.

. Resuspend the DNA in 100 pL of TE, pH 8.0.
. Apply 100 pL of the purified DNA to a wide well on a 0.8 %

agarose gel (prepare a wide comb by connecting six teeth using
Scotch tape) and run the gel.

. Cut the fragments in the range of 3-10 kb from the agarose

gel. Purify the DNA using a gel extraction kit and elute in
40 uL of TE, pH 8.0.

. Digest one of the RS centromere vectors (we use pRS313,

which has the HIS3 selection marker) with BamHI and treat
with calf intestinal phosphatase (3 pg of pRS313 should be
digested with 30 U of BamHI for 3 h at 37 °C, followed by
treatment with 1 U of phosphatase for 30 min at 37 °C).

Perform several ligation reactions, each using 20 ng of digested
vector and 20 ng of digested genomic DNA.

Transform the ligation reactions into competent DH10B E.
coli cells by electroporation (2 pL aliquots of ligation reactions
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12.
13.

3.8.2 Determination 1.

of the Suppressor Plasmids
from the Genomic Library

can be electroporated into 50 pL of competent cells) and
spread on large square plates (245 x245 mm) containing LB-
ampicillin medium (we usually use seven plates).

Grow transformants overnight at 37 °C.

On the following day, scrape off the E. coli cells from plates,
pellet the cells and purify the plasmid DNA, which represents
the genomic library (see Note 5).

Transform approximately 500 ng of the genomic library into
the parental strain according to the standard LiAc/SS-DNA/
PEG protocol [17].

. A total of 108 cells should be transformed; plate the cells on SC

plates lacking the appropriate amino acid (for pRS313, use SC-
His plates), to give about 5x107 cells/plate. Incubate the
plates at 24 °C overnight.

. On the following day, prepare replica plates of fresh SC plates

lacking the appropriate amino acid but supplemented with
0.125 mM NAA (see Note 6).

. When the colonies become visible, pick them and check the

presence of all relevant markers by replica plating onto selec-
tive medium.

. Pick single colonies with all the relevant markers and streak

them on YPD plates supplemented with 0.5 mM NAA, to
check whether the loss of plasmids on YPD medium causes loss
of the suppression phenotype.

. Loss of the suppression phenotype on YPD +0.5 mM NAA

plates indicates that those plasmids carry the relevant sequences
that cause suppression. The plasmid should be recovered and
used to transform E. cols.

3.8.3  Recovery Here, we describe a standard protocol for plasmid purification
of Plasmids from Yeast from yeast [18].
1. Grow cells overnight at 24 °C in 10 mL of SC medium lacking

the appropriate amino acid (SC-His if the library is made with
pRS313).

. Pellet the cells (density must be very high) at 200 x g and resus-

pend in 100 pL of STET with 0.2 g of 0.5 mm glass beads in
a microfuge tube.

. Vortex the mixture for 5 min.

4. Add 100 pL of STET to the tube and incubate at 100 °C for

3 min.

. Cool on ice briefly and spin in a microfuge at 13,000 x4 for

10 min at 4 °C.

. Transfer the supernatant to a fresh tube containing 50 pL of

7.5 M ammonium acetate.
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7. Incubate the tube for 60 min at -20 °C.

10.
11.

12.

. Spin in a microcentrifuge at 13,000 x4 for 10 min at 4 °C.
. Add 100 pL of the supernatant to 200 pL of ice-cold ethanol

and spin again at 13,000 x g for 10 min at 4 °C.
Wash the pellet twice with 70 % ethanol.

Resuspend the DNA pellet in 20 pL of water and use 10 pL for
transformation of competent E. coli cells (e.g. DHba,
XL10-Gold).

After transformation into competent E. coli cells, isolate the
plasmids and sequence the insert, to identify the suppressor
gene.

If the suppressor is recessive, a plasmid library is transformed

into the suppressed strain and the loss of the suppression pheno-
type is screened among the transformants (Fig. 7).

4 Notes

1.

4.

To prepare the degron strain for a suppressor screen, it is impor-
tant to check the growth of cells under permissive conditions.
Cells should grow well, similar to wild-type cells. As the two
ends of the protein are tagged, it may not function as the wild-
type counterpart, which would interfere with its functioning.
Moreover, the expression and localization of the degron pro-
tein must be compared with those of the wild-type protein. We
observed that the fact that the expression level of the td-innl-
aid protein was much lower (probably related to the larger size
of the protein after degron fusion) compared with the wild-type
protein did not interfere with the growth of cells.

. Similar to that described in Fig. 3, the wild-type and degron

strains must be compared in all conditions via a serial-dilution
assay. In our case, even when using the heat-inducible degron
system, we chose 24 °C as a cell-growth temperature for both
restrictive and permissive conditions, as no revertants appeared
after a prolonged incubation time at that temperature. The
conditions can change depending on the protein of interest.

. Because the genetic screen described here is based on the degra-

dation of the endogenous degron protein in cells, before trying
to clone the suppressor gene, it is advised to test whether the
protein is still degraded in the suppressor clones under restrictive

growth conditions, as is expected for a true suppressor.
After obtaining suppressor clones, whether the suppressor

strain has an additional phenotype should also be assessed [10].
Such an additional phenotype will facilitate the identification of
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the suppressor. If there is no additional phenotype, then the
method described in this protocol should be used.

5. The size of the genomic library used to clone the suppressor is
important. The genomic library that we prepared from the
suppressor strain consisted of approximately 35,000 clones
with an average insert size of 3900 bp. This means that the
library covers the genome about 11 times.

6. Always use NAA when using SC plates, as IAA causes a growth
defect in wild-type cells. In our case, we also reduced the
amount of NAA and supplemented the SC plates with 0.125

mM NAA.
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Chapter 19

Synchronization of the Budding Yeast
Saccharomyces cerevisiae

Magdalena Foltman, lago Molist, and Alberto Sanchez-Diaz

Abstract

A number of model organisms have provided the basis for our understanding of the eukaryotic cell cycle.
These model organisms are generally much easier to manipulate than mammalian cells and as such provide
amenable tools for extensive genetic and biochemical analysis. One of the most common model organisms
used to study the cell cycle is the budding yeast Saccharomyces cerevisine. This model provides the ability to
synchronise cells efficiently at different stages of the cell cycle, which in turn opens up the possibility for
extensive and detailed study of mechanisms regulating the eukaryotic cell cycle. Here, we describe meth-
ods in which budding yeast cells are arrested at a particular phase of the cell cycle and then released from
the block, permitting the study of molecular mechanisms that drive the progression through the cell cycle.

Key words Alpha factor, Hydroxyurea, Nocodazole, cdcl15-2, G1 phase, G2 and M phases, Early S
phase, Mitosis, Budding yeast, Saccharomyces cerevisine, Synchronization

1 Introduction

A significant part of our current understanding of the eukaryotic
cell cycle and its regulation has come from studies involving the
budding yeast, Saccharomyces cevevisine (extensively reviewed, e.g.,
[1-3]). The use of budding yeast as a model organism in research
has tremendous advantages, as it allows powerful genetics to be
combined with a multitude of biochemical analyses and advanced
microscopic studies. One of the most valuable advantages of using
this model organism comes from the ability to efficiently synchro-
nise budding yeast cells in different stages of the cell cycle [4, 5].
Upon arrest, cells can be synchronously released from the block
and allowed to progress through the cell cycle synchronously (this
type of experiment is called: block and release), which enables the
analysis of the mechanisms regulating the eukaryotic cell cycle.

As the name might suggest, daughter cells of budding yeast
cells grow via the formation of a ‘bud’ as they advance through the
cell cycle and therefore cell cycle position can be simply determined

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_19, © Springer Science+Business Media New York 2016
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microscopically by comparing the size of the bud to the mother
cell. Cells in G1 phase are unbudded. At the end of GI1, a small
bud emerges when cells have past the restriction point (named
START in yeast) at which point they are committed for a new
round of cell division. Buds grow in parallel with cell progression
through the cell cycle; therefore, one can easily follow cell syn-
chrony by observing the size of the bud in the population of cells
[6, 7]. The synchrony of the experimental culture in block and
release experiments can be assayed by flow cytometry and micros-
copy (by calculating the budding index, as well as the percentage
of divided nuclei).

Here, we describe two ways to synchronise cells at different
stages of the cell cycle, followed by synchronous release. One
method involves the use of chemical agents that block cell cycle
progression. By removing the chemical from the culture medium,
cells can be released and progress synchronously through the cell
cycle. We report on how to synchronise cells in the G1 phase using
mating pheromone (alpha factor), in early S phase by the addition
of ribonucleotide reductase inhibitor, hydroxyurea (HU), or
induce G2/M arrest by inhibiting microtubule polymerization
with addition of nocodazole to the growth medium [5, 8].

Another efficient way in which synchrony of yeast cells can be
achieved is through the use of temperature-sensitive mutants where
a cell-division cycle gene (cdc) is modified in such a way that it
contains a mutation which makes the protein dysfunctional when
the temperature of the cell culture is changed to restrictive condi-
tions. The advantage of using this type of arrest is that experiments
can be scaled up in a simple and cheap manner without using large
amounts of chemical reagents. We describe in detail the use of a
temperature sensitive mutant, cdcl5-2, which arrests cells in mito-
sis under restrictive conditions [9].

2 Materials

2.1 Cell Cycle Block
and Release

Prepare all solutions using ultrapure water and analytical grade
reagents. Store all reagents and media at room temperature unless
specified otherwise.

. Shaking water bath or shaking incubator.
. Sonicator.

. Microscope.

. Bench centrifuge and microcentrifuge.
. 50 and 1.5 ml tubes.

1
2
3
4. Counting chamber.
5
6
7. 100 ml culture flasks.



2.2 Monitoring
Synchrony of the Cell
Culture

10.

11.

12.
13.

14.
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. Haploid yeast cells (IMPORTANT arrest with alpha factor

requires MATa strain).

. YPD growth medium (1 % yeast extract, 2 % peptone, 2 % glu-

cose). Glucose should be prepared separately as 20 % stock
solution and autoclaved.

2x YP concentrated growth medium (2 % yeast extract, 4 %
peptone).

Mating pheromone (alpha factor)—prepare stock solution of 5
mg,/ml dissolved in water and store at -20 °C (see Note 1).
0.6 M Hydroxyurea (HU), store at 4 °C.

YPDHU growth medium, for 500 ml use 250 ml 2x YP, 50 ml
glucose, 167 ml 0.6 M hydroxyurea, 33 ml sterile water.
Glucose should be prepared separately as 20 % stock solution
and autoclaved (see Note 2).

Nocodazole—prepare stock solution of 2 mg/ml in DMSO
and store at -20 °C.

. Flow cytometer.

. Microscope.

. 5 ml FACS tubes.

. 1.5 ml tubes.

. Poly-L-lysine-coated slides and cover slides.

. 70 % ethanol.

. RNase A—prepare 10 mg/ml stock solution in 10 mM Tris—

HCI pH 7.5, 15 mM NaCl and boil for 15 min, aliquot and
store at =20 °C.

. 50 mM Sodium citrate—prepare 0.5 M stock solution.
. 50 mM HCl—prepare 0.5 M stock solution.

10.
11.

Porcine pepsin (AMS Biotechnology).

Propidium iodide (PI) (Sigma)—prepare stock solution of 0.5
mg,/ml in water, protect from light and store at 4 °C.

3 Methods

3.1 Cell Cycle Block
and Release

In block and release experiments budding yeast cells are arrested
at the appropriate stage of the cell cycle and subsequently
released from that particular block. Experimental samples can be
collected at different times after the release to study the molecu-
lar mechanism associated with a particular phase of the cell cycle.
In order to achieve successful synchrony yeast cultures are used
in early logarithmic phase (log phase) of growth [10]. The easi-
est way to monitor yeast growth is by counting the cell number.
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3.1.1  Mating Pheromone
(Alpha Factor) Arrest
and Release

For early logarithmic phase a density of cells between 5 and
10x10° cells/ml is required. Therefore any synchronization
experiment requires determination of cell density as the first step
in the protocol.

Mating pheromone, called alpha factor, is a peptide produced by
mating type alpha (MATa) cells (see Note 1) that binds to its cor-
responding receptors on mating type a (MATa) cells. Binding of
alpha factor to the receptor on a recipient cell leads to the inhibi-
tion of Cln-Cdc28 kinase activity; thus cells are arrested in Gl
phase of the cell cycle with 1C DNA content and present a charac-
teristic projection called “shmoo” (Fig. 1a) [4, 11].

1. Inoculate 1-2 yeast colonies of MATa strain of your choice
(yeast colonies have been grown on a plate for 3 days at 24 °C)
in 50 ml of YPD medium (in 100 ml flask) and culture over-
night at 24 °C in shaking water bath or incubator.

2. Take 1 ml of cell culture the following morning, sonicate for 4
s, count cells, and dilute to concentration of 4 x 10° cells/ml in
50 ml of YPD medium (see Note 3).

nocodazole arrest cdc15-2 arrest

Fig. 1 Examples of yeast cells arrested at different stages of the cell cycle. (a)
Budding yeast cells arrested in G1 phase with mating pheromone in YPD medium
at 24 °C. (b) Budding yeast cells arrested in early S phase with hydroxyurea in
YPD medium at 24 °C. (¢) Budding yeast cells arrested in G2 and M phases with
nocodazole in YPD medium at 24 °C. (d) Temperature-sensitive cdc15-2 cells
arrested in mitosis in YPD medium at 37 °C. The bar represents 2 um
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. Grow cell culture at 24 °C until cells reach density of 7x10°

cells/ml (see Note 4).

. When cells reach 7x10° cells/ml, add 7.5 pg/ml of alpha-

factor and grow culture for further 2 h. Then, start adding 2.5
pg/ml of alpha factor every 20 min (se¢ Note 5).

. After two and a half hours of first alpha factor addition start

monitoring cell cycle arrest by microscopy. Take 1 ml of the
culture, sonicate for 4 s, and examine cells under the micro-
scope; alpha factor arrest is successful when the number of cells
presenting a characteristic projection, called “shmoo,” is
higher than 90 % (Fig. 1a) (see Note 6).

. To release cells from alpha factor arrest, spin down the culture

at 200 xg for 3 min in 50 ml tube, take off supernatant, and
wash the pellet with 10 ml of YPD medium.

. Spin down the culture at 200 x4 for 3 min, take off superna-

tant, and repeat the wash as in step 6.

. Resuspend the pellet in 50 ml of YPD medium and release cells

from alpha factor arrest by transferring the culture back to
24 °C. Start collecting experimental samples for downstream
applications at the beginning of the release and then every
15 min to monitor the synchrony and cell progression.

Hydroxyurea is a chemical reagent that blocks DNA metabolism of
yeast cells in early S phase of the cell cycle by inhibiting the enzyme
ribonucleotide reductase [4], subsequently cells accumulate with
small buds (Fig. 1b) and DNA content between 1C and 2C. In our
experience the best way to synchronise the culture efficiently is to
synchronise cells first in G1 phase of the cell cycle with alpha factor
and then synchronously shift cells to medium containing hydroxy-
urea for efficient early S phase arrest (see Note 2).

1.

Inoculate 1-2 yeast colonies of MATa strain of your choice
(yeast colonies have been grown on a plate for 3 days at 24 °C)
in 50 ml of YPD medium (in 100 ml flask) and culture over-
night at 24 °C in shaking water bath or incubator.

. Take 1 ml of cell culture the following morning, sonicate for 4

s, count cells, and dilute to a concentration of 4 x 10° cells/ml
in 50 ml of YPD medium (see Note 3).

. Grow cell culture at 24 °C until cells will reach concentration

of 7x10°¢ cells/ml (see Note 4).

. When cells reach 7x10°¢ cells/ml, add 7.5 pg/ml of alpha-

factor and grow culture for further 2 h. Then, start adding 2.5
pg/ml of alpha factor every 20 min (see Note 5).

. After two and a half hours of alpha factor start monitoring the

cell cycle arrest by microscopy. Take 1 ml of the culture, soni-
cate for 4 s, and examine cells under microscope; alpha factor
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3.1.3  Nocodazole Arrest
and Release

10.

11.

arrest is successful when the number of cells presenting a
characteristic projection called “shmoo” is higher than 90 %
(Fig. 1a) (see Notes 6 and 7).

. Once arrested in GI1 phase the culture needs to be synchro-

nously released into YPDHU medium containing 0.2 M
hydroxyurea (see Note 2). Spin down cells at 200 x g4 for 3 min
in 50 ml tube, take off supernatant, and wash the pellet with
10 ml of YPDHU medium.

. Spin down the culture at 200 x4 for 3 min, take off superna-

tant and repeat the wash as in step 6.

. Resuspend cells in 50 ml of fresh YPDHU medium and incu-

bate the culture for additional 90 min at 24 °C. Monitor cell
cycle arrest by microscopy, take 1 ml of the culture, sonicate
for 4 s, and examine cells under microscope; hydroxyurea
arrest is successful when the number of cells presenting small
buds is higher than 90 % (Fig. 1b).

. To release cells from hydroxyurea arrest in early S phase, spin

down the culture at 200 x4 for 3 min in 50 ml tube, take off
supernatant, and wash the pellet with 10 ml of YPD medium.

Spin down the culture at 200 x4 for 3 min, take off superna-
tant, and repeat the wash as in step 9.

Resuspend the pellet in 50 ml of YPD medium and release cells
from hydroxyurea arrest by transferring the culture back at
24 °C. Start collecting experimental samples for downstream
applications at the beginning of the release and then every
15 min to monitor the synchrony and cell progression.

Nocodazole is a chemical agent that inhibits microtubule polymer-
ization, and thus blocks cells in G2 and M phases. After addition of
nocodazole to the growth media, cells accumulate as large budded
cells (Fig. 1¢) with 2C DNA content and undivided nuclei.

1.

Inoculate 1-2 yeast colonies of MATa or MATa strain of your
choice (yeast colonies have been grown on a plate for 3 days at
24 °C) in 50 ml of YPD medium (in 100 ml flask) and culture

overnight at 24 °C in shaking water bath or incubator.

. Take 1 ml of cell culture the following morning, sonicate for 4

s, count cells, and dilute to concentration of 4 x 10° cells/ml in
50 ml of YPD medium (see Note 3).

. Grow cell culture at 24 °C until cells will reach concentration

of 7x 106 cells/ml (see Note 4).

. When cells reach 7x 10° cells/ml, add 5 pg/ml of nocodazole

and grow culture for further 3 h at 24 °C.

. After two and a half hours of incubation with nocodazole start

monitoring cell cycle arrest by microscopy. Take 1 ml of the
culture, sonicate for 4 s, and examine cells under microscope;
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nocodazole arrest is successful when number of cells present-
ing large buds is higher than 90 % (Fig. 1c¢).

. To release cells from nocodazole arrest in G2/M, spin down

the culture at 200 x g for 3 min in 50 ml tube, take oft super-
natant, and wash the pellet with 10 ml of YPD medium.

. Spin down the culture at 200 x4 for 3 min, take off superna-

tant, and repeat the wash as in step 6.

. Resuspend the pellet in 50 ml of YPD medium and release cells

from nocodazole arrest by transferring the culture back to
24 °C. Start collecting experimental samples for downstream
applications at the beginning of the release and then every
15 min to monitor the synchrony and cell progression.

A widely used temperature-sensitive mutant is the allele cdc15-2
which contains the temperature-sensitive mutation in a protein
kinase. Cdcl5 is required for budding yeast cells to exit from mito-

sis,

so when grown at the restrictive temperature (37 °C) the

mutated allele cdcl5-2 blocks cells in mitosis, precisely in late ana-
phase with a characteristic morphology of cells with large buds
(Fig. 1d) [9].

1.

Inoculate 1-2 yeast colonies of MATa or MATa strain of your
choice (yeast colonies have been grown on a plate for 3 days at
24 °C) in 50 ml of YPD medium (in 100 ml flask) and culture
overnight at 24 °C in shaking water bath or incubator.

. Take 1 ml of cell culture the following morning, sonicate for

4 s, count cells, and dilute to a concentration of 4 x 10° cells/
ml in 50 ml of YPD medium (see Note 3).

. Grow cell culture at 24 °C until cells will reach concentration

of 7x10°¢ cells/ml (see Note 4).

. Spin down the culture at 200 x g for 3 min in 50 ml tube then

resuspend the pellet in 50 ml of YPD medium, which was pre-
warmed at 37 °C for at least 1 h.

. Incubate the culture at 37 °C for 3 h to arrest.

6. Monitor the cell cycle arrest by microscopy, each time take

1 ml of the culture, sonicate for 4 s, and examine cells under
microscope; cdcl5-2 arrest is successful when number of cells
presenting large buds is higher than 90 % (Fig. 1d).

. To release cells from cdcl5-2 arrest, spin down the culture at

200x g for 3 min in 50 ml tube and then resuspend the pellet
in 50 ml of YPD medium kept previously at 24 °C.

. Release cells from cdcl5-2 arrest by transferring the culture

back at 24 °C. Start collecting experimental samples for down-
stream applications at the beginning of the release and then
every 15 min to monitor the synchrony and cell progression.
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3.2 Monitoring
the Synchrony of Cell
Gulture

3.2.1 Percentage
of Budded Cells
(Budding Index)

Achieving synchrony is critical for the success of any experiment,
thus it needs to be precisely monitored. The percentage of budded
cells (budding index) can be easily determined. In addition, DNA
content can be studied by flow cytometry; analysis of the histo-
gram plot can determine percentage of cells at the G1 phase (1C
DNA content), G2 and M phases (2C DNA content) or cells
undergoing chromosome replication, as the valley between 1C and
2C DNA peaks (Fig. 2a). Finally, progression through mitosis can
be determined by counting divided nuclei of stained cells under a
fluorescence microscope.

Cell cycle stage of budding yeast cells can be easily assigned using
phase contrast microscopy. Budding yeast divide by budding so the
progression through cell cycle is assessed by the size of the growing
bud. Budding index represents the percentage of budded cells in
the population and gives the indication of the synchrony of the
culture, as well as helping to determine whether subsequent pro-
gression through cell cycle following release was synchronous.
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Fig. 2 Monitoring the synchrony of the cell culture. (a) Standard histogram rep-
resenting an asynchronous culture. Here, it shows three populations of cells: P3
containing 1C DNA content, P5 for 2C DNA content and the intermediate P4,
which corresponds to cells undergoing chromosome replication. (b) Standard
histogram overlay for G1 arrest and release experiment. Wild-type cells were
grown in YPD medium at 24 °C. Samples were collected from the asynchronous
culture, then from G1 arrest and every 30 min upon the release from G1 phase.
(c) Typical analysis of binucleate cells in G1 arrest and release experiment. Wild-
type cells were grown in YPD medium at 24 °C. Samples were collected and
binucleate cells counted every 15 min upon the release from G1 phase
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1. Take 1 ml of the yeast culture, sonicate for 4 s to ensure separa-
tion of all mother and daughter cells, and keep cells on ice (see
Note 8).

2. Spin down cells at full speed in microcentrifuge for 30 s.
3. Take oft the supernatant leaving 20 pl at the bottom of the tube.

4. Resuspend cells by pipetting up and down for a minimum of
40 times.

5. Examine 3 pl of cells under phase-contrast microscope and
determine the budding index, counted from a minimum of
100 cells.

Flow cytometry allows the study of cell cycle progression. DNA of
fixed cells is stained with a fluorescent dye, here propidium iodide,
and subsequently cells are passed through a laser flow cytometer
[12-14]. A histogram plot, in which DNA content is shown, provides
information about the synchrony of the culture, as well as helping to
determine whether subsequent progression through the cell cycle
after release was synchronous. The protocol described here is based
on the use of Becton-Dickinson FACScan or FACSort cytometer.

1. During block and release experiments described above, take
1 ml of the yeast culture, transfer to 1.5 ml tube, and spin
down at 17,000 xg (full speed in microcentrifuge) for 30 s.
Take oft supernatant.

2. Resuspend cell pellet in 1 ml of cold 70 % ethanol and vortex
vigorously to fix cells (see Note 9).

3. After completion of the experiment, add 100 pl of fixed cells
from every time point to a 1.5 ml tube containing 1 ml of 50
mM sodium citrate to rehydrate cells.

4. Spin down cells at 17,000 x4 for 2 min and take off superna-
tant carefully (see Note 10).

5. Resuspend the pellet in 500 pl of 50 mM sodium citrate con-
taining 0.1 mg/ml RNase A and incubate at 37 °C for 2 h
(see Note 11).

6. During this incubation prepare 5 mg/ml pepsin porcine resus-
pended in 50 mM HCI (see Note 12).

7. After incubation spin down cells at 17,000 x g and resuspend
cells in 500 pl of 5 mg/ml pepsin in 50 mM HCI solution.
Incubate samples at 37 °C for 30 min (see Note 13).

8. Spin down cells at 17,000 x4 for 2 min and take off supernatant.

9. Resuspend cells in 1 ml of 50 mM sodium citrate buffer sup-
plemented with 2 pg/ml propidium iodide and protect sam-
ples from light (see Note 14).

10. Sonicate samples for 5 s and transfer them to 5 ml FACS tube.
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3.2.3 Percentage
of Divided Nuclei
(Binucleate Cells Counting)

11. Settings of the flow cytometer need to be adjusted before every
experiment using an asynchronous sample taken at the begin-
ning of each experiment and need to be determined for each
experiment separately (see Note 15). A representative example
of the histogram for an asynchronous culture stained with
propidium iodide is presented in Fig. 2a. The diagram repre-
sents the number of cells in the culture against their fluores-
cent signal of propidium iodide (PE-A). The parameters that
need to be changed manually in order to achieve this type of
graph are detector voltage and amplifier gain. It is recom-
mended to analyze 100,000 cells for each time point.

12. Vortex samples briefly just before mounting the tube at the
cytometer and pass each sample on the low speed setting (500-
1000 cells/s).

13. After collecting data from all experimental time-points we
choose to present them as an overlay of histogram plots as
shown in Fig. 2b (see Note 16).

A helpful way of monitoring the synchrony of the culture and pro-
gression through cell cycle is based on following cell nuclei. Flow
cytometry determines DNA content, but is unable to address
whether cells with 2C DNA content have undergone mitosis: cells
will have their nuclei divided but they will still share their cyto-
plasms. Therefore counting binucleate cells is a useful way to
determine progression through mitosis. Once sample has been
analysed by flow cytometry, the same sample can be used to deter-
mine divided nuclei. Alternatively, samples can be prepared using
this method to count binucleate cells, as it guarantees separation
between cells, which undoubtedly facilitates their identification.
An example of the binucleate cell analysis is presented in Fig. 2c.
If cells have been used previously for flow cytometry analysis, then
proceed directly to step 10.

1. Take 1 ml of the yeast culture and spin down at 17,000 x g (full
speed in microcentrifuge) for 30 s. Take off supernatant.

2. Resuspend cell pellet in 1 ml of cold 70 % ethanol and vortex
vigorously to fix cells (see Note 9).

3. Add 100 pl of fixed cells to 1.5 ml tube containing 1 ml of
50 mM sodium citrate.

4. Spin down cells at 17,000 x g4 for 2 min and take off superna-
tant (see Note 10).

5. Resuspend the pellet in 1 ml of 50 mM sodium citrate con-
taining 0.1 mg/ml RNase A and incubate at 37 °C for 2 h
(see Note 11).

6. During this incubation prepare 5 mg/ml porcine pepsin resus-
pended in 50 mM HCI (see Note 12).
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. After incubation spin down cells at 17,000 x4 and resuspend

cells in 500 pl of 5 mg/ml pepsin in 50 mM HCI solution.
Incubate samples at 37 °C for 30 min (see Note 13).

8. Spin down cells at 17,000 x4 for 2 min and take off supernatant.

9. Resuspend cells in 1 ml of 50 mM sodium citrate bufter

10.
11.
12.

13.

supplemented with 2 pg/ml propidium iodide and protect
samples from light (see Note 14).

Spin down cells at full speed in microcentrifuge for 30 s.
Take off the supernatant leaving 20 pl at the bottom of the tube.

Resuspend cells by pipetting up and down for a minimum of
40 times.

Examine 1,8 pl of cells using rhodamine-specific filter set on
fluorescence microscope. For each time point we determine
the number of binucleates from a minimum of 100 cells.

4 Notes

. The sequence of the alpha factor peptide is as follows Trp-His-

Trp-Leu-Gln-Leu-Lys-Pro-Gly-GIn-Pro-Met-Tyr
(WHWLQLKPGQPMY).

. Hydroxyurea needs to be used at high concentration (final

concentration of hydroxyurea required for experiment is
0.2 M) and hydroxyurea powder is difficult to dissolve, so the
use of concentrated 2x YP medium is recommended. For small
volumes it is possible to weigh the required amount of hydroxy-
urea powder and adding it directly to the growing medium
however one needs to be sure that hydroxyurea powder is
completely dissolved before using the medium.

. We routinely count cells microscopically using widely available

counting chambers. In this way, apart from getting to know
number of cells per millilitre, we can observe cells directly and
detect any growth or contamination problems.

. The growth of the culture might take up to 1.5-2 h at 24 °C.

It depends mainly on the sugar source used in the medium and
the temperature in which cells are growing, YP supplemented
with glucose at 24 °C will require around 1.5 h, while YP sup-
plemented with raffinose or galactose at 24 °C will require
time closer to 2 h. Growth rate will depend on the strain of
interest too.

. The main drawback of using alpha factor is that budding yeast

cells secrete proteases (mainly Barl) which degrade alpha fac-
tor in the medium, so the longer cells are incubated with mat-
ing pheromone, the less alpha factor will be left in the medium.
This means that cells will not arrest properly and will leak past
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12.

13.

14.

15.

16.

the G1 block unless regular amounts of alpha factor are added.
At later stages of the alpha factor arrest, look for any sign of
tiny emerging buds, as that would indicate that cells have
leaked from the arrest.

. When yeast cultures are grown at 24 °C alpha factor arrest will

normally take around 3 h in YP medium containing glucose or
three and a half hours in YP medium supplemented with raffi-
nose or galactose.

. We routinely use longer G1 arrest before the release into early

S phase arrest for three and a half hours in YPD medium to
allow all cells to grow enough to be above the minimum size
needed for START, so that they will enter S phase more
synchronously.

. Samples stored in growth medium can be kept at 4 °C for up to

1 h. For longer storage, spin cells down and resuspend in PBS.

. Samples can be stored at this stage at 4 °C.
10.
11.

The pellet formed at this stage will not be readily visible.

This step is required to digest RNA content of the sample. At
this stage you might extend the incubation to a few hours
without disturbing the staining of samples.

As pepsin powder is difficult to resuspend, we recommend plac-
ing suspension at 37 °C to help porcine pepsin go into solution.

It is essential to keep this incubation time to 30 min precisely,
as extending incubation time with pepsin will result in damage
to the samples.

If samples are not going to be passed through flow cytometer
immediately, they can be wrapped in aluminium foil and stored
overnight at 4 °C. It is recommended to pass samples through
cytometer within 48 h from the time of preparation.

The manual settings of the cytometer depend on the type of
the flow cytometer and your experimental strain so need to be
adjusted properly for each experiment. It is crucial to collect an
asynchronous sample for each experimental strain and use it for
setting up the machine.

We find that presenting outcome data as an overlay of histogram
plots makes it easier to follow and presents the synchronous pro-
gression through the cell cycle in a much more visible way.
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Chapter 20

Fission Yeast Cell Cycle Synchronization Methods

Marta Tormos-Pérez, Livia Pérez-Hidalgo, and Sergio Moreno

Abstract

Fission yeast cells can be synchronized by cell cycle arrest and release or by size selection. Cell cycle arrest
synchronization is based on the block and release of temperature-sensitive cell cycle mutants or treatment
with drugs. The most widely used approaches are cdc10-129 for G1; hydroxyurea (HU) for early S-phase;
cdc25-22 for G2, and nda3-KM311 for mitosis. Cells can also be synchronized by size selection using cen-
trifugal elutriation or a lactose gradient. Here we describe the methods most commonly used to synchro-
nize fission yeast cells.

Key words Fission yeast, Schizosaccharomyces pombe, Synchronization, Block and release, cdc10-129,
cdc25-22, nda3-KM311, HU, Centrifugal elutriation, Lactose gradient, Gl-phase, S-phase,
G2-phase, Mitosis

1 Introduction

The fission yeast Schizosaccharomyces pombe has been widely used
for the analysis of the cell cycle [1], mitosis [2] and cytokinesis [3].
A wild-type S. pombe cell is rod shaped, grows by elongation, and
divides by medial fission. The identification of cell-cycle mutants
has allowed the genetic and biochemical analysis of cell division
[1]. Fission yeast cells can be synchronized in Gl using the
temperature-sensitive cdcl0-129 mutant. CdclO0 is a transcription
factor that forms a heterodimer with Resl or Res2 and is activated
at the end of GI1 to promote the expression of S-phase genes [4].
Fission yeast cells can also be synchronized in early S-phase with
hydroxyurea (HU), a powerful inhibitor of ribonucleotide reduc-
tase. This HU treatment leads to the depletion of ANTP pools [5].
They can also be synchronized in late G2, using the temperature-
sensitive cdc25-22 mutant [6], which is defective in the Cdc25 pro-
tein phosphatase that activates Cdc2/Cdcl3 (Cdkl/Cyclin B) at
the onset of mitosis. Finally, synchronization can be performed in
mitosis using the cold-sensitive nda3-KM311 mutant, defective in

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_20, © Springer Science+Business Media New York 2016
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B-tubulin, which arrests in metaphase with condensed chromosomes
without a mitotic spindle, when shifted to 20 °C [7].

Synchronization by size selection can be achieved by elutria-
tion [8] or by using lactose gradients [9]. Both methods select the
smallest cells in the culture, which are in early G2 in wild-type cells
growing in rich media. Centrifugal elutriation allows the separa-
tion of the smallest cells based on the combination of two opposite
forces: sedimentation of the cells in a centrifugal field, and liquid
counterflow by the growth medium. Since the yeast cells are elutri-
ated at 25 °C and there is a continuous flow of nutrients, they
continue to grow in the rotor and perturbations are minimal.
Although elutriation is by far the best choice, synchronization by
lactose gradients is a cheaper alternative that does not require any
special equipment and can be performed simultaneously with sev-
eral strains. Lactose is used because it cannot be metabolized by
fission yeast cells and does not affect growth. One drawback of this
technique is that only small volumes of cells can be processed; such
volumes may be sufficient for microscopy, but they limit the num-
ber of samples that can be taken for protein or RNA studies.
In these cases, elutriation is the preferred method.

2 Materials and Equipment

2.1 Strains

1. Wild-type 4- 972.
2. h-cdcl0-129.

3. h-cdc25-22.

4. h-nda3-KM311.

If possible, prototrophic strains (without auxotrophic markers)
isogenic to the wild type should be used to be able to compare the
results.

Fission yeast cells are grown in yeast extract with supplements
medium (YES) (0.5 % yeast extract; 3 % glucose; 225 mg/1 ade-
nine, histidine, leucine, uracil, and lysine hydrochloride; adjust the
pH to 5.6 with HCI) or in Edinburg Minimal Medium (EMM) (3
g/l potassium hydrogen phthalate, 2.2 g/1 Na,HPO,, 5 g/I1
NH,CI, 2 % glucose, 20 ml /1 salts, 0.1 ml/] minerals, 1 ml/I vita-
mins, pH 5.6 with HCI) (Salts 50x stock: 52.5 g/1 MgCl,-6H,0,
0.735 mg/1 CaCl,-2H,0, 50 g/1 KCl, plus 2 g/l Na,SO,4; miner-
als 10,000x stock: 5 g/l boric acid, 4 g/l MnSO4, 4 g/l
7ZnS047H,0, 2 g/1 FeCl,-6H,0, 0.4 g/l molybdic acid, 1 g/1 KI,
0.4 g/1 CuSO,-5H,0, plus 10 g/1 citric acid; vitamins 1000x
stock: 1 g/l pantothenic acid, 10 g/l nicotinic acid, 10 g/1
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Gradients
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myo-inositol, plus 10 mg/1 biotin). If auxotrophic strains are used
it is required to add 225 mg/1 of supplements to EMM [10].
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. Shaking water baths at 20, 25, 32, and 36 °C.

. Thermometer.

Ice.

. Hydroxyurea (HU). Prepare 1 M stock solution by dissolving

0.076 g of HU powder in 1 ml of water.

. Phloxin B. Prepare 1000x stock solution (5 mg/ml) by dis-

solving 1 g of phloxin-B powder in 200 ml of water. Filtrate
the solution and store it at 4 °C wrapped in aluminium foil to
protect it from the light. To prepare YES-phloxin-B plates add
the phloxin B when the medium has cooled below 60 °C.

. Centrifuge for 50 ml tubes.
. 50 ml screw-cap tubes.
. 100 ml and 1 I flasks.

. Beckman centrifuge (Avanti J-201, J-21 or J-6 M/E) equipped

with a stroboscopic lamp and a viewing window on the lid.

. Elutriator rotor (JE 5.0 or JE-6B).

. Peristaltic pump.

. Bubble trap.

. Pressure gauge.

. Two 5 I flasks.

. Ten to fifteen 250 ml flasks.

. Spectrophotometer.

. Microscope.

. Shaking water bath at 25 °C.

. 0.2 % diethyl pyrocarbonate (DEPC). Add 1 ml of DEPC to

1 | of water. Shake well and incubate at 37 °C for 12 h
before use.

. Lactose.
. Centrifuges for 1.5 and 50 ml tubes.
. 1.5 and 50 ml tubes.

. Microscope.

. 1.5 ml tubes.

. Microcentrifuge.

. 70 % ethanol.

. Phosphate-buffered saline (PBS).
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2.6 Flow Cytometry

N

[ 2 O I S R

. DAPI (4',6-diamidino-2-phenylindole). Prepare 1 mg/ml

stock solution in PBS; dilute to 0.1 mg/ml, protect from the
light, and store at =20 °C. Prepare a 5 mg/ml stock solution
of Calcofluor in water. Dilute to 50 pg/ml in PBS and store at
-20 °C.

. Slides and cover slips.

. Fluorescence microscope.

. 1.5 ml tubes.

. Microcentrifuge.
. 70 % ethanol.

. FACS tubes.

. 50 mM sodium citrate (freshly prepared from a stock solution

of 0.5 M).

. RNase A. Prepare 10 mg/ml stock solution in 10 mM Tris—

HCI, pH 7.5, plus 15 mM NaCl. Boil for 10 min, aliquot, and
store at -20 °C.

. Propidium iodide (PI). Prepare stock solution of 4 mg/ml in

water, protect from the light, and store at =20 °C.

. Sonicator.
. Flow cytometer.
10.

Cell Quest software to analyze and represent the data acquired
with the flow cytometer.

3 Methods

3.1 Synchronizing
Fission Yeast Gells
in G1

with the cdc10-129
Mutant

The ¢dcl0-129 mutant can be blocked in GI1 for 4 h at 36 °C
(Fig. 1) and then released to 25 °C to allow the cells to enter into
S-phase synchronously. Samples can be taken at the block point
(Gl-phase) and every 15 min after release for flow cytometry, RNA
and protein analyses, etc. In a typical experiment, S-phase is
completed approximately 90 min after release.

1.

Pick a single colony of the h-cdcl10-129 strain from a fresh
(3-day-old) YES plate and inoculate 20 ml of YES liquid in a
100 ml flask. Incubate for 24—48 h at 25 °C in a shaking water
bath.

. Use this culture to inoculate 300 ml of EMM in a 1 [ flask.

Incubate overnight at 25 °C in a shaking water bath until the
culture reaches a density of 0.5-1x107 cells/ml. Note that
the generation time of S. pombe in EMM at 25 °C is approxi-
mately 4 h.



3.2 Synchronizing
Fission Yeast Cells

in Early S-Phase with
Hydroxyurea
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Fig. 1 Cell cycle arrest in G1 of the cdc10-129 mutant. cdc10-129 mutant cells
were grown in two different media, YES and EMM, and shifted to 36 °C. Samples
were taken at the indicated times and analysed by flow cytometry. 1C cells are
in G1

3. The following day, determine the cell number and dilute the
culture with fresh EMM to 4 x 106 cells/ml. Shift the 300 ml
culture to 36 °C for 4 h in a shaking water bath.

4. Prepare ice-cold water in a sink. Remove the flask from the
36 °C water bath, introduce a thermometer into the liquid
culture and rapidly cool the culture down by manually shaking
the flask in the ice-cold water. When temperature drops to 25 °C,
place the flask in the 25 °C shaking water bath (se¢ Note 1).

5. Samples can be taken after 4 h at 36 °C (Gl -arrested cells) and
every 15 min after release (sec Notes 2—4).

6. Take a sample for flow cytometry to determine the synchrony
of cultures (Fig. 1, see Subheading 3.7).

Fission yeast cells treated with 12 mM hydroxyurea (HU) for 4 h
arrest their cell cycle in early S-phase. When the drug is removed
from the growth medium, cells resume the cell cycle in a synchro-
nized manner. In comparison with cdcl0-129 and cdc25-22
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3.3 Synchronizing
Fission Yeast Gells
in G2 with the
cdc25-22 Mutant

synchronization, this method has the advantage that it can be used
to synchronize thermosensitive mutants at 25 °C, which, after
release, can be inactivated at the restrictive temperature. Since
hydroxyurea disturbs DNA replication, it might not be the most
appropriate synchronization method for some DNA replication or
checkpoint mutants.

1. Grow the fission yeast cells in YES or EMM to log phase
(4x10° cells/ml) at the desired temperature in an incubator or
shaking water bath.

2. Take a sample corresponding to “asynchronous cells”.

3. Add the hydroxyurea to a final concentration of 12 mM from
a 1 M HU stock solution (see Notes 5 and 6).

4. Grow the cells in 12 mM HU for 4 h. Depending on the tem-
peratures and the media used, the cells need more or less time
to reach S-phase and arrest, but 4 h should be sufficient at all
temperatures in both YES and EMM.

5. Take a sample after 4 h in HU, corresponding to “carly S-phase
arrest”.

6. Remove the HU from the medium to release the cells from
arrest. This can be done by washing the cells twice with 40 ml
of fresh pre-warmed medium without hydroxyurea. Washing
can be achieved by centrifugation at 1800 x g, for 5 min at
room temperature. Alternatively, cell filtration may be a quicker
and less stressful method (see Note 7).

7. Resuspend the cell pellets in pre-warmed medium without
hydroxyurea to a final concentration of 4 x 10° cells/ml. In the
case of filtration, place the filter in the medium and resuspend
the cells by shaking the flask manually.

8. Incubate cells at the desired temperature and take samples every
15 min to monitor cell cycle progression by flow cytometry and
DAPI and Calcofluor staining (Fig. 2, see Subheading 3.7).

The cdc25-22 mutant can be blocked at the end of G2 after incuba-
tion for 4 h at 36 °C followed by release to 25 °C to allow the cells
to enter into mitosis synchronously (Fig. 3). Samples can be taken
at the block point (G2/M boundary) and every 10 min after
release for RNA and protein analyses, DAPI and Calcofluor stain-
ing, etc. In a typical experiment, metaphase takes place at approxi-
mately 20 min; anaphase at 30 min; and septation at 80 min after
release (Fig. 3).

1. Pick a single colony of the 4-cdc25-22 strain from a fresh (3-day-
old) YES plate and inoculate 20 ml of YES liquid in a 100 ml
flask. Incubate for 24—48 h at 25 °C in a shaking water bath.
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Fig. 2 Cell cycle block and release in early S-phase with HU. Wild-type cells were
blocked in early S-phase in YES medium containing 12 mM of HU for 4 h and
then released into fresh medium. Samples were taken at the indicated times and
analyzed by flow cytometry. S-phase progression was observed at 60 min after
release. Asn asynchronous culture

2. Use this culture to inoculate 300 ml of EMM in a 1 1 flask.
Incubate overnight at 25 °C in a shaking water bath until the
culture reaches a density of 0.5-1 x 107 cells/ml. Note that the
generation time of S. pombe in EMM at this temperature is
approximately 4 h.

3. The following day, determine the cell concentration and dilute
the culture with fresh EMM to 4x10° cells/ml. Shift the
300 ml culture to 36 °C for 4 h in a shaking water bath.

4. Rapidly cool down the culture by shaking the flask manually in
ice-cold water. When temperature drops to 25 °C place the
flask in a shaking water bath at 25 °C (se¢ Note 1).
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Fig. 3 Cell cycle block and release in late G2 of the cdc25-22 mutant. (a) Percentage of cells in G2 (cells with
a single interphase nucleus), mitosis (anaphase-cells with two nuclei), and undergoing cytokinesis (cells with
one septum). Samples were taken every 10 min for the first 40 min, and then every 20 min up to 4 h after
cdc25-22 release. (b) Levels of Cdc13 (Cyclin B) by Western blot during the two cell cycles after cdc25-22
release. Cdc13 becomes degraded during anaphase. (¢) DAPI-Calcofluor staining of fixed cdc25-22 cells at the
block time (G2 phase) and at 20 min (metaphase), 30 min (anaphase), and 80 min (septa formation) after
release

5. Samples can be taken after 4 h at 36 °C (G2-arrested cells) and
every 10 min after release up to 40 min and then every 20 min
(see Notes 4 and 8).

6. To determine the degree of synchrony, the mitotic index (per-
centage of cells with two nuclei) can be determined after DAPI
staining and the septation index (percentage of cells with one
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3.5 Synchronization
in Early G2 Using
Centrifugal Elutriation
(See Note 10)
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complete septum) can be determined after Calcofluor staining
(Fig. 3) (see Subheading 3.7, see Note 9).

When nda3-KM311 cells are incubated at 20 °C they arrest in
metaphase with condensed chromosomes but no mitotic spindle

[7].

The nda3-KM311 strain has a tendency to diploidize

spontaneously at 32 °C. Therefore, before starting the experiment
it is important to check the ploidy of the strain by growing the cells
on YES containing phloxin B and to refresh the colonies every 2
days in YES.

1.

Pick a single light-pink colony from a fresh (2-3-day-old) YES-
phloxin-B plate and inoculate 20 ml of YES liquid in a 100-ml
flask. Incubate at 32 °C overnight in a shaking water bath.

. Use this culture to inoculate 200 ml of YES medium ina 0.51

flask. Incubate overnight at 32 °C in a shaking water bath until
the culture reaches 0.5-1 x 107 cells/ml. Note that the genera-
tion time of S. pombe at 32 °C in YES is approximately 2.5 h.

. The following day, determine the cell concentration and dilute

the culture with fresh YES to 4 x 10° cells/ml. Shift the 200 ml
culture to 20 °C for 8 h. After this time 80-90 % of the cells
should show condensed chromosomes after DAPI staining.
We normally place the water bath in the cold room and adjust
the temperature to 20 °C.

. To release the cells from the block, shift the culture to 32 °C

in a shaking water bath.

. Samples can be taken at the block (metaphase) and every 5 min

after release.

. To determine the degree of synchrony, the mitotic index (per-

centage of cells with two nuclei) can be determined after DAPI
staining and the septation index (percentage of cells with one
complete septum) can be estimated after Calcofluor staining
(see Subheading 3.7).

. Pick a single wild-type colony from a fresh (3-day-old) YES

plate and inoculate 20 ml of YES liquid in a 100 ml flask.
Incubate for 2448 h at 32 °C in a shaking water bath.

. Use this culture to inoculate 300 ml of EMM in a 1 1 flask.

Incubate overnight at 32 °C in a shaking water bath until the
culture reaches a density of 107 cells/ml.

. The following day, inoculate 4 1 of EMM using the overnight

culture. Divide the 4 1 of inoculated EMM in two 5 1 flasks,
each containing 2 1 of EMM, and incubate overnight at
25 °C. Note that the generation time of S. pombe at this tem-
perature is approximately 4 h.

. Install the elutriator rotor in the centrifuge the day before the

elutriation experiment. Figure 4 shows a picture of the elutria-
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elutriator rotor

Fig. 4 Elutriation setup. Components of the elutriation system. In this case, sterile distilled water from a glass
flask was pumped (1) through a 3-way valve using a peristaltic pump (2) passing through a pressure gauge (3,
4) and a bubble trap (5, 6) and then into the elutriator cell (7, 8). The water filled the chamber (yellow part) and
exited from the top of the rotor (9) into another flask (10). Once the rotor had been mounted in the centrifuge
and checked for the absence of leaks in the system, the system was filled with medium and then with the
fission yeast culture

tion setup. The peristaltic pump can be inserted in the inflow
line or in the outflow line. Creanor and Mitchison [8] have
reported better results when the pump is inserted in the out-
flow line because it causes less turbulence in the rotor cell. The
pump is set at 125 ml/min. The rotor is loaded at 25 °C at
4200 rpm (maximum speed) with water to ensure that there
are no leaks in the system. A bubble trap and a pressure gauge
are inserted in the inflow line. When the rotor is at full speed
the stroboscopic lamp is switched on and adjusted to the
centrifuge speed to be able to see into the transparent rotor
chamber (Fig. 4, yellow chamber).

5. The following day, the centrifuge is set at 25 °C and the rotor
cell is loaded first with water and spun at 4200 rpm at 125 ml/
min, then with pre-warmed medium, and finally with the 4 1 of
exponentially growing fission yeast cells (8 x10°¢ cells/ml),
either in EMM or in YES at 25 °C. It takes about 30 min to
introduce all the culture into the elutriator chamber with a
flow of 125 ml/min. Under these conditions, wild-type size
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fission yeast cells should remain in the elutriator chamber. The
stroboscopic lamp allows the filling of the chamber to be
observed. To check that the cells are being retained in the
rotor, the liquid coming out of the centrifuge should be moni-
tored using a spectrophotometer and a microscope. This clear
medium should be collected in one of the two 5 1 flasks. If
small cells start to leave the rotor, reduce the pump rate slightly,
keeping the centrifuge speed at 4200 rpm.

. Once all the cells are in the rotor cell, decrease the pump rate (by
2 ml/min, from 125 to 123 ml/min) and then the centrifuge
speed (by 100 rpm, from 4200 to 4100 rpm). Repeat the process
by consecutively decreasing the pump rate by 2 ml/min to 117
ml/min and the centrifuge speed to 3800 rpm. To pump out the
cells, increase the pump rate very slowly (1 ml/min each time)
and monitor the ODss using a spectrophotometer until the
ODsys5 starts to increase to 0.1-0.2 (equivalent to 10°-2x10°
cells/ml); discard the first 100 ml and start collecting the cells in
the 250 ml flasks. Fill each flask with 240 ml of eluted cells and
monitor the medium coming out of the rotor using the spectro-
photometer. In an optimal elutriation experiment, the ODjgs
should remain between 0.1 and 0.2 and pressure should be less
than 10 psi. When the ODjso5 drops below 0.1 (equivalent to 10°
cells/ml), slowly increase the pump rate (1 ml/min each time)
and wait for about 1 min until the ODs5o5 increases to 0.1-0.2.
Collect 10-14 aliquots of 240 ml each. Monitor synchrony in
each aliquot by measuring the ODsg5 and the size of the cells
under the microscope. The size of these cells should be small,
and in the case of the wild-type they correspond to cells in late
S-phase or early G2 (Fig. 5a). Pool the samples containing homo-
geneous small cells. In a typical synchronous culture, approxi-
mately 2 | at 1.5x 106 cells/ml can be obtained, which represents
approximately 10 % of the initial asynchronous culture.

. Then incubate the selected cells in a 5 | flask and allow them to
recover for 30 min. Following this, collect samples every
20 min for protein, RNA, and flow cytometry analyses, and for
determination of the septation index, etc. (Fig. 5b, ¢, see
Subheading 3.7).

. The rotor is cleared of cells by stopping the centrifuge, while
maintaining the flowing medium. Then, flush with distilled
water and disinfect the rotor by filling the system with 0.2 %
diethyl pyrocarbonate in water and leave overnight. The fol-
lowing day this solution is pumped out and the system is
washed with 1 1 of distilled water. The system can be used again
for another experiment or disassembled according to the elu-
triator rotor instruction manual.
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Fig. 5 Synchronous culture of fission yeast elutriated cells. Fission yeast cells were synchronised using an
elutriator rotor. Samples were taken every 30 min for DAPI-Calcofluor staining and for flow cytometry. (a)
Pictures of cells synchronised by elutriation at times 0 min (cells in late S-phase or early G2-phase), 30 min
(cells in late G2-phase), and 120 min (cells undergoing cell separation) after being eluted from the rotor. (h)
Percentage of cells in mitosis (cells in anaphase with two nuclei) and undergoing septation (cells with one
septum). (c) DNA content and cell size determined by flow cytometry. Asn asynchronous culture

3.6 Synchronization

1. To prepare the lactose gradient, freeze 45 ml of a 20 % lactose

in Early G2-Phase solution made in the desired medium and sterilized by filtra-
Using Lactose tion in a 50 ml tube at —-80 °C for at least 4 h, and then allow
Gradients it to thaw at 30 °C for 3 h. This creates a 10-30 % lactose

gradient. Alternatively, a gradient maker can be used.
2. Pick a single wild-type colony from a fresh (3-day-old) YES

plate and inoculate 20 ml of YES liquid in a 100 ml flask.
Incubate for 2448 h at 32 °C in a shaking water bath.

3. Use this culture to inoculate 300 ml of YES or EMM ina 11
flask. Incubate overnight at 32 °C in a shaking water bath,
until the culture reaches a concentration of 0.5x 107 cells/ml

(see Note 11).
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. Harvest 1-2 x 10° cells of a mid-exponential culture at 1800 x4

for 3-5 min at room temperature.

. Resuspend the pellets in 3—4 ml of medium (see Note 12).
. Layer the concentrated cells on the top of the gradient.
. Centrifuge at 500 x g for 8 min at room temperature.

. Take 1 ml fractions from the top of the gradient with a Gilson

pipet. This step should be done carefully and quickly, because
bubbles from the bottom may disrupt the gradient.

. Check the fractions under the microscope, and select those

enriched in small cells (in early G2). Discard fractions contain-
ing septated cells, since these are in G1/S-phase, and those
containing large cells, which are in late G2.

To remove the lactose, wash the selected cells with 1 ml of
fresh medium by centrifugation at 800 x4 for 5 min at room
temperature. At this point, cells can be layered onto a second
gradient to improve synchrony.

Resuspend the cells in fresh pre-warmed medium at the desired
temperature.

Take a sample corresponding to “time 07.

Incubate and take samples every 15-30 min to monitor cell
cycle progression by flow cytometry, and DAPI-Calcofluor
staining (see Subheading 3.7).

For DAPI-Calcofluor staining, use cells fixed in 70 % ethanol. DAPI
stains the nucleus and Calcofluor stains the septum (Fig. 3c¢).

1.

5.

Spin down 107 cells. Wash them once with 1 ml of sterile water
and resuspend them in 1 ml of'ice-cold 70 % ethanol. Samples
fixed in 70 % ethanol may be stored indefinitely at 4 °C.

. Pellet 60-100 pl of fixed cells. Rehydrate by adding 200 pl of

PBS and vortexing.

. Pellet the cells and resuspend in a mixture of DAPI-Calcofluor

(2 pl of 0.1 mg/ml DAPI and 2 pl of 50 pg/ml Calcofluor)
(see Notes 13 and 14).

. Pipette 2.5-3 pl of cell suspension onto a clean microscope

slide. Seal the slide using nail polish to prevent the samples
from drying out.

Examine by epifluorescence microscopy (see Note 15).

Cells fixed in 70 % ethanol are also used to analyze the cell cycle by
flow cytometry.



306 Marta Tormos-Pérez et al.

. Spin down 107 cells. Wash them once with 1 ml of sterile water

and resuspend them in 1 ml of ice-cold 70 % ethanol. Samples
fixed in 70 % ethanol may be stored indefinitely at 4 °C.

. Pellet 3x10° fixed cells (300 pl) and resuspend them by vor-

texing with 1 ml of 50 mM sodium citrate, prepared freshly
from a 0.5 M stock solution.

. Centrifuge at full speed in a microcentrifuge for 5 min at room

temperature. Be careful not to lose the cells, since they do not
pellet well in sodium citrate solution.

. Add 500 pl of 50 mM sodium citrate containing 0.1 mg,/ml

RNase to the cells and vortex.

. Incubate for 2 h to overnight at 37 °C.

6. Transfer the samples to flow cytometry tubes and add 500 pl of

10.
11.

50 mM sodium citrate with 4 pg/ml propidium iodide (2 pg/ml,
final concentration, se¢ Note 16). Protect the samples from light.

. Sonicate at 50 % amplitude for 10 s to separate divided cells.

Sonication parameters may vary among the different sonicators.

. The flow cytometer settings must be adjusted for each experi-

ment using a wild-type strain growing in rich medium (2C
peak), a wild-type strain blocked in MM lacking nitrogen for
12 h (1C peak), and a diploid strain growing in rich medium
(4C peak). In block and release experiments, it is also impor-
tant to analyze the sample corresponding to the asynchronous
culture (before cell cycle arrest) as a control (see Note 17).
Arrested elongated ¢cdcl10-129 or cdc25-22 cells usually display
a DNA peak shifted to the right due to an increase in mito-
chondrial DNA.

. Vortex the samples before mounting the tube in the flow cytom-

eter (Becton Dickinson FACSCalibur™ Cell Analyser) and pass
the samples at low to medium speed (500-1000 cells/s).

We use the CellQuest software to collect and to analyze the data.

The data can be represented as an overlay of histogram plots,
where the number of cells is plotted against of the amount of
DNA represented by the fluorescent signal of the propidium
iodide (Figs. 1, 2 and 5c¢).

4 Notes

. Increase and decrease the temperature as fast as possible. Be

careful not to over-cool the culture.

2. The ¢cdc10-129 mutant is leaky, especially in YES (Fig. 1).

. Avoid blocking the ¢dc10-129 mutant for longer than 4 h to

prevent cells escaping from arrest.
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. We normally take two time 0 samples, one before release when

the cells are still at 36 °C and the other immediately after
release at 25 °C.

. Use freshly made 1 M hydroxyurea stock solution. If necessary,

this stock solution can be stored at 4 °C for a few hours.

. Hydroxyurea is a mutagenic compound and must be handled

with caution. Follow the procedures for proper handling and
disposal.

. A vacuum filtration system may be used instead of centrifuga-

tion to wash the HU more gently. In this case, wash the cells
twice with 20 ml of fresh pre-warmed medium using 0.45 pm
sterile filters.

. In contrast to the block and release of the cdcl0-129 mutant

(see Note 2), in the cdc25-22 mutant no significant differences
arise, regardless of whether the experiment is done in EMM or
in YES.

. For effective temperature-driven block and release of a cdc25-

22 mutant the maximum percentage of septated cells in the
population should reach 60-80 %. These cells should maintain
synchrony for two complete cell cycles, although synchrony in
the second cell cycle is reduced.

Here we describe the protocol using the Beckman J-6M cen-
trifuge and the JE-5.0 elutriator rotor equipped with a 40 ml
elutriation chamber.

If the cells show a tendency to clump, add 2 % peptone to the
YES medium or use YPD (1 % yeast extract, 2 % peptone, 2 %
glucose, pH 6.5) instead.

A smaller gradient in a 15-ml tube can be used if fewer cells are
required. In this case, harvest 50 ml of culture and resuspend
in 0.5 ml of medium.

Store the 0.1 mg/ml DAPI and the 50 pg/ml Calcofluor solu-
tions at -20 °C and protect them from the light. DAPI stocks
may form a yellow precipitate. Centrifuge the DAPI solution
immediately before use to avoid pipetting the yellow pellet.
Sometimes, the concentration of DAPI and Calcofluor needs
to be adjusted, e.g., in elongated cells, such as the cdc25-22
mutant arrested in G2, which are poorly stained with DAPI. In
this case, reduce the amount of Calcofluor in the mix.

DAPI staining only works well in fixed cells. In contrast,
Calcofluor also works in live cells, and in this case it stains cell
walls as well as septa.

Examine the samples under the microscope no more than 2 h
after the staining because the signal decreases after time, espe-
cially the Calcofluor signal.
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16. Propidium iodide is toxic. Read its safety data sheet and place
the waste in a suitable, labeled container for waste disposal.

17. Wild-type S. pombe cells exponentially growing in rich media
(YES or EMM) do not present a 1C peak in flow cytometry
because under these conditions G1 is very short and cytokine-
sis and cell separation take place when the cells are replicating

their DNA.
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Chapter 21

A Review of Fluorescent Proteins for Use in Yeast

Maja Bialecka-Fornal, Tatyana Makushok, and Susanne M. Rafelski

Abstract

The field of fluorescent proteins (FPs) is constantly developing. The use of FPs changed the field of life
sciences completely, starting a new era of direct observation and quantification of cellular processes. The
broad spectrum of FPs (see Fig. 1) with a wide range of characteristics allows their use in many different
experiments. This review discusses the use of FPs for imaging in budding yeast (Saccharomyces cerevisiace)
and fission yeast Schizosaccharomyces pombe). The information included in this review is relevant for both
species unless stated otherwise.

Key words Fluorescent proteins, Yeast, Saccharomyces cevevisine, Schizosaccharomyces pombe, Protein
tagging, Fluorescence microscopy

1 What Are the Applications of FPs?

Fluorescent proteins (FPs) are the core component of numerous
techniques that range from single molecule studies to labeling
entire organisms and include imaging of both live and fixed cells.
The broad spectrum of FPs (see Fig. 1) with a wide range of char-
acteristics allows their use in many different experiments. The
timeline of major breakthroughs and the phylogenetic tree of FPs
are illustrated in [1, 2], respectively.

Protein localization labeling. Tagging a protein of interest
allows for the accurate determination of its localization, as well as
observing its expression pattern, abundance, interaction with other
molecules, turnover, activity, and transport in real time.

Protein-protein interactions. Direct observation of protein-
protein interactions leads to a deeper understanding of the function
of molecular complexes in living cells by identifying and confirming
stable or dynamic interactions between their elements. The tech-
niques used to study these interactions are Forster resonance energy
transfer (FRET) between two FP molecules [3, 4], fluorescence
correlation spectroscopy (FCS) detecting the average concentra-
tions and diffusion rates of molecules [5, 6], and the bimolecular

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_21, © Springer Science+Business Media New York 2016
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Fig. 1 Spectral diversity of FPs listed in Table 6. The emission maxima of available FPs span across almost the
entire visible spectrum. Most of the brightest FPs emit in the range of 500-550 nm. Brightness values were
calculated as a product of published molar extinction coefficient and fluorescence quantum yield, and divided
by 1000. Molar extinction coefficient is a measure of how strongly a substance absorbs light at a given wave-
length. Fluorescence quantum vyield is a measure of how many times an event occurs (in this case photon
emission) per photon absorbed by the system

fluorescence complementation (BiFC) assay using an FP split into
two non-overlapping N- and C-terminal fragments [7, 8].

Organelle lnbeling. Targeting an FP to a specific organelle allows
visualization and studies of local cellular physiology, structure, and
dynamics. Targeting sequences are used to localize FPs to specific
organelles and cellular compartments, including but not limited to
the nucleus [9, 10], the plasma membrane [10, 11], peroxisomes
[12], cytosol [13], mitochondria [10, 14], ER lumen [15, 16],
and Golgi [10, 17].

Cell and tissue labeling. Expressing an FP in a specific cell type
helps in studies of cell cycle progression (e.g., Fucci [18]), cell
morphology, cell motility, and interactions within a cell culture, a
tissue, or a whole animal.

Gene expression. Visualization of mRNAs and transcription factors
allows for quantitative studies of their production, localization,
lifetime, and dynamics in cells [19]. Expression of an FP under the
control of a specific promoter shows promoter activity [20, 21]
under desired conditions (activation or inactivation), in space and
time, or in response to a stress factor. These measurements are
crucial for studying the mechanisms underlying gene regulatory
networks.

Timers. The use of a special class of FPs (timer FPs) that change
their spectral properties with time [22] gives access to both the
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temporal and the spatial components of dynamic processes. Some
examples include the age of cells, organelles, and molecules, the
dynamics of gene expression, and the timing of promoter activa-
tion. These timers can be designed to measure time spans ranging
from about 10 min to many hours.

Diffusionand mobility. Photobleaching techniques [23] like fluores-
cence recovery after photobleaching (FRAP), and FCS allow for
detailed studies concerning molecule diffusion or mobility in a living
cell and how these processes are affected by external factors.

Sensors. A specialized class of FPs has been developed in which an
FP is combined with a detector protein to measure the changes in
concentration of specific molecular species. These sensors can be
used to study the variation in the levels of pH [24, 25], Ca?* [26],
H,0, [27], redox potential [28, 29], and membrane potential
[30]. For a recent review on biosensors see [31, 32].

2 Creating Yeast Strains Expressing FPs

All the applications mentioned above rely on expressing FPs or FP
fusion proteins, created by fusing a protein of interest to an
FP. Genes encoding for FPs or FP fusions (both called FP fusions in
this section for simplicity) are introduced into yeast cells either tran-
siently or stably. In the first, transient case, the FP fusion is expressed
via an appropriate plasmid vector, which is introduced into the cell.
To prevent the host cell from losing the plasmid, it is necessary to
use a selection marker. Selection markers and types of plasmids used
in yeast are described below. In the second, stable case, the FP
fusion is integrated into the genome. Nearly all DNA recombina-
tion in yeast occur through homologous recombination, meaning
they occur between identical or nearly identical sequences. This
arrangement allows targeting any DNA sequence to a desired loca-
tion in the genome with high fidelity. Such an integration can be
achieved by transforming cells with a PCR product containing an
FP gene (to be fused to protein of interest) and a selection marker
(Fig. 2a), by transforming a linear, enzyme-digested plasmid carry-
ing an FP fusion and a selection marker (Fig. 2b), or by transform-
ing a linear enzyme-digested plasmid carrying a selection marker
that can be removed after successful selection (Fig. 2c¢).

Very often more than one insertion needs to be performed in
a cell. If this is the case, multiple genes can be inserted sequentially
with different selection markers. Alternatively, the selection marker
can be removed from the genome after the first insertion and
reused for the subsequent ones (Fig. 2¢). For a list of removable
and non-removable selection markers see Tables I and III in [33],
respectively.
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2.1 What Types
of Plasmids Are Used
in Yeast?

difications. Red and green lines represent sequences homologous to the target

Gene disruption in yeast is based on the same strategy. The
inserted DNA, however, contains only a marker gene that allows
for selection.

There are three main types of plasmids used for fluorescence tag-
ging in budding yeast: centromeric, episomal, and integrating plas-
mids. The properties of these different plasmid types are listed in
Table 1, and the decision which one to use should be made based
on how these properties match specific experimental requirements
(Fig. 3a). Other types of budding yeast plasmids include yeast rep-
licating plasmids (YRp) and yeast linear plasmids (YLp, linearized
version of YRp plasmids); however, they are used very rarely due to
their instability [ 34]. There are no centromeric plasmids for fission
yeast due to the large size of its centromere [35]; however, epi-
somal and integrating plasmids can be used [36]. Fission yeast are
more prone to loosing plasmids than budding yeast [37]. Thus,
integrating plasmids are preferable for fission yeast.

Almost all yeast vectors are shuttle vectors. This means that
they can replicate and be selected for in two different species, in this
case Escherichin coli (prokaryote) and yeast (eukaryote). The advan-
tage of such an arrangement is that the plasmid can be modified
and/or replicated in a rapidly dividing organism in which molecu-
lar biology techniques are most optimized (E. co/z) and then used
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Properties of centromeric, episomal, and integrating plasmids
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Centromeric

Episomal

Integrating

Distribution

Cell-to-cell variability even
in a clonal population.

Replication

Contain autonomously
replicating sequence.

Stability

Segregated by spindle during
mitosis and meiosis.
High fidelity of segregation.

Plasmid-free cells are sometimes
generated.

Copy number
Low copy number: 1-2 /cell.
Other

Used for plasmid shuffling,
for gene cloning by
complementation, for gap
repair.

High transformation efficiency.
Easy to use.
Reference: [114].

Cell-to-cell variability even in a
clonal population.

Autonomously replicating with
2y origin of replication and the
partitioning locus.

Segregate similarly to centromeric
plasmids during mitosis.

Less stable than integrating
plasmids.

High fidelity of segregation
depends on the presence of the
endogenous or introduced 2p
clement.

High copy number: 20-50/cell.

Used for high copy suppressor
screens.
High transformation efficiency.

Reference: [115].

Homogenous distribution.

Lack the sequence for
autonomous replication.

Stable transformants.

Single copy.

Used for genomic integration.

Low transformation efficiency.

Only one or a few gene copies
per cell may be integrated.

Reference: [116].

in an organism of interest (yeast). The yeast shuttle vectors include
a bacterial origin of replication and a bacterial selectable marker,
which is usually a bacterial gene conferring resistance to an antibi-
otic (e.g., ampicillin or kanamycin). The yeast components are a
replicating sequence, a centromere (CEN), a yeast selectable
marker, and an insert (Fig. 3b). The replicating sequences are either
chromosomal DNA fragments called autonomously replicating
sequence (ARS in budding yeast and ars! in fission yeast [38]) or
the replicating sequence derived from the endogenous yeast 2 p
plasmid. The biggest difference between fission yeast and budding
yeast shuttle vectors is that the fission yeast ARS has a dramatically
different structure and mechanism of action [39].



314 Maja Bialecka-Fornal et al.

2.2 What Selection
Markers Are Available
for Yeast?

a b
Homogenous distribution |

o
eg
m©

N Y
| Self replication | Insert
v N IN
| Stable ? |
N Y
i
| Copy number |
L H L Integrating

|Centromeric| |Episomal| | Integrating |

Fig. 3 A summary of plasmid properties. (a) The diagram is based on Table 1. The
colors represent properties of centromeric (red), episomal (blue), and integrating
(green) plasmids. Y stands for yes, N stands for no, L stands for low, and H stands
for high. (b) The components of integrating, centromeric, and episomal shuttle
vectors. Bacterial elements (plasmid backbone and selection marker ampicillin
(amp)) are marked in black; yeast elements are marked in violet (yeast select-
able marker, insert, a centromere CEN, autonomously replicating sequence
(ARS), and 21 element)

In yeast molecular genetics, three main classes of markers are avail-
able: auxotrophic markers and markers conferring resistance to
antibiotics and other types of drugs. A strain is auxotrophic if it
carries a mutation that prevents it from synthesizing a compound
essential for growth. In this case, the strain will grow only if the
compounds taken up from the environment complement its spe-
cific auxotrophy. The list of these auxotrophic markers in budding
yeast includes adel, ade2, ade8, his2; his3, metl5, len2 (comple-
ments S. pombelenl), lys2, trpl, trp5, ura3 (weakly complements S.
pombe urad), and ura4[40, 41]. The auxotrophic markers used in
S. pombe are adel+, ade6+, arg3+, bis3+, bis7+, lenl+, ura4+,; and
sup3-5[42,43]. One should remember that the use of auxotrophic
markers requires the use of appropriate strains (auxotrophic genes
deleted) that may have growth defects due to changes in the media
that cells are grown on [44, 45].
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There are five commonly used antibiotic resistance genes: kan
(conferring resistance to G418), ble (conferring resistance to
phleomycin), hph (conferring resistance to hygromycin B), nat
(conferring resistance to nourseothricin), and pat (conferring resis-
tance to bialaphos) [46-50]. Drug resistance can also be used to
screen for a lack of a given gene. In this case, growth in the pres-
ence of the drug causes toxicity or death when the gene is present.
The most commonly used drug of this type is 5-fluoro-orotic acid
(5-FOA) used for screening for #ra3~ or wra5 mutants [51].
Other examples include 5-fluoroanthranilic acid 5-FAA (for trpl-
mutants) [52], a-aminoadipic acid o-AAA (for lys2- or Ilys5
mutants) [53], and canavanine (for canl- mutant) [54]. In some
cases, the canavanine resistance arises in the presence of canl gene,

which is not fully understood [55, 56].

Most often a desired DNA fragment will be amplified from a plas-
mid. In order to do so, one has to target specific sites on the plas-
mid, before and after the fragment of interest, using primers.
Primers are either designed specifically for the experiment of inter-
est or are standard ones and can be ordered from repositories such
as [57]. More information on the design of primers can be found
in [58, 59]. Here we describe a standard way to design primers
specifically for direct FP tagging within the yeast genome. These
primers consist of two parts: one part that is homologous to the
template plasmid and the other part that is homologous to the
target sequence in the genome (e.g., in case of chromosomal inte-
gration, the FP coding gene on the plasmid and the region that the
FD is targeted to, respectively). Generally, for S. cerevisine, about
20 bp are used for the part of the primer that is homologous to the
template and 30-50 bp for the part of the primer that is homolo-
gous to the target site in the genome. For §. pombe, the homolo-
gous sequence is recommended to be about 80 bp long [59]. For
the relationship between homologous sequence length and the
integration success se¢ Table 1 in [60].

In order to perform any genetic modifications one has to be able
to introduce exogenous DNA into the cell. The DNA that is being
introduced can be either an amplified DNA fragment or a plasmid.
There are three main methods used to introduce DNA into yeast:
the lithium acetate (LiAc) method, the spheroplast method, and
electroporation. Lithium acetate transformation is fast and simple;
it has, however, low efficiency. Spheroplast transformation is com-
plicated and time consuming, it has, however, higher efficiency.
Electroporation combines features of both methods: it is easy and
has the highest efficiency [61, 62].

After introducing DNA into the cell, the transformants are
plated on a selective medium. Only the cells that integrated the
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DNA fragment or a plasmid successfully will form colonies on the
dish. In the case of chromosomal integration, the correct DNA
insertion should be confirmed by PCR. The size of the PCR prod-
uct is measured by gel electrophoresis. PCR samples are being run
alongside with DNA fragments of known size (ladder and con-
trols) for comparison. Sequencing of the fragment of interest can
also be performed as the final confirmation step.

3 What Are the Criteria When Choosing an FP Insert?

3.1 Brightness

Choosing an optimal FP as an insert is critical for the success of an
experiment. The criteria listed below take into consideration vari-
ous properties of the FP. However, they should only be treated as
a starting point: every experiment is unique and needs some degree
of optimization and testing when choosing a proper fluorescent
protein! Very often more than one FP should be tested for a par-
ticular use and different criteria will be important depending on
the experimental design. For example, protein stability and slow
photobleaching will be more important than brightness for long-
duration experiments. For short experiments, the situation will be
the opposite. When looking at a signal cascade or translation, fast
maturation will be more important than brightness or stability. For
a summary of the recommended FPs, see Table 2.

One of the most important parameters when choosing a fluores-
cent protein is brightness. Fusion constructs with brighter FPs can
be used in lower amounts (no overexpression required, minimal
disturbance to cells) and they require lower intensity of excitation
light, thus limiting phototoxic effects. The intrinsic brightness of a
protein is determined by its molar extinction coefficient (EC) and
fluorescence quantum yield (QY). The reported values are mea-
sured in vitro. One has to remember that when expressed in a cell,
the brightness is affected by the transcription and translation effi-
ciency, folding efficiency, and protein maturation speed (see
below). It is also important that the FP is bright enough relative to
the background signal so that it can be reliably detected. This can
be achieved by choosing an FP that fluoresces in the region of the
spectrum with low autofluorescence for a given organism.
Unfortunately, there are many molecules contributing to high
autofluorescence including flavins, lipofuscins, and metabolic
intermediates in adenine biosynthesis [63—65 ]. Lower autofluores-
cence can be achieved by using illumination with longer wavelengths
as they penetrate deeper into biological tissue. The optimal “opti-
cal window” for imaging in yeast is considered to be 650-700 nm
[63]. Unfortunately, only very few FPs can be used for imaging in
this range (Fig. 1).
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FPs recommended for imaging experiments

Category

Fluorescent proteins

UV-excitable green

Blue
Cyan
Green
Yellow
Orange
Red

Far-red
Photoactivatable
Photoconvertible
Photoswitchable

FRET

Acid sensitive

3-color imaging

4-color imaging

T-Sapphire

mTagBFP2

Cerulean (low photostability), CyPet, ECFP
Emerald, Clover, EGFP, mWasabi

mCitrine, Venus, YPet

mOrange (low photostabillity, pH sensitive ), mKO

mCherry, tdTomato (big), mStrawberry, mRuby2,
TagRFP-T

mPlum, AQ143 (tetrameric)
PA-GFP, PA-mRFP

KikGR, mEos2, PS-CEP
Dronpa, KFP

Clover and mRuby?2
CyPet and YPet

mOrange, GFPs, YFPs

EGFP/GFPy, TagRFP-T /mRuby2, mTagBFP2
Cerulean/CyPet, mOrange/mKO, mPlum

T-Sapphire, mTagBFP2, mWasabi, mRuby2
T-Sapphire, ECFP, Citrine, tdimer2
Cerulean/CyPet, YFP, mOrange/mKO, mCherry/mPlum

The FPs in bold are particularly recommended for imaging in budding yeast. The table is based on [74, 82, 88]

3.2 Maturation Time

Chromophore maturation is a sequence of modifications necessary
for the protein to become fluorescent. It depends on the tem-
perature and the presence of molecular oxygen and its concentra-
tion. Depending on the FP, the maturation can take any time
between a few minutes (e.g., fast-maturing yellow FPs) and a few
hours (e.g., timer FPs). One has to remember that the reported
maturation times may not be accurate for every experiment, as
they are measured for specific conditions (e.g., temperature), and
thus may vary significantly depending on the cell type or even the
cell compartment. Very often, the environmental conditions
cause a delay between the end of an FP protein translation and its
maturation [66].
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3.3 Environmental
Sensitivity

3.4 Optical
Properties
of the Imaging Setup

3.5 Photostability
and Photobleaching
Rate

3.6 Toxicity

Ideally, the FP should be relatively insensitive to environmental
effects (e.g., chloride concentration or acidity), especially for quan-
titative measurements. pH-sensitive FPs will perform badly in
acidic compartments of the cell such as lysosomes. This is why the
pKa of the protein (the pH at which the protein reaches 50 % of its
maximal brightness at optimal pH) should be adjusted to the tar-
get compartment of the cell. pH levels above 10 usually lead to
protein denaturation. Protein sensitivity to pH changes can be also
used to monitor pH fluctuations in the cell.

The wavelength used for illumination as well as the light intensity
have an impact on the detected signal from the FP. Using optimal
filter sets is equally critical for obtaining the best fluorescence
image for a particular FP. Good camera sensitivity enables imaging
of dimmer FPs without increasing illumination intensity.

The FP should be photostable throughout the duration of the
experiment, especially for long time-lapse imaging and for quanti-
tative measurements. In case of an experiment requiring repetitive
illumination of the same region of a sample, high photostability is
preferred over high brightness to maintain sufficient signal-to-
noise ratio over the entire duration of imaging. The main factors
influencing the photobehavior of a fluorescent protein are the
intensity of illumination light, the frequency of light pulses, the
duration of each pulse, the excitation wavelength, and the
properties of the light source [67]. This is why the duration, and,
in particular, the intensity of illumination should be minimal.
Other factors contributing to FP photobehavior are composition
of the medium [68], physiological state of the cell, the properties
of the protein that the FP is fused to, and the cell compartment
that the FP is targeted to. Due to the complexity of the factors
affecting protein photostability, it is impossible to assign an abso-
lute value describing photostability, and thus the proteins are sim-
ply described as having high or low photostability. The reported
photobehavior and photostability of the protein should be treated
carefully as they can be used as a general guide only for the similar
imaging conditions. One should also remember that in addition to
irreversible photobleaching, some FPs undergo photoconversion
and change their excitation/emission spectra.

Most monomeric proteins are nontoxic to cells. However, multi-
meric proteins may be indirectly toxic by causing aggregation in
the cell (especially when overexpressed), atypical localization, dis-
ruption of protein’s native function [69], or interference with pro-
tein kinetics. To indirectly test for FP toxicity one should measure
the growth rate of cells expressing the fusion protein. For a more
elaborate assays, see [69, 70]. Some proteins have been reported to
accumulate in lysosomes, forming large aggregates [71]. It is often
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helpful to create two tags for the protein of interest: C-terminal
and N-terminal, since one of the constructs might lead to a non-
functional fusion protein. Additionally, the length and the rigidity
of the linker connecting the FP to the protein of interest may influ-
ence the stability and the abundance of the fusion protein [72].

3.7 Multicolor Particularly careful planning is required when designing a multi-

Imaging color imaging experiment. The major parameter to consider in this
case is the amount of overlap between individual excitation and
emission channels, as it leads to crosstalk artifacts. It has been
reported that the variety of available FPs allows for six color imag-
ing schemes [73]. The crosstalk measurement between four FPs
(Sapphire, YFP, CFDP, and tdimer2) is illustrated in Table 5 in [74].
FPs with a large Stokes shift (increased distance between excitation
and emission maxima) are particularly useful for multicolor imag-
ing, as they can allow for imaging of two FPs with different emis-
sion but same excitation wavelengths, reducing illumination time,
and therefore phototoxicity. Alternatively, they could permit the
use of two FPs with different excitation but same emission wave-
lengths. Since optimizing the choice of FP used for multicolor
imaging does not eliminate crosstalk artifacts entirely in most cases,
linear spectral unmixing techniques may be useful to separate the
signals obtained with each of the FPs [75]. For the list of proteins
particularly suited for multicolor imaging, see Table 2.

3.8 Image Analysis Experiments involving intensity measurements and /or automated
image analysis require choosing FPS particularly caretully and opti-
mizing the imaging conditions. This maximizes the quality of the
resulting image and minimizes artifacts [76-78].

4 Are There FPs Optimized for Use in Yeast?

Many fluorescent proteins have been codon-optimized for bud-
ding yeast expression. Codon optimization is a mutation of a gene
sequence that switches the codons without changing the amino
acid sequence of the encoded protein. Most amino acids are
encoded by multiple codons. This means that there are multiple
tRNAs having different anti-codon loops but carrying same amino
acid. The abundance of these various tRNAs for each amino acid
depends on the organism. This is why codon optimization is very
important for the efficiency of heterologous gene expression (when
a gene from one organism is expressed in another organism): rare
codons are replaced with abundant ones in the host organism. It
has been shown that codon optimization for the expression host
improves FP expression significantly, up to two-fold for S. cerevi-
siae (74, 79-81].
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5 Are There “Ready-to-Use” Vectors for the FP of Choice?

There exists a wide variety of tagging vectors with budding yeast
codon-optimized fluorescent proteins available. However, it is not
clear which FPs are optimal to use. Published vectors with FPs
codon-optimized for S. cerevisiae are listed in Table 3 [74, 82].
This table does not list plasmids pCY 3040-05 and pOM42 with
the marker Leu2.

Some of these FPs were systematically tested for brightness,
photostability, and toxicity [82]. It has been shown that the theo-
retical brightness (a product of QY and EM) is only weakly corre-
lated with the measured brightness, showing the importance of
codon optimization, as the optimized tags are up to twice as bright
as the unoptimized tags [82]. Since codon usage in fission yeast is
generally similar to that in budding yeast [83], the FPs that were
codon-optimized for budding yeast could be useful in fission yeast
as well. The other vectors used in budding yeast but not codon-
optimized are listed in Table 4. The vectors that are used for S.
pombe are listed in Table 5.

6 What If the Vector with FP of Choice Has Not Been Created Yet?

Apart from using the published and ready to use plasmids listed
above (Tables 3, 4, and 5), there are other ways of obtaining the
desired plasmid. Most of the existing plasmids can be modified
(e.g., see marker swap plasmids below). There are also expression
cassettes ready to be used with a protein of interest. These cassettes
can be used to express any available FP (see Table 6), also photo-
convertible FPs (see Table 7). For example, Funk et al. [84] devel-
oped a collection of expression vectors for use in S. cerevisine. This
collection is based on the pRS series (see below) of centromeric or
2p plasmids carrying the ADE2, HIS3, KanMX, LEU2, MET15,
TRP1, and URA3 selection markers and various promoters (for
the detailed description and a schematic map of the vectors con-
structed see Figs. 1 and 2 in [84]).

Sikorski and Hieter created a set of pRS series vectors by
converting the E. colsi pBLUESCRIPT vector to YIp pRS400
and pRS300 series vectors (using yeast DNA segments encoding
HIS3, TRP1, LEU2, and URA3) and then to the YCp pRS410
and pRS310 series vectors (by addition of yeast ARS and CEN
sequences). pRS vectors are uniform in structure (except for the
selectable marker, see Fig. 2 and Table 2 in [85]) and allow
almost all yeast DNA manipulations to be performed in E. cols
using the same plasmid that is later introduced into yeast cells.
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Table 4

Plasmid vectors used for tagging with FPs in budding yeast

FP Reference FP Reference FP Reference
T-Sapphire [117] Clover [114] tdTomato [117]
mTurquoise2 [118] PhiYellow [117] mCherry [91,117]
Cerulean [91,119] Venus [91, 118] mRuby?2 [118]
CFP [120, 121] YFP [120, 121] tdimer2 [74]
ECEP [119] EYFP [119] PA-GFP [118, 122]
GFP [84, 104, 123-125] mKO1 [117] tdPA-GFP [122]
EGFP [119, 126] mDsRed [117,119] mEos2 [91, 118]

The FPs listed in this table are not codon-optimized for yeast, but are still used widely

They can be also used to construct other yeast vectors.
Christianson et al. [86] expanded this collection by creating the
high copy number YEp pRS420 series vectors carrying HIS3,
TRP1, LEU2, and URA3 markers (Fig. 2 in [86]). They also
studied the stability and segregation rates of these plasmids (see
Table 1 in [86]).This collection was further expanded and modi-
fied by Chee and Haase (Fig. 1 and Table 1 in [46]). Their pRSII
plasmid collection consists of integrating, centromeric, and epi-
somal plasmids carrying ADE1l, ADE2, HIS2, HIS3, LEU2,
TRP1, and URA3 biosynthetic markers and phleomycin, hygro-
mycin B, nourseothricin, and bialaphos drug selection markers.

Marker swap plasmids allow for changing markers in S. cere-
visiwe when marker conflicts arise (e.g., when the strain to be
transformed and the plasmid have the same selection marker,
Fig. 4, Table 8). They become especially useful when deleting or
modifying multiple genes, when one needs to cross two strains
carrying the same marker, working with the yeast knockout col-
lection, or transforming a plasmid into a strain carrying the same
marker. Methods for switching markers also exist for S. pombe
[42, 49, 87].

This review does not discuss the availability of tags other
than FPs (e.g., epitope tags). Epitope tags that can be recog-
nized by antibodies are often used for immunolabeling or other
biochemical experiments. However, in some cases a separate
tag for immunolabeling may not be necessary as many compa-
nies offer antibodies against the most commonly used FPs. This
allows for using an FP as a tag for both imaging and biochemi-
cal studies.
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N

Il restriction site

ldigestion
plasmid
| promoter 2 | His3 | terminator 2 |
X X
ferminator —| _promoter 2
genome

l selection

terminator 1|—| promoter 2 | His3 | terminator2 f——

Fig. 4 A diagram illustrating marker swapping. Marker swap plasmids can be used to change selectable
marker in the genome or on a plasmid. Marker conversion does not disrupt other genetic modifications, e.g.,
fluorescent protein fusion. To convert the old marker to a new one, a linearized, restriction enzyme digested
vector fragment is used. The markers are swapped through homologous recombination. Then, the desired
strain is selected by growth on an appropriate selection medium

7 Useful Websites and Databases

http://web.uni-frankfurt.de /tb15 /mikro /euroscarf/index.html
EUROSCARF (EUROpean Saccharomyces Cerevisiae Archive for
Functional Analysis).

https: / /www.Addgene.org addgene distributes several ready-
to-use plasmids.

http://www.addgene.org/fluorescent-proteins /davidson/
Michael Davidson fluorescent protein collection.

http:/ /www.atcc.org/cydac/cydac.cfm American type Culture
Collection ATCC.

http://depts.washington.edu /yeastrc/pages/plasmids_pro-
tocols.html Yeast resource center.

http://info.addgene.org/download-addgenes-ebook-
plasmids-101-1st-edition Plasmids 101 eBook.

http:/ /nic.ucst.edu/FPvisualization/ Fluorescent Protein
Properties.

http://nic.ucsf.edu/FPvisualization/PSFP.html
Photoswitchable Fluorescent Protein Properties.

http:/ /www.yeastgenome.org/help /analyze /design-primers
Primer design tool.


http://web.uni-frankfurt.de/fb15/mikro/euroscarf/index.html
https://www.addgene.org/
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http://depts.washington.edu/yeastrc/pages/plasmids_protocols.html
http://info.addgene.org/download-addgenes-ebook-plasmids-101-1st-edition
http://info.addgene.org/download-addgenes-ebook-plasmids-101-1st-edition
http://nic.ucsf.edu/FPvisualization/
http://nic.ucsf.edu/FPvisualization/PSFP.html
http://www.yeastgenome.org/help/analyze/design-primers
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Chapter 22

Visualization and Image Analysis of Yeast Cells

Steve Bagley

Abstract

When converting real-life data via visualization to numbers and then onto statistics the whole system needs
to be considered so that conversion from the analogue to the digital is accurate and repeatable. Here we
describe the points to consider when approaching yeast cell analysis visualization, processing, and analysis
of'a population by screening techniques.

Key words Microscopy, Visualization, Processing, Screening, Analysis

1 Choosing the Correct Hardware

1.1 Wide-Field
Microscopy

When considering the analysis of fixed or live biological structures
through a microscope, the nature of the system, the quality of the
optics, the light source, illumination and detection technique, and
the filters are of utmost importance and are often overlooked by
the researcher. Consequently it is important to understand the fun-
damental design of the light microscope in order to achieve suit-
able signal but also in a standardized and repeatable manner.

The choice of fluorescence visualisation platform whether
wide-field, confocal (and its variants), high-throughput/content
screening or super-resolution is critical and will have impact on the
study as a whole. Subsequently it is customary to employ multiple
imaging platforms to describe biological structures using the
advantages and circumventing the inherent disadvantages of each
system.

A UV wide-field microscope presents advantages to the researcher
such as a wide range of possible labels, sensitivity, and the ability to
readily replace equipment when new technological advances pres-
ent themselves. As UV imaging is filter based, the excitation light
which passes from the bulb through a filter is often a range of wave-
lengths, commonly in the range of 30-100 nm (for example standard
green fluorescent protein filter pass light from 470 to 494 nm);
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1.2 Confocal
Microscopy

1.3 High-Content/
Throughput Screening

hence contamination of the final signal via autofluorescence or cross
contamination of other fluorophores, know as bleed-through, is
common and must be accounted for.

Light sources for wide-field imaging traditional utilized halo-
gen (also tungsten-halogen), xenon, and mercury (also known as
an HBO or a UV burner) bulbs which had limited life-span and a
nonuniform spectral response. Commonplace in wide-field micro-
scope is the metal-halide, with the advantage of high light output,
or light-emitting diode (LED) illumination that present to the cell
discrete wavelengths.

Confocal methods produce three-dimensional data sets by the use
of a highly focused light source, the laser, and either scanning the
laser across the sample in a raster fashion or to break up the light
into discrete points via a spinning disk. Details about the develop-
ment of the confocal microscope can be found in an informative
memoir by Minsky [1]. Laser scanning confocal microscopy
(LSCM) illumination is achieved by the manipulation of XY galvo-
mirrors to produce a raster beam so to produce illumination across
the field of view. The advantage of the confocal methods, depth
discrimination by the rejection of signal at a point distant from the
plane of focus is achieved by the pinhole, which in LSCM can be
variable. Detection historically was via filters and photomultiplier
tubes; however modern designs use spectrophotometric detection
so to be able to select a user-defined proportion of the spectrum so
to construct the output. Spinning Disk Confocal Microscopy
(SDCM) illuminates and detects through a series of pinholes in
two spinning disks. Consequently the laser light, unlike LSCM
which is to a manipulated single spot, is employed to illuminate a
field of view by creating a series of 356 discrete spots produced by
the spinning disk. SDCM achieves an image with less of a light
demand than LSCM and is also more rapid at image formation so
more suited to live cell imaging.

High-content screening (HCS) methods commonly use UV wide-
field optics; however improvements in design are now available
which integrate a spinning disk confocal and automation so to
allow faster screening of multi-well plates for multiple individual
mutants, and differing biochemical environments. Screening tech-
niques have been available since 1996 when the technologies were
started to be used in drug discovery [2]. Whereas traditional HCS
utilized low-magnification air lenses, systems are available which
permit high-resolution, high-numerical-aperture water immersion
lenses and consequently HCS is becoming a suitable technique for
automated population analysis. As a consequence it is possible to
screen a 384-well plate with multiple fields of view per well in
less than 20 min under conditions that allow the elucidation of
single cell events. To the researcher HCS allows for standardization,



1.4 Super-Resolution
Methods

1.5 Transmitted
Light Microscopy

1.6 Choice
of Objective Lens
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repeatability and automation so more complex investigations can
be imaged and numerated.

Super-resolution microscopy methods whether they are achieved
by deterministic (STED, GSD, RESOLFT and SSIM) or stochastic
super-resolution (all single-molecule localisation methods such as
the variants of PALM and STORM) are beginning to allow for
methods to visualize events at the molecular level. As super-
resolution microscopy requires high magnification, and high elec-
tronic or optical zoom to achieve the required capture resolution,
the technique lends itself to single cell rather than population anal-
ysis. Where these techniques are proving interesting is for achieve
molecular levels of resolution for interaction studies and when
combined with other imaging technologies in a correlative manner
such as electron microscopy.

When visualizing over time a variety of transmitted light techniques
are employed such as differential interference contrast (DIC) or
phase microscopy in conjunction with fluorescence imaging.
Capture software can employ non-sequential imaging, for example
utilizing transmitted light at every time point and fluorescence at
every “nth” time point, thus omitting some time points from both
transmitted and fluorescence visualization. This is advantageous to
medium- and long-term studies as this methodology reduces the
possibility of light induced damage or photo-bleaching of the fluo-
rophore. Both DIC and phase microscopy suffer with light effi-
ciency with DIC (due to the increase of optical components in the
light path) or a halo artifact around the cells in the case of phase.
Digital phase microscopy (DPM) is being to be employed as a
more light efficient technique which presents transmitted light
image that is reversed to what is normally produced as an output
(i.e. white cells on a black background). A major advantage of
DPM is producing an image that does not have the bright halo
effect around the cells such as that often produced under phase
microscopy, but also produces an image more suitable for tracking
and hereditary studies.

Whatever system imaging is employed in the laboratory, and quite
often several methods are employed to describe biological
phenomena, the optics are imperative. The objective lens that sits
between the sample and the microscope is required to demonstrate
resolution, faithfulness in both spatial and chromatic space, across
a wide range of spectral frequencies, with both transmitted and
fluorescence light, a flat field so peripheral distortion is not an
issue, light efficient and inexpensive, unfortunately a lens that
demonstrates all of these parameters is not available. So when
choosing an, or a range of, objective lenses compromises may have
to be made. For example the fewer the components within an
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1.7 Detection

1.7.1 CCD Camera

1.7.2  Electron-
Multiplying CCD Camera

1.7.3 sCMOS Camera

objective lens the better the light efficiency but to achieve a greater
resolution a heavily corrected lens is required which in turn effects
light efficiency. Higher resolution lenses may achieve a signal with
greater clarity and signal-to-noise ratio with a shallow depth of
focus however there may be limits to the spectral range or greater
peripheral distortion.

With any form of fluorescence microscopy the excitation light bur-
den causes photo-bleaching of the fluorophore however if a
decrease in single intensity is observed then photo-induced stress
to the examined live cells has occurred. The light path of the
microscope from sample through to the imaging device must be of
high quality optics to allow maximum transmissivity of the required
signal. When imaging live cells imaging an increase in sensitivity
allows for a reduction of the excitation light intensity thus a reduc-
tion in the possibility of photo-induced stress. When selecting an
appropriate camera for fluorescence wide-field, spinning disk con-
focal and super resolution imaging there are often compromises
between capture speed, resolution, sensitivity, and cost.

The charge-coupled device (CCD) has been available to the gen-
eral scientific community since 1975 and is available in both gray-
scale and color versions. The incoming light interacts with a
photo-active region which causes a capacitor to accumulate an
electrical charge. Once the signal has been accumulated each
capacitor passes its charge to the neighbor and so on, eventually
dumping the charge to an amplifier which then converts the accu-
mulated charge into a voltage. These systems are in expensive and
suitable for transmitted light and general fluorescence applications
but certainly not suitable for single cell investigations due to the
low sensitivity and high background signal (noise).

The electron-multiplying CCD camera was introduced in the early
2000 which allowed high sensitivity so to be able to detect single
photons. By the addition to the CCD technology of an electron
multiplying register amplification of the signal without adding
measurable noise to the final image. These cameras are commonly
high sensitivity, with a frame rate of 10 images per second and a
resolution of up to up 1024 x 1024 pixels

The scientific-grade complementary metal-oxide—semiconductor
(sCMOS) camera is based upon pipeline technologies used since
the 1960s, the name of which refers to the circuitry on the inte-
grated chips that is utilised. These devices are typified by low noise,
high resolution (typically 2048x2048), rapid frame rates (100
frames per second), and large field of view.



1.7.4  Spectro-
photometric Imaging

1.7.5 Comparison
of Detection Technologies
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As the requirement for multiple labels within a single cell, their
detection, separation, and quantification become paramount;
hence the use of spectrophotometric detectors is becoming an
attractive tool alongside standard camera technologies. As dis-
cussed previously the band-pass tolerances of UV filter-based sys-
tems lead to contamination of signal as labels cross into other
imaging channels, known as bleed-through. Typically these spec-
trophotometric devices allow scanning through a spectral range
from 400 to 700 nm at 10 nm intervals hence with software con-
trol only part of the total spectral output can be made to contrib-
ute towards the final image. Although image formation is slower
than traditional camera systems and more suitable to fixed cell
imaging, certainly data capture, separation and quantification of a
high number of fluorophores becomes attainable.

Although CCD has been included for completeness this technology
is unsuitable for single-cell, low fluorescence signal investigations.

Spectrophotometric detection is more suited for fixed cell
imaging under wide-field modes, due to a present lack of suitable
software.

However when implemented well in confocal systems allows
for rapid time-lapse investigations.

When comparing the detection efficiency of cameras the quan-
tum efficiency (QE) is utilized, which is a measure of the efficacy of
photons converted to an electronic signal. Also used as a camera of
camera suitability is the Signal to Noise ratio (SNR), which com-
pares the level of a signal to the level of background noise. With
EMCCD and sCMOS technologies the typical QE is 90-95 % and
70-75 % conversely, whilst the SNR is higher with EMCCD tech-
nologies. However the improved frame rate and resolution of
sCMOS is more suitable to screening and rapid time-lapse
applications.

2 \Visualization

Whatever the choice of equipment, optics, and camera there are a
variety of conditions that are controlled by the user and will impact
whether the conversion of the analogue biological data to digital is
true or representative. Image intensity and contrast of the digital
data are controlled by the amount of energy (light) being put into
the system, the concentration of the labeling at the biology (which
is controlled by the availability of the object being labeled, the quan-
tity of object, and the techniques used at the bench for labeling), the
efficiency of the hardware (microscope, optics, filters, as detailed
above) and the user defined parameters set for image capture.
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With almost every sample brought to the microscope it is quite
simple to produce a data set that may be passable to the casual
reviewer however when using a microscope choices need to be
made that influence how faithful the final output is to biology and
represents the real-life object. For the researcher to make these
decisions experience must be gained in the wide range of pheno-
types that may present themselves; consequently this can be
summed up with, there is a whole range of minor phenotypic dif-
terences that can be described as “normal” cells. Capturing multi-
ple fields of view to express the difference in the population is
essential to fully characterise a biological difference or event. The
device which is being used as the data recording device whether
this be a camera, photo-multiplier, spectrophotometer, etc. must
be set similarly across all samples, so that a response can be mea-
sured, sometimes this will result in sacrificing a good image for one
that is representative of the range of cells being imaged. Similarly
in addition to cell handling, preparation and labeling the condi-
tions for visualisation must be recorded with every captured image.
As a consequence data capture via high content screening which
employs the same conditions across different cell mutants or treat-
ments and records these imaging conditions in addition to the data
is rapidly becoming the technique of choice. It is becoming a mat-
ter of course for data as well as imaging parameters to be included
in preparation of a publication. The raw data, processed data, and
comparative images are required so as to further proofs when pre-
paring a publication for reviewers.

3 Live Cell Three-Dimensional Imaging

Due to the shallow depth of focus of high-resolution objective
lenses, the ability to image over a discrete volume so as to capture
all of the data and perhaps achieve this over time has become
commonplace in the field. Three-dimensional imaging is achieved
by manipulating the place of focus in relation to the sample, by
moving the sample (via the stage) or the objective lens. However
with live cell imaging in a three dimensional space over time the
effects of photo-damage become cumulative which result in loss of
signal or, more importantly in live cells, damage to the functioning
cell. Reduction of the harmful effect of UV illuminating light for
fluorescence microscopy can be lessened by

— The utilising of high-end light-efficient cameras so the light
input burden can be decreased.

— A camera with rapid frame rates so to enable high-speed
imaging.

— Automated and rapid light shuttering so to reduce needless
light input.
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— High-quality, high-efficiency fluorescence filters within the UV
light path.

— If the camera allows binning can increase the sensitivity of the
camera so to enable high frame rates with less required light.
Binning is the process where the signal from a group of adja-
cent pixels on the image sensor are combined and assigned to
a single pixel value.

As a consequence of many of the considerations list above
sCMOS cameras (higher frame rates, larger sensor size) have
become popular over EMCCD (higher sensitivity, but lower frame
rates) in UV wide-field and SDCM applications.

4 Image Processing

4.1 Image
Processing via
Deconvolution

Image processing is an offshoot from signal processing. With
microscopy a real-life object is converted into a digitized model by
conversion of a photon to an electronic signal, the strength of sig-
nal converted into a grayscale image (the contrast of which is gov-
erned by good laboratory and microscopy technique). Suitable
image processing requires prior knowledge, so the conversion of
the visualized image (the raw data) reflects the inherent cellular
biology that has been observed (the model or processed data).

When combining a stack of images flaws inherent within the opti-
cal system and how the biological sample is presented become evi-
dent when examining the final output. When imaging a volume of
data as a cross section objects that should be discrete appear to be
elongated, a consequence of a transform known as the point spread
function (PSF). The PSF was first studied by Airy in the ninetieth
century and then later in the 1930s by Zernike and Nijboer, who
describes a transform that distorts and masks the data contained
within an image. Suitable sampling of the data is critical which is
controlled by the microscope optics, software control, and sample
preparation.

By the application of image restoration techniques, such as
image deconvolution, the data can be recovered from the visual-
ised data, improves resolution, removes noise and increases the
contrast (the signal to noise ratio). Modeling of the sample and
optical system allows for image correction to be applied, so remove
the mathematically described function which distorts the data, and
the convolution; however the data must then be considered as a
model of the data rather than the true measure of the data [3].

Methods such as image deconvolution correction are applied
to correct for the PSF but due to the contrast enhancements in the
processing algorithms the data intensities must not be compared
across the same or between different datasets. Over the last 10
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years image deconvolution embedded within data capture software
has become commonplace however in a multi-microscope environ-
ment it is important for data consistency that the same algorithms
be applied to all data sets whatever the microscope source; hence
stand-alone server-based software is beneficial in a high-throughput
laboratory that requires standardization across multiple micro-
scope systems. It must be noted that the original and processed
data should be stored for publication purposes, as image deconvo-
lution alters intensity and reassigns spatial location.

A suggested workflow for suitable sample preparation, micros-
copy, and processing is outlined below

1. For sample preparation ensure that all cover slips are optical
grade and are No. 1.5 grade (0.16-0.19 mm thick).

2. If the sample preparation has been in an environment of a tem-
perature differential to the microscope, ensure that condensa-
tion has not resulted.

3. Ensure that all microscopes optics are clean and dust free.

4. Measure the refractive index of a sample of the mounting
media that surrounds the sample (media, antifade, etc.) with a
simple hand held refractometer.

5. Obtain the lens medium refractive index (if using immersion
oil often the manufacturer will quote on the bottle, which is
usually measured at 23 °C). As refractive index is directly
related to temperature, if visualising cells at a different tem-
perature than stated by the manufacturer it is advisable to mea-
sure using a refractometer.

6. Collection of the data at a suitable sampling frequency. When
imaging Green Fluorescent Protein (GFP) using a x100 objec-
tive lens with a NA of 1.4 as a guide please consult Table 1.

7. Software is available that will calculate the convolution, how
the data has been transformed due to the change in refractive

Table 1
Suitable sample frequencies when imaging Green fluorescent Protein,
calculation from the Scientific Volume Imaging (see useful websites)

Sampling frequency (nm)

Microscopy Lateral (xy) Axial (2)
Wide field 90 270
Laser scanning confocal 40 100
Spinning disk confocal 43 130

gSTED 19 100
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index and optics, from the original data. However for it may be
advisable to check using fluorescent beads that can be consid-
ered as a point source and of know geometry (less than 175 nm
in size).

8. Once the convolution is calculated this is then applied to the
original data resulting in a model of the original data (se¢ Fig. 1).

Imaging processing can be described as a defined process, which
may make features that may be masked or hidden in the original
data set discernable. As detailed previously image deconvolution

Fig. 1 Image deconvolution demonstrating the blurring function or convolution that has been applied during

data collection and the data’s deconvolution illustrating the reassigning of pixel location in three-dimensional
space (original microscopy data supplied by Karim Labib and Alberto Sanchez-Diaz)

4.2 General Image
Processing
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is a mathematical based form of image processing. When employ-
ing any form of image processing the raw data and final data
must be archived along with the procedures utilised to achieve
the final image.

The processing must employ mathematically defined tools
rather than arbitrary sliders, not remove or mask data from the final
data set but only improve clarity. For example a macro can be writ-
ten in a popular graphics program so that the shadows, midtones,
and highlights could be manipulated so as to remove faint struc-
tures from an image. Although an argument could be formed that
if this processing is carried out across all data sets then it could be
considered fair use, the processing has removed data, be it unwanted
data, from the original visualised data set hence the process should
be considered unsuitable for scientific data. All image processing
must be repeatable, mathematically and experimentally justifiable,
applied across all data sets, and applied to the same extent.

5 Image Reconstruction

Many of the methods for image reconstruction were derived when
processing hardware was costly and computer time long; thus
shortcuts were conceived to cut down on the hardware and time
requirement. Projection methods such as the commonly used max-
imum projection reassign intensity so as to give an impression of
depth. Consequently methods of reassigning pixels although can
be useful should not be utilized for analysis, only visual inspection
of the data. If volume data is to be analyzed then software can pro-
cess in 3- and 4D space such as the open-source Fiji software and
commercial software (see useful websites). However reconstruc-
tion of the data although visually rewarding and aiding interpreta-
tion is not essential using 2D software and quantifying each plane
of the 3D data space in a batch processing mode will often yield a
more suitable and accurate result.

6 Image Analysis

6.1 General Analysis

The term of image analysis describes where meaningful extrac-
tion of numerical data from a global or scene parameters, or mea-
suring values for each individual feature that is present by digital
image processing techniques. It must be remembered that the
digital image is a pictorial methods of representing numerical
data; however the extraction of meaningful data which can then
be pipelined through to statistical analysis requires image pro-
cessing and a large number of cells to extract data so that the
statistical analysis becomes meaningful. The strength of applying
image analysis over several fields of view, treatment or cell type, is
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that the population and the individual cell can be mined to examine
variations in population and also to statistically validate the per-
ceived biological phenomena.

To achieve object extraction and subsequently analysis some
form of user based discrimination is to be applied which requires
prior knowledge by the researcher [4], hence with any form of
visualization and analysis getting to know the range of the biology
present in the study is essential. Sampling a small part of the overall
population requires experience and knowledge of the biological
principles in action across all treatments and cell types; thus if it is
possible to utilize high-content screening where many thousands
of cells are imaged and assessed rather than sampling the popula-
tion more satisfactory statistics result.

Discrimination of objects can be achieved via a suitable thresh-
olding technique, which depends upon labelling intensity, suitable
illumination across the field of view and image capture technique
(wide field, confocal, etc.). Automated thresholding which utilizes
a local area contrast scheme or discriminates above a certainly level
from the background is applicable such as a Gaussian function or
to assume that the difference between object and background can
be classified above a certain point. Certainly if the illumination
uniformity is not optimal, this will have a severe impact on the suit-
ability of automated feature extraction.

High-content analysis (HCA) where processing, analysis, and
statistical modeling has been perceived as a large-scale drug discov-
ery endeavor using commercial software, has been traditionally
directed towards mammalian cells. Techniques such as nuclear and
cytoplasmic detection, translocation, presence or absence of labels,
population dynamics, and live cell assessment are carried out on
large-scale mammalian screens; however these procedures can be
applied to a wide variety of cell types including yeast cells. Utilizing
optical grade multi-well plates, an automated XYZ stage, and con-
trol over illumination and detection high-throughput/content
phenotypic screening can be achieved. Certainly with free open
source software such as CellProfiler or macros within software such
as Image] and Fiji there is a wide range of 2D and 3D tools for
screening populations.

A method of correcting illumination across a field, separation
of objects and analysis can be straightforward depending upon the
sample preparation, microscopy technique and image quality (res-
olution and contrast). Outlined below is a simple workflow that
can be utilized for analysis and classification of a cell population.

1. llumination correction, to reduce background fluorescence or
to improve clarity.

2. Separation of objects of interest from the background via
image threshold techniques, which converts the data into a
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Fig. 2 Screening demonstrating the automated detection of the cell and the actomyosin ring (AMR). Using the
cells as a mask the lower image shows the cell with associated AMR and profiles each cell. All data processing
and analysis carried out within the CellProfiler software (original microscopy data supplied by Karim Labib and
Alberto Sanchez-Diaz)

binary image. When using multiple labels the discrimination
step of thresholding can be applied several times so as to extract
different features from the original image.

. Exclusion of cells that touch the edges of the image, so only

whole cells are assessed.

. Measure the fluorescence of a population of cells, singularly.

Typically this step performs multiple measures of each discrete
object of interest.

. Creation of subpopulation depending upon one or several

measurable characteristics or phenotype.

. Score each image of separated features per cell.

. Iterative machine learning, develop the scoring procedure

across batches of cells so as to check the extraction technique
and validity.

. Automated scoring per cell, well, and treatment (see Figs. 2

and 3).



Microscopy and Analysis of Yeast Cells Using Screening Software 359

Fig. 3 Screening demonstrating the automated detection of the cell and the actomyosin ring (AMR) and numer-
ating size of the AMR (area) and cell size (major axis length). All data processing and analysis carried out within
the CellProfiler software (original microscopy data supplied by Karim Labib and Alberto Sanchez-Diaz)

7 Image Management

As the number of images increase so to describe a biological event
or phenomena which require data processing, analysis, classifica-
tion and statistical testing the requirement for data storage
increases. As data storage requirement increases so does the neces-
sity for data management. In the mid-1990s it was common for
core facility laboratories or research laboratories that use a large
amount of imaging to use optical disks that would contain 1 GB of
data which in turn would contain a whole 3-year project. Commonly
due to multi-plane, labeled, field, and treatment data a research
project of 3 years can be contained in 500 Gb to 1 Tb; conse-
quently data solutions in core facilities (storage, backup, and
archive) require Peta bytes of data to contain not just the imaging
data but from integrated molecular biology, mass spectrophotom-
etry, and bioinformatics data streams.

Solutions such as Omero (Open Microscopy Environment)
allow for the management of data streams, which is rapidly becom-
ing essential for publication due to the necessity of showing the
workflow from the raw data to the final draft of a paper.

8 Conclusion

The field of forming data using visual techniques such as micros-
copy is rapidly changing, however standardized cell preparation,
good practice at the microscope, and well-defined image processing
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and analysis routines will always be the basis of data extraction and
classification. Whereas capturing a few cells (under a hundred in
some studies) and describing a biological phenomena or response
to an external stimulus was often carried out, this is rapidly becom-
ing unsuitable for the detection of rare or temporally fleeting
events.

The ability to form images at multiple fields of view, under dif-
fering biochemical conditions, in an automated fashion and to
apply algorithms to describe the population and the individual
response is becoming essential so to produce statistically viable
data as researchers move away from the single slide towards multi-
chambers and multi-well plates.

9 Useful Websites

9.1 Free-Open-
Source Software

9.2 Commercial
Software

CellProfiler

http: //www.cellprofiler.org

Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH,
Friman O, Guertin DA, Chang JH, Lindquist RA, Moffat ],
Golland P, Sabatini DM (2006). “CellProfiler: image analysis soft-
ware for identifying and quantifying cell phenotypes”. Genome
Biology 7(10): R100

Fiji

http: //fiji.sc /Fiji

Schindelin J, Arganda-Carreras I, Frise E et al. (2012). “Fiji:
an open-source platform for biological-image analysis”. Nature
methods 9(7): 676-682

Image]J

http://imagej.nih.gov/ij/

Schneider CA, Rasband WS, Eliceiri KW (2012). “NIH Image
to Image]: 25 years of image analysis”. Nature Methods 9(7):
671-675

Open Microscopy Environment

https: //www.openmicroscopy.org,/

Goldberg 1G, Allan C, Burel J-M, Creager D, Falconi A,
Hochheiser H, Johnston J, Mellen ], Sorger PK, Swedlow JR
(2005). “The Open Microscopy Environment (OME) Data Model
and XML File: open tools for informatics and quantitative analysis
in biological imaging”. Genome Biology 6:R47

Bitplane, Imaris
http: //www.bitplane.com
Media Cybernetics, Image Pro Plus
http: //www.mediacy.com
PerkinElmer, Volocity
http://www.perkinelmer.co.uk/catalog/category/id/
imaging%20analysis%20software


http://www.cellprofiler.org/
http://fiji.sc/Fiji
http://imagej.nih.gov/ij/
https://www.openmicroscopy.org/
http://www.bitplane.com/
http://www.mediacy.com/
http://www.perkinelmer.co.uk/catalog/category/id/imaging analysis software
http://www.perkinelmer.co.uk/catalog/category/id/imaging analysis software
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Perkin Elmer Columbus

http: //www.perkinelmer.co.uk/pages,/020 /cellularimaging /
products/columbus.xhtml

Scientific Volume Imaging, Huygens

http: //www.svi.nl /
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Chapter 23

Toolbox for Protein Structure Prediction

Daniel Barry Roche and Liam James McGuffin

Abstract

Protein tertiary structure prediction algorithms aim to predict, from amino acid sequence, the tertiary
structure of a protein. In silico protein structure prediction methods have become extremely important, as
in vitro-based structural elucidation is unable to keep pace with the current growth of sequence databases
due to high-throughput next-generation sequencing, which has exacerbated the gaps in our knowledge
between sequences and structures.

Here we briefly discuss protein tertiary structure prediction, the biennial competition for the Critical
Assessment of Techniques for Protein Structure Prediction (CASP) and its role in shaping the field. We
also discuss, in detail, our cutting-edge web-server method IntFOLD2-TS for tertiary structure predic-
tion. Furthermore, we provide a step-by-step guide on using the IntFOLD2-TS web server, along with
some real world examples, where the IntFOLD server can and has been used to improve protein tertiary
structure prediction and aid in functional elucidation.

Key words Protein tertiary structure prediction, Protein structure, Fold recognition, Template-based
modeling, Template-free modeling, Critical Assessment of Techniques for Protein Structure Prediction
(CASP), Bioinformatics web servers, Model quality assessment methods, Continuous Automated
Model EvaluatiOn (CAMEOQ), Protein Model Portal (PMP), Protein Structure Initiative (PST)

1 Introduction

Proteins are essential molecules in all organisms, playing key roles
in maintaining the function and structural integrity of all living cells
[1-3]. Thus, the determination of the tertiary structure of proteins
within a system is an important step, which can aid in the elucida-
tion of key cellular mechanisms and molecular functionality.
Current experimental techniques for structural determination,
which include X-ray crystallography and nuclear magnetic reso-
nance (NMR), have numerous limitations. The cloning, expres-
sion, and purification of a protein in its correctly folded state, and
in the case of X-ray crystallography, followed by the production of
diffraction quality crystals, are time consuming and costly.
Conversely, computational methods for protein tertiary structure
prediction are easily automated, fast, and cheap; they help in

Alberto Sanchez-Diaz and Pilar Perez (eds.), Yeast Cytokinesis: Methods and Protocols, Methods in Molecular Biology,
vol. 1369, DOI 10.1007/978-1-4939-3145-3_23, © Springer Science+Business Media New York 2016
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1.1 A Brief
Introduction to 3D
Structure Prediction

1.2 A Brief
Introduction to CASP

functional inference and can help guide in silico, in vitro and in
vivo experiments [2]. Furthermore, with the advent of high-
throughput next-generation sequencing technologies, the gap
between protein sequence and experimentally elucidated struc-
tures is increasing at an exponential rate; only ~1 % of Uniprot
sequences are structurally elucidated [4]. Thus, computational
methods to predict protein tertiary structure, which include the
template-based and template-free modeling methods detailed in
this chapter, need to be utilized.

Protein tertiary structure prediction methods can be subdivided
into two categories: the template-based modeling methods (TBM)
and template-free modeling methods (FM). Essentially, if it is pos-
sible to locate a template, for the target protein, in the PDB [5],
then TBM methods, such as fold recognition and homology mod-
eling are utilized [2]. TBM is based on three key concepts: (1)
similar sequences have similar structural folds; (2) many unrelated
sequences also fold into similar structures; and (3) there are a finite
number of unique folds, when compared to the number of natu-
rally occurring proteins, almost all of fold space has already been
structurally determined, so the likelihood of a protein having a new
fold is small [1, 2, 6].

However, in the rare circumstances, when it is not possible to
find a template for your protein of interest in the PDB, then
template-free modeling algorithms are the only option. Template-
free modeling (FM) methods are often divided into knowledge-
based methods and physics-based methods. FM methods are also
referred to as ab initio modeling, de novo modeling, or modeling
from first principles. Generally, FM of a 3D protein structure is
performed using only sequence information and without the use of
a template structure. FM algorithms use designed energy functions
to carry out conformational searches that usually results in the
building of a number of structural decoys based on likely conforma-
tions, which are used for the selection of the final model. The energy
functions that are utilized in FM can usually be divided into two
categories; physics-based energy functions and knowledge-based
energy functions. Knowledge-based energy functions rely on statis-
tics derived from experimentally elucidated structures [1, 2, 6, 7].

The major goal of the biennial Critical Assessment of Techniques
for Protein Structure Prediction (CASP) experiments is to drive
methods development for the prediction of protein 3D structure
from sequence. CASP utilizes blind prediction experiment to pro-
vide objective testing for cutting edge methods. The CASP experi-
ment takes the form of a competition which can be thought of as
the “World Championships” for structure prediction methods.
Over the years the competition has been divided into several pre-
diction categories, which has included tertiary structure
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prediction—template-based and template-free modeling; disorder
prediction; contact prediction; model quality assessment; binding
site prediction; protein-protein interactions; oligomerization state;
and protein model refinement [1, 2, 8, 9].

The advent of the CASP competition in 1994 [10] has resulted
in major improvements in the predictive power of algorithms, with
each successive CASP competition. Now methods have reached a
level of accuracy and consistency, with the most recent CASP com-
petitions showing that fully automated protein structure predic-
tion servers can often produce models fairly close in quality to the
very best human expert modelers [11, 12].

The IntFOLD2 server has been developed to be easy to use by
non-experts and experts biologists alike, by the provision of an
intuitive interface, allowing users to effortlessly predict the 3D
structure of their proteins of interest [8, 13, 14]. Additionally, for
the more expert user, PDB files containing per-residue errors of
the top five models can be downloaded, for more detailed exami-
nation of the raw data. The IntFOLD2-TS (Tertiary Structure)
method [13] integrates numerous profile-based fold recognition
algorithms including: SP3 and SPARKS2 [15], HHsearch [16,
17], COMA [18, 19], and several algorithms from the LOMETS
[20] package which produce up to 90 alternative 3D models from
bespoke non-redundant template libraries. This set of models is
subsequently analysed using ModFOLDclust2 [21], which carries
out both global and local model quality assessment, ranking the
models accordingly. The per-residue error prediction scores are
additionally added to the B-factor column in the PDB files, which
can be utilized by the user to determine which parts of the model
they can trust and which parts they cannot trust, which is indis-
pensable information for future in silico, in vitro and in vivo
studies.

The IntFOLD2-TS methods also includes a novel algorithm
for multi-template modelling [13]. Firstly, taking the per-residue
errors of the models from ModFOLDclust2 [21], to determine
which areas of the model have low quality. Secondly, the method
finds new templates for low confidence areas, in order to improve
on the model-template alignments. Finally, these model-template
alignments are used to build a new set of models with both higher
predicted local and global model quality [13].

The IntFOLD2-TS method has been benchmarked at CASP9
and CASP10 and was identified by the assessors as one of the bet-
ter performing independent automated methods [14 ] and the best
method overall for providing information about local model
accuracy [22]. In addition to CASP, the method is continuously
benchmarked by CAMEO (Continuous Automated Model
EvaluatiOn—http://www.cameo3d.org). The models constructed
by IntFOLD2-TS are further used in our other methods, along
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with ModFOLDclust2 model quality results for: disorder predic-
tion (DISOclust [23]); domain boundary prediction (DomFOLD)
and predicting protein-ligand interactions (FunFOLD [24]) (see
Note 4 for more details). These component methods of the
IntFOLD2 server are now integrated into the Protein Model
Portal (PMP) [25] of the Protein Structure Initiative (PSI) struc-
tural genomics knowledgebase [26, 27]. The latest implementa-
tion of the server (IntFOLD3) includes updated versions of these
methods, which were recently also benchmarked in the CASP11
experiment.

The IntFOLD2-TS method and its previous implementations
have been utilized in numerous large scale projects to predict the
3D structure of selected proteins within genomes and proteomes
[28, 29]. These projects have included, the study and structure
based functional annotation of Secreted Effector Proteins from the
genome of the pathogen barley powdery mildew Blumeria grami-
nis f. sp. hordei [28, 29]. The fold recognition approach imple-
mented in the IntFOLD-TS methods were necessary in these
studies due to the lack of information that could be gleaned from
PSI-BLAST [30] searches alone.

In summary, the use of computational methods for protein
structure prediction is essential in the era of high-throughput next-
generation sequencing, as experimental methods are unable to
provide structurally information at the same pace as next-generation
genomic sequencing. The prediction of protein structures along
with the structural annotation of proteomes enables the interpreta-
tion of a proteins general function and prediction of binding sites
(see Notes 1-4). These predictions can subsequently be exploited
in future in silico, in vitro and in vivo studies, for the discovery and
design of novel proteins, which will impact on twenty-first-century
issues such as food and energy security, health and disease, and liv-
ing with environmental change.

2 Materials and Systems Requirements

1. The user requires a computer with an internet connection and
a web browser, which is Java Script enabled. The IntFOLD2-TS
server [ 14] has been extensively tested on Google Chrome and
Firefox, which are recommended for proper use. The server
also works on Internet Explorer, Safari, and Opera, but has not
been tested as extensively.

The IntFOLD2-TS server is available at the following link:
http://www.reading.ac.uk/bioinf/IntFOLD /IntFOLD2_

form.html.

2. To run your predictions on the IntFOLD2-TS server you
require an amino acid sequence for your protein of interest, in
single-letter code format. If the length of the target amino acid
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sequence is much longer than ~500 amino acids, it is best to
divide the target sequence into domains (e.g., using PFAM
[31] or SMART [32]) and submit each domain sequence sepa-
rately (dividing sequences into domains is useful as predictions
for longer sequences increase prediction time, and finding a
single template for a long sequence can be difficult, thus not all
of the sequence may necessarily be modeled). Additionally, a
short name can be given to the submitted sequence and an
email address can be included to alert the user when predictions
are complete. For a more detailed explanation and common
problems that may be encountered see Note 1.

3 Methods

3.1 The Submission
Process

3.2 How to Interpret
the Results

In

this section, we present a step-by-step guide on using the

IntFOLD2-TS server, to generate 3D structural models for the
user’s sequence of interest. We also describe some interesting use
cases of the IntFOLD2-TS server.

1.

Navigate to the IntFOLD2-TS server submission form:
http://www.reading.ac.uk /bioinf/IntFOLD /IntFOLD2_
form.html

. Paste the full single-letter format amino acid sequence of the

target protein into the textbox on the server submission page
(see Fig. 1). In addition the user has the option to upload addi-
tional models, obtained from other servers/methods, which
will be assessed along with the IntFOLD2-TS models.

. Optionally, a short name can be given to the target sequence.

. The user may choose to give their e-mail address in order to be

alerted once the prediction is complete.

. Once all the required information boxes, on the submission

page, have been complete, the user needs to click on the sub-
mit button to submit their prediction.

. Currently, submissions are limited to one per IP address, to

maintain prediction speed and server capacity. Once the user’s
prediction is complete their IP address is unlocked and they
can then submit their next target for prediction. See Note 1 for
common problems encountered at the submission step.

. Once the user’s job is complete an email is sent containing a

link to the prediction results of their target protein. Clicking
on the link brings you to the results page for your submitted
target. See Fig. 2 for an example results page.

. The results page contains links to the graphical results for the

target along with links to downloadable machine-readable


http://www.reading.ac.uk/bioinf/IntFOLD/IntFOLD2_form.html
http://www.reading.ac.uk/bioinf/IntFOLD/IntFOLD2_form.html

368 Daniel Barry Roche and Liam James McGuffin

g 2 # © www.reading.ac.uk/bioinf/IntFOLD/IntFOLD2 form.htm

g University of
Reading

< Bioinformatics
Servers Home

IntFOLD
FunFOLD
nFOLD3
ModFOLD
DomFOLD
DISOclust

Life | Study | Research | Business | About | A-Z search |University site ¥ || [Gol

Bioinformatics Web Servers

The IntFOLD Integrated Protein Structure and
Function Prediction Server (Version 2.0) Tal: 0118 378 6332

Email: Lj.mcguffin
This simple form allows you to: predict tertiary structures, assess the quality of 30 models, @reading.ac.uk
detect disordered regions, predict the boundanes for structural domains and predict likely * Full contact details
ligand binding site residues for a submitted amino acd sequence.
Further information, news and references will be posted on the IntFOLD home page.
Please refer to the help page before submitting any data. Click 'Help' in each section for
detailed instructions.

Required - Input sequence of protein target (single letter code) Help

Optional - Upload model/models (either a single PDB file or a tarred and gzipped
directory of PDB files) Help
Choose File | No file chosen
Optional - Short name for protein target Help
i
Optional - E-mail address Help
|

% By selecting this button, I assert that I am part of an academic institution (not a
government research lab such as the NIH, or a commercial entity) and I agree to the

terms and conditions of the Modeller license,

1 am a non-academic and I have a MODELLER access key: !

Help, I need a key!

Accessibility | Site Map | ContactUs | Find us

Fig. 1 Screenshot showing the IntFOLD submission page

& University of Reading

results in CASP format. Firstly, a graphical representation of
the top five models ranked by ModFOLDclust2 [21] global
model quality score (between 0 and 1—bad to good) is shown,
along with an associated p-value colored in relation to the con-
fidence of each prediction, basically the likelihood of the model
having the correct fold, p<0.001 (“certain,” colored blue) to
p<0.01 (“high,” colored green) to p>0.1 (“poor” confidence,
colored red) (see Fig. 2, Table 1 and Note 2). A plot of the
per-residue error for each model is also shown, which can be
clicked on to display a larger per-residue error plot that is
downloadable in postscript format. Additionally, each model
coloured in reverse rainbow from blue to red (based on the
per-residue model quality scores) is shown. Secondly, graphical
results for disorder prediction using DISOclust [23] are shown.
Thirdly, a graphical representation of predicted domain bound-
aries is also included. Fourthly, the FunFOLD2 [3, 23, 33]
protein-ligand interaction prediction, performed using the top
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Fig. 2 Screenshot highlighting the IntFOLD-TS results page for CASP9 target T0567. Machine readable results
files are available for download at the top of the page

Table 1

Confidence assigned to p-values associated to IntFOLD2-TS structural predictions

P-value cutoff Confidence Description

$<0.001 CERT Less than a 1,/1000 chance that the model is incorrect.
$<0.01 HIGH Less than a 1,/100 chance that the model is incorrect.
<0.05 MEDIUM Less than a 1,20 chance that the model is incorrect.
p<0.1 LOW Less than a 1,/10 chance that the model is incorrect.
p>0.1 POOR Likely to be a poor model with little or no similarity to

the native structure.

The global model quality score allows for the calculation of a p-value which represents the probability that each model
is incorrect. Each model is also assigned a color-coded confidence level depending on the p-value from red (POOR) to

blue (CERT)
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model, can also be seen. Finally, at the end of the results page,
there is a graphical list of all models built for the target sequence
ranked by ModFOLDclust2 [21] global model quality.
Clicking on each of the graphics links the user to a more
detailed results page containing quantitative data.

3. Clicking on the graphical representation of any of the 3D mod-
els brings the user to a more detailed results page, see Fig. 3.

Links to interactive graphical output:

» Download model with B-factors

« View local emors in Jmol
+ View coverage and model-template superposition/s in Jmol

RasMol generated image of per-residue accuracy for the model nFOLD4_multi_HHsearch_TS1.bfact.pdb

Click here to download a PDB file of this model with residue accuracy predictions (Angstroms) in the B-factor column
[RasMol colouring uses the reverse rainbow scheme from blue (high accuracy)
through green, yellow and orange to red (low accuracy)]

Jmol view of the per-residue accuracy for the model nFOLD4_multi_HHsearch_TS1.bfact.pdb

Ospin model

Basic mouse controls:

Zoom: SHIFT + click and hold the left mouse bulton and move up or down.
Rotate: click and hold the left mouse button and drag.

Translate: CTRL + click and hold the right mouse button and drag

Fig. 3 Screenshot showing the results page for the top model from Fig. 2 for CASP9 target T0567. This page
shows a large graphical representation of the top model, which can be downloaded in PDB format containing
per-residue errors in the B-factor column. Furthermore, a Jmol application enables users to inspect the model
in 3D space
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The detailed model results page contains a large representation
of the model, coloured in reverse rainbow (blue to red—good
to bad), the model can be downloaded in PDB format with the
per-residue errorsincluded in the B-factor column. Additionally,
the results page contains a Jmol plug-in [34] allowing users to
interrogate the model in 3D space. Furthermore, structural
superpositions of the model to the top templates used to build
the model are shown. Model-template superpositions are car-
ried out using TM-align [35]. Furthermore, a Jmol plug-in,
again allowing users to examine the model-template superposi-
tion in 3D space (see Fig. 4 and Note 2).

Users have the ability to submit one job for each IP address. Once
the first job is complete, then notification of results is made via
e-mail, if an e-mail address is provided. If a user does not wish to
provide their e-mail address, then a link to the result page is pro-
vided from bookmarking and later viewing. Upon job completion,
the users IP address will be unlocked and the server is again ready
for the user to submit a new job. The results of each completed job
are saved on the server for 30 days.

The IntFOLD2 server has been used in numerous applied studies
which have led to interesting biological findings (sec Note 4 for
more details on the IntFOLD2 server components). Our studies
have focused on a diverse range of subjects, for example, investi-
gating neurodevelopmental disorder proteins [36], cardiovascular
disease proteins [ 37, 38, Drosophila proteins [ 39] and plant fungal
pathogens [28, 29]. We will focus on two related studies that were
carried out in collaboration with the McGuffin group, on the plant
fungal pathogen barley powdery mildew (Blumeria graminis f. sp.
Hordei) 28, 29 ]—as they are more directly relevant to the readers
of this book.

The first study combined proteogenomic and in silico struc-
tural and functional annotation, to investigate the proteome of
the barley powdery mildew pathogen [28]. Genome-wide fold
recognition was carried out using the IntFOLD server [14]. The
models were subsequently assessed for both local and global
model quality using ModFOLD3 [1, 21]. The results lead to a
number of interesting conclusions about the structural diversity of
the proteome. Firstly, the low model quality scores for a large
number of models of fungal effectors lend to the idea that many
of the proteins have novel folds or are evolutionarily very distantly
homologous to known protein structures. Secondly, for six pro-
teins good-quality models were constructed (model quality score
greater than 0.4). These proteins were confidently assigned puta-
tive functions—glycosyl hydrolase activity—using the IntFOLD
models (an earlier implementation of the server) and FunFOLD
[33]. Additionally, the functionality of these putative glycosyl
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hydrolases was experimentally verified. In conclusion, the
IntFOLD server was able to build high quality models for six
novel proteins and confidently assign their functions. Furthermore,
the fold diversity encoded by the Blumeria graminis genome was
highlighted [28] (se¢ Note 3 for an analysis of model quality/
confidence scores).

The second follow-up study also investigated the barley pow-
dery mildew, but expanded on the initial strategy, focusing on the
study of Candidates for Secreted Effector Proteins (CSEPs) [29].
A combination of genomics, transcriptomics, and proteomics, in
addition to in silico protein structure prediction was utilized to
analyze the evolutionary relationship of the CSEPs superfamily in
Blumeria graminis f. sp. hordei. This study revealed that 491 genes
(7 % of the genome) encoded for CSEPs, grouped into 72 families,
predominantly located in the haustoria. Studying the models built
for the effector proteins, highlighted their similarity to known fun-
gal effectors, but unexpectedly also linked the entire effector super-
family proteins structurally to ribonucleases. This structural
evidence along with experimental evidence and predictive phyloge-
netic evidence, allowed the authors to hypothesize that the associ-
ated effector genes originated from an ancestral secreted
ribonuclease gene. It was also hypothesized that this gene, which
was duplicated, subsequently underwent functional diversification
over the course of the evolution of the grass and cereal powdery
mildew lineages [29].

4 Notes

1. In order to be successtul in constructing a model for your tar-
get sequence using the IntFOLD2-TS server [13, 14], it is
important to take several ideas into consideration. The target
protein sequence should be supplied in the single-letter amino
acid format and pasted into the text box labeled “Input
sequence of protein target.” Here errors can occur if the single
letter format of the target amino acid sequence is not submit-
ted or if the sequence is submitted in and alternative format.
Additionally, it is recommended not to submit sequences over
500 amino acids as a single prediction. Firstly, because longer
sequences increase both the load on the server and the runtime
of the users prediction. Secondly, for longer sequences it is not
always possible to locate a good template for all of the multiple
domains within the protein; thus some domains may not be
modeled well. Hence, it is advisable to partition your sequence
into separate domains and submit a number of separate jobs.
Furthermore, if the server is unable to build a model for one of
the domains of the target protein, again it is a good idea to
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partition this protein sequences using the domain boundary
predictions from the results page and resubmit the split
sequences to the server.

The next text box which needs to be completed is the
short name for your protein target; this is useful to keep track
of your predictions by assigning them a meaningful descriptor.
The set of characters you can utilize for the short descriptor of
your target protein are restricted to letters A-Z (either case),
the numbers 0-9 and the following other characters: .~_- . The
protein descriptor name specified by the user will be included
in the subject line of the e-mail messages sent to the user,
which contains a link to the user’s results. Again, the user may
optionally provide an e-mail address. This will enable a link, to
the graphical machine readable results to be sent to the user,
when the prediction process is completed. Furthermore, for
non-academic users a MODELLER [40] access key is required
to comply with the terms and conditions of the modeler user
guidelines, there is a help button that can be clicked, which
redirects users to the MODELLER [40] registration page
where a license key can be obtained.

. Once the IntFOLD2-TS [13, 14] server has completed the

prediction process, an e-mail is returned to the user, contain-
ing a link to the results page. Clicking on the link or pasting
the link into a web browser, brings the user to the results page
of their target protein (see Fig. 2 for an example results page).
Previously described in Subheading 3.2—How to interpret the
results. Problems that can be encountered with the results
include, models having bad model quality scores (global and
local) and or not having one (several) domain(s) constructed
for a particular target. The main reason is that a good template
or set of templates was not located in the non-redundant tem-
plate databases to enable model construction. Thus, the
domain or protein not built may be completely disordered or
have a novel fold (template-free methods will need to be used
to build a model).

. It is extremely important to assess both the global and local

quality of a model. Model quality assessment is the corner-
stone of all our methods including IntFOLD2-TS [13, 14].
For a more detailed review of model quality assessment meth-
ods see—Roche et al. [1].

The IntFOLD2-TS server integrates model quality scores
from the ModFOLDclust2 [21] method to rank the con-
structed models according to their global model quality score
from O to 1 with scores above 0.4 being more trustworthy, See
Table 1. The color scheme gives users at a glance an idea of the
global model quality. Moreover, a plot of the per-residue
model quality score is also shown, with the amino acid sequence
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from N-ter to C-ter along the x-axis and the per-residue error
score in A on the y-axis (from 1 to 15 A)(downloadable in
postscript format). This plot allows the user to assess which
sections of the model they can trust and use in future in silico,
in vitro and in vivo studies. Furthermore, the per-residue error
is also included in the B-factor column of all of the models.
Finally, the per-residue errors from ModFOLDclust2 are uti-
lized in the IntFOLD2-TS multi-template modeling process
to help determine the “good” and “bad” parts of the model,
find new templates for the “bad” parts and building a subse-
quent round of models, with better global and local model
quality scores.

4. Once a model has been constructed for a target protein it can
be utilized for numerous in silico, in vitro and in vivo studies
in numerous fields of application. These applications include
drug discovery, cardiovascular disease, neurodegenerative dis-
ease research, biofuels research, and plant pathogen research
[26], to name a few, as outlined in the case studies presented
in Subheading 3.4 [28, 29, 36-39].

The IntFOLD server utilizes the models built by
IntFOLD2-TS additionally for protein-ligand interaction pre-
dictions (FunFOLD2 method [23]), and disorder and domain
boundary predictions. The FunFOLD?2 algorithm [23] com-
bines FunFOLD [33] and FunFOLDQA [3] to predict pro-
tein-ligand interactions and binding site quality scores. Briefly,
FunFOLD carries out model-template superpositions of the
top-ranked model from IntFOLD2-TS and the templates used
to build the model, which have biologically relevant bound
ligands. In order to identify putative binding site residues, a
novel agglomerative hierarchical clustering algorithm is used,
along with a voting system. Additionally, the FunFOLDQA
algorithm subsequently assesses the quality of the predicted
ligand binding site, producing five feature-based scores, which
are combined via a neural network to predict two global bind-
ing site quality scores, predicted MCC [41] and BDT [42]

SCOrces.
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Chapter 24

From Structure to Function: A Comprehensive Compendium
of Tools to Unveil Protein Domains and Understand Their
Role in Cytokinesis

Sergio A. Rincon and Anne Paoletti

Abstract

Unveiling the function of a novel protein is a challenging task that requires careful experimental design.
Yeast cytokinesis is a conserved process that involves modular structural and regulatory proteins. For such
proteins, an important step is to identify their domains and structural organization. Here we briefly discuss
a collection of methods commonly used for sequence alignment and prediction of protein structure that
represent powerful tools for the identification homologous domains and design of structure-function
approaches to test experimentally the function of multi-domain proteins such as those implicated in yeast
cytokinesis.

Key words Cell division, Cytokinesis, Structure-function analysis, Sad kinase, Anillin

1 Introduction

Cytokinesis is the process by which a single-cell partitions its cyto-
plasm to give rise to physically separated daughter cells. It is
required for cell proliferation and development of multicellular
organisms, and well conserved from yeast to mammalian cells. A
major feature of cytokinesis is the need for assembly and constric-
tion of a cytokinetic ring that guides and /or provides force to drag
the plasma membrane of the ingressing furrow. This requires the
establishment of strong and dynamic connections between the
cytokinetic ring and the membrane. Accurate coordination of cyto-
kinetic ring assembly and constriction with chromosome segrega-
tion is also necessary to maintain genome integrity along
generations. These events involve a large number of modular
multi-domain proteins that can assemble into large complexes to
build the cytokinetic ring and connect it to the membrane, or form
signaling modules dictating the spatiotemporal regulation of
cytokinesis. These proteins typically combine several domains of
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distinct functions such as protein-protein interaction domains,
membrane binding motifs and catalytic domains [1-3]. In this
chapter, we discuss the methods and tools available to identify pro-
tein domains within large modular cytokinetic proteins and get
insights on their function. We use the example of the SAD kinase
Cdr2 and the anillin-like protein Mid1 involved in the definition of
the division plane in fission yeast to illustrate how these tools can
be used to design experimental approaches.

2 Sequence Alignment

2.1 Identifying
Homologous Proteins
by Sequence
Alignment

The function of a novel protein or protein domain can often be
inferred from homologous proteins or domains in other biological
systems. Genome sequencing projects have gathered an immense
amount of data from an increasing number of organisms. Gene
databases contain not only sequence data, but also gene expression
patterns, alternative protein isoforms, protein localization data,
protein family, and putative functions based on data established in
other systems. Therefore, a very useful starting point is to align the
sequence of the protein of interest with sequences from protein
databases. This step may allow the identification of orthologs in
other organisms whose function may be already established in the
literature, which is possibly the first and best source to understand
the function of your protein of interest. It can also establish the
degree of similarity and evolutionary relationships between pro-
teins of the same family within a given species. Protein sequences
indeed accumulate changes in their sequences along evolution.
The most frequent are simple amino acid substitutions, but inser-
tions and deletions can also happen. Alignment of farther-related
proteins shows stronger changes, such as protein fragment reorga-
nization (e.g., N-terminal or C-terminal motor domain kinesins),
or protein fusion events (multi-domain proteins).

Specific softwares like BLAST (Basic Local Alignment Search 7ool)
[4] have been developed to efficiently compare primary biological
sequences with those of databases. This program is based on the
heuristic method in local alignments (i.e., finding suboptimal
matches). BLAST first identifies and removes low complexity
regions which may interfere with further analysis. It creates a col-
lection of fragments whose initial length can be defined at will.
With the help of a substitution matrix like BLOSUMG62, BLAST
chooses the highest score pairs (HSPs) from the query and orga-
nizes them so that they can be used efficiently for further analysis.
Subsequently, it increases the length of the fragments, tests their
new scores and organizes them for further analysis. BLAST then
scans the exact matches from the database and, if possible, extends
the fragments without gaps. BLAST tries to extend the matches by
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lowering the resultant score threshold enough to maintain the
level of sensitivity for sequence detection. HSPs whose score is
below the minimum threshold set to discriminate possible hits
from random similarities are eliminated. The statistical significance
of each HSP score is tested by analysis of the “Gumbel extreme
value distribution.” BLAST combines nearby HSPs and analyses
the similarity significance by comparing the score of the newly
formed HSP to individual ones. Gap introduction, taken into
account by “open gap” and “gap length” penalties, impacts on the
score of each alignment. Finally, BLAST reports matches with low
enough expected values (E) to be confident of the significance of
the alignment. It finally provides all pairwise alignments generated
in the search and reports the percentage of the query sequence
aligned and percentage of identity in the alignment (see Fig. 1a).

Several query options are available: blastn, (DNA against a
DNA database); blastp, (polypeptide against a protein database);
blastx (six frames of DNA against a protein database); tblastn,
(protein against the six frames of DNA database); and tblatx (six
frames of DNA against six frames of DNA database). BLAST ofters
the possibility to restrict the search to specific species. This is very
useful to quickly find orthologs of yeast genes in specific animal
species or vice versa. Figure la shows some of the sequences
retrieved with such a BLAST search performed with the SAD-like
kinase Cdr2 that organizes cytokinetic precursors on the medial
cortex of fission yeast cells [5-9] selecting Schizosaccharomyces
pombe, Saccharomyces cevevisiae, Caenovhabditis elegans, Drosophila
melanogaster, and Homo sapiens databases. This search identified
two homologs in Schizosaccharomyces pombe, the second Sad kinase
Cdrl and the more distantly related AMPK Ssp2; the Sad/Septin
kinases Hsll, Gin 4, and Kcc4 in Saccharomyces cevevisine; Sad-1 in
Caenorbabditis elegans, sugar-free frosting in Drosophila; and the
two human Sad kinases Brskl and Brsk2. Interestingly, while all
hits contained a serine /threonine kinase domain from the AMPK
superfamily, only Cdr2, Gin4 and Kcc4, appeared to contain a
lipid-binding KA-1 domain due to strong sequence divergence
within this domain [10, 11].

BLAST offers additional algorithms useful to find distant rela-
tives of a protein. PSI-BLAST (Position Specific Iterative BLAST)
first performs a regular BLAST with the query. It then assembles a
multiple alignment to detect amino acid positions and performs an
analysis of the frequency of amino acids for each position to gener-
ate a profile for the group of proteins analysed. A new search on
the database is performed with the generated profile to find new
proteins. This process is repeated until no new successful hit is
retrieved, yielding an optimized profile for all proteins. PHI-
BLAST (Pattern Hit Initiated BLAST) limits the search to align-
ments that match a pattern in the query. DELTA-BLAST (Domain
Enhanced Lookup Time Accelerated BLAST) uses a conserved
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Fig. 1 Sequence alignment of Cdr2 and related kinases. (a) Standard BLAST of full-length Cdr2 against
Schizosaccharomyces pombe, Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila melanogaster,
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domain database to make a position-specific scoring matrix and
searches a sequence database. DELTA-BLAST maybe the most
powerful option to uncover distantly related domains. For exam-
ple, the KA-1 domain of the human Sad kinase Brskl could be
detected with DELTA-BLAST but not with PSI-BLAST nor PHI-
BLAST using Cdr2 KA-1 domain as a query.

Finally, despite the fact that these algorithms are based on local
alignments, it is sometimes useful to restrict the query to a specific
domain of the protein to identity its closest relatives. On the con-
trary, removing a highly conserved domain from the query may
help identifying regions with lower levels of conservation.

A conserved region usually corresponds to a folded domain carry-
ing a specific function. Once homologous domains have been
identified using BLAST, multi-alignment algorithms can be used
to refine alignments and pinpoint highly conserved residues that
may be critical for the folding or for the specific function of the
domain (e.g., residues of the catalytic loop of kinases). They can
also reveal divergent residues that may explain functional variations
(e.g., pseudokinases, like BubR1). From an evolutionary point of
view, multiple sequence alignments allow the establishment of phy-
logenetic relationships. In that respect, a region with increased
similarity does not necessarily involve a relation of homology: by
evolutionary convergence, two regions may have evolved to a very
similar one; physical limitations imposed by specific cellular struc-
tures also create bias in amino acids frequency (e.g., transmem-
brane domains, which are enriched in hydrophobic amino acids).

Early alignments programs compared the amino acids
sequence globally, along all the length of the protein. This worked
well for globular proteins but was a tremendous concern for multi-
domain proteins. For this reason, new local alignment methods
were designed to find regions of similarity independently of nearby
regions. These programs try to get the best fit that accommodates
all query sequences. They try to position the most conserved
amino acids, which may derive from a common ancestor and
introduce gaps that represent inserts or deletions that happened
along evolution. This is in fact a plausible hypothesis to explain
the occurrence of mutations. Most algorithms reward an identical
hit and penalize a substituted amino acid to give a final score to
the alignment. Conservative substitutions receive a smaller pen-
alty than non-conservative ones. Gaps are penalized according to
their length.

Three different methods are used:

— DProgressive Global Multiple Alignment Method used by
Clustal, Multalign, or T-Coffee. These programs analyse the
sequences pairwise to define the more closely related ones.
In the next rounds, they sequentially add and adjust new
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sequences to the alignment generated previously. The user
must check afterwards that the alignment obtained is the best
option.

— Iterative Global Multiple Alignment Method used by
DIALIGN2 or PRRN/PRRP. In this case, the consensus
sequence is recalculated after the addition of a new sequence.

— Motif-based Global Multiple Alignment Method used by
MEME, MATCH-BOX or PIMA. This method allows the
alignment of sequences that share motifs that are differently
organized or repeated along the sequence.

Figure 1b shows the example of such an alignment obtained
with ClustalW2 [12] for Cdr2, Kcc4, Brskl, and Brsk2 KA-1
domains.

3 Protein Structure Prediction

3.1 Secondary
Structure Prediction

The structure that a protein acquires after folding conditions its
function. Solving the structure of a protein is therefore highly valu-
able to interpret its function. Interestingly, although there are bil-
lions of protein sequences in nature, only over a thousand of folds
have been described so far. As a matter of fact, phylogenetic rela-
tionships can sometimes be deciphered more accurately by analysis
of protein folding than by analysis of the amino acid sequence.
One example is the membrane-binding domain of Kec4 whose
identification as a KA-1 domain required solving its crystal struc-
ture, which revealed a similar fold than KA-1 domains of MARKSs
[10]. Unfortunately 3D structure prediction is lagging way behind
the fast next generation sequencing methods. We briefly describe
here bioinformatics methods to predict protein structure and how
they can be used for functional studies.

Amino acids chains tend to fold in specific ways to adopt the lowest
free energy state. The secondary structure represents the first level
of folding of the polypeptide sequence. The basic types of second-
ary structures are a helices, f sheets, and loops. An « helix is a
right-hand coil in which a hydrogen bond is established every four
amino acids to stabilize the structure. Protein fragments rich in
amino acids such as Ala, Met, Leu, or Glu and poor in Pro, Gly, or
Tyr tend to adopt an a helix configuration. This bias is used by
algorithms that predict secondary structure. p sheets are obtained
by the parallel or antiparallel alignment of several amino acid
chains. They are stabilized by hydrogen bonds, but contrary to a
helices, the connections are established between non-adjacent
amino acids. In general, p sheets are more difficult to predict than
a helices and tend to be underrepresented. Loops are the regions of
the polypeptide chain that connect a helices and f sheets with one
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another or between them. Since these regions are not under strong
physical constrains, they tend to be much more variable between
different members of a protein family, and point mutations, dele-
tions or insertions can be indicative of the presence of a loop.
Proteins also contain disordered regions. These fragments may
contain low complexity sequences, with over representation of sev-
eral amino acids. They usually lack hydrophobic amino acids since
they cannot fold to create a pocket to hide them. These regions are
often very flexible and tend to connect globular regions in the
polypeptide chain. It has also been proposed that these unstruc-
tured regions may acquire a stable conformation upon binding to
their targets. Finally, secondary structure elements can associate
with each other to give rise to higher ordered elements such as
helix-loop-helix, beta-hairpin, helical bundle, or coiled coil
helices.

A number of algorithms to predict secondary structures have
been developed. The GOR Method takes into account not only
the probability of a single amino acid to be part of a specific sec-
ondary structure, according to databases of solved 3D structures of
proteins, but also the contribution of adjacent amino acids to trig-
ger a specific folding on each other. Machine learning methods use
computational models such as artificial neural networks in which
pattern recognition is achieved by association of specific sequence
motifs to a database of solved secondary structures.

Several programs for secondary structure prediction are avail-
able. Since they are prediction software, we recommend validating
the results obtained by performing predictions with several algo-
rithms. Jpred is an algorithm based on sequential artificial neural
networks. PSIPRED uses first a PSIBLAST to get a sequence pro-
file; the first secondary structure prediction is obtained by an arti-
ficial neuronal network; a second neuronal network is used to filter
the first predicted structure. PredictProtein uses a very stringent
PSIBLAST to avoid false positives by using a filtered database to
get the protein profile. It then searches for functional motifs in
PROSITE database. It also includes the use of several other pro-
grams, such as PHD and PROF for solvent accessibility and mem-
brane helix determination, COILS for localization of coiled-coil
regions, or SEG for identification of low complexity regions.

The folding of a protein is achieved by the spatial arrangement of
the elements of its secondary structure defined above into protein
domains that form spatially independent structural subunits that
perform specific tasks, such as serving as localization signals or
being responsible for a catalytic activity. Protein motifs usually
refer to short regions with a specific amino acid sequence that is
critical for the function of the domain. To determine the presence
of a domain within a sequence, algorithms usually require the
assembly of protein profiles, which are obtained by alignment of
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multiple sequences. Protein profiles are matrices that describe the
probability for a specific amino acid to be found in a certain posi-
tion. A more accurate method used for domain identification is the
HMM (hidden Markov model), which calculates probabilities with
a very rigorous statistical method, scoring both amino acid modi-
fications and insertion/deletion events from a multiple sequence
alignment.

A number of protein databases are available for the identifica-
tion of domains.

— PROSITE is the major database for protein motifs and profiles.
It is mainly manually curated, so an accurate validation of the
data is expected.

— Pfam is a database of protein families with a vast collection of
multiple alignments and HMM:s for many domains. It contains
two parts: PfamA, which is manually curated; and PfamB,
which is automatically generated from data from SwissProt.

— SMART (Simple Modular Architecture Research Tool) is a
similar database hosted by EMBL, which also contains annota-
tion about the tertiary structure of the protein or critically
important amino acids in a specific domain.

Information on the 3D structure of proteins is gathered at
PDB (Protein Data Bank). Each newly solved protein structure is
annotated. Here we can find data such as the experimental method
used to generate the structure, its resolution or the authorship.
Each structure contains a link to visualize it or download the cor-
responding PDB file that compiles the 3D coordinates of atoms
solved by structural analysis.

There are several programs for the visualization of protein 3D
structures. One of the first developed programs is RasMol. Chime
or JMol were built on RasMol basis to make more accessible soft-
ware. PyMol contains a powerful tool for creating 3D images of
the polypeptide of interest with good resolution.

One of the greater challenges of protein structure prediction is
to understand how an entire polypeptide chain can achieve its
global folding. Although much progress is yet required to get
accurate results, “ab initio” modeling is beginning develop, taking
different methodologies.

— Energy-based methods try to predict the polypeptide folding
in which the protein sits at a global minimum of free energy.

— Evolutionary covariation approaches require the analysis of a
vast number of homologous sequences to determine the amino
acids that co-evolved along evolution (e.g.: EVfold).

Since little progress has been obtained so far with “ab initio”
approaches, comparative protein modelling is the most frequently
used method for 3D structure prediction. It uses already solved
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structures as templates. It is generally considered as a good strategy
due to the limited number of tertiary structure motifs found in
nature. Two groups of modelling methods are available:

— Homology modelling; it assumes that two homologous pro-
teins will share a similar 3D structure. Indeed structures are
more conserved than amino acid sequences. If the 3D homol-
ogy can be derived from the sequence analysis, a reasonable
accuracy of the model is expected (e.g.: Modeller).

— DProtein threading; it assesses the compatibility of a given amino
acid sequence to fold like already known 3D structures (e.g.:
Phyre).

As an example we used Phyre2 [13] to get a structure predic-
tion for the KA-1 domain of Cdr2. Figure 2a shows the predicted
secondary structure compared to Kec4 KA-1 predicted and actual
secondary structure defined in the crystal structure [10]. Phyre2
also generated a model for Cdr2 KA-1 shown in Fig. 2b, which is
very similar to the model of Cdr2 KA-1 obtained with Modeller
based on the solved structure of Kcc4 KA-1 [11].

Interestingly, comparison of Kcc4 KA-1 structure and Cdr2
KA-1 model allowed us to identify a series of basic residues crucial
for acidic lipid binding on the surface of Cdr2 KA-1 that would
have been difficult to identify on simple sequence alignments since
they are not at the same position on the primary sequence than the
basic residues with a similar function in Kcc4 [11]. Moreover,
comparing Cdr2 KA-1 model to Kcc4 KA-1 structure allowed us
to identify striking non conservative changes in the p4-p5 loop
from charged to hydrophobic residues (Fig. 2b). Mutating these
residues (see next paragraph for a method) revealed that they con-
trol Cdr2 KA-1 clustering, a specific property of Cdr2 KA-1 not
shared by Kcc4 KA-1 [11].

4 From the Computer to the Bench: Designing Strategies
to Unveil the Function of Your Protein

4.1 Isolating
and Exchanging
Protein Domains

The tools presented so far may provide you with hypotheses for the
function of your protein or protein domain that need to be vali-
dated experimentally. We will expose here a series of simple molec-
ular biology techniques that may allow you to do so.

An easy approach to test globally the function of a given domain is
to isolate it or to exchange it for the domain of a well characterized
orthologous protein whose function is already established, produc-
ing a chimeric protein. This can be easily achieved by simple PCR
to isolate a domain or by using a fusion PCR method to produce
chimeric proteins. To avoid folding issues, care should be taken to
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Fig. 2 Cdr2 KA-1 structure prediction and comparison to Kcc4. (a) Alignment of Cdr2 KA-1 domain with Kcc4
KA-1 using Phyre2. The predicted secondary structures are shown above and below the respective sequences
and are compared to the secondary structure of Kcc4 KA-1 solved by crystallography (bottom lane, 30ST).
Green helix. o helix; blue arrows: (3 sheet. (b) 3D model of Cdr2 KA-1 domain produced by Phyre2. Note that
two hydrophobic F residues in 4-p5 loop of Cdr2 KA-1 are not conserved on the homologous loop of Kccd
KA-1 which contains a negatively charged D residue

include complete domains in the fusion, based on alignments data,
secondary structure predictions, or 3D models if available.
Technically, one PCR is designed to produce a fragment encoding
a region of the first protein ending by a ~20 nucleotides sequence
identical to the beginning of the fragment encoding the domain of
the second protein to be included in the chimera. A second PCR
product just encodes the domain of the second protein. Then, in a
second round of PCR, these two PCR products anneal in their
overlapping region to prime a third PCR product corresponding
to the chimeric gene that combines domains of the two proteins.
For example, we produced constructs encoding the isolated
C-terminus of Cdr2 and Kcc4 including the KA-1 domains. This
revealed that while both domains exhibit lipid binding properties
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Cdr2 Cter Kcc4 Cter

Cdr2N-Kcc4C

Cdr2 Chimera

Fig. 3 Localization of Cdr2 and Kcc4 constructs. Localization of Cdr2 and Kcc4
C-terminal regions containing KA-1 domains, of full length Cdr2 and of a chimera
containing Cdr2 N-terminus and Kcc4 C-terminal region. All constructs are fused
to GFP at the C-terminus. Note that while both C-termini bind to the cell cortex,
only Cdr2 C-terminus shows clustering properties. The Cdr2N-Kcc4C chimera
reveals the clustering properties of Cdr2 N-terminus

only Cdr2 KA-1 possesses clustering properties (Fig. 3). A chimeric
protein between Cdr2 N-terminal regions and Kcc4 KA-1 region
further showed that Cdr2 N-terminus carried additional clustering
properties that could only be revealed in the absence of Cdr2 KA-1
(Fig. 3) [11].

As exemplified above with Cdr2 KA-1, multi-sequence alignments
or domain modelling can pinpoint specific residues that may play a
conserved or divergent role in the function of a specific domain
compared to homologous domains. Mutagenesis of these residues
is the best way to assess their actual function. Point mutagenesis by
PCR amplification of a vector containing the gene of interest with
oligonucleotides that include the desired mutations is traditionally
used although this method may sometimes have a low efficiency.
An alternative is to use the fusion PCR method mentioned above.
In this case, two independent PCRs are performed to amplify the
two halves of the gene to be mutated using overlapping internal
oligonucleotides in the region of the desired mutations that include
the actual mutation that needs to be introduced.

For example, mutagenesis of basic (Arg or Lys) residues from
Cdr2 KA-1 surface and of a nearby non characterized basic domain
to non-charged residues (Asn or Gln) allowed us to show that
these residues participate in lipid binding and that the two domains
cooperate to ensure a high avidity for membranes [11].
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4.3 Performing
Systematic Deletions

4.4 Expressing
Mutants in Yeast
in Replacement
of the Endogenous
Gene

Some orphan proteins do not contain any conserved domain.
Others contain a mixture of conserved domains and large regions
with no domain prediction, or large disordered regions whose
functions are difficult to assess. This is an indication for creating
series of internal deletions that may help deciphering crucial
regions of the protein carrying its localization or function, if func-
tional tests are available. These internal deletion constructs may act
as separation of function alleles of genes encoding proteins that
combine several domains of independent function. Secondary
structure prediction should be taken into account in the design of
the deletion to avoid disrupting helices and f sheets that may fold
in domains. These deletions can be produced using fusion PCR in
a similar way as described above for chimeras.

We used this method to dissect the function of the N-terminus
of the fission yeast anillin Mid1 that associates with the cytokinetic
precursors in interphase, where it recruits in turn cytokinetic ring
components to initiate contractile ring assembly at mitotic entry
[3]. We created a series of 10 sequential 50 amino acid long dele-
tions. Two deletions allowed us to identify interaction sites for the
medial cortical node components Cdr2 (Mid1A400-450), and
Gef2 (Mid1A300-350) [7, 14 ]; one identified a region targeted by
the Polo-like kinase at mitotic entry to create an efficient interac-
tion site for Rng2 that in turn allows Myosin II recruitment
(Mid1A50-100), [15]; a fourth one (Mid1A450-506) identified a
region promoting Midl nuclear import in addition to the classical
C-terminal NLS sequence [7].

The construction of an efficient integration module inserted in a
plasmid can expedite the production of strains expressing the
mutants of interest in replacement of the endogenous protein. This
integration module should include 5" and 3" UTR of the gene of
interest that will act as efficient recombination sites for the integra-
tion of the mutant gene at the endogenous locus. The mutant gene
or gene fragment is inserted between the 5’ and 3’ UTR, placing it
under the control of the endogenous promoter of the gene. It is
followed by a terminator of transcription and a selection marker like
the widely used KanMX6 cassettes for resistance to G418 antibi-
otic. This integration module is released from the plasmid by restric-
tion enzyme cleavage prior to transformation using a classical yeast
transformation method [16]. Its insertion at the original locus
ensures that the mutant gene is present in single copy in the genome.

5 Concluding Remarks

This chapter exemplifies how the thorough analysis of the sequence
and structure prediction of a protein of interest can help designing
experiments to test its function experimentally. Cytokinesis is a
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process that requires modular structural, scaffolding, and signaling
proteins that can greatly benefit from this type of previous-to-the-
bench work. Since modular proteins control many other cellular
processes, this guide may also be useful outside the cytokinesis field.
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