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Preface

The Golgi complex has fascinated cell biologists for decades because of its unique architec-
ture and role as a “Grand Central Station” for trafficking soluble and membranous cargo
through the secretory and endocytic pathways. Indeed, the Golgi’s unusual architecture
itself has thwarted efforts to fully understand how secretory cargo is imported, passed
through, and exported from the Golgi complex. Nevertheless, tremendous progress has
been made to reveal the molecular mechanism underlying the functional organization of
the Golgi complex. Accordingly, new methods and techniques have been developed to
address long-standing questions about the Golgi complex, which are the focus of this book.
The chapters herein encompass a diverse set of methods for studying the Golgi complex,
ranging from live and fixed cell imaging techniques to in vitro biochemical reconstitution
systems. The book is targeted to both recent, i.e., new students, and established investiga-
tors in the field to provide strong practical instructions that can be directly applied to their
research programs. Each chapter provides a detailed set of specific instructions, which
should enable anyone to successfully complete the assays. Moreover, this methods series is
particularly helpful by encouraging contributors to include a series of “Notes,” which often
contain subtle nuances or unappreciated facts that often get omitted from straight methods
protocols.

Ithaca, NY, USA William J. Brown
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Chapter 1

4D Confocal Imaging of Yeast Organelles

Kasey J. Day, Effrosyni Papanikou, and Benjamin S. Glick

Yeast cells are well suited to visualizing organelles by 4D confocal microscopy. Typically, one or more cel-
lular compartments are labeled with a fluorescent protein or dye, and a stack of confocal sections spanning
the entire cell volume is captured every few seconds. Under appropriate conditions, organelle dynamics
can be observed for many minutes with only limited photobleaching. Images are captured at a relatively
low signal-to-noise ratio and are subsequently processed to generate movies that can be analyzed and
quantified. Here, we describe methods for acquiring and processing 4D data using conventional scanning

confocal microscopy.

Key words Yeast, Confocal, 4D microscopy, Photobleaching, Deconvolution, Image]

Introduction

Live-cell fluorescence microscopy provides crucial information
about organelle dynamics. Ideally, an entire 3D cell volume (Z-stack)
is captured at each time point, yielding a 4D data set that allows
intracellular structures to be tracked for many minutes. In the case
of yeast cells, 4D imaging is facilitated by the small size of the cells
and the relatively low copy numbers of some compartments. A vari-
ety of methods have been described for yeast 4D imaging, including
widefield microscopy with a specialized deconvolution algorithm
[1] and spinning-disk confocal microscopy with a custom high-
sensitivity system [2]. Here, we describe our preferred method using
conventional laser-scanning confocal microscopy. This approach
uses readily available instruments and software.

The major challenge in 4D imaging is to minimize photo-
bleaching and the accompanying photodamage to the cells. Yeast
organelles are frequently tagged with fluorescent proteins such as

Electronic supplementary material: The online version of this chapter (doi:10.1007/978-1-4939-6463-5_1) contains
supplementary material, which is available to authorized users. Videos can also be accessed at http://link.springer.com/
chapter/10.1007/978-1-4939-6463-5_1.

William J. Brown (ed.), The Golgi Complex: Methods and Protocols, Methods in Molecular Biology, vol. 1496,
DOI 10.1007/978-1-4939-6463-5_1, © Springer Science+Business Media New York 2016
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GFP and mCherry. These fluorophores, as well as endocytic tracers
such as the dye FM 4-64 [3], are prone to bleaching by confocal
lasers. A single Z-stack of a yeast cell typically comprises at least 20
optical slices, and a 4D movie typically involves capturing a Z-stack
every few seconds for 5-15 min, so the total acquisition can run to
thousands of individual confocal sections. Preservation of fluores-
cence signals under these conditions requires careful attention to
multiple parameters.

To minimize photobleaching, the laser power should be as low
as possible. We find that photobleaching rates are nonlinear with
respect to laser intensity. During multicolor imaging, a laser used
to excite one fluorophore can also bleach a second fluorophore—
e.g.,a488-nm laser used to excite GFP can also bleach mCherry—
so reducing the laser power can have dramatic benefits. In addition,
the dwell time of the laser should be low. To meet these criteria, we
use the fastest available scan rates and then perform line averaging
to obtain usable signals.

Pixel size as determined by the Zoom setting is a crucial param-
eter. To image a fluorescent structure in a manner that avoids
information loss, the sampling interval should be no higher than
the Nyquist limit, which is ~2.3 times smaller than the resolution
of the optical system [4]. Yeast imaging generally employs a 1.4-
NA oil immersion objective, giving a resolution on the order of
200 nm, so the pixel size should be <90 nm. In practice, oversam-
pling down to a pixel size about half of the Nyquist limit tends to
improve image quality, but this luxury is usually unavailable for 4D
imaging because reducing the pixel size results in slower scans and
more photobleaching. As a compromise, we use a pixel size of
65-70 nm, or ~85 nm for weak fluorescence signals.

Similarly, the Z-step interval between confocal sections must
be small enough to avoid information loss, but large enough to
keep photobleaching low and to enable rapid acquisition of a
Z-stack. We use a Z-step interval of ~0.25 pm, or ~0.35 pm for
weak fluorescence signals. Enough confocal sections should be
used to ensure that fluorescent structures throughout the cell vol-
ume will be fully captured, even if the sample shows drift along the
Z-axis during movie acquisition. We usually collect 20-30 optical
slices per Z-stack.

The signal-to-noise ratio for fluorescent organelles can be
enhanced in several ways. A simple tactic is to overexpress the
tagged protein of interest. This approach is sometimes unavoidable,
in which case control experiments can be performed to confirm that
overexpression has not substantially changed the biological system
[5]. Whenever possible, a protein should be expressed at endoge-
nous levels by adding a tag through gene replacement at the
chromosomal locus. For both overexpression and endogenous
gene tagging, we routinely use cassettes encoding 3x or 6x tandem
copies of a fluorescent protein [6]. The fluorescence signal scales
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with the copy number of the fluorescent protein [7]. In addition,
we minimize the background noise from the cell by using
completely nonfluorescent minimal media devoid of riboflavin and
folic acid [8].

Even when the fluorescence signal is strong and clean as viewed
by widefield microscopy, the confocal sections captured under con-
ditions suitable for 4D imaging can look alarmingly noisy. The num-
ber of photons per pixel is usually very low, so labeled structures may
not look smooth and may be embedded in a background that
includes shot noise. It is important to accept relatively noisy images
at the collection stage with the expectation that the noise can be
reduced through image processing. A simple way to reduce shot
noise and smooth the true signal is with a 3 x 3 hybrid median filter,
which can be applied once or iteratively [9]. A more sophisticated
approach is deconvolution with commercial software. Standard
deconvolution methods are not ideal for noisy fluorescence images
and may erase weak signals [ 1]. Until better deconvolution methods
become available, we recommend that if the signal-to-noise ratio is
low, the data should be preprocessed with a hybrid median filter
before deconvolution. In general, empirical testing is needed to
devise an image processing routine that adequately preserves the
desired signal while removing most of the noise.

After filtering and /or deconvolution, it may be useful to correct
for photobleaching. For most fluorophores, the bleaching rate
approximates an exponential decay, and a 4D data set can be cor-
rected for exponential photobleaching using an Image] plugin. This
correction makes it easier to view and quantify the final movies.
However, the information content of the Z-stacks diminishes with
photobleaching, so if the photobleaching is severe at later time points,
little or no signal will be recovered. Reducing the laser power may be
beneficial because even though the early images will be of somewhat
lower quality, the usable signal will persist for significantly longer.

A 4D movie can be viewed using a volume renderer such as the
commercial Imaris or Volocity software, but a simpler and often
sufficient alternative is to project each Z-stack to create a 2D image.
The projections can then be assembled into a movie. Although
maximum intensity projections are often used for convenience,
they exaggerate weakly labeled structures, so average projections
are preferable for quantitation [9]. A disadvantage of projections is
that structures located at different depths in the cell volume may
appear to be close together or merged. To address this issue, a
labeled structure of interest can be tracked in the original 4D data
set, and an edited movie can be generated by manually erasing the
other fluorescence signals and projecting only the signal from the
labeled structure [5, 10]. Such edited movies are ideal for quantify-
ing the dynamics of individual labeled organelles.

As an example, Fig. 1 shows the first frames from Videos 1 and 2,
which are 4D confocal movies of a yeast strain expressing a
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Raw Deconvolved

Fig. 1 lllustration of the effect of image processing on 4D movies. Shown are the first frames from Videos 1
and 2, which are 4D movies from the same data set before and after deconvolution, respectively. Yeast cells
expressing GFP-Vrg4 as an early Golgi marker and Sec7-DsRed as a late Golgi marker were imaged by con-
focal microscopy, with cell images in the blue channel. Z-stacks of 24 optical sections each were collected
every 2 s. Where indicated, the red and green channels were deconvolved. The movie frames are average
projections of the Z-stacks. In the deconvolved movie, maturation events can be observed when green Golgi

cisternae turn red [5]

GFP-tagged early Golgi protein and a DsRed-tagged late Golgi
protein [5]. These markers gave relatively strong signals. In the left
panel of Fig. 1 and in Video 1, the raw data were average projected
to illustrate the noise level in the images. In the right panel of
Fig. 1 and in Video 2, the deconvolved data were average pro-
jected to illustrate how noisy images can be processed to obtain
usable movies.

2 Materials

2.1 Instrumentation
and Software

. Microscope: Leica SP5 or comparable laser scanning confocal

microscope with inverted optics, a fast scanner, and high sensi-
tivity detectors.

. Objective lens: Plan-Apo 100x or 63x lens with an NA of 1.4 or

greater. The magnification is less important than the NA and
lens quality.

. Lasers: Multiple laser lines, minimally including a 488-nm laser

for exciting green fluorophores and a 561-nm laser for exciting
red fluorophores.

. Stage adaptor: Standard adaptor for holding dishes with cover

glass bottoms.

. Z-step motor: Piezoelectric stepper motor for rapid and accu-

rate collection of Z-stacks.

. Image manipulation and analysis software: Image] freeware

obtained from http://imagej.nih.gov/ij/. Custom Image]
plugins for 4D data analysis can be found in the supplemental
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material for a recent paper [10], and an Image] plugin that
corrects for photobleaching can be obtained from http://
cmci.embl.de /downloads/bleach_corrector.

. Deconvolution software: Huygens Essential (Scientific Volume

Imaging).

. Movie processing software: QuickTime Player 7 (Apple).

. Confocal imaging is performed with yeast strains that have been

either engineered to express one or more fluorescently tagged
marker proteins, or incubated with a fluorescent tracer dye. For
expressing tagged proteins, we typically modify the endogenous
chromosomal copy of a gene by clean gene replacement using
the pop-in/pop-out method [11, 12]. If desired, a tagged gene
can be overexpressed by integrating a vector containing a strong
promoter [5]. These approaches have the advantage that the
cells do not carry free plasmids, so the expression level within
the culture is uniform and the strain is stable even when grown
in nonselective medium. However, in some cases it is useful to
express a tagged gene on a centromeric plasmid, because cell-
to-cell variability in expression enables the choice of cells with
an appropriate level of fluorescence.

. Yeast cells are grown with shaking in baffled flasks either in SD

dropout medium consisting of 0.67 % yeast nitrogen base with
ammonium sulfate, 2% glucose, and CSM complete supple-
ment mixture or dropout mixture (Sunrise Science Products),
or in a nonfluorescent SD medium (NSD) in which the yeast
nitrogen base is replaced with a mixture of salts and vitamins
lacking riboflavin and folic acid (se¢ Note 1). For a strain that
does not require selection to maintain a plasmid, a preculture is
grown in rich YPD medium (1% yeast extract, 2% peptone, 2%
glucose) and stored at 4 °C, and this preculture is used to inoc-
ulate a culture in SD or NSD medium at a dilution of 1:1000
to 1:5000 for overnight growth to logarithmic phase (optical
density at 600 nm of about 0.4-0.8).

. Cover glass-bottom 35-mm dishes with 14-mm microwells

and No. 1.5 thickness are obtained from Bioptechs or MatTek,
optimally with high tolerance glass of 170+ 5 pm.

. Concanavalin A is dissolved in water to 2 mg/mL, and stored

at 4 °C for up to a week.

3 Methods

3.1 Preparing
the Cells

. Grow one or more yeast strains overnight to logarithmic phase

in 5 mL NSD medium in a 50-mL baffled flask.

. Prepare a cover glass bottom dish: pipet 250 pl. concanavalin

A into the dish to submerge the cover glass, wait 15 min, wash
thoroughly with ddH,O, and let dry.
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3.2 Confocal
Imaging

10.

11.

. Just before imaging, adhere cells to the cover glass: pipet

250 pL from the culture into the dish to submerge the cover
glass, wait 10 min, and rinse gently several times with NSD by
pipetting. Finally, add 2—-3 mL of fresh NSD to the dish.

. If treatment with a drug or dye is required, replace the NSD with

fresh medium containing the drug or dye. If appropriate, remove
the medium and replace it with fresh medium before imaging.

. Configure the microscope to use a 100x or 63x high-NA oil

immersion lens. Ensure that the DIC prism is not in the light
path, or the fluorescence images will be sheared and distorted.
In the case of a 100x objective with a Leica STED system, the
quarter wave plate should be in place or the red and green
signals will be offset along the Z-axis.

. Set the frame size to approximately 256 x 128 (see Note 2).

. Set the Zoom to a level that will give a pixel size of 65-70 nm,

or up to ~85 nm if the signal is weak.

. Set the scanner to operate at maximum speed. Use bidirec-

tional mode, as long as the brightfield image confirms that the
images from the two directions can be accurately aligned.

. Set the pinhole to 1.2 Airy units (se¢ Note 3).
. Set the line averaging at 4-8 (se¢ Note 4).
. Choose a Z-step size of ~0.25 pm, or up to ~0.35 pm if the

signal is weak. Note the directionality of Z-stack acquisition
(toward or away from the coverslip). To avoid confusion, be
consistent with this setting between movies.

. Set an appropriate time interval between Z-stacks. An interval

of 2 s is typically suitable, but shorter intervals may be needed
to track very dynamic compartments, and somewhat longer
intervals may be preferable if the signal is weak.

. Set the lasers to the lowest levels that will generate workable

signals (3-10% on the SP5) (se¢e Note 5). For fluorescence
data, use the highest sensitivity detectors (HyD on the SP5).
For brightfield data, a less sensitive detector is adequate (PMT
on the SP5). Set the detector gains to appropriate levels (400-
500 for the HyD and 300-350 for the PMT on the SP5).

Choose emission windows that will maximize the information
collected while minimizing bleedthrough between channels.
For visualization of GFP that is excited with a 488-nm laser,
the emission window is 495-550 nm, and for visualization of
mCherry that is excited with a 561-nm laser, the emission win-
dow is 575-750 nm (se¢ Note 6).

Store each confocal section as an 8-bit RGB image using the
microscope vendor’s standard file format, with the brightfield
view of the cells stored in the blue channel.
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For weak signals, deconvolution often erases the structures of
interest, leading to flickering movies that are impossible to analyze.
In this case, it may help considerably to preprocess the data with a
hybrid median filter followed by a Gaussian blur.

1. In Image], open the 4D data file as a TIFF hyperstack. Then
use Image > Color>Split Channels to separate the channels.
With the custom plugin called “Filter Hybrid Median”, filter
the individual optical slices in the fluorescence channels using
a single iteration of the 3D hybrid median filter. If this filter
removes too much information, try a single iteration of the
standard 2D hybrid median filter (se¢ Note 7).

2. After hybrid median filtering, use Process> Filters> Gaussian
Blur to do a 2D Gaussian blur with a 1-pixel radius for the
optical slices in the fluorescence channels. Then use
Image > Color > Merge Channels to merge the channels once
again into a hyperstack.

Although the relatively large pixels and Z-steps used for 4D imag-
ing are not optimal for deconvolution, this processing method is
useful for cleaning up noisy images and generating smooth objects
that are suitable for downstream analysis. We use the Huygens
algorithm, but other deconvolution algorithms should give similar
results. As described above, when the signal is weak, the Huygens
software may erase a structure unless the data are preprocessed by
filtering. This effect can reportedly be attributed to the mathemati-
cal form of the deconvolution algorithm, which is not ideal for
noisy fluorescence data [1].

1. If the 4D data file was produced directly by the confocal micro-
scope software, the Huygens interface should provide an
option forreading the imaging parameters directly. Alternatively,
if the 4D data set was preprocessed in Image] to generate a
TIFF file, these parameters will need to be entered manually.
Ensure that the deconvolution software has the correct setting
for the directionality of Z-stack acquisition. The refractive
index of the embedding medium, which is a yeast cell, can be
estimated as 1.35-1.40.

2. Deconvolve the fluorescence channels but not the brightfield
channel. A signal-to-noise ratio of 10 is usually appropriate.
Other parameters such as background subtraction can be var-
ied in empirical tests until the output appears to be an accurate
rendering of the original fluorescence signals.

3. Save the output from the deconvolution as an 8-bit TIFF
image sequence.

4. In Image], choose File > Import>Image Sequence to convert
the image sequence to a stack. Then choose
Image > Hyperstacks > Stack to Hyperstack and input the
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3.5 Editing 4D Data
Sets with Custom
ImageJ Plugins

3.6 Processing
4D Data Sets
for Presentation

appropriate order for the confocal sections (e.g., “xyzct”),
number of channels, slices per stack, and frames.

5. To correct for photobleaching (se¢ Note 8), first use

Image > Color > Split Channels to separate the channels. For each
of the fluorescence channels, use Plugins>EMBLtools>Bleach
Correction, and choose “Exponential Fit (Frame-wise)”. Make
sure the plot shows a good curve fit, then close the plot window
and log window and original channel window, leaving the new
corrected channel window. Finally, use Image>Color>Merge
channels to regenerate a hyperstack with the bleach-corrected
fluorescence data.

These manipulations with custom Image] plugins [10] are used
when the goal is to create an edited 4D data set that includes only
one or a few structures. The edited data set can be analyzed to
quantify the time course of the fluorescence signals.

1.

Examine a projected movie that was generated as described in
Section 3.6 from a non-edited 4D data set. Identify candidate
structures that can potentially be tracked for an extended
period without interference from other nearby structures,
keeping in mind that the 4D data set may permit resolution of
structures that occasionally overlap in a projection.

. Identify the 8-bit TIFF hyperstack that was used to generate

the non-edited projected movie. With the custom plugin called
“Make Montage Series”, open this hyperstack, scale the images,
and create the montage series.

. With the custom plugin called “Edit Montage Series”, choose

a single structure that will be tracked through part or all of the
movie. Delete the fluorescence signals for all of the other struc-
tures at each time point.

. With the custom plugin called “Montage Series to Hyperstack”,

generate a hyperstack for the edited 4D data set. The images in
this hyperstack will normally be magnified due to scaling that
occurred during creation of the montage series.

. With the custom plugin called “Analyze Edited Movie”, open

the hyperstack for the edited 4D data set and specify the time
interval between Z-stacks. The “Red” and “Green” columns
in the output file represent the total fluorescence signals from
the structure of interest at each time point. Save this file, and
open it in Microsoft Excel or another data analysis program to
plot the fluorescence signals as a function of time.

After performing any or all of the filtering, deconvolution, bleach

correction, and editing steps, a 4D data set needs to be converted
from a hyperstack to a form that is suitable for presentation and
publication.
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. The first step is to convert the data to 16-bit, to prevent infor-

mation loss during the subsequent average projection. In
Image]J, choose Image>Color>Split Channels. For each of
the resulting three windows, choose Image>Type>16-bit.
Then choose Image > Color>Merge Channels to restore the
hyperstack. Finally, choose Process > Math > Multiply, and use a
multiplication factor of 256 (se¢ Note 9).

. If desired, merge the fluorescence from two 4D movies using the

custom Image] plugin called “Merge Two Hyperstacks”. This
plugin allows two edited 4D movies to be merged, or alterna-
tively allows one 4D movie to be placed above the other—e.g.,
an original movie above the corresponding edited movie.

. The next step is to create an average projection. In Image],

choose Image > Stacks > Z Project. If desired, select a subset of
each Z-stack by choosing the Start and Stop slices. Choose the
“Average Intensity” option.

. Adjust the brightness and contrast of the individual channels as

follows. Choose Image>Adjust>Brightness/Contrast. For
each channel, press the “Auto” button. These settings can be
fine tuned using the sliders or the “Set” button.

. To add a time stamp, use Image > Stacks > Label. Use the for-

mat 00:00, with the appropriate time interval in seconds. To
place the label in the lower left corner, set the Y location to be
1 less than the Y value of the lowest row of pixels in the image.

. The final step is to make a movie. In Image], choose File > Save

As>AVI. Choose PNG compression. A frame rate of 10 fps is
generally suitable. If desired, open the resulting AVT file with
QuickTime Player 7 and then export a MOV file, which will
often have a much smaller file size with no loss of image
quality.

4 Notes

. Nonfluorescent glucose medium (NSD) can be made by

assembling the components of normal SD medium except for
riboflavin and folic acid. To make 100 mL of a 500x vitamin
stock solution, add 100 mg calcium pantothenate, 500 mg
myo-inositol, 20 mg niacin, 10 mg p-aminobenzoic acid,
20 mg pyridoxine hydrochloride, 20 mg thiamine hydrochlo-
ride, and 20 mg biotin, and store at 4 °C. To make a 500x
stock solution of cobalt chloride, add 0.1 g of cobalt chloride
hexahydrate per liter, and store at 4 °C. To make 1 L of NSD,
add 20 g glucose, 5 g ammonium sulfate, 5 g potassium phos-
phate monobasic, 1 g magnesium sulfate heptahydrate, 0.5 g
sodium chloride, and 0.1 g calcium chloride dihydrate. Add
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2 mL of the vitamin stock solution and 2 mL of the cobalt
chloride stock solution. Add YNB trace elements (ANACHEM)
from a concentrated stock solution, which is stored at 4 °C.
If desired, add a CSM complete supplement mixture or drop-
out mixture. Adjust the pH to 5.5 with NaOH.

. Frame height is the main determinant of the total scan time. If

desired, a wider frame can be used to capture more data.

. The typical recommendation is to use 1.0 Airy unit. However,

that setting assumes optimal conditions with no refractive
index mismatch between the sample and the oil /glass, whereas
the actual refractive index of the cell is lower than that of the
oil/glass. Empirically, we find that increasing the pinhole to
1.2 Airy units results in the capture of significantly more light
with a negligible decrease in resolution.

. Fast scans with line averaging tend to cause less photobleach-

ing than slower scans without line averaging. Image quality is
dramatically improved by line averaging, but at the expense of
increasing the acquisition time. A line averaging setting of 4-8
is typically a good compromise.

. Each laser should be used at a power that yields a decent signal

while keeping the photobleaching rate acceptably low. During
collection, the signal often is barely visible and is accompanied
by significant noise, but such data sets can be processed to
obtain usable movies. Set the laser power to 5% or even lower
if possible. Photobleaching increases nonlinearly with laser
intensity, so a reduction in laser power may yield a signal that
is weaker at first but persists for much longer.

. Ensure that the confocal microscope is configured with notch

filters to suppress background signals from the excitation lasers.

. Hybrid median filters work optimally when the image collec-

tion settings are near the Nyquist limit. For imaging with a
high-NA objective, the pixel size should be in the range of
60-90 nm and the Z-stack interval should be in the range of
0.2-0.4 pm. Filtering before deconvolution is not generally
encouraged by makers of deconvolution software because it
alters the characteristics of the data, but empirically, this
approach sometimes improves the movies by preserving bio-
logically meaningful signals.

. Unless the signal is quite strong, photobleaching is usually

significant. The correction procedure involves fitting the sig-
nal intensity decay to an exponential curve and then multiply-
ing each Z-stack by an appropriate factor to compensate. This
procedure is effective up to a point, but as the original signal
becomes fainter, the weaker signals in the data set will be pro-
gressively lost and will not be recovered after the correction
for photobleaching.
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9. After conversion to 16-bit and multiplication by 256, the
image display may not be scaled appropriately, but the data are
still suitable for further processing.
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Chapter 2

Imaging the Polarized Sorting of Proteins
from the Golgi Complex in Live Neurons

Ginny G. Farias, Dylan J. Britt, and Juan S. Bonifacino

Abstract

The study of polarized protein trafficking in live neurons is critical for understanding neuronal structure
and function. Given the complex anatomy of neurons and the numerous trafficking pathways that are
active in them, however, visualization of specific vesicle populations leaving the Golgi complex presents
unique challenges. Indeed, several approaches used in non-polarized cells, and even in polarized epithelial
cells, have been less successful in neurons. Here, we describe an adaptation of the recently developed
Retention Using Selective Hooks (RUSH) system (Boncompain et al., Nat Methods 9:493-498, 2012),
previously used in non-polarized cells, to analyze the polarized sorting of proteins from the Golgi complex
to dendrites and axons in live neurons. The RUSH system involves the retention of a fluorescently tagged
cargo protein fused to the streptavidin-binding peptide (SBP) in the endoplasmic reticulum (ER) through
the expression of an ER-hook protein fused to streptavidin. Upon Dp-biotin addition, the cargo protein is
released and its traffic to dendrites and axons can be analyzed in live neurons.

Key words Hippocampal neurons, Neuron dissection, Neuronal culture, Neuron transfection,
Live-cell imaging, Polarized trafficking, Axon initial segment, RUSH system, Trafficking from the
Golgi complex, Kymograph analysis

1 Introduction

Neurons are polarized cells with a highly asymmetric structure.
They comprise axonal and somatodendritic domains with different
compositions of proteins in both the cytoplasm and plasma mem-
brane. Both domains also have distinct subdomains, including pre-
synaptic terminals at axon tips and postsynaptic terminals in
dendrites [1-3]. The asymmetry of protein localization across
these domains reflects their specialized functions and allows the
vectorial transmission of information from the presynaptic termi-
nals of one neuron to the postsynaptic terminals of another [1-3].
Maintenance of polarity and dynamic response to developmental
and environmental inputs are important to proper neuronal func-
tion [1-3]. Thus, the means by which polarized sorting occurs, as
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well as the native role of each protein in its intended domain, are
of mechanistic interest both in vivo and in vitro.

A common method for studying neuronal structure and func-
tion is the primary culture of hippocampal neurons from embry-
onic rats or mice. When maintained in culture, neurons progress
through a characteristic sequence of developmental stages [4].
Within 2 days of plating, cells begin to establish polarity, and the
one neurite destined to become the axon grows to several times
the length of the others. The first synapses begin to form after 3—4
days in culture [4]. Around day in vitro (DIV) 5, a key event in
neuronal polarization occurs with the accumulation of proteins
such as ankyrin G (AnkQG) at the axon initial segment (AIS) [3].
Among other roles, the AIS proteins play a major part in neuronal
polarity, serving as a barrier to plasma membrane diffusion between
the axonal and somatodendritic domains [3]. Axonal growth con-
tinues beyond this stage, producing dense networks of polarized,
interconnected cells as additional synapses form over the following
days [4].

The ability to transport proteins to their correct intracellular
locations is critical for achieving neuronal polarity, and cells employ
a variety of mechanisms to maintain this composition [2, 5, 6]. As in
non-neuronal cells, newly synthesized proteins transferred from
the endoplasmic reticulum (ER) to the Golgi complex undergo
biosynthetic sorting [1]. The Golgi in neurons takes on a unique
structure consisting of a somatic Golgi stack, which is preferentially
oriented toward the longest dendrite in cultured neurons, as well
as Golgi outposts present in dendrites but excluded from the axon
(Fig. 1) [7]. Upon arrival at the trans-most compartment of the
Golgi complex, the trans-Golgi network (TGN), proteins undergo
sorting into specific transport carriers depending on their intended
destinations, after which polarized transport mechanisms move
these carriers into either axonal or somatodendritic domains [1].
Various machineries responsible for this sorting have been charac-
terized, chief among them the adaptor protein (AP) complexes and
the coat protein clathrin [1, 6]. Following budding from the TGN,
proteins and their transport carriers may be subject to additional
sorting and fusion events. For example, proteins may undergo
active endocytosis in one domain but retention in another [5].
Certain proteins reach their destinations via transcytosis and thus
traffic to one domain before being endocytosed, moving once
again through the soma, and entering the opposite domain [5].
Proteins may also be targeted to lysosomes for degradation in a
domain-specific manner [8].

In studying the initial sorting and ultimate fate of transmem-
brane proteins, direct visualization of trafficking from the Golgi
complex is a useful approach. It was in neurons that Camillo Golgi
first observed and described the apparatus that bears his name [9],
and the work of recent decades has established trafficking from the
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Fig. 1 Golgi complex in hippocampal neurons. (a, b) Immunofluorescence of neurons on DIV 10 stained for the
Golgi marker GM130 (a) or the frans-Golgi network (TGN) marker TGN38 (b), together with the AIS marker
AnkG. GM130 and TGN38 staining is shown in negative grayscale and green in the merged images, and AnkG
is shown in red in the merged images. Red arrows point to the AIS. Scale bar, 5 um. Notice the localization of
the Golgi complex to the soma, and dendrites as indicated by arrowheads

Golgi complex as a fundamental aspect of neuronal development
and function [1, 6]. Knowledge of the mechanisms and dynamics
of protein sorting is important in understanding normal cellular
processes and neuropathological disorders [2]; however, the study
of sorting in live neurons has been challenging because proteins
may be simultaneously present in the biosynthetic, endosomal, and
lysosomal pathways at steady state [5]. Photobleaching and photo-
convertible reporter expression have been widely used to study
plasma membrane insertion of transmembrane proteins in neurons
[10-12], but these methods are less useful when imaging the sorting
of proteins from the Golgi complex.



16 Ginny G. Farias et al.

In contrast to neurons, in non-polarized cells and even in
polarized epithelial cells, which contain apical and basolateral
domains, several approaches have been successfully used to dissect
and image the sorting of proteins from the Golgi complex. For
example, previous studies have used temperature reduction to
19 °C to retain proteins in the TGN [13, 14], the temperature-
sensitive mutant of the Vesicular Stomatitis Virus glycoprotein
(VSVG tsO45) to retain proteins in the ER [15-17], and pharma-
cologically controlled aggregation of proteins in the ER [18]. The
most powerful and extensively used procedure for analyzing traffic
in the biosynthetic pathway has been cargo synchronization using
the VSVG transport assay, in which the mutant protein is misfolded
and retained in the ER at 40 °C. Upon temperature shift to 32 °C,
the protein folds and moves as a synchronous population to the
Golgi complex before being transported to the plasma membrane
[15-17]. However, this system has been of limited use in neurons
because of their susceptibility to unphysiological conditions such as
changes in temperature.

Recently, an alternative method for imaging synchronous
transport through the secretory pathway, the Retention Using
Selective Hooks (RUSH) system, was developed by Franck Perez
and colleagues [19]. This system consists of the expression of two
fusion proteins from a bicistronic expression vector: the “hook,”
stably expressed in a donor compartment and fused to a core strep-
tavidin, and the “reporter,” fused to the Streptavidin-Binding
Peptide (SBP), which reversibly interacts with the hook. Upon
reversion of the interaction through addition of the vitamin p-
biotin to the cell, the reporter can freely resume its traffic in the
biosynthetic pathway [19].

We adapted the RUSH system to study the trafficking of trans-
membrane proteins from the Golgi complex to dendrites and axon
in live neurons. Here we describe a detailed protocol for the prepa-
ration of hippocampal neurons, transfection of cDNAs including
those of the RUSH system, staining of endogenous proteins to
identify the somatodendritic and axonal domains, live-cell imaging
using the RUSH system, and kymograph analysis for particle
transport in dendrites and axons.

2 Materials

2.1 Neuron
Preparation

and Transfection

1. Ultrapure water, cell culture grade.

2. High-precision glass coverslips, 18-mm diameter, No. 1.5H
(Marienfeld).

3. 70% nitric acid.

4. Borate buffer (0.1 M, pH 8.5, 1000 mL). Dissolve 38.14 g
sodium tetraborate decahydrate >99.5% in approximately
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800 mL of ultrapure water, cell culture grade, using a magnetic
stir plate and bar at high speed. After dissolution of sodium
tetraborate, add 6.18 g boric acid >99.5% and continue stir-
ring until dissolved. Add 1 N HCI to pH=8.5 and add water
to final volume of 1000 mL. In a sterile laminar flow hood,
filter the solution using two 500-mL filter units with 0.22-pm
membranes. All subsequent solutions should be prepared in a
sterile laminar flow hood and, when indicated, filtered using
similar filter units of an appropriate size.

. Poly-1-lysine solution (1 mg/mL, 100 mL): Dissolve 100 mg

of poly-L-lysine hydrobromide, molecular weight 30,000-
70,000, in 100 mL of borate buffer and filter. Store at 4 °C
when not in use. Poly-L-lysine solution can be reused many
times; it should be replaced at the first sign that neurons are
not properly adhered to the coverslips.

. Hank’s medium (1x, pH 7.3, 500 mL): Dilute 50 mL of 10x

Hank’s Balanced Salt Solution (HBSS, no calcium, no magne-
sium, no phenol red) with 450 mL ultrapure water, cell culture
grade, add 10 mL of 1 M HEPES (pH=7.2-7.5), and filter
the solution.

. Laminin solution (5 pg/mL, 100 mL): Dilute 1 mL of laminin

from mouse Engelbreth-Holm-Swarm (EHS) sarcoma (Roche)
with 100 mL of Hank’s medium and filter the solution. Store at
4 °C when not in use. Laminin can also be reused many times
with the same precautions as for poly-L-lysine.

. Neuronal plating medium (1x, 500 mL): Add 50 mL horse

serum (heat inactivated) and 5 mL penicillin-streptomycin
(10,000 U/mL) to 450 mL of 1x Dulbecco’s Modified Eagle
Medium (p-MEM, high glucose, HEPES, no phenol red) and
filter. The medium can be stored at 4 °C for 1-2 weeks.

. Trypsin, 2.5% (10x).
10.

Neuronal maintenance medium (50 mL): Prepare fresh
medium the day of neuron isolation. Add 1 mL B-27°
Supplement (50x), serum free (Gibco™), 500 pLL GlutaMAX™
Supplement (100x) (Gibco™), and 500 pL penicillin—strepto-
mycin (10,000 U/mL) to 50 mL of Neurobasal Medium
(Gibco™) and filter.

Opti-MEM® I Reduced-Serum Medium (1x) (Gibco™).
Lipofectamine™ 2000 Transfection Reagent (Invitrogen™).

Plasmids encoding RUSH system constructs. Several plasmids
tor use in the RUSH system are available in Addgene (http://
www.addgene.org/) under the list of Franck Perez.

Orbital shaker.

Autoclave.
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2.2 Endogenous
Protein Labeling

2.3 Live-Cell
Imaging to Analyze
Sorting of Proteins
from Golgi Complex

16.
17.
18.
19.

20.
21.
22.
23.
24.

25.
26.
27.

Horizontal laminar flow hood.
Dissecting microscope.
Light guide.

Dissecting tools (sterilized): microdissecting scissors (flat and
curved), fine-tipped forceps (straight and curved).

Syringe and needle, 19-gauge x 1.5".
Vertical laminar flow hood.

Water bath at 37 °C.
Hemocytometer for counting cells.

Tissue culture incubator at 37 °C with humidified, 5% CO,
atmosphere.

Sterile glass Pasteur pipettes.
Sterile filter units, 0.22-pm pore size.

Sterile plasticware: 5-mL serological pipettes, 35- and 100-
mm dishes, 12-well tissue culture plates, 15- and 50-mL coni-
cal centrifuge tubes, 1.5-mL microfuge tubes.

. Anti-Pan-Neurofascin (external) antibody (clone Al2/18,

purified) (NeuroMab) or any primary antibodies against
surface-anchored proteins (external epitope).

. Mix-n-Stain CF488, CF555, or CF640R antibody labeling kit

(Biotium).

. Refrigerated centrifuge (10,000 x4 at 4 °C).

. Vortex.

. NeutrAvidin Protein (Thermo Scientific™). Prepare a stock of

10 mg/mL of NeutrAvidin using ultrapure water, cell culture
grade.

. D-biotin: prepare a stock of 1-mM p-biotin using ultrapure

water, cell culture grade.

. 35-mm dish type magnetic chamber for 18-mm round coverslips

(Quorum Technologies, Inc.).

. Spinning-disk confocal microscope equipped with 63x, 1.4 NA

or 100x, 1.4 NA objectives, EM-CCD camera for digital image
acquisition, heating unit and temperature module control.

3 Methods

3.1 RUSH System
Construct Design

. In Addgene, several plasmids deposited by Franck Perez (Curie

Institute, Paris, France) for use with the RUSH system are avail-
able. A bicistronic expression plasmid (pIRESneo3) was used to
generate the expression of two fusion proteins: The ER-hook
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(Ii, STIM1-NN, or KDEL retention signal) fused to a core
streptavidin, and the reporter fused to SBP.

2. The genes encoding the protein of interest (reporter) must be
cloned and fused to SBP. A detailed protocol for subcloning
into a RUSH plasmid has been described by Boncompain and
Perez [20].

3. The retention and release of the reporter can be followed by
live-cell imaging using any of the GFP, mCherry, or TagBFP
fluorescent tags available in Addgene.

1. At least 1 week prior to isolation of neurons, place 18-mm
coverslips in 70 % nitric acid in a ceramic or glass rack inside a
chemical fume hood and move gently with forceps to disperse
any bubbles.

2. After at least 2 days in nitric acid, remove coverslips to a dish
with ultrapure water, cell culture grade. Rinse briefly, change
to fresh water, then place dish on an orbital shaker to rinse for
20 min. Rinse five additional times for a total of 2 h.

3. Use a pair of fine forceps to remove each coverslip, touch edges
gently to a paper towel to remove excess water, and place in a
glass dish.

4. Autoclave dish and maintain in a sterile container or covering.

1. Atleast 3 days prior to isolation of neurons, working in a sterile
tissue culture hood, place one coverslip into each well of a
12-well plate and add 1 mL per well of poly-1-lysine solution.

2. Leave plates to incubate at 37 °C for at least 2 days. Recover
poly-L-lysine, wash each well with at least 0.5 mL ultrapure
water, cell culture grade, three times for 10 min per wash, and
place in an incubator at 37 °C between washes.

3. Remove all water from last wash and add 1 mL laminin solution
to each well. Return plates to 37 °C for 45 min.

4. Recover laminin solution and wash each well with water twice
for 15 min per wash at 37 °C.

5. Remove all water from last wash and add 1.2 mL neuronal
plating medium to each well.

6. Maintain plates in a CO, incubator at 37 °C for up to several
days before preparing neurons.

The following protocol is a modification of that previously devel-
oped by Kaech and Banker [4]. Here we provide a detailed method
for dissecting the brains of day-18 embryonic rats and isolating the
hippocampus, as well as subsequent steps for dissociating and cultur-
ing hippocampal neurons. Coculture with a monolayer of glial feeder
cells may be used if desired [4].
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Following euthanasia, dissection steps are performed in a ster-

ile horizontal laminar flow cabinet. After hippocampus isolation,
perform the remaining steps in a vertical laminar flow hood.

1.

Pre-warm an appropriate volume (approximately 15 mL) of
neuronal plating medium to 37 °C.

. On embryonic day 18, sacrifice a pregnant female rat using an

approved method of euthanasia and according to an approved
animal use protocol. Remove the uterus and transfer to a ster-
ile 100-mm tissue culture dish.

. Remove each fetus from the uterus and sacrifice by cutting just

posterior to the forelimbs using flat scissors, depositing the
head and upper torso in a dish of fresh Hank’s medium. Repeat
for each embryo. Rinse one to two times with fresh Hank’s
medium to remove any blood or debris.

. Secure the head using curved forceps and use small curved dis-

secting scissors to make a lateral incision at the base of the skull,
just inferior to the cerebellum. The cerebral hemispheres and cer-
ebellum should be visible beneath the surface (see Note 1). Make
the incision wide enough to allow passage of the brain, then use
closed scissors to gently push on the top of the skull in an ante-
rior-to-posterior direction. Allow the brain to slide into a dish of
fresh Hank’s medium. Repeat for each embryo. Rinse one to two
times with fresh Hank’s medium and place dish on ice.

. Transfer a few brains to a sterile glass dish containing fresh

Hank’s medium and place under a dissecting scope (Fig. 2a).
Illumination may be used in order to better distinguish the
regions of the brain.

. Using fine forceps, remove the cerebellum (Fig. 2b) and sepa-

rate the cerebral hemispheres along the midline (Fig. 2¢). For
cach hemisphere, remove the medial white matter not covered
by meninges (Fig. 2¢).

. Carefully remove the meninges (see Note 2) and locate the

hippocampus (Fig. 2d). Look for a thin, curved structure on
the medial aspect of the hemisphere that appears slightly more
opaque than the surrounding cortex (Fig. 2d). Remove a rela-
tively flat sheet of cortex from the medial face of the hemi-
sphere hemisphere containing the hippocampus along its
inferior edge (Fig. 2¢).

. Using a 19-gauge x 1.5” needle attached to a syringe, carefully

cut the hippocampus away from this sheet of cortex (see Note 3
and Fig. 2f). Use one edge of the needle to cut the tissue
against the surface of the glass plate.

. Repeat steps 5-8 for a few brains at a time, leaving the remain-

ing brains in Hank’s medium on ice. Isolated hippocampi may
be left in the glass dish until all brains have been dissected.
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C

Brain isolated Cerebellum Hemispheres separated,
removed medial white matter removed

D

Meninges Cortical sheet Excess cortex removed
removed removed from hippocampus

Fig. 2 Hippocampal isolation. (a) Whole brain isolated from a day-18 rat embryo. (b) The cerebellum (lower) is
removed by making a lateral cut just posterior to the cerebral hemispheres. (¢) The hemispheres are separated
along the midline, and the medially attached white matter (lower) is removed from each. (d) The meninges
(lowen are peeled from the surface of the hemisphere. (e) A section of cortex (upper) containing the hippocam-
pus is removed from the medial face of the hemisphere. The hippocampus can be seen as a more opaque band
along the inner edge of this sheet. (f) The hippocampus (lower) is cut away from the attached cortical tissue
using a needle to complete the isolation

10. Use forceps to transfer the isolated hippocampi to a sterile
35-mm tissue culture dish containing Hank’s medium. Use a
pipet partially prefilled with fresh Hank’s medium to remove
the hippocampi from the dish and transfer to a 15-mL conical
tube. Add Hank’s medium to a volume of 4.5 mL and add
0.5 mL of 2.5% trypsin. Swirl the tube twice to separate hip-
pocampi. Incubate at 37 °C for a total period of 14-15 min,
swirling the tube occasionally.

11. Remove as much trypsin solution as possible without disturbing
hippocampi at the bottom of the tube and add 10 mL of fresh
Hank’s medium. Swirl the tube twice and incubate at room
temperature for 6 min, swirling the tube every 2 min.

12. Remove Hank’s medium and add 1.5 mL of neuronal plating
medium pre-warmed to 37 °C. Use a 5-mL pipet to dissociate
hippocampi by pipetting up and down approximately ten
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3.4 Transfection
of Rat Hippocampal
Neurons (DIV 3-5)

13.

14.

15.

16.

17.

times. Next, pipet the hippocampi up and down approximately
ten times using a glass Pasteur pipet whose tip has been nar-
rowed to around 60% of its original diameter. If chunks are still
observed, use a glass Pasteur pipet whose tip has been narrowed
to around 30% and continue pipetting until a homogenous
suspension has been achieved.

Add 8.5 mL neuronal plating medium for a total volume of
10 mL.

Measure cell concentration using a hemocytometer and deter-
mine the volume of suspension needed for the desired cell
count. Typically, 60,000-80,000 cells per 18-mm coverslip are
sufficient for live-cell experiments.

Ensure that the cell suspension is uniform by pipetting up and
down, then add the appropriate volume to a plate with coated
coverslips in neuronal plating medium. Tap the plate on its
sides many times to distribute the cells evenly across each well
and place in a CO, incubator at 37 °C.

Pre-warm a sufficient volume of neuronal maintenance medium
(at least 1 mL per coverslip) to 37 °C.

After 3—4 h, check that most cells have attached to the cover-
slips, gently remove the neuronal plating medium and any
unattached cells using a pipet, and replace with 1 mL per well
of neuronal maintenance medium. Neurons may be main-
tained in this original medium in a CO, incubator for several
days before transfection.

. Pre-warm appropriate volumes of Neurobasal Medium (3 mL

per well to be transfected) and Opti-MEM (200 pL per well)
to 37 °C.

.In a laminar flow hood, prepare DNA mixtures for

Lipofectamine 2000-based transfection according to the man-
ufacturer’s instructions (100 pL. Opti-MEM and approxi-
mately 1 pg DNA per well for a 12-well plate) (see Note 4).

. Prepare Lipofectamine 2000 mixture using 1.1-1.2 pL

Lipofectamine and 100 pL Opti-MEM for each well to be
transfected. Incubate for 5 min at room temperature.

. Combine Lipofectamine and DNA mixtures and incubate for

20 min at room temperature. While incubating, gently recover
original culture medium, wash each well twice with 500 pL
Neurobasal Medium per well, and add 1 mL of Neurobasal
Medium for transfection (see Note 5).

. After incubation, add 200 pL of transfection mix to each well

and return to a CO, incubator at 37 °C for 1 h.

. During transfection, combine recovered culture medium with

an additional ¥3 to Y2 volume of fresh neuronal maintenance
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medium, filter using a 0.22-pm membrane, and return both
filtered medium and Neurobasal Medium to 37 °C.

. After 1 h of transfection, gently wash each well twice with

Neurobasal Medium and add 1 mL of filtered original medium
plus fresh neuronal maintenance medium.

. Add NeutrAvidin (50 pL from a 10 mg/mL stock), a biotin-

binding protein, if the RUSH system plasmids have been trans-
fected (see Note 6).

. Maintain plates in a CO, incubator until ready for use. It is not

necessary to change the culture medium during this time.
Typical transfection efficiency is approximately 5 %.

This protocol may also be used for axonal and dendritic surface
staining of proteins for live-cell imaging through selection of an
antibody to the extracellular portion of a cell surface protein.
Follow the manufacturer’s protocol for covalent coupling of each
antibody to the Mix-n-Stain CF series dyes.

1.

10.

Centrifuge 90 pL of Anti-Pan-Neurofascin (external) antibody
(clone A12 /18, purified) solution at 10,000 x4 for 30 min.

. After centrifugation of the antibody, perform all subsequent

steps in a laminar flow hood.

. Take the supernatant and incubate with the 10x Mix-n-Stain

(10 pL) solution, pipetting up and down a few times.

. Transfer the entire solution to the vial containing the CF555,

CF488, or CF640R dyes and vortex the vial for a few seconds.

. Incubate the mix for 30 min at room temperature in a dark

room.

. Prepare 10-pL aliquots of the mixture and store at =20 °C.
. Prepare a 1:50 dilution of Anti-Pan-Neurofascin-CF with

neuronal maintenance medium and pre-warm the solution to
37 °C. One aliquot is enough for one coverslip in a 12-well
plate (10 pL of the Neurofacin-CF640R plus 500 pL of neu-
ronal maintenance medium).

. Remove the medium from one coverslip with neurons on DIV

6-14 and add the 500 pL of antibody solution. Return the
plate with neurons to a CO, incubator at 37 °C for 30 min to
1 h (see Note 7).

. Recover the 500 pL of antibody solution and transfer to

another coverslip for the next experiment. The antibody solu-
tion can be used many times the same day. Wash the coverslip
twice with pre-warmed neuronal maintenance medium and
add 1 mL of the same medium to the coverslip.

Maintain the plate in the CO, incubator at 37 °C until preparing
the coverslips for live-cell imaging.
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3.6 Live-Cell
Imaging Using
the RUSH System

3.7 Analysis

of Live-Cell Imaging

Data

1.

10.

2.

Turn on the spinning-disk confocal microscope, set the
temperature to 37 °C using a temperature controller connected
to a heating device, and wait until the temperature is stabilized to
37 °C. Pre-warm the oil used for objectives to 37 °C.

. In a vertical laminar flow hood, remove the coverslip from the

plate using sterile fine forceps, place the coverslip in a 35-mm
dish type magnetic chamber for incubating 18-mm round cov-
erslips during live-cell imaging, and add 500 pL of the original
medium.

. Clean the bottom surface of the coverslip in the magnetic

chamber with 70 % ethanol before imaging.

. In the spinning-disk microscope, add a pre-warmed drop of oil

to a 63x oil or 100x oil objective and place the magnetic cham-
ber in the microscope.

. Focus and find neurons expressing constructs of interest.

Choose optimal conditions of laser power and exposure for
imaging those particular constructs.

. Neurites can be identified by expression of GFP, REFP, CFP, or

similar soluble fluorescent proteins, tagged tubulin, or tagged
plasma membrane proteins in the transfection mix, and/or
endogenous plasma membrane proteins stained with the
CF-series dyes (Figs. 3 and 4).

. Find transtected neurons expressing proteins of interest using

the RUSH system (se¢ Note 8).

. Add 40 pM p-biotin to neurons. Dilute 24 pL of D-biotin

(1-mM stock) with neuronal maintenance medium (100 pL)
and add to the chamber containing 500 pL of medium. If nec-
essary, adjust the focus again in the microscope.

. If the cargo molecules have been retained by interaction with

an ER resident protein, it will take around 10-15 min to release
the cargo molecules from the ER, and strong staining of the
Golgi complex will appear (Fig. 4a—c).

After accumulation of the cargo molecules at the Golgi complex,
start the live-cell imaging to analyze trafficking of transmem-
brane proteins to the axon and dendrites (Fig. 4a).

Trafficking of proteins to the axon and dendrites can be studied
using kymograph analysis.

1.

Open images containing the frames in Image] (Wayne Rasband,
NIH; http://imagej.nih.gov).

Isolate axon and dendrites from a neuron. Select a line width
between 20 and 40 pixels (Edit/Options/Line width). Then use
the segmented line tool to select a region from the axon or den-
drite (Fig. 5a, b). Straighten the selected line (Edit/Selection/
Straighten) and select “Process Entire Stack” (Fig. 5¢). Draw each
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/\Q-AIS

Anti-NF-CF640R

10 pm
mCh-Tub Anti-NF-CF640R —_—

Fig. 3 Expression of neuronal markers and staining of endogenous proteins. (a—c¢) One-frame images cor-
responding to live neurons transfected on DIV 4 with plasmids encoding mCherry (mCh) (a), 13 amino acids
of the N-terminal sequence of the myristoylated and palmitoylated Lyn kinase to target mRFP to the plasma
membrane (PM-RFP) (b), and mCherry-tagged alpha-tubulin (mCh-Tub) (¢), and stained for the AIS with
CF640R-conjugated antibody to neurofascin (Anti-NF-CF640R) on DIV 7 (a—c). Transgenic proteins are
shown in negative grayscale (left panels) and red in the merged images (right panels), and surface neuro-
fascin in negative grayscale (middle panels) and blue in the merged images (right panels). Blue arrows point
to the AIS. Scale bar, 10 pm. Notice the staining of the whole neuronal cytoplasm for mCh and mCh-Tub,
and the whole plasma membrane for PM-RFP. Staining with anti-NF-CF640R, on the other hand, is restricted
to the AIS
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Fig. 4 Expression of RUSH system constructs to analyze sorting of proteins from the Golgi complex. (@) Schematic
representation of the procedure to analyze protein sorting from the Golgi complex to dendrites and axon using the
RUSH system. (b, ¢) Neurons transfected on DIV 4 with a bicistronic expression plasmid encoding two fusion
proteins: the KDEL ER-retention signal fused to a core streptavidin (“hook”) and the transferrin receptor (TfR)
fused to SBP and GFP (TfR-SBP-GFP). NeutrAvidin was added to the culture medium after transfection to compete
with the p-biotin present in the neuronal maintenance medium. Neurons on DIV 7 were surface-stained by incu-
bation with CF555-conjugated antibody to neurofascin (NF-CF555) for 45 min at 37 °C and analyzed using a
spinning-disk confocal microscope. Images show the expression of TfR-SBP-GFP (negative grayscale in /eft and
middle panels, and green in right panels) after 15 min (b) and 20 min (c) of incubation with p-biotin. NF-CF555
staining is shown in grayscale (middle panels) and red in the merged images (right panels). Red arrows point to
the AIS. Scale bar 10 um. Notice the accumulation of TfR-SBP-GFP at the Golgi complex after 15 min of p-biotin
incubation. After 20 min of p-biotin incubation, some carriers containing TfR-SBP-GFP can be observed in
dendrites (arrowheads), consistent with the somatodendritic localization of the TfR. A similar approach can also
be used for studying axonal proteins sorting from the Golgi complex
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Fig. 5 Kymograph analysis of the transport of proteins to dendrites and axon. (a) Single-frame images corre-
sponding to a live neuron on DIV 7 co-transfected on DIV 4 with GFP-tagged transferrin receptor (TfR-GFP)
(negative grayscale in left panel, green in merged image in right panel) and mCherry-tubulin (mCh-Tub) (nega-
tive grayscale in middle panel, red in merged image in right pane)). Note the somatodendritic distribution of
TfR. Live-cell imaging was performed using a spinning-disk confocal microscope (Intelligent Imaging
Innovations). Digital images were acquired with an Evolve electron-multiplying charge-coupled device (EM-CCD)
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line beginning in the soma and ending in the axon or dendrite in
order to visualize anterograde transport from left to right and
retrograde transport from right to left. Use the same parameters
of line width and axon or dendrite length for all experiments for
direct comparison of transport parameters.

. Save isolated axon and dendrite frames as a TIFF file.

. To quantify the transport of cargoes to axon and or dendrites,

generate kymographs (Fig. 5d, ¢). Re-slice the isolated axon or
dendrite stack (Image/Stacks/Reslice). Generate a Z-projection
from the re-sliced stack (Image /Stacks /Z-projection) (Fig. 5¢).

. Stationary particles are observed as vertical lines; anterograde

and retrograde transport are observed as lines with negative
and positive slopes, respectively (Fig. 5e).

. Anterograde and retrograde transport can be manually repre-

sented by removing the stationary particles from the kymo-

graph (Fig. 5f).

. The number of stationary, anterograde, and retrograde parti-

cles can be determined through the quantification of the num-
ber of events from kymographs of the same duration and
neurite length.

4 Notes

<

. If the cerebral hemispheres and cerebellum are not visible

through the skull, or if the base of the skull is rigid and difficult
to cut using scissors, the embryos obtained may be older than
18 days. Brains obtained from embryos obtained after day 18
may be more difficult to dissect, and it may be necessary to
make an additional incision in the skull along the midline in
order to remove the brain.

. Itis typically easiest to peel away the meninges by creating a small

tear at either the anterior or posterior end of the hemisphere,

Fig. 5 (continued) camera (Photometrics). Images of TfR-GFP and mCh-Tub were sequentially acquired at 500-ms
intervals for 120 s. Arrows point to the axon. Scale bar 10 pm. (b—f) An example of selection and isolation of
dendrite and axon segments for kymograph analysis. (b) Lines 30 pixels wide and 35 pm long in a dendrite
(magenta region) and axon (cyan region) were selected with orientation S— D and S— A from a 240-frame
dual-color image. (¢) Selected dendrite and axon lines from the 240-frame dual-color image were straightened.
TfR-GFP and mCh-Tub images are shown separately and merged. (d) The straightened dendrite was re-sliced
to produce a Z-projection in order to generate a kymograph. (e) Kymograph generated from a dendrite, where
the X-axis is distance (35 pm) and Y-axis is time (120 s). Vertical lines correspond to stationary particles that did
not move during the entire period of imaging. Lines with negative slopes and positive slopes correspond to
anterograde and retrograde movement, respectively, of TfR-GFP in the dendrite during the 120 s of recording.
() Representation of anterograde (magenta lines) and retrograde (blue lines) particles from the kymograph



Polarized Sorting from the Golgi Complex in Live Neurons 29

then using one pair of forceps to pull on the membranes
while gently holding the hemisphere stationary with the other.
If removed carefully, the meninges will peel away from the
cortex as a single sheet.

. The hippocampus is most easily identified and separated when

what was formerly the medial surface of the hemisphere is facing
upward. There are various techniques for removing the hippo-
campus using the needle. Generally, it is easiest to use a pair of
forceps in the nondominant hand to hold the cortical sheet sta-
tionary while the hippocampus is cut away. The forceps can
cither be placed directly on the cortex or in the growing incision
between the hippocampus and remaining cortical tissue.

. If transfecting more than two 12-well plates, it may be neces-

sary to wash each plate once prior to the 5-min Lipofectamine
incubation step. After washing once, return plates to incubator
and resume washing during the 20-min incubation of the
Lipofectamine-DNA mixture.

. Primary neurons are fragile and susceptible to detachment of

neurites if media are added too forcefully. Examine neurons
after initial washes and again after transfection to determine
whether cell survival is affected by either step. If cell density
decreases noticeably after washing, be sure to wash gently by
touching the pipet tip to the side of the well and adding the
medium slowly.

. B27 supplement contains D-biotin, which can release the cargo

molecules from the donor compartment when using the
RUSH system. This dissociation can be prevented by addition
of NeutrAvidin to the medium on the day of transfection.

. AIS staining in young neurons (DIV 4-6) will be weak com-

pared to old neurons (DIV 7-21) because Neurofascin accu-
mulates during neuronal development. If staining on DIV 6 is
desired, perform a longer incubation with the anti-Neurofascin-
CF-series dyes (1 h). If staining for Neurofascin is performed
on DIV 10 or later, 30 min of incubation will be sufficient to
visualize the AIS.

. In transfected neurons, expression of a protein of interest using

the RUSH system will appear weak if the protein has been
“hooked” to an ER resident protein, but after adding p-biotin
for 10-15 min, the protein will accumulate in the Golgi
complex (Fig. 4b, ¢).
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Chapter 3

Imaging Golgi Outposts in Fixed and Living Neurons

Mariano Bisbal, Gonzalo Quassollo, and Alfredo Caceres

Abstract

Here we describe the use of confocal microscopy in combination with antibodies specific to Golgi proteins
to visualize dendritic Golgi outposts (GODPs) in cultured hippocampal pyramidal neurons. We also describe
the use of spinning disk confocal microscopy, in combination with ectopically expressed glycosyltransferases
fused to GFP variants, to visualize GODPs in living neurons.

Key words Neurons, Cultures, Dendrites, Golgi outposts, Confocal microscopy, Live imaging

1 Introduction

Cultures of embryonic rat hippocampal pyramidal neurons [1]
have become a widely used model for analyzing the mechanisms
underlying the development of axons and dendrites. Using this cell
system it has been established that membrane trafficking is central
for neuronal polarization [2, 3]. In fact, elements of the secretory
pathway, such as the Golgi apparatus (GA) have a pivotal role in
the establishment and maintenance of neuronal polarity and synap-
tic plasticity [4, 5]. In neurons, the GA not only consists of peri-
nuclear cisternae but also of satellite tubule-vesicular structures
designated as Golgi outposts (GOPs) that localize to dendrites
[6-8]. GOPs have been implicated in dendritic morphogenesis and
as stations for the local delivery of post-synaptic membrane recep-
tors [5]. Here, we describe methods for the visualization of GOPs
in fixed and living cultured hippocampal pyramidal neurons.

2 Materials

2.1 Neuron Isolation, 1. CMF-HBSS (Calcium-, magnesium-, and bicarbonate-free
Growth, and Plating Hank’s balanced salt solution (BSS) buffered with 10 mM
HEPES, pH 7.3).

William J. Brown (ed.), The Golgi Complex: Methods and Protocols, Methods in Molecular Biology, vol. 1496,
DOI 10.1007/978-1-4939-6463-5_3, © Springer Science+Business Media New York 2016

31



32 Mariano Bisbal et al.

2.2 Expression

Plasmids

2.3 Antibodies

2.

Neuronal Plating Medium (MEM supplemented with glucose
(0.6% wt/vol) and containing 10% (vol/vol)) horse serum.

. Neurobasal /B27 Medium: Prepare according to the manufac-

turer’s instructions by supplementing Neurobasal Medium
(with or without Phenol red) (Gibco) with GlutaMAX-1 CTS
supplement (Gibco), B27 serum-free supplement (Gibco) and
penicillin—streptomycin.

4. 2.5% (wt/vol) trypsin; aliquot for single use and store at —20 °C.

. Poly-L-lysine (1 mg/ml) in 0.1 M borate buffer pH 8.5 and

filter-sterilize (prepared immediately before use): Poly-L-
Lysine, molecular weights 30,000-70,000 kDa; 0.1 M Borate
buffer, pH 8.5 (prepared from boric acid and sodium
tetraborate).

. 5 mM AraC (Cytosine-1-f-p-arabinofuranoside); aliquot and

store at 4 °C.

. Lipofectamine 2000.
. Coverslips Assistant #1 de 25 mm (Carolina Biological Supply

Company).

. 70% nitric acid (wt/wt).
. Fire-polished glass Pasteur pipette.

. For neuronal live imaging [9] of the Golgi apparatus and den-

dritic GOPs we use several cDNA plasmid coding for the
N-terminal domains (cytosolic tail, transmembrane domain,
and a few amino acids of the stem region) of Golgi resident
enzymes (e.g., glycosyltransferases; [10]) fused to the N ter-
minus of the enhanced yellow fluorescent protein (YFP) or
the red fluorescent protein, mCherry. The following con-
structs are routinely used for labeling the GA and GOPs in
living or fixed cultured neurons: (1) Sialyl-transferase 2
(SialT2), a marker of the cis-Golgi; (2) Galactosyl-transferase
2 (GalT2), a marker of the media- and trans-GA; and (3) p-1,
4- N-acetylgalactosaminyltransterase (GalNAcT), a marker of
the trans-GA. For further details [8, 10-12].

. A mouse monoclonal antibody (mAb) against GM130, a

marker of the cis-Golgi compartment (Clone 35/GM130; BD
Biosciences) diluted 1:250.

. A mADb against Mannosidase II, a marker of the Golgi appara-

tus (clone 53FC3, ab24565; AbCam), diluted 1:100.

. A rabbit polyclonal antibody against TGN38, a marker of the

TGN (Product Number T9826, Sigma Chemical Co.) diluted
1:250.

. A mAb against MAP2 (clone AP20, M 1406, Sigma Chemical

Co.) diluted 1:500.
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5. Goat anti-mouse IgG-Alexa 488 conjugated (A-11001, Life
Technologies).

6. Goat anti-rabbit IgG-Alexa 546 conjugated (A-11035, Life
Technologies, Thermo Fisher Scientific Inc. Rockford, 1L, USA).

7. Goatanti-mouse IgG-Alexa 633 conjugated (A-21050, Life
Technologies, Thermo Fisher Scientific Inc. Rockford, IL,
USA).

8. Goat anti-rabbit IgG-Alexa 633 conjugated (A-21070, Life
Technologies, Thermo Fisher Scientific Inc. Rockford, IL, USA).

. Phosphate buftered saline (PBS), pH 7.2-7 4.

. 4% paraformaldehyde (PFA), 4% sucrose in PBS buffer.
. 0.2% Triton X-100 in PBS.

. 5% bovine serum albumin (BSA) in PBS.

. 1% BSA in PBS.

. FluorSave™ Reagent (or similar medium) for mounting cover-
slips on microscope slides.

[©) NN 2 W NGV I S

1. Conventional confocal microscopes: Zeiss Pascal or Olympus
Fv300.

2. Spectral confocal microscope: Olympus FV1000.

3. Spinning disk confocal microscope: Olympus IX81 plus Disk
Spinning Unit (DSU).

3 Methods

3.1 Preparation
of Coverslips

Cultured hippocampal neurons are grown attached to glass cover-
slips (12, 15, 25 mm in diameter) coated with different substrates
(e.g., poly-lysine, laminin, and tenascin). Careful preparation of
glass coverslips that serve as substrates for neuronal growth is a key
step to assure appropriate development of axons and dendritic
arbors. For most experiments we coated glass coverslips with poly-
L-lysine (molecular weight 30,000-70,000).

1. Place 25-mm glass coverslips in porcelain racks in concentrated
70% nitric acid for 24 h (range 18-36 h).

2. Wash the coverslips (still in the racks) with distilled water three
times,/30 min each and then with Milli Q (typel ultrapure)
water two more times for 30 min with constant stirring.

3. Place the racks in a glass beaker covered with aluminum foil
and sterilize in an oven at 220 °C for 4-6 h.
Carry out all the following procedures sterile under a laminar
flow hood.
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3.2 Primary Cultures
of Rat Hippocampal
Neurons

3.3 Transient
Transfection

of Cultured
Hippocampal Neurons

4.

Place coverslips in a 35-mm cell-culture dish or in a 6-multi
well culture plate.

. Cover each coverslip with the Poly-L-lysine solution (minimum

150 pl per coverslip). Leave at room temperature in the laminar
flow hood (~20-25 °C) overnight.

. Rinse the coated coverslips with sterile ultrapure MilliQQ water

every 20 min over a period of 2 h.

. Discard water from the last wash and add Neuronal Plating

Medium. Place the culture dishes in a CO, incubator at least
2 h before plating neurons. (Dishes can be stored in the
incubator for several days before using them.)

. Extract the brain from embryonic day 18 (E18) rat embryos

and kept them in a dish with ice-cold Hank’s.

. Under a dissecting microscope, carefully remove the meninges

from cerebral hemispheres and then dissect out the hippocam-
pus. Collect the hippocampi in a dish containing ice-cold
CME-HBSS.

. Place the extracted hippocampi in a 15 ml centrifugal tube and

load up to 2.7 ml of CME-HBSS. Add 0.3 ml of 2.5% trypsin
and incubate for 15 min in a water bath at 37 °C.

. Remove the trypsin solution, and rinse the hippocampi two

times with 5 ml of CMF-HBSS.

. Using a fire-polished glass Pasteur pipette, mechanically dissociate

hippocampi pipetting them up and down (five to ten times). Then
repeat this procedure with narrowed flame-polished pipette.
At this point, there should be no chunks or tissue left.

. Plate the desired number of cells (between 100,000 and

150,000) in the culture dishes containing the coated coverslips
in the Neuronal Plating Medium and place them in the incubator
at 37 °C with 5% CO, for 2-4 h.

. Replace the Neuronal Plating Medium for warmed (37 °C)

Neurobasal /B27 Medium and incubate at 37 °C with 5% CO,.

. After plating for 72 h, add AraC (Cytosine-1-p-b-

arabinofuranoside) to a final concentration of 5 pM to inhibit

proliferation of glial cells. To maintain the culture, every 3 days

replace 1/3 medium with fresh Neurobasal /B27 Medium.
For further details see ref. [1] (see Note 1).

For visualization of GOPs in living and fixed neurons we tran-
siently transtect 14 days in vitro (DIV) cultured hippocampal neu-
rons (see Note 2) with cDNAs encoding one of several resident
Golgi glycosyltransferases (see above) (see Note 3).
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. Under a laminar flow hood, collect and store the Neurobasal /

B27 medium from the cultured neurons and replace it with
warm 2 ml Neurobasal.

. For one (1) 35-mm cell-culture dish:

Add to one tube 62.5 pl Neurobasal +2 pl Lipofectamine
2000.
Add to another tube 62.5 pl Neurobasal +0.5-1 pg DNA.

. Incubate for 5 min at room temperature (RT).

. Combine the contents of the tubes from steps 2- with gentle

mixing.

. Incubate for 20-25 min at RT.

. Add the transfection mix to the cells and swirl gently.

. Incubate for 1-2 h at 37 °C with 5% CO,.

. Replace the transfection media with the original Neurobasal /B27

medium and return cells to the incubator.

GOPs are also visualized in fixed cultures with specific antibodies
to Golgi proteins. All steps for immunofluorescence labeling are
performed at room temperature. For immunofluorescence of fixed
cells, cultures are usually grown on 12-mm glass coverslips

1.

2N IS I 8]

Fixation. Rinse the cells with PBS at 37 °C. Remove PBS and
immediately fix using 4% PFA (paratormaldehyde)—4%
sucrose in PBS bufter at 37 °C, for 20 min. Paraformaldehyde
is a popular fixative and will usually result in better preservation
of cellular morphology than methanol or acetone.

. Wash cells thoroughly (3-5 washes x5 min in PBS).
. Permeabilize with 0.2 % Triton TX-100 in PBS for 10 min.
. Wash cells thoroughly (3-5 washes x 5 min in PBS).

. Block by incubation with 5% BSA (bovine serum albumin) in

PBS for 1 h.

. Incubate with primary antibody. Prepare primary antibody in

1% BSA in PBS. Incubate for 1 h at room temperature or
overnight at 4 °C.

7. Wash cells thoroughly (3-5 washesx 5 min in PBS).

9.
10.

. Incubate with secondary antibody. Prepare secondary antibody

(dilution 1:200) solution as in the case of primary antibodies.
Incubate 1 h at room temperature. Longer incubation may
increase background.

Wash cells thoroughly (3-5 washesx 5 min in PBS).

Mounting. We routinely use FluorSave™ Reagent.

To visualize fixed stained cells we acquired high resolution images
(1024 x 1024 image size, 12-bit per pixel) using either a conven-
tional (Zeiss Pascal) or a spectral (Olympus Fluoview 1000)
inverted confocal microscope with an oil immersion PlanApo
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3.5.2 Live Cell Imaging

Objective

Cameras

Environmental Control

Recording Media

60x /1.4 objective. We collect a 5-10 pm-deep Z stack along the
optical axis to obtain voxel sizes of approximately 0.2 x 0.2 x 0.2 pm.

The image files were processed and analyzed with Image] software
(see Note 4).

General imaging considerations: For time-lapse fluorescence
microscopy, we used an Olympus IX81 inverted microscope
equipped with a Disk Spinning Unit (DSU) and epi-fluorescence
illumination (150W Xenon Lamp). We typically obtain 3-5 optical
sections (700 nm each) every 2 s during a time period of 3-5 min.
However, since dendrites are sometimes quite thin (1.0 pm thick-
ness), the GA and GOPs can be completely captured and imaged
with a single optical slice. In these cases, time-lapse sequences are
acquired at a continuous rate of 2-5 frames per second during
3-5 min.

Cells plated on coverslips are well within the working distance of
all microscope objectives, including high-NA PlanApo objectives,
which offer the greatest optical correction and superior light gath-
ering ability. These high-NA objectives are ideal for live cell fluo-
rescence imaging. For instance, in our set up we use a 60x PlanApo
1.4 NA. In some cases, we have used TIRFM objectives with
higher NA (1.45).

Charge-coupled device (CCD) cameras have become the standard
detectors for live cell imaging. CCD cameras provide high sensitiv-
ity and linear response over their dynamic range. Our DSU micro-
scope set up is coupled with an ANDOR iXon3 CCD camera. We
have also imaged GOPs using other cameras, such as the ORCA-AG
(Hamamatsu) or the ORCA-ER (Hamamatsu).

For recordings we use open chambers (Fig. 1), which allow cells to
be maintained in bicarbonate-based media, inside a stage top incu-
bator (INU series, TOKAI HIT) with 37 °C controlled tempera-
ture, 5% CO, and humidity (enriched atmosphere). In the
chambers, the coverslips (25 mm diameter) with the attached cells
rests face-up on a base plate. A rubber ring above the coverslip
forms a well to hold the culture medium (Fig. 1). We have also
used other devices such as a Harvard micro-incubator (Harvard
Instruments, model PDMI-2). To avoid focus drift due to changes
in objective temperature when contacting the sample we routinely
use a lens heater collar.

We use medium without phenol red to avoid toxic breakdown
products when exposed to light. For this, the cells are cultured in
phenol red free-medium; alternatively, the cells can be grown in
phenol red-free medium.
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Fig. 1 (a) Components of the open chambers used for video recordings. They include: (a) base plate; (b) 25 mm
coverslips, where the cells are grown; (c) a rubber ring, and (d) the upper plate. (b) Top view of the assembled
chamber. (c) Bottom view of the assembled chamber

4 Notes

1. A major problem for the appropriate detection and visualization
of GOPs is the quality of the neuronal culture. In our hands
the best protocol for culturing embryonic hippocampal
pyramidal neurons is the one developed and used in Gary
Banker’s lab [1].

2. Another important aspect for detection and visualization of
GOPs is the age of the culture. GOPs are abundant in neurons
with well-developed dendrites (long and highly branched
MAP?2 +neurites). These dendrites are found in neurons that
have developed in culture for at least 10 DIV. We routinely use
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Fig. 2 (a) Serial (1-6) confocal micrographs showing the morphology of the GA and GOPs in a 14 DIV hippo-
campal pyramidal neuron transfected with SialT2-YFP (7). Pseudocolor (Fire LUT) maximal projection image
obtained from the serial confocal micrographs shown previously. Note the presence of GA-derived tubules
(arrowheads) (large arrows) and of small SialT2 + vesicular structures (GOPs, arrows) localized along den-
drites. The neuron shows no signs of somatic GA fragmentation. (b) Another example of a 14 DIV neuron
expressing SialT2-YFP. The Fire LUT (7) clearly reveals that this cell express much higher levels of ectopic
protein than the one shown in panel (a). Neurons expressing high levels of ectopic resident Golgi glycosyltrans-
ferases quite frequently display somatic GA fragmentation and dispersal into dendrites. We routinely do not use
neurons with fragmented GA

14-21 DIV neurons. GOPS are difficult to detect in young
cultures (less than a week).

3. GOPS are easily visualized by ectopic expression of GA resi-
dent proteins, such as glycosyltransferases. However, when
using this procedure care should be taken to avoid excessive
expression of the ectopic protein. High expression levels of
Golgi-resident enzymes can produce Golgi fragmentation and
dispersal into dendrites (Fig. 2). Because of this, we only use
neurons with moderate levels of expression and without signs
of somatic Golgi fragmentation.
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4. To highlight detection of small GOPs (less than 1 pm), either
labeled by ectopic expression of fusion proteins or specific
antibodies, we routinely used a look-up-table (LUT) called
FIRE (scale thermal) available within the LUT table of FIJI

([13] see also Fig. 2).
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Chapter 4

Analysis of Arf1 GTPase-Dependent Membrane Binding
and Remodeling Using the Exomer Secretory Vesicle
Cargo Adaptor

Jon E. Paczkowski and J. Christopher Fromme

Abstract

Protein—protein and protein—-membrane interactions play a critical role in shaping biological membranes
through direct physical contact with the membrane surface. This is particularly evident in many steps of
membrane trafficking, in which proteins deform the membrane and induce fission to form transport carri-
ers. The small GTPase Arfl and related proteins have the ability to remodel membranes by insertion of an
amphipathic helix into the membrane. Arfl and the exomer cargo adaptor coordinate cargo sorting into
subset of secretory vesicle carriers in the model organism Saccharomyces cerevisine. Here, we detail the
assays we used to explore the cooperative action of Arfl and exomer to bind and remodel membranes. We
expect these methods are broadly applicable to other small GTPase/effector systems where investigation
of membrane binding and remodeling is of interest.

Key words GTPase, Arfl, Membrane remodeling, Membrane binding, Membrane trafficking,
Membrane fission, Membrane scission, Cargo adaptor, Coat protein

1 Introduction

Protein—membrane and membrane-dependent protein—protein
interactions are important in membrane trafficking and cell signal-
ing pathways. Cells employ many proteins, including small
GTPases, cargo adaptors, and vesicle coats, that bind membranes
to mediate the trafficking of cargo proteins by sculpting organelle
membranes to generate transport vesicles and tubules. One promi-
nent example is the small GTPase Arfl, a highly conserved regula-
tor of membrane trafficking at the Golgi complex [1-3]. Upon
activation at the membrane surface, Arfl recruits many different
effectors, including cargo adaptors and lipid modifying enzymes,
to Golgi membranes where they carry out their function. Thus,
Arfl and its paralogs act as molecular switches to drive multiple
Golgi membrane trafficking pathways.

William J. Brown (ed.), The Golgi Complex: Methods and Protocols, Methods in Molecular Biology, vol. 1496,
DOI 10.1007/978-1-4939-6463-5_4, © Springer Science+Business Media New York 2016
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Some Arfl effectors exhibit affinity for the membrane indepen-
dent of binding to Arfl [3-6]. One such eftector is the exomer com-
plex, which is responsible for sorting a subset of cargos at the
trans-Golgi network (TGN) in the model organism Saccharomyces
cevevisine [4, 7-10]. To effectively assay for membrane binding and
Arfl-dependent membrane recruitment, we employed a liposome
pelleting assay where proteins and liposomes were incubated and
subjected to centrifugation [6]. Protein bound to liposomes becomes
enriched in the pellet fraction. The relative amount of the protein in
the supernatant and pellet fractions was determined by quantification
of band intensity after SDS-PAGE analysis. Thus, the relative effi-
ciency of membrane binding and recruitment of different protein
constructs and mutants can be measured quantitatively.

In addition to recruiting cargo adaptors necessary for traffick-
ing, Arfl and other related small GTPases, such as Sarl, have been
implicated in membrane remodeling, defined as inducing mem-
brane curvature or otherwise deforming the membrane [11-16].
Upon activation through GTP-binding, Arfl inserts its myris-
toylated N-terminal amphipathic helix into the cytoplasmic leaflet
of the membrane [17-19], and this membrane insertion is what
drives membrane remodeling. Several other factors are known to
play a role in membrane remodeling, including protein crowding,
protein scaffolding, and protein shape [20, 21].

We were interested in determining what role, if any, Arf effec-
tors such as the exomer complex might have in regulating or
enhancing membrane curvature. Exomer is the only cargo adaptor
known to sort proteins from the TGN to the apical plasma mem-
brane, yet it only sorts ~1-5% of S. cerevisine plasma membrane
proteins and is not found in metazoans. Thus, we view Exomer as
an important model system that should provide insight into how
the bulk of proteins are sorted to the apical plasma membrane.
Exomer is a heterotetramer consisting of two copies of Chs5 and
any two members of four paralogous proteins known as the ChAPs
(Chs5 and Arfl binding proteins: Chs6, Bud7, Bchl, and Bch2).
The ChAPs determine cargo specificity by binding directly to the
cytoplasmic tails of cargo proteins, but appear to be structurally
interchangeable within the complex [4, 6-8, 10, 22].

To investigate whether exomer can cooperate with Arfl to
remodel membranes, we employed a method similar to one previ-
ously reported by the McMahon lab [15], in which different sized
liposomes are separated by differential sedimentation. Thus, the
products of a vesiculation reaction (small liposomes) remain in the
supernatant fraction, while the substrates (large liposomes) are
found in the pellet fraction. We modified the established protocol
by including a fluorescent tracer lipid in our liposome preparations,
facilitating quantification of the liposomes.

Here we describe the methodology necessary for the prepara-
tion of liposomes and performing the Arfl /effector membrane
binding and remodeling assays.
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2 Materials

2.1 Preparation
of Synthetic
Liposomes

2.2 Liposome
Pelleting/Membrane
Binding Assay

2.3 Liposome
Vesiculation Assay

N O\ Ul N

. Rotary evaporator (see Note 1).

. 25 ml glass pear-shaped flasks.

. Liposome extruder and 400 nm pore filters (Avanti Polar Lipids).
. Glass syringes, sizes from 10 to 500 pl.

. Chloroform, ACS grade.

. Methanol, ACS grade.

. Lipid stocks (see recipes in Table 1).

(a) Folch Fraction 1.

(b) Synthetic and natural lipids (Avanti Polar Lipids—see
Table 1).

(c) DiR lipid (Life Technologies) or other fluorescent lipid
tracer (see Note 2).

. HK buffer: 20 mM HEPES pH 7.4, 150 mM potassium acetate.

. Purified myristoylated Arfl (for protocol, see ref. [23]) and

purified Exomer protein constructs (see refs. [6, 24 ] for exomer
purification method), or other protein to be used in the assay.

. “TGN” liposomes (described in this protocol), or liposomes of

another relevant composition.

. HKM buffer: 20 mM HEPES pH 7.4, 150 mM potassium

acetate, 1 mM magnesium chloride.

. Beckman Coulter Optima TLX ultracentrifuge with a TLA

100.3 rotor.

. 1.5 ml polyallomer tubes.
. SDS sample (gel-loading) buffer.

. Purified myristoylated Arfl (described in Subheading 2.2,

item 1), or other protein to be used in the assay.

. Folch liposomes (described in this protocol).
. HKM bufter: 20 mM HEPES pH 7.4, 150 mM potassium

acetate, 1 mM magnesium chloride.

4. 0.5 M EDTA solution, pH 8.0.

. 40 mM MgCl.

6. Guanine nucleotides (GDP and GTP, or the non-hydrolyzable

GTP analogs GMP-PNP or GTPyS), 10 mM solutions in water.

. Beckman Coulter Optima TLX ultracentrifuge with a TLA

100.3 rotor.

. 1.5 ml polyallomer tubes.
. SDS sample (gel-loading) bufter.
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Table 1
Lipid composition formulations

“TGN” liposome lipid composition

Mol% Lipid
24 DOPC

6 POPC

7 DOPE

3 POPE

1 DOPS

2 POPS

1 DOPA

2 POPA
29 PI

1 PI(4)P

2 CDP-DAG

4 PO-DAG

2 DO-DAG

5 Ceramide (C18)
10 Cholesterol

1 DIR

Folch liposome lipid composition

Mol% Lipid
99 Folch Lipids (Folch Fraction I, Sigma)
1 DiR

Lipid formulations for the two types of liposomes employed in these methods. The
“TGN” liposome formulation was selected based on a published lipidomics study of
yeast TGN /early endosomal membranes [25]

3 Methods

3.1 Preparation
of Synthetic
Liposomes

Difterent liposome compositions may be employed in liposome
pelleting and vesiculation assays, and the liposome composition
should be customized depending upon the protein(s) being inves-
tigated. To assay membrane binding of exomer constructs, we gen-
erally use a lipid composition intended to mimic the yeast TGN
(Table 1). In contrast, for the vesiculation assay, it appears
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3.2.1 Arfi-Independent
Membrane Binding
(Liposome Pelleting) Assay
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necessary to use Folch lipids. The Folch liposomes can also be used
for the binding assay.

1. Make 0.5—4 ml of an appropriate lipid master mix, with a final
concentration of 2 mM lipids dissolved in 20:1 chloroform-
methanol (see Notes 3 and 4). See Table 1 for master mix
formulations.

2. Transfer 500 pl of the 2 mM lipid master mix to a 25 ml pear-
shaped flask and dry on a rotary evaporator under vacuum,
spinning the flask at an intermediate speed, for approximately
30 min at 30 °C or until all of the solvent has evaporated from
the sample, resulting in a thin lipid film on the bottom of the
flask (see Notes 1 and 5).

3. Rehydrate the lipids by gently adding 1 ml of HK buftfer to the
lipid film and incubating at 37 °C for 1-4 h.

4. Gently swirl or rotate the flask so that the lipid film slowly peels
off the glass and large strands or ribbons of lipids can be seen,
continue until the lipids have been completely resuspended.

5. Using a mini-extruder (Avanti Polar Lipids), extrude the lipids
through a sizing filter, extruding back-and-forth 19 times. We
use 400 nm pore size filters for both the membrane-binding
(pelleting) and vesiculation experiments (se¢ Note 6).

6. Transfer liposome solution to an Eppendorf or conical tube
and store at 4 °C (se¢ Note 7). The final concentration of lipids
in the liposome solution is 1 mM.

This is a variation on the classical liposome pelleting assay, in which
protein binding to membranes is monitored by measuring the frac-
tion of the protein that pellets together with the liposomes. By mea-
suring and subtracting the amount of protein that pellets in the
absence of liposomes, we found that this assay can be quantified and
yields results that are highly reproducible [6, 24]. We present two
variations of this assay, one to measure Arfl-independent membrane
binding, and the other to measure Arfl-dependent membrane bind-
ing. By utilizing both versions of this assay, one can dissect the rela-
tive contributions of intrinsic membrane binding versus Arfl-binding
for membrane recruitment of an Arfl-effector. An example result of
this experiment is shown in Fig. 1.

This protocol as detailed uses the Chs5/Chs6 exomer complex,
but should be suitable for most membrane-binding proteins or
protein complexes.

1. Mix liposomes (600 pM final lipid concentration) with
Chs5(1-299)/Chs6 exomer complex (1 pM final concentration)
in a final volume of 40 ul HKM bulffer in a 1.5 ml polyallomer
tube (sec Notes 8 and 9). Gently mix by flicking the tube.
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Fig. 1 Detecting membrane-dependent protein—protein interactions using a quantitative liposome pelleting
assay. Liposome pelleting assay to determine Arf1-dependent membrane recruitment of the exomer complex,
Chs5(1-299)/Bch1. Mutations in Arf1 (N95Y and S98Y) at the Arf1-exomer interface were made to assess the
ability of Arf1 to interact with exomer and recruit it to the membrane. Presence of protein in the pellet (P) frac-
tion indicates an interaction with Arf1-GTP. S supernatant, P pellet, WT wild-type. The left panel shows the gel,
the right panel shows quantification. Band intensities were quantified using ImagedJ. The fraction of Bch1

membrane bound was calculated

USing: [Pliposomes (+Arf1)/ (Pliposomes (+Arf1) + Sliposomes (+Arﬂ))]_[Pno Iiposomes/ (Pno liposomes + Sno

inosomes)], Where the amount of Bch1 pelleted in the absence of liposomes is subtracted from the amount of
Bch1 pelleted in the presence of Arf1 and liposomes

2.

Incubate at room temperature for 15 min. After 10 min gently
mix by flicking the tube.

. Spin the samples in Beckman TLX tabletop ultracentrifuge and

TLA 100.3 rotor at 55,000 rpm (~150,000x4) for 10 min
at 4 °C (see Note 10).

. Remove the supernatant to another tube and add 10 pl of 5x SDS

sample buffer. Add 50 pl of 1x SDS sample buffer to the pellet.

. Heat the samples to 55 °C for 15 min with frequent vortexing

to mix, then run on SDS-PAGE. Do not run the dye-front off
of the gel.

. Stain the gels using a Coomassie dye solution lacking methanol

or ethanol, or stain with LiCor IRDye colloidal Coomassie
solution.

. Scan the gels on an Odyssey imager (Li-COR). Alternatively,

another scanner instrument can be used (see Note 2).

. Determine the protein band intensities using Image] or the

Odyssey software. Note the presence of lipids from the lipo-
somes in the dye-front. It is not necessary to quantify lipids in
this experiment, but it is necessary to verify that virtually all of
the lipids are in the pellet fraction.

. Calculate the percent protein pelleted according to this formula:

[P]iposomes/ < P]iposomes + s]iposomes) ] - [ Pno ]iposomes/ ( Pno liposomes + Sno liposomes) ] >
where P=pellet, S=supernatant, and “no liposomes” repre-

sents the background level of protein pelleted in the absence of
liposomes (see Note 11).
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A similar method can be used to determine the membrane-
dependent protein—protein interaction between Arfl and one of its
effectors (such as exomer). For this protocol, Arfl must first be
activated (GTP-bound) in the presence of the liposomes to allow
for membrane anchoring.

1. Mix liposomes (600 pM final lipid concentration) with Arfl
(7.5 pM final concentration), EDTA (1 mM final concentra-
tion), 125 pM GTP, GMP-PNP, or GTPyS (to activate Arfl)
or GDP (as a negative control) in a final volume of 40 pl HKM
buffer in a 1.5 ml polyallomer tube. Gently mix by flicking the
tube (see Note 12).

2. Allow the exchange reaction to continue for 15-30 min at
room temperature.

3. Stop the exchange reaction by adding 2 pl of MgCl, stock
solution to a final concentration of 2 mM.

4. Add exomer or other Arfl effector to the reaction at a final
concentration of 1 pM and mix by flicking the tube.

5. Follow steps 2-9 of the previous protocol (Subheading 3.2.1).
Do not run the dye front off of the gel. Ensure that virtually all
of the lipids are present in the pellet fractions and not in the
supernatant fractions. It is possible to observe lipid vesicula-
tion with certain proteins under certain conditions. The
appearance of lipids in the supernatant fraction is suggestive of
vesiculation (see Subheading 3.3).

It has been previously observed that small GTPases of the Arf fam-
ily can directly induce membrane deformation through insertion
of the N-terminal amphipathic helix into the membrane [11-16].
To understand what role exomer might play in Arfl membrane
remodeling activity, we modified a previously described experi-
ment from the McMahon lab [15] where the ability to observe
changes in liposome size via protein dependent membrane remod-
eling was monitored using high speed centrifugation to separate
liposomes of ditferent sizes: larger liposomes (400 nm diameter)
pellet, while smaller liposomes (below 100 nm diameter) remain in
the supernatant. The lipids are visualized near the dye-front of the
SDS-PAGE gel, taking advantage of a fluorescent lipid incorpo-
rated into the liposomes.

Overall, the vesiculation assay protocol is similar to the Arfl-
dependent membrane pelleting assay described above in
Subheading 3.2.2, step 2, but there are important differences in
the types of liposomes (se¢ Note 13) and amounts of reagents
used. We detail the protocol for the Chs5,/Bchl exomer complex,
but other Arfl-dependent effectors can be investigated. The major
strengths of this protocol are the ability to process many reactions
in parallel and to quantitate the results. An example experimental
result is shown in Fig. 2.
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Fig. 2 Vesiculation assay reveals that exomer and Arf1 cooperate to remodel membranes. (@) Schematic of the
membrane vesiculation assay. At high speeds, larger liposomes (~400 nm) will pellet completely, while smaller
liposomes (~30 nm) will not pellet. A liposome population of mixed sizes can be spun at high speed and separated
by size, with larger liposomes (and any bound proteins) in the pellet fraction and smaller liposomes remaining in the
supernatant fraction. Lipids can be visualized via SDS-PAGE due to the presence of a fluorescent lipid dye in the
liposomes. (b) Results of a membrane vesiculation assay to determine the role of exomer (Chs5(1-299)/Bch1) on
Arf1-dependent membrane remodeling. The /left panel shows the gel and the right panel shows quantification of
lipids. Substrate liposomes pellet (P), while smaller liposomes generated from protein-dependent membrane remod-
eling remain in the supernatant (S). GTP*=GMP-PNP. Lipid band intensities were quantified using ImageJ and the
percent of lipids found in the supernatant was calculated. Note that the high protein-lipid ratio results in a smaller
fraction of total Arf1 binding to the membrane, and precise determination of the amount of Arf1 bound to membranes
is confounded by vesiculation because Arf1 bound to smaller vesicles will remain in the supernatant

1. For “physiological” conditions, where the ratio of exomer to
lipids and exomer to Arfl is low (1:1250 and 1:25, respec-
tively, se¢e Note 14) combine Folch liposomes (250 pM
final concentration, se¢ Note 14) with Arfl (5 pM final
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concentration, se¢ Note 15) and 125 pM GTP, GMP-PNPD, or
GTPyS (to activate Arfl) or GDP (as a negative control) in a
final volume of 40 pl HKM bufter in a 1.5 polyallomer tube.
Gently mix by flicking the tube (se¢ Note 16).

. Allow the exchange reaction to continue for 10 min at room

temperature.

. Stop the exchange reaction by adding 2 pl of MgCl, stock

solution to a final concentration of 2 mM. Let the reaction
incubate for an additional 5 min.

. Add Chs5(1-299)/Bchl exomer complex (200 nM final con-

centration) (see Note 14).

. Let the reaction incubate 10 min at room temperature. Mix

the reaction after 5 min and at the end of the incubation by
flicking the tube.

. Spin the samples at 20 °C for 15 min in Beckman TLX table-

top ultracentrifuge and TLA 100.3 rotor at 55,000 rpm
(~150,000 % g).

. Follow steps 4-7 from Subheading 3.2.1 above.
. Measure the lipid band intensities using Image] or ODYSSEY

software to determine the percentage of total lipids found in
the supernatant: S/(S+P)x100. The presence of lipids in the
supernatant indicates a reduction in the size of liposomes, and
thus vesiculation, assuming that no lipids are observed in the
supernatant fractions of the negative controls (se¢ Note 17).

4 Notes

. Alternatively, many researchers dry lipid mixes under a nitrogen

stream.

. DiR, or a similar fluorescent lipid tracer, should be added at

1% (mol basis) for visualization and quantification of lipo-
somes. The fluorophore should be chosen based on the avail-
able instrumentation. DiR works well with the Odyssey
(Li-Cor) scanner. Nonfluorescent lipids can also be detected in
the visible spectrum after staining with Coomassie stain, but at
lower sensitivity.

. Avoid using plastic tubes, pipets, and pipet tips with organic

solvent solutions for this and subsequent steps. Glass vials and
small glass syringes (Hamilton) should be used to avoid con-
tamination of the solutions with dissolved plastic material.

. Lipid stocks in organic solvents should be stored tightly sealed

at =20 °C or ideally at -80 °C.

. To store excess master mix, remove the organic solvent by

evaporation and store the dried lipid film in tightly sealed glass
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10.

11.

vials at =80 °C. To use at a later date, dissolve in the same vol-
ume of 20:1 chloroform—methanol solution.

. A 400 nm pore size is used to generate liposomes that are large

enough to pellet and be used as substrates for vesiculation in
the assays. It is important to note that extruding through pore
sizes larger than 100 nm can result in liposomes that are mul-
tilamellar, rather than unilamellar. In the worst cases, this can
lead to heterogeneity of lipid composition exposed on the
outer surfaces of liposomes and inaccurate estimates of the
amount of membrane surface available for protein binding.
Drying the lipid mix in a pear-shaped flask on a rotary evapora-
tor is intended to mitigate these effects by creating a very thin
film prior to solubilization in aqueous buffer.

. Some researchers use liposome preparations only on the same

day they were prepared, to avoid complications arising from
lipid oxidation or phase changes. However, we find that our
liposome preparations can be stored for a few weeks at 4 °C
without ill effects. It is important to determine whether the
behavior of your liposome preparation changes after storage,
by comparing results obtained with freshly prepared liposomes
to results obtained using stored liposomes. Our practice is to
prepare a large batch of liposomes at once (often 2—4 ml total)
for use with large scale experiments performed over the course
of 1 or 2 weeks. In our experience, this is preferable to prepar-
ing a fresh batch every day or even every few days, as we
observe batch-to-batch variation in liposome behavior that is
greater than variation in behavior observed after storage. We
suspect this depends on the precise lipid mix and preparation
method used, so it is best to test for your specific case.

. The concentrations given should be considered a starting

point. You may need to alter the concentrations of proteins
and lipid to optimize for your protein of interest.

. To account for any liposome independent (background) pellet-

ing of your protein, a control in which no liposomes are included
in the reaction should be used for each pelleting experiment.

We have observed differences in the pelleting behavior of cer-
tain liposome compositions. 400 nm TGN and Folch liposomes
completely pellet under these conditions, whereas 400 nm lipo-
somes made up entirely of DOPC may not pellet as effectively.
In such cases, longer centrifugation times may help. Also, if
liposomes are densely coated with bound proteins, they pellet
more eftectively. This fact should be considered when interpret-
ing the results.

A key assumption to this analysis of the pelleting assay is that
the same “background” amount of protein will pellet, presumably
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12.

13.

14.

15.

16.

17.

due to the presence of protein aggregates, in the presence or
absence of liposomes. In our experience, this assumption is
valid. For any new investigation of a protein by this method, it
is important to pay close attention to the amount of back-
ground pelleting. Some proteins may exhibit a high level of
background pelleting (i.e., >40 % of the protein pellets in the
absence of liposomes). This situation may be improved if the
protein stock is centrifuged at high speed (150,000 x4 for
20 min at 4 °C) to “pre-clear” aggregates (this is good gen-
eral practice), prior to use in the membrane-binding reac-
tion. For some proteins, this pre-clearing step does not
prevent background pelleting and a liposome flotation
experiment may be preferable. For a liposome flotation proto-
col, see ref. [23].

This step can be setup as several master mixes if different
Arfl-effector constructs will be tested in parallel.

Vesiculation assays work best using liposomes prepared from
Folch fraction I lipids. This lipid mix is currently the standard
in the field for studying membrane remodeling, as Folch lipo-
somes appear to be more amenable to remodeling.

The concentration of the various constituents in a vesiculation
assay can have a profound effect on the level of vesiculation. To
further enhance the effects of Arfl-dependent membrane
remodeling, we adjusted the exomer-lipids and exomer—Arfl
ratios. Exomer was used at 2 pM final concentration and Folch
liposomes were used at 50 pM final concentration, increasing
the ratios of exomer-lipids from 1:1250 to 1:25 and exomer—
Arfl from 1:25 to 1:2.5.

This concentration of Arfl results in a small but detectable
amount of vesiculation in our hands, which is amplified by
exomer. Higher concentrations of Arfl result in higher levels
of vesiculation.

Crucial negative controls for this assay include reactions with
liposomes only, liposomes with Arfl-GDP, and liposomes with
Arfl-GDP and exomer.

Ideally, vesiculation should be confirmed using alternative
approaches. For example, imaging the vesiculation reactions
by negative stain-EM or analyzing the size distribution of lipo-
somes by dynamic-light scattering [15, 24].
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Chapter 5

STEM Tomography Imaging of Hypertrophied
Golgi Stacks in Mucilage-Secreting Cells

Byung-Ho Kang

Abstract

Because of the weak penetrating power of electrons, the signal-to-noise ratio of a transmission electron
micrograph (TEM) worsens as section thickness increases. This problem is alleviated by the use of the
scanning transmission electron microscopy (STEM). Tomography analyses using STEM of thick sections
from yeast and mammalian cells are of higher quality than are bright-field (BF) images. In this study, we
compared regular BF tomograms and STEM tomograms from 500-nm thick sections from hypertrophied
Golgi stacks of alfalfa root cap cells. Due to their thickness and intense heavy metal staining, BF tomo-
grams of the thick sections suffer from poor contrast and high noise levels. We were able to mitigate these
drawbacks by using STEM tomography. When we performed STEM tomography of densely stained chlo-
roplasts of Arabidopsis cotyledon, we observed similar improvements relative to BF tomograms. A longer
time is required to collect a STEM tilt series than similar BF TEM images, and dynamic autofocusing
required for STEM imaging often fails at high tilt angles. Despite these limitations, STEM tomography is
a powerful method for analyzing structures of large or dense organelles of plant cells.

Key words Electron tomography, Scanning transmission electron microscopy, High-angle annular
dark field detector, Signal-to-noise ratio, Golgi stacks

1 Introduction

Scanning transmission electron microscopy (STEM) is a variant of
transmission electron microscopy (TEM) in which images are
formed pixel-by-pixel with a finely focused electron beam that
scans over the specimen. STEM has advantages over bright-field
(BF) TEM when used for imaging biological samples stained with
a heavy metal. The most common detector for STEM is the high-
angle annular dark field (HAADF) detector that registers elec-
trons scattered from the specimen. Because heavy metal atoms in
the section steeply deflect electrons, these electrons are preferen-
tially detected in the HAADF mode. STEM produces clearer
micrographs from thicker sections than does BF TEM, and micro-
graphs taken with an electron beam focused on a spot in the
STEM mode have better signal-to-noise ratios than those taken

William J. Brown (ed.), The Golgi Complex: Methods and Protocols, Methods in Molecular Biology, vol. 1496,
DOI 10.1007/978-1-4939-6463-5_5, © Springer Science+Business Media New York 2016
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with a broad electron beam covering the entire viewing area in the
BF TEM mode.

Electron tomography (ET) reconstructs cellular volumes at
nanometer-level resolution in three dimensions (3D) from tilt-series
images that are captured from many different angles from 0 ° up to
about 70 ° [1, 2]. Because of the thickness that electrons have to
penetrate at high tilt angles, sections are usually less than 300 nm
thick for ET with BF TEM [3]. Since STEM can capture higher qual-
ity images from thick sections than BF TEM, ET reconstructions
benefit from collecting tilt series with STEM [4]. By adopting STEM,
it has been possible to produce electron tomograms from 1-pm thick
samples of yeast cells, malaria parasites, cultured mammalian cells, and
primary cultures of isolated neuronal cells [2, 4-7]. In those applica-
tions, STEM tomograms exhibited better contrast and higher signal-
to-noise ratios than tomograms reconstructed from BF TEM images.
By adjusting angles of electron detection, Hohmann-Marriott et al.
(2009) were able to acquire STEM tomograms with resolutions bet-
ter than those from HAADF STEM data [7].

Using ET, high-resolution structures of Golgi stacks in
mammalian, fungal, algal, and plant cells have been characterized
[8-12]. Diameters of individual Golgi stacks range 500-1500 nm,
which are larger than thicknesses of single sections (250-300 nm).
This means that 3D reconstructions of an entire Golgi stack
requires tomograms from consecutive sections. These serial tomo-
grams are aligned and stacked into a coherent tomogram that
encompasses the cisternal stack, associated vesicles, surrounding
Golgi matrix, and functionally linked organelles such as the endo-
plasmic reticulum. For example, a dividing Golgi stack in an
Arabidopsis meristem cell was 1.8-mm wide, spanning seven serial
sections [3, 13].

Golgi stacks in plant cells produce cell wall polysaccharides and
proteoglycans. In mucilage-secreting root cap cells, polysaccharide
synthesis in the Golgi stacks is activated. Golgi stacks in those cells
are as large as 2500 nm and have hypertrophied peripheral vesicles
[14]. It is not easy to reconstruct a comprehensive 3D structure of
such an enlarged Golgi stack by stacking tomograms of serial sec-
tions. Furthermore, information about the 30- to 40-nm thick vol-
umes between adjacent tomograms is lost during sectioning. Given
that STEM tomography can produce tomograms of subcellular
organelles from thicker sections, it is an attractive alternative for
tomographic reconstruction of Golgi stacks in root cap cells [5].

We have performed HAADF STEM tomography to analyze
Golgi stacks in 500-nm thick sections of alfalfa root cap cells. In
agreement with the previous studies, signal-to-noise and mem-
brane contrast were improved in STEM tomograms when com-
pared with BF TEM tomograms. Data collection took approximately
four times longer when the specimen was scanned at pixel sizes
that match BF TEM resolutions. Dynamic focusing frequently
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failed at high angles, making it even slower to capture a tilt series.
However, membranous structures with weak contrast such as
endoplasmic reticulum and thylakoids were resolved more clearly
in STEM tomograms than in BF TEM tomograms. This enhanced
signal-to-noise ratio of cellular membranes facilitates automatic
segmentation of membranous structures.

2 Materials

2.1 High Pressure
Freezing

2.2 Freeze
Substitution

2.3 Embedding

2.4 Ultramicrotomy
and Post-staining

2.5 Acquisition
of Tilt Series

and Tomographic
Reconstruction

[ S S SR ]

. AFS2

. Intermediate

. High-pressure freezer Leica HPM100 (Leica Microsystems,

Buffalo Grove, IL, USA).

. Specimen carrier: Aluminum type A and type B planchettes

(Technotrade International, Manchester, NH, USA).

. Liquid nitrogen.
. Alfalfa (Medicago sativa) seeds.

. Cryoprotectant: 0.15 M sucrose solution in distilled water.

. 2% OsOy in acetone: Dissolve 1 g of OsOy in 50 ml anhydrous

acetone. Aliquot into cryovials and freeze in liquid nitrogen.
Frozen cryovials can be stored in liquid nitrogen.

automatic freeze substitution machine (Leica

Microsystems, Buffalo Grove, IL, USA).

. Embed-812 kit (Electron Microscopy Sciences, Hatfield, PA,

USA). To prepare 40 g of resin, mix 20 g of Embed 812, 14 g of
nadic methyl anhydride, and 6 g of dodecyl succinic anhydride;
1 g of benzyldimethylamine is added to the 40 g of resin mix to
catalyze polymerization.

. Flat embedding silicone mold (Cat. Nu. 70901, Electron

Microscopy Sciences, Hatfield, PA, USA).

. Ultramicrotome.

. Formvar-coated copper slot grids (1 x2 mm slot size).

. Diamond knife.

. 2% (w/v) uranyl acetate (UA) in 70 % methanol and Reynolds’

lead citrate solution.

voltage transmission electron microscope
equipped with a motorized eucentric goniometer for collect-
ing tilting series and STEM capability (see Note 1).

. Grid holder for dual-axis tomography; for example, the

Fischione Model 2040 holder (Fischione, Export, PA, USA).

. A personal computer running a Linux or Unix operating system

or a Windows computer with a Linux emulator such as Cygwin.
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3 Methods

3.1 High-pressure 1. Scatter alfalfa (Medicago sativa) seeds on a piece of paper towel
Freezing wetted with distilled water in a plastic petri dish. Place the petri
and Freeze- dish in a plant growth chamber for seedlings to germinate. It
Substitution helps to grow seedlings at a 60 © angle so that roots grow straight.

2. After growing 3—4 days, dissect seedling root tips with a scalpel
dipped in distilled water with 0.15 M sucrose. Put dissected
tips in the B type planchette and cover with another B type
planchette (see Note 2).

3. Freeze with the HPM100 freezer and transfer frozen samples
into the cryovials with OsO, freeze-substitution medium.

4. Incubate cryovials with samples at -80 °C for 24 h and slowly
raise the temperature to =20 °C (in 1 °C/h steps).

5. After 12 h at -20 °C, move the cryovials to 4 °C and incubate
for 4 h. Leave the samples at room temperature for 1 h.

3.2 Embedding 1. After washing with anhydrous acetone three times, begin
and Sectioning embedding in the Embed 812 resin mix.

2. After incubation in the 10 % dilution, raise the concentration of
the Embed 812 resin from 25 to 100 % in increments of 25 %.
At each dilution step, incubate the root specimens for several
hours. Change 100 % resin three times, and transfer samples to
a silicone mold.

3. Cure resin in a 60 °C oven for 2 days.

4. Mounting, sectioning, and post-staining should be carried out
as described previously Kang (2010) [15].

5. Post-staining and preparation of slot grids for collecting tilt
series should be performed as explained in Toyooka and Kang
(2013) [16] (Fig. 1a, b).

>
>

Fig. 1 Transmission electron microscopy and electron tomography images of Golgi stacks in mucilage-
secreting alfalfa root cap cells. (a) Low magnification electron micrograph of a longitudinal section through the
root cap region of an alfalfa seedling. Root cap cells and the meristem zone are marked. Scale bar indicates
20 pm. (b) A cluster of Golgi stacks (G) in an alfalfa root cap cell. This image was acquired from a 500-nm thick
section. V indicates vacuole. Scale bar indicates 500 nm. (¢, d) A HAADF-STEM image of a 500 nm thick sec-
tion from an alfalfa root cap cell (c) and its inverted image using the densnorm command (d). (e, f) Tomographic
slice images of a cluster of Golgi stacks. E was taken from a BF tomogram of a 500-nm thick section. F was
captured from a STEM tomogram of the same 500-nm thick sections imaged shown in (c). The BF tomogram
in (e) was prepared from the same section examined by STEM in (¢). Scale bars in (c—f) indicate 500 nm.
(g, h) Higher magnification views of mucilage-carrying vesicles (arrowheads) in (g) a BF tomographic slice and
(h) a STEM tomographic slice. (i) Outlines of the two vesicles shown in the panel (h) were traced by the
auto-contour command of the IMOD software. Pixel sizes of the BF tomogram and the STEM tomogram are
1.50 and 1.81 nm, respectively (see Note 7). Scale bars in (g—i) indicate 50 nm. Scale bars indicate 50 nm
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3.3 Acquisition
and Tomogram
Reconstruction

. Load the grid into a TEM equipped with a STEM module and

a HAADF detector.

2. Load STEM alignment and do direct alignment.
. In the BF TEM mode, find the area of interest. Adjust eucentric

height.

. Go back to the STEM model, and open the STEM tomography

program.

. Collect tilt series (£60 © with 1.5 ° intervals) (se¢ Notes 3-5).

6. Dark-field images of the tilt series should be converted into

bright-field images with the densenorm command (see Note 6,
Fig. 1c, d). Tomograms should be calculated from the inverse
contrasted tilt series as described by Toyooka and Kang
(2013) [16].

4 Notes

. We used an F20 intermediate voltage TEM from FEI

(Hillsboro, OR, USA) and the STEM data acquisition soft-
ware developed by the manufacturer.

. We remove the border cells by gently shaking root tips in dis-

tilled water. The organelle integrity is compromised in these
border cells.

. Before starting data acquisition, check image brightness and

contrast at 60 °. Brightness in high tilt images can be signifi-
cantly different from brightness of the 0 ° image.

. The exposure time we use for capturing tilt images is 20 ps per

pixel. For tracking and eucentric centering, images are taken
with the setting of 1.5 ps per pixel. It takes about 3 h to acquire
81 STEM images at 2048 by 2048 pixels (+60 ° with 1.5 °
interval including tracking, eucentric centering, and focusing
at each angle). For a dual axis tomogram, two tilt series are
required from a cellular volume.

. The autofocusing function often fails at high tilt angles and

data acquisition is interrupted. If that happens, focus manually
and resume the acquisition process.

. Options that should be selected for the densnorm command

are “densnorm —su —log 0 —reverse inputfile outputfile”.

. The vesicle membranes are better resolved in STEM than in

BF tomograms (Fig. le, f). Secretory vesicles and ribosomes
appear darker in STEM, too. The bottom row of Fig. 1 shows
vesicles in the BF tomogram (g), STEM tomogram (h), and
STEM tomogram after auto tracing the vesicle surfaces (i).
The auto tracing failed for the vesicles in the BF tomogram.
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Fig. 2 A chloroplast in an Arabidopsis cotyledon examined by (a and ¢) BF tomography and (b and d) STEM
tomography. Boxed areas in (a) and (b) are shown at higher magnification in (c) and (d), respectively. Scale
bars in (a) and (b) indicate 1 pm and those in (c) and (d) indicate 250 nm. Raw tilt series were collected from
a 400-nm thick section with a 200-KV transmission electron microscope. The five layers (marked with arrow-
heads) of a granum stack are clearly identified in d but the distinction is not so obvious in (c) (see Note 8). Pixel
sizes of the BF tomogram and the STEM tomogram are 1.3 and 2.6 nm, respectively. The chloroplast samples
were prepared as described in Lee et al. (2012) [17]

8. The chloroplast stroma is darker than the cytosol. Because of the
strong staining, thylakoid membranes are not clearly discernable
especially in images captured at high angles (>50 ©). This draw-
back leads to weak contrast in BF tomograms (Fig. 2).

Acknowledgements

This work was supported by the Cooperative Research Program for
Agriculture Science and Technology Development (Project No.
PJ010953092015) from the Rural Development Administration,
Republic of Korea and the Area of Excellence grant (AoE /M-05/12)
from the Research Grants Council of Hong Kong.



62

Byung-Ho Kang

References

1.

Stachelin LA, Kang B-H (2008) Nanoscale archi-
tecture of endoplasmic reticulum export sites and
of Golgi membranes as determined by electron
tomography. Plant Physiol 147:1454-1468

. Yakushevska AE, Lebbink MN, Geerts WJC

etal (2007) STEM tomography in cell biology.
J Struct Biol 159:381-391

. Donohoe B, Mogelsvang S, Stachelin L (2006)

Electron tomography of ER, Golgi and related
membrane systems. Methods 39:154-162

. Aoyama K, Takagi T, Hirase A, Miyazawa A

(2008) STEM tomography for thick biological
specimens. Ultramicroscopy 109:70-80

. Sousa AA, Azari AA, Zhang G, Leapman RD

(2011) Dual-axis electron tomography of bio-
logical specimens: extending the limits of speci-
men thickness with bright-field STEM imaging.
J Struct Biol 174:107-114

. Murata K, Esaki M, Ogura T et al (2014)

Whole-cell imaging of the budding yeast
Saccharomyces cerevisiae by high-voltage scan-
ning transmission electron  tomography.
Ultramicroscopy 146:39—45

. Hohmann-Marriott MF, Sousa AA, Azari AA

et al (2009) Nanoscale 3D cellular imaging by
axial scanning transmission electron tomogra-
phy. Nat Methods 6:729-731

. Donohoe BS, Kang B-H, Gerl M]J et al (2013)

Cis-Golgi cisternal assembly and biosynthetic
activation occur sequentially in plants and
algae. Traffic 14:551-567

. Donohoe BS, Kang B-H, Stachelin LA (2007)

Identification and characterization of COPIa-
and COPIb-type vesicle classes associated with
plant and algal Golgi. Proc Natl Acad Sci U S A
104:163-168

10.

11.

12.

13.

14.

15.

16.

17.

Ladinsky MS, Mastronarde DN, McIntosh JR
et al (1999) Golgi structure in three dimen-
sions: functional insights from the normal rat
kidney cell. J Cell Biol 144:1135-1149

Mogelsvang S, Gomez-Ospina N, Soderholm
J et al (2003) Tomographic evidence for con-
tinuous turnover of Golgi cisternae in Pichia
pastoris. Mol Biol Cell 14:2277-2291

Kang B-H, Nielsen E, Preuss ML et al (2011)
Electron tomography of RabA4b- and
PI-4KB1-labeled trans Golgi network compart-
ments in Arabidopsis. Traffic 12:313-329
Kang B-H, Stachelin LA (2008) ER-to-Golgi
transport by COPII vesicles in Arabidopsis
involves a ribosome-excluding scaffold that is
transferred with the vesicles to the Golgi
matrix. Protoplasma 234:51-64

Stachelin L, Giddings T, Kiss J (1990)
Macromolecular differentiation of Golgi stacks
in root tips of Arabidopsis and Nicotiana seed-
lings as visualized in high pressure frozen and
freeze-substituted samples. Protoplasma 157:
75-91

Kang B-H (2010) Electron microscopy and
high-pressure freezing of Arabidopsis. Methods
Cell Biol 96:259-283

Toyooka K, Kang B-H (2013) Reconstructing
plant cells in 3D by serial section electron
tomography. In: Zirsky V, Cvrékova F (eds)
Plant cell morphogenesis. Humana Press,
Totowa, pp 159-170

Lee K-H, Park J, Williams DS et al (2013)
Defective chloroplast development inhibits
maintenance of normal levels of abscisic acid in
a mutant of the Arabidopsis RH3 DEAD-box
protein during early post-germination growth.
Plant J 73:720-732



Chapter 6

Reconstitution of COPI Vesicle and Tubule Formation

Seung-Yeol Park, Jia-Shu Yang, and Victor W. Hsu

Abstract

The Golgi complex plays a central role in the intracellular sorting of proteins. Transport through the Golgi
in the anterograde direction has been explained by cisternal maturation, while transport in the retrograde
direction is attributed to vesicles formed by the coat protein I (COPI) complex. A more detailed understand-
ing of how COPT acts in Golgi transport is being achieved in recent years, due in large part to a COPI recon-
stitution system. Through this approach, the mechanistic complexities of COPI vesicle formation are being
elucidated. This approach has also uncovered a new mode of anterograde transport through the Golgi,
which involves COPI tubules connecting the Golgi cisternae. We describe in this chapter the reconstitution
of COPI vesicle and tubule formation from Golgi membrane.

Key words COPI, ARF, Golgi complex, Vesicle formation, Tubule formation

1 Introduction

Membrane traffic in the cell occurs in two general directions,
exocytic (outward bound) and endocytic (inward bound). In the
exocytic direction, proteins that are initially synthesized at the endo-
plasmic reticulum (ER) transit through the Golgi (in the antero-
grade direction) for sorting to other parts of the cell. In the
endocytic direction, proteins at the plasma membrane also pass
through the Golgi (in the retrograde direction) before reaching
the ER. Thus, because the Golgi acts at the crossroad of the two
general directions of transport, considerable interest exists in
understanding how bidirectional transport through the Golgi
complex is accomplished [1, 2].

For many years, anterograde Golgi transport has been explained
by the movement of the Golgi cisternae, known as cisternal matu-
ration, while retrograde Golgi transport has been thought to be
mediated by vesicles formed by the COPI complex [1, 2]. Early
studies identified coatomer, a multimeric complex, as the core
components of the COPI complex [ 3, 4]. The small GTPase ARF1
was then identified to regulate coatomer by dictating its distribution

William J. Brown (ed.), The Golgi Complex: Methods and Protocols, Methods in Molecular Biology, vol. 1496,
DOI 10.1007/978-1-4939-6463-5_6, © Springer Science+Business Media New York 2016
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between the functional (on membrane) and nonfunctional (cytosolic)
pools [5]. Moreover, key upstream regulators of ARF1 were also
identified and/or characterized. These include a guanine nucleo-
tide exchange factor (GEF) activity that catalyzes the activation of
ARF]1 [6, 7], and a GTPase-activating protein (GAP) that catalyzes
ARF1 deactivation [8].

Subsequently, our group has been making major contributions
to the further understanding of COPI transport [9]. We initially
elucidated a more complex role for the GAP that catalyzes ARF1
deactivation in COPI transport, known as ARFGAP1. Whereas
early studies predicted that ARFGAPI acts in the uncoating of
COPI vesicles [10], we found that it has a novel function in pro-
moting COPI vesicle formation, with mechanistic elucidation sug-
gesting that ARFGAPI acts as another component of the COPI
complex [11, 12]. We then identified BARS (Brefeldin-A ADP-
Ribosylated Substrate) to act at the fission stage of COPI vesicle
formation [13, 14]. Further elucidating how vesicle fission occurs,
we identified a key lipid, phosphatidic acid (PA), which promotes
the ability of BARS to bend membranes in achieving vesicle fission
[15]. Notably, rather than acting merely to recruit BARS to mem-
brane, we found that PA participates actively with BARS to bend
membranes [15].

We then uncovered an even more complex role for the COPI
complex by finding that it also generates tubules that connect the
Golgi stacks [16]. Mechanistically, this involves COPI coupling
with distinct lipid enzymatic activities in dictating whether Golgi
membranes form vesicles or tubules [16]. More recently, we have
defined that transport through COPI tubules complements cister-
nal maturation in explaining how anterograde Golgi transport
occurs [17]. A notable mechanistic detail is that the small GTPase
Cdc42 plays a pivotal role in coordinating bidirectional Golgi
transport by targeting the two major functions of COPI—carrier
formation and cargo sorting [17].

These achievements have been due, in large part, to a reconsti-
tution system that allows novel factors to be identified, as well as
elucidating how they act. The reconstitution system is divided into
two stages (summarized in Fig. 1). In the first stage, purified ARF1
and coatomer are incubated with Golgi membrane to achieve the
recruitment of coatomer onto membrane. In the second stage,
ARFGAPI and BARS are added, which then result in COPI vesicle
formation. To achieve COPI tubule formation, either cytoplasmic
phospholipase type 2 alpha (cPLAya) or Cdc42 is added addition-
ally in the second stage, which results in vesicle formation being
diverted to tubule formation. We describe below the technical
details of these reconstitutions.
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Fig. 1 Schematic of the two-stage incubation system to reconstitute COPI vesicles
and tubules. In the first stage, Golgi membrane is incubated with purified ARF1
and coatomer. In the second stage, the incubated Golgi membrane is further
incubated with purified ARFGAP1 and BARS to form COPI vesicles. For COPI tubule
formation, the second-stage incubation involves the further addition of either
purified cPLAa or Cdc42

2 Materials

2.1 Recombinant
Proteins Produced
from Bacteria

1. 50 pM sodium myristate: dissolve 12.52 mg/1 culture media.

2. 1 M isopropyl B-p-1-thiogalactopyranoside (IPTG): dissolve
238 g/ml distilled water.

3. 1 M pr-dithiothreitol (DTT): dissolve 154 mg/ml distilled
water.

4. Protease inhibitor cocktail.

5. ARF1 lysis buffer: 20 mM Tris pH 8.0, 100 mM NaCl, 1 mM
MgCl,, 1 mM DTT, 1 mg/ml lysozyme, and protease
inhibitor.

6. Columns: HiTrap Q HP, HiPrep 26,/60 Sephacryl S-100,
HiTrap phenylsepharose (GE Healthcare Life Sciences) and
Ni-NTA resin (Clontech).

7. HiTrap Q HP running buffer: 20 mM Tris pH 8.0, 100 mM
NaCl, 1 mM MgCl,, 1 mM DTT, and 10% glycerol.

8. HiPrep 26,/60 Sephacryl S-100 running buffer: 20 mM Tris
pH 8.0, 100 mM NaCl, 1 mM MgCl,, and 1 mM DTT.

9. High-salt buffer: 20 mM Tris pH 8.0, 5 M NaCl, 1 mM
MgCl,, and 1 mM DTT.
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2.2 Recombinant
Proteins Produced
from Insect Cells

2.3 Purification
of Goatomer from Rat
Liver

10.

11.

12.

13.

14.

—

HiTrap phenylsepharose running buffer: 20 mM Tris pH 8.0,
3 M NaCl, 1 mM MgCl,, and 1 mM DTT.

Reaction buffer: 25 mM HEPES pH 7.2, 50 mM KCl,
2.5 mM Mg(OAc),, and 1 mM DTT.

BARS lysis butfer: 20 mM Tris pH 8.0, 100 mM NaCl, 1 mg/ml
lysozyme, 1% Triton X-100, and protease inhibitor.

BARS washing buffer: 50 mM Tris pH 7.5, 100 mM NaCl,
5 mM MgCl,, and 20 mM imidazole.

BARS clution buffer: 50 mM Tris pH 7.5, 100 mM NaCl,
5 mM MgCl,, and 250 mM imidazole.

. BestBac 2.0 Baculovirus cotransfection kit (Expression systems).

. ESF 921 insect cell culture medium, protein-free (Expression

systems).

. Bac-to-Bac Baculovirus Expression system (Invitrogen).

4. ARFGAP1 lysis buffer: 20 mM Tris pH 7.5, 100 mM NaCl,

1% Triton X-100, 1% CHAPS, and protease inhibitor.

. ARFGAP1 washing buffer: 50 mM Tris pH 7.5, 200 mM

NaCl, 5 mM MgCl,, 0.1% CHAPS, and 20 mM imidazole.

. ARFGAP]I elution buftfer: 50 mM Tris pH 7.5, 200 mM NaCl,

5 mM MgCl,, 0.1% CHAPS, and 250 mM imidazole.

. Hypotonic buffer: 20 mM sodium borate pH 10.2, 5 mM

MgCl,, and protease inhibitor.

. TBS-M: 50 mM Tris pH 7.2, 150 mM NaCl, 5 mM MgCl,,

and protease inhibitor.

. Cdc42 washing buffer: 50 mM Tris pH 7.2, 500 mM NaCl,

5 mM MgCl,, 0.1 % CHAPS, and 20 mM imidazole.

. Cdc42 eclution buffer: 50 mM Tris pH 7.2, 500 mM NacCl,

5 mM MgCl,, 0.1% CHAPS, and 250 mM imidazole.

. Rat liver (freshly prepared in the lab).

. Polytron homogenizer (7 mm generator diameter, Kinematica

AG).

.2 mM ethylenediaminetetraacetic acid (EDTA): dissolve

0.58 mg/ml distilled water.

. Homogenize buffer: 25 mM Tris pH 8.0, 500 mM KCI,

250 mM sucrose, 2 mM EDTA, 1 mM DTT, and protease
inhibitor.

. Saturated ammonium sulfate.

6. Dialysis buffer: 25 mM Tris pH 7.5, 200 mM KCl, 1 mM

DTT, and protease inhibitor.

. 0.45 pm syringe filter.
. Columns: DEAE-Sepharose FF, HiTrap Q HP and Resource

Q (GE Healthcare Life Sciences).
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. Running buffer: 25 mM Tris pH 7.5, 200 mM KCI, 1 mM

DTT, and 10% glycerol.
Anti-pCOP antibody (M3A5).

Dilution buffer: 25 mM Tris pH 7.5, 1 mM DTT, and 10%
glycerol.

. Cell culture media: RPMI1640 supplemented with 10% FBS,

2 mM L-glutamine, 20 mM HEPES, and 20 pg/ml
gentamicin.

. ST butfer: 856 mg of sucrose/ml 10 mM Tris—HCI, pH 7 .4.
. Ball-bearing homogenizer and 25 pm clearance ball [18].

. Sucrose gradient buffer: 62% (805 mg sucrose/ml 10 mM

Tris, pH 7.4), 35% (403 mg sucrose/ml with 10 mM Tris,
pH 7.4), and 29% (325 mg sucrose/ml 10 mM Tris, pH 7.4).

. Refractometer.
. 30 ml syringe, 10 ml syringe.
. 50 ml ultracentrifuge tubes for SW-28 rotor (Beckman).

. Low binding microcentrifuge tubes and tips.
. Traffic buffer: 25 mM HEPES pH 7.2, 50 mM KCI, 2.5 mM

Mg(OAc),, 1 mg/ml soybean trypsin inhibitor, 1 mg,/ml BSA,
and 200 mM sucrose.

. 3 M KCl solution: dissolve 224 mg KCl/ml traffic buffer.

4. BSA solution: dissolve 0.1 g BSA in 10 ml of traffic buffer.

. Cushion buffer: 25 mM HEPES pH 7.2, 50 mM KCl, 2.5 mM

Mg(OAc),, and 15% sucrose.

2.6 Electron 1. Formvar carbon coated grids.
Microscopy 2.2% paraformaldehyde (PFA) in PBS (from 16% stock
solution).
3. Uranyl acetate staining solution: carefully mix 1 ml of 4% uranyl
acetate and 9 ml of 2 % methyl cellulose.
4. JEOL 1200EX transmission electron microscope.
3 Methods
3.1 Generating 1. Culture BL21 cells containing Arfl/pET3 and N-
Recombinant Proteins myristoyltransferase /pBB131 plasmids in 1 1 LB media supple-
Using Bacterial mented with 100 pg/ml ampicillin and 25 pg/ml kanamycin
Expression at 37 °C.

3.1.1 Purification
of Myristoylated-ARF1

. Add 50 pM sodium myristate when O.D. is 0.6, and further

culture the cells for 30 min.
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3.1.2  Purification
of BARS

3.

4.

10.

11.

12.

13.

14.
15.

16.

17.
18.

Induce the expression using 0.1 mM of IPTG at room tempera-
ture, overnight.

Harvest the cells using centrifugation at 6000xg, 4 °C for
10 min.

. Lyse the cells using 50 ml of lysis buffer for 30 min, followed

by sonication.

. Centrifuge cell lysate at 100,000 x g, 4 °C for 1 h.
. Load the supernatant to HiTrap Q HP column, which is equil-

ibrated with running buffer at 1 ml/min.

. Pool the fractions containing ARF1 determined by 15%

SDS-PAGE.

. Concentrate purified ARF1 using Amicon Ultra-15 (MWCO:

10,000) at 2000 x g until 10 ml of volume.

Load the sample to HiPrep 26,/60 Sephacryl S-100 column,
which is equilibrated with running bufter, and further develop
the column using running buffer at 2 ml/min.

Pool the fractions containing ARF1 determined by 15%
SDS-PAGE.

Adjust salt concentration to 3 M using high-salt buffer (see
Note 1).

Load the sample to HiTrap phenylsepharose, which is equili-
brated with running buffer at 0.5 ml/min.

Wash the column using 20 ml of running buffer.

Elute myristoylated-ARF1 by decreasing salt concentration to
100 mM in 15 ml.

Pool fractions containing myristoylated-ARF1, as determined
by 15 % SDS-PAGE.

Dialyze against reaction bufter at 4 °C, overnight.

Measure protein concentration using Bradford assay and stored
at -80 °C.

. Culture BL21 cells containing BARS /pET-15b plasmid in 1 1

LB media supplemented with 100 pg/ml ampicillin at 37 °C.

. When O.D. is 0.6, induce the expression using 0.1 mM IPTG

for 3 h.

. Harvest the cells using centrifugation at 6000x g4, 4 °C for

10 min.

. Lyse the cells using 20 ml of lysis buffer at 4 °C for 30 min,

followed by sonication.

. Centrifuge cell lysate at 30,000 x g at 4 °C for 30 min.
. Load the supernatant to 2 ml of Ni-NTA column.
. Wash the column with 100 ml of washing bufter.



3.2 Generating
Recombinant Proteins
Using Baculovirus
Expression

3.2.1 Purification
of ARFGAP1 and cPLAyx

3.2.2 Purification
of Prenylated Cdc42

10.
11.

11.
12.
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. Elute recombinant BARS using elution buffer.
. Pool fractions containing BARS, as determined by 10%

SDS-PAGE.
Dialyze against reaction bufter at 4 °C, overnight.

Measure protein concentration using Bradford assay and stored
at -80 °C.

. Use ArfGAP1 and ¢PLA2a in pVL1392 plasmids to prepare

baculovirus using BestBac 2.0 Baculovirus co-transfection kit.

. Infect 1:50 diluted P2 virus to 4.2x10° Sf9 cells/ml (2 1) at

27 °C.
Harvest the cells before viability drops below 80 %.

. Centrifuge at 500 x4 for 20 min.

. Lyse the cells using 100 ml of lysis bufter at 4 °C for 1 h.
. Centrifuge cell lysate at 6000 x4 for 20 min.

. Load the supernatant to 2 ml of Ni-NTA column.

. Wash the column using washing buffer.

. Elute recombinant proteins using elution buffer.

10.

Pool fractions containing recombinant proteins determined by
15% SDS-PAGE.

Dialyze against reaction buffer at 4 °C, overnight.

Measure protein concentration using Bradford assay, and
stored at -80 °C.

. Use cdc42 in pFASTBAC THD plasmid to prepare Baculovirus

infected insect cells (BIICS) using Bac-to-Bac Baculovirus
Expression system.

. Infect 1 ml of BIICS to 1.5x10° Sf9 cells/ml (2 1) at 27 °C.

. Harvest the cells before viability drops below 80 %.

. Centrifuge at 500 x g for 20 min.

. Lyse the cells using 100 ml of hypotonic buffer, followed by

using Dounce homogenizer (20 times).

. Centrifuge cell lysate at 150,000 x 4 for 30 min.

. Resuspend the pellet using 100 ml of TBS-M.

. Centrifuge at 150,000 x g for 30 min.

. Solubilize prenylated Cdc42 in the pellets using 50 ml of

TBS-M containing 1% Triton X-100 at 4 °C for 1 h.
Centrifuge at 9000 x g for 20 min.
Load the supernatant to 2 ml of Ni-NTA column.

Wash the column using washing bufter.
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3.3 Purification
of Coatomer
from Tissue

13
14

15
16

SIS

Nele RN BN

11.
12.

13.
14.

15.
16.

17.
18.
19.
20.
21.
22.

23.
24.

Elute prenylated Cdc42 using elution buffer.

Pool fractions containing prenylated Cdc42 determined by
15% SDS-PAGE.

Dialyze against reaction bufter at 4 °C, overnight.

Measure protein concentration using Bradford assay, and
stored at ~80 °C until use.

. Homogenize 100 g of fresh rat liver in 30 ml of homogenize

buffer using polytron homogenizer (see Note 2).

. Centrifuge at 10,000 x g for 30 min.
. Take the supernatant for second centrifugation at 41,000 x4

for 1 h.

. Dilute the supernatant with homogenize bufter to give 7 mg,/ml.

. Add saturated ammonium sulfate to the homogenate to give

35 % ammonium sulfate concentration. Mix at 4 °C for 20 min.

. Centrifuge at 7500 x4 for 10 min.

. Resuspend the pellet using 40 ml of dialysis buffer.
. Dialyze against dialysis buffer at 4 °C, overnight.

. Centrifuge at 10,000 x g for 10 min.

10.

Take the supernatant for second centrifugation at 41,000 x g
for 45 min.

Filtrate the supernatant through 0.45 pm syringe filter.

Load the sample to DEAE-Sepharose FF, which is equilibrated
with running buffer at 1 ml/min.

Elute the proteins up to 1 M KCl by a linear gradient in 600 ml.

Pool the fractions containing coatomer determined by western
blotting using anti-pCOP antibody.

Dilute the fractions with dilution buffer to give 200 mM KCL.

Load the mixture to HiTrap Q HP column, which is equili-
brated with running buffer.

Elute coatomer using running buffer containing 500 mM KCI.
Pool the fractions containing the peak of protein.

Mix the sample with dilution buffer to give 200 mM KCL.
Load the sample to Resource Q column at 1 ml/min.

Elute coatomer using KCl gradient up to 1 M in 60 ml.

Pool the fractions containing coatomer, determined by west-
ern blotting using anti-BCOP antibody.

Dialyze against reaction bufter at 4 °C, overnight.

Measure protein concentration using Bradford assay, and stored
at -80 °C until use.
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. Culture CHO cells in four roller bottles (250 ml media/bottle)

until confluent.

. Collect the cells using trypsin treatment, followed by centrifu-

gation at 500 x g for 10 min.

. Resuspend the pellet using cold ST buffer (10 ml ST buffer,/ml

pellet).

4. Centrifuge at 500 x4 for 10 min.

10.

11.
12.

13.

. Resuspend the pellet using four times volume of ST buffer.

. Homogenize the cells using ball-bearing homogenizer with

22 pm ball for 10-12 passes (see Note 3).

. Centrifuge the sample at 2000 x g for 10 min.
. Mix 12 ml of supernatant with 11 ml of 62% sucrose buffer

and 230 pl of 100 mM EDTA, pH 7.4 (see Note 4).

. Prepare sucrose gradient. Place 9 ml of 29 % sucrose buffer and

15 ml of 35% sucrose buffer from the bottom of ultracentri-
fuge tubes using 30 ml syringe with blunt tip needle.

Gently load 12 ml of sample mixture at the bottom of sucrose
gradient using 30 ml syringe with blunt tip needle.
Centrifuge at 110,000 x 4 for 2.5 h.

Collect Golgi membrane at the 29%/35% sucrose interface
using 10 ml syringe with 18G needle gauge.

Measure protein concentration and then store in a liquid N,
tank.

. Resuspend Golgi membrane (250 pg,/200 pl) in low binding

microcentrifuge tube using 1 ml of Traffic buffer, followed by
centrifugation at 15,000 x g4 for 30 min.

2. Take out supernatant.

4.
5.

. Wash Golgi membrane using 1 ml of 3 M KCl on ice—water

bath for 5 min.
Centrifuge at 15,000 x4 for 30 min.

Take out supernatant.

Stage 1

6.

Resuspend the pellets with 100 pl of tratfic buffer and then add
50 pl of BSA solution.

. Incubate the mixture at 37 °C for 20 min.

. Add ARF1 (6 pg/ml), coatomer (6 pg/ml), and GTP (2 mM).
. Make up to 500 pl with traffic bufter.

10.
11.

Incubate the mixture on 37 °C water bath for 15 min.

Stop reaction on ice—water bath for 5 min.
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3.6 Electron
Microscopy (EM)

12.

13.
14.

Place 10 pl of cushion buffer at the bottom of the tube
(see Note 5).

Centrifuge at 15,000 x4 for 20 min.

Take out supernatant.

Stage 11

15.

Gently resuspend the pellet using traffic buffer (see Note 6).

16. Add ARFGAPI (6 pg/ml) and BARS (3 pg/ml) to generate

17.

18.
19.
20.
21.
22.

COPI vesicles, or additionally with Cdc42 (6 pg/ml) and/or
cPLA2a (3 pg/ml) to generate COPI tubules.

Make up to 50 pl with traffic buffer, followed by incubation at
37 °C water bath for 20 min.

Stop reaction on ice—water bath for 5 min.

Place 5 pl of cushion buffer at the bottom of the tube.
Centrifuge at 15,000 x4 for 10 min.

Gently collect the supernatant and pellet (se¢ Notes 7 and 8).

Determine COPI carrier formation by western blotting using
anti-BCOP antibody.

EM analysis is performed to determine reconstituted COPI trans-
port carriers (vesicle and tubule). To examine cargo sorting into
the carriers, immunogold labeling approach is performed. In this
case, Golgi membrane extracted from the cells expressing VSVG-
Myc or VSVG-KDELR-Myc was used.

1.

gl o W

Load the sample (step 18 in Subheading 3.5) on grids for
10 min.

. Fix the sample using 2% PFA /PBS for 10 min.
. Incubate the grids using 1% BSA/PBS for 10 min.
. Rinse the grids 7x using distilled water for 2 min.

. Incubate the sample with uranyl acetate staining solution for

10 min.

. Examine the reconstituted COPI transport carriers using TEM

at 80 kV.

Immunogold labeling

7.

Incubate the grids (step 3 in Subheading 3.6) with mouse
anti-Myc antibody (9E10) for 1 h.

. Rinse the grids 3x using PBS for 5 min.

. Incubate the grids using a rabbit anti-mouse antibody for 30 min.
10.
11.

Rinse the grids 3x using PBS for 5 min.

Incubate the grids using protein A conjugated with 10 nm
gold particle for 30 min.
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13.
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15.

Reconstitution of COPI Vesicle and Tubule Formation 73

Rinse the grids 2x using PBS for 5 min.
Rinse the grids 7x using distilled water for 2 min.
Incubate the sample with uranyl acetate staining solution for 10 min.

Examine cargoes in the reconstituted COPI transport carriers
using TEM at 80 kV.

4 Notes

. Mix the sample with 5 M NaCl solution by the ratio between

2.94 of 5 M NaCl and 2.06 of 0.1 M NaCl.

2. Homogenize 10 g of tissue in each time.

. Check how much cells were homogenized using Trypan Blue

staining. 10 % cells are usually homogenized by 12 passes.

. Check mixture of sucrose concentration, which should be

about 37 %, using a refractometer.

. 15% sucrose in cushion buffer separates Golgi membrane from

other components.

. Vigorous pipetting may cause artificially generated vesicles.
. Touching pellet might cause inconsistent results.

. Supernatant contains a mixture of soluble proteins and vesicles,

pellet contains Golgi membranes.
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Chapter 7

Reconstitution of Phospholipase A,-Dependent
Golgi Membrane Tubules

Edward B. Cluett, Paul de Figueiredo, Marie E. Bechler,
Kevin D. Thorsen, and William J. Brown

Abstract

The Golgi complex is the Grand Central Station of intracellular membrane trafficking in the secretory and
endocytic pathways. Anterograde and retrograde export of cargo from the Golgi complex involves a com-
plex interplay between the formation of coated vesicles and membrane tubules, although much less is
known about tubule-mediated trafficking. Recent advances using in vitro assays have identified several
cytoplasmic phospholipase A, (PLA,) enzymes that are required for the biogenesis of membrane tubules
and their roles in the functional organization of the Golgi complex. In this chapter we describe methods
for the cell-free reconstitution of PLA,-dependent Golgi membrane tubule formation. These methods
should facilitate the identification of other proteins that regulate this process.

Key words Golgi complex, Membrane tubules, In vitro reconstitution, PLA, enzymes

1 Introduction

Export of cargo from the Golgi complex and zrans Golgi network
(TGN) is mediated by membrane vesicles and membrane tubules.
COPI and clathrin AP-1-coated vesicles are well characterized for
their roles in retrograde and anterograde trafficking, respectively,
from the Golgi and TGN [1, 2]. Other “uncoated” vesicles, includ-
ing AP-3, AP-4, and exomer vesicles, also mediate sorting and
export from the TGN [3]. In addition to membrane vesicles,
membrane tubules, ~60-80 nm in diameter and varying lengths,
have been shown to export cargo from the Golgi complex, includ-
ing retrograde transport from the cis Golgi to the endoplasmic
reticulum (ER) and anterograde trafficking from the TGN to the
plasma membrane [4, 5]. In addition, membrane tubules have
been shown to mediate intra-cisternal movement of cargo mole-
cules [6] and to link the mammalian Golgi complex into an intact
ribbon-like organelle [7, 8]. However, the exact functions of
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membrane tubules, and their mechanisms of formation are less
understood than coated vesicles. Currently, two mechanisms
of Golgi membrane tubule formation have been described:
COPI-dependent [9] and COPI-independent [4, 5] tubulation.
The focus of this chapter is on COPI-independent Golgi mem-
brane tubules.

COPI-independent membrane tubules were revealed when
Lippincott-Schwartz and colleagues discovered the remarkable
properties of the fungal metabolite brefeldin A (BFA), which induces
exaggerated membrane tubule formation from all Golgi compart-
ments and TGN membranes [ 10-13], as well as endosomes [11, 13,
14]. BFA inhibits the activation of the small GTPase Arfl, which is
used to recruit COPI and AP-1 clathrin subunits on Golgi mem-
branes [15, 16]. As a consequence of the loss of Arfl and its associ-
ated coats, Golgi and TGN membranes form extensive membrane
tubule networks. This work led to a reevaluation of Golgi morphol-
ogy, which resulted in the realization that studies from as early as the
1960s reported extensive membrane tubules emanating from the
Golgi complex [17, 18]. These observations were confirmed by
more modern tomographic reconstructions from electron micro-
graphs [19-21] and by live cell imaging of fluorescently tagged
organelle markers [22, 23]. Thus, membrane tubules are normal
teatures of Golgi complexes and the TGN, for example as in Fig. 1,
but they remained unappreciated for many years.

Reasoning that BFA-induced membrane tubules are formed
by an unknown, COPI-independent mechanism, we sought to
identity the molecules involved in this process. One of the first
steps was to demonstrate COPI-independent formation of Golgi
membrane tubules in a cell-free, reconstitution system [24-26].
Using this in vitro assay, and the in vivo BFA model system, we
discovered through the use of small molecule inhibitors that Golgi
and TGN membrane tubules require the action of a cytoplasmic
Ca?*-independent phospholipase A, (PLA;) enzyme [7, 8, 27].
Through biochemical and molecular genetic approaches, we dis-
covered that the cytoplasmic Ca*-independent PLA, enzyme
Platelet Activating Factor Acetylhydrolase (PAFAH) Ib is involved
in the biogenesis of Golgi and TGN membrane tubules [28].
Other labs later discovered additional PLA, enzymes that contrib-
ute to Golgi and ER-Golgi-Intermediate Compartment (ERGIC)
membrane tubule formation, respectively, cPLAya [29] and
PLA2G6 [30]. Thus, the Golgi complex as a whole requires the
enzymatic activity of a surprising set of PLA, enzymes to produce
membrane tubules. Remarkably, a similar requirement for PLA,
enzyme activity for the production of endosome membrane tubules
has been revealed [31-34].

These studies have generated much interest and many new
questions about membrane tubules in general [4], and Golgi
membrane tubules, in particular. First, the extent to which these
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Fig. 1 Demonstration of membrane tubules extending from the TGN. Cells were
expressing gp135-EGFP from the RUSH system, which was developed by
Boncompain et al. [42]. The RUSH system allows for the inducible and synchro-
nous release of any GFP-tagged secretory or membrane protein from the ER,
which can be followed by fluorescence microscopy. In this case, the trafficking of
gp135-EGFP (green signal), which is a plasma membrane protein, was imaged
45 min after release from the ER, a time at which it is found in membrane tubules
emanating from the TGN. The TGN was counterstained by immunofluorescence
using anti-TGN46 antibodies and rhodamine labeled secondary antibody (red
signal)

enzymes play unique or redundant roles is unclear. Second, there is
little information about how these enzymes are regulated in time
and space to ensure the appropriate levels of membrane tubule for-
mation in response to secretory load. Third, the molecular mecha-
nisms by which the PLA, enzymes change the shape of Golgi and
TGN membranes into thin tubular structures is unknown, although
several provocative models have been proposed [4, 5, 35].

The answers to these questions will be greatly aided by the
in vitro, reconstitution assay that we have developed and which is
described below. Three main procedures are described: (1) prepa-
ration of cytosolic extracts; (2) isolation of intact Golgi complexes;
and (3) in vitro tubulation of Golgi membranes and visualization
by negatively stained EM samples. Previous studies on Golgi
membrane tubule formation revealed that bovine brain cytoplasm
(BBC) is a convenient source of “tubulation factors”, i.e., cytoplas-
mic PLA, enzymes [24, 26]. Thus, BBC serves as a useful positive
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control and likely source of other proteins that regulate the process
of membrane tubule formation. However, other sources of cyto-
plasmic extracts can also be used [26]. Also, we have used rat liver
as a convenient source of intact Golgi complexes, but cultured cells
can be used as well [9, 36].

2 Materials

2.1 Preparation
of Bovine Brain
Cytosol

2.2 Isolation

of Intact Golgi
Complexes from Rat
Liver

. Phenylmethanesulfonylfluoride (PMSF) stock: 10 mg/ml in

isopropanol; store in aliquots at —20 °C. Warm the aliquots to
room temperature immediately before use.

. Storage buffer: 320 mM sucrose, 25 mM Tris—-HCI, pH 7 4.

— recommended volume: 2 1. Store at 4 °C.

. Homogenization buffer: 25 mM Tris-HCI, 500 mM KClI,

250 mM sucrose, 1 mM dithiothreitol (DTT), with the fol-
lowing (final concentrations) added from stock solutions:
2 mM EGTA, 2 pg/ml aprotinin, 0.5 pg/ml leupeptin, 2 pM
pepstatin A, 0.5 mM 1,10-phenanthroline. Adjust to pH 7 4.
Add PMSF to 1 mM.

— recommended volume: 1.5 1. Store at 4 °C.

. Saturated ammonium sulfate: approximately 716 g into 1 1,

pH 8.0 by use of NaOH pellets.

. Dialysis bufter: 25 mM Tris—-HCI, 50 mM KCI, pH 8.0.

—  Prepare with and without 0.5 mM DTT (see below).
— recommended volumes: 1 1 with DTT, 4 | without DTT.

. Sorvall centrifuge with GSA rotor or equivalent.

. Floor model ultracentrifuge with Beckman Type 35 or 50.2ti

fixed angle rotor.

. Waring blender or equivalent.

. Prechilled centrifuge tubes, several graduated cylinders, and

beakers.

. 100 mM Tris—HCI, pH 7 .4.

2. 2.3 M sucrose (store at 4 °C).

w

. ST bufter (0.25 M sucrose/Tris): 7.56 ml 2.3 M sucrose, 7 ml

100 mM Tris, QS to 70 ml with ddH,O.

*QQS (latin for quantum sufficiat, i.e., a sufficient quantity;
therefore, to QS a sample to 70 ml means to bring that sample
to 70 ml final volume).

. Sucrose step gradient solutions.

Prepare on the day of use or 1 day before use, and QS all
with 4 °C ddH,0O. The recipe provides sufficient volume for six
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Beckman SW28 centrifuge tubes or equivalent. Store solutions
at 4 °C or on ice. The sucrose steps are as follows: 0.8 M
sucrose/Tris (10.4 ml of 2.3 M sucrose, 3 ml of 100 mM Tris,
QS to 30 ml); 0.9 M sucrose/Tris (11.7 ml of 2.3 M sucrose,
3 ml of 100 mM Tris, QS to 30 ml); 1.0 M sucrose/Tris
(21.5 ml of 2.3 M sucrose, 5 ml of 100 mM Tris, QS to 50 ml);
1.2 M sucrose /Tris (26 ml of 2.3 M sucrose, 5 ml of 100 mM
Tris, QS to 50 ml).

. Surgical instruments for small animal dissection including fine

scissors and forceps.

. Balch—Rothman ball bearing homogenizer [37] with a clear-

ance of 0.0054”. For our homogenizer, we used a 0.2460” ball
(see Note 1).

. 10 ml disposable syringes that fit securely into the homogenizer.
. Floor model ultracentrifuge with Beckman SW28 swinging

bucket rotor (or equivalent).

. Single-edge razor blades.
10.
11.
12.

150-200 g CD Sprague-Dawley rat (see Note 2).
150 ml beaker.

Beckman Sorvall centrifuge with §S-34 rotor and 15 ml Corex
tubes (or equivalent).

Phase contrast microscope with slides and cover glass.

. 10 mM ATP (store aliquots at =20 °C; only thaw once).

. 100 mM MgCl, (store at —20 °C).

. 10 mM HEPES, pH 7.4 (store at 4 °C).

. Reaction bufter: 25 mM Tris, pH 8.0, 50 mM KClI; store at

room temperature (RT).

. Rat liver Golgi suspension (store aliquots at -80 °C; thaw only

once, keep on ice, and use immediately).

. 2% phosphotungstic acid, pH 7.4 (pH with NaOH and stored

at 4 °C).

. Formvar- and carbon-coated EM grids.
. Self-closing fine forceps.
. Kimwipes.

. Transmission EM.

. Periodate-lysine-paraformaldehyde fixative [38]: 2% para-

formaldehyde, 0.75 M lysine, 10 mM NalOy in 35 mM
phosphate buffer, pH 6.2.

. EM-grade primary antibodies against Golgi-localized protein

of interest.
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3.

4.
5.
6.

Gold-labeled secondary antibodies (usually 5 or 10 nm gold-
labeled antibodies).

Formvar- and carbon-coated nickel EM grids.
Buffer A: 0.1 % ovalbumin in PBS, pH 7 4.
Buffer B: Buffer A containing 0.05 % Triton X-100.

3 Methods

3.1 Preparation
of Bovine Brain
Cytosol (BBC)

This procedure uses bovine brains as a source of Golgi membrane
tubulation factors. This procedure is modified from others designed
to induce the formation of COPI-coated vesicles from Golgi mem-
branes [39]. However, as modified here, this BBC preparation will
only support membrane tubule formation, not COPI vesicle for-
mation [24, 26]. Obtain intact bovine brains from slaughterhouse
or other supplier (see Note 3). The method described below uses
300 g of cerebral cortex as starting material, and will yield ~80 ml
of BBC. All procedures are carried out in a cold room at 4 °C and /
or on ice.

1.

Immerse brain material in storage buffer for transport from
slaughterhouse (~300 ml for 300 g brain).

. Remove blood and meninges, discarding dura mater, cerebel-

lum, and tissue other than the cerebrum.

. Weigh out 300 g of prepared brain and place in pan or tray for

processing.

. Measure out 750 ml of homogenization bufter (add 1.5 ml of

PMSEF stock just before use). Pour 50 ml over the brain and
into the tray.

. Using a new single-edge razor blade, mince the brain into

~2 mm pieces.

. Using the remaining homogenization buffer, transfer the

minced brain into a Waring blender.

7. Homogenize with two 30 s bursts.

10.

11.

. Centrifuge the homogenate in 250 ml capped bottles in a

Sorvall GSA rotor at 9200 x4 for 45 min to pellet nuclei and
extracellular debris.

. Caretully pour and collect the post-nuclear supernatant (PNS)

(yield ~650 ml).

Measure the PNS volume and add PMSF from stock (2 pl
PMSF/ml of PNS).

Prepare a “crude cytosol” fraction by centrifugation in a
Beckman Type 35 rotor at 142,400 x4 max for 2.25 h (or
equivalent centrifugation with other rotors, e.g., Beckman
50.2ti rotor).



3.2 Isolation

of Intact Golgi
Complexes from Rat
Liver

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

PLA,-Dependent Golgi Membrane Tubules 81

Carefully harvest the clarified crude cytosol with 10 ml pipette
and automatic pipettor, being careful to not disrupt the pellets.
Yield is ~400 ml.

Precipitate proteins with 60 % ammonium sulfate as follows:

— over the course of 1 h, add saturated ammonium sulfate
with a peristaltic pump, mixing with a magnetic stir bar
(600 ml of saturated ammonium sulfate /400 ml of crude
cytosol). Stir 1 h more. (See Note 4).

Pellet the precipitated proteins by centrifugation in a Sorvall
GSA rotor at ~12,000 x g max for 45 min.

Discard the supernatant.

Dissolve the pellets in each bottle in 10-20 ml of dialysis buffer
containing DTT. Use a 10 ml pipet and automatic pipettor.
Dissolving the pellets will require vigorous pipetting, but avoid
making air bubbles (which are problematic for later dialysis).
Collect all of the dissolved material and measure volume in a
cold graduated cylinder.

Add 2 pl of PMSF stock/ml of dissolved protein solution;
carefully mix.

Dialyze in 12-14 kDa cutoft dialysis tubing against 4 | of dialysis
bufter (+DTT) for 1 h (gently mixing with magnetic stir bar).
Dialyze as in step 19 but with dialysis buffer (-DTT) over-
night (gently stirring buffer with a magnetic stir bar, making
sure to avoid abrasion to the dialysis tubing).

— a precipitate will form during this time.

Harvest the dialysate into a cold graduated cylinder and add
2 pl of PMSF stock/ml of dialysate; gently mix.

Centrifuge the dialysate in a Beckman 50.2ti rotor at
245,000 x g max for 1 h.

Collect the supernatant and add 2 pl of PMSF stock/ml of
supernatant. This preparation is the “bovine brain cytosol”
(BBC) that will be used in membrane tubulation assays.

Measure the protein concentrations with Bradford or other pro-
tein assay. Final concentration of protein should be ~25 mg/ml.

Store in 0.5-1 ml aliquots at -80 °C in cryotubes. BBC will
remain active for ~6 months when stored at -80 °C; however,
do not refreeze a thawed aliquot.

This method uses a Balch-Rothman ball bearing homogenizer
[37], which was originally designed for cultured mammalian cells,
to break open liver cells. We have found that it is far superior to
Potter-Elvehjem, Dounce-type, or other homogenizers for prepar-
ing intact Golgi complexes from rat or other animal organs.
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10.

11.

. Sacrifice rat with CO, using approved institutional protocol for

animal euthanasia (se¢ Note 2).
All subsequent steps are done on ice or at 4 °C in cold room.

. Excise liver and weigh. Best results are obtained with livers

<10 g, but all sizes can be used. Removing the connective tis-
sue is more time consuming with larger livers.

. Cut away any connective tissue, blood vessels, etc. These will

interfere with homogenization. It is important to remove as
much connective tissue as possible. The success of the prep
depends on smooth passage through the homogenizer. Small
livers have less connective tissue, and therefore smoother pas-
sage. Rinse two to three times with ST buffer to remove blood.

. Mince liver into a fine puree with razor blade. Add 1 ml ST

buffer during the mincing. It helps to flip the liver over to
ensure pieces are cut through entire depth. The finer the minc-
ing, the better the homogenization will go; however, excessive
mincing can lead to damaged cells.

. Make a 20 % weight to volume suspension of pureed liver in ST

buffer, e.g., 10 g liver+50 ml ST buffer. Put the resultant
material in a cold 150 ml beaker on ice.

. Add ST buffer with a transfer pipette or syringe to the homog-

enization chamber to remove all air bubbles.

. Swirl to liver pieces to uniformly suspend and quickly load into a

10 ml syringe (homogenization will be done in 10 ml batches).
Liver puree should be easily drawn into the syringe. If not, draw
it into the syringe and push it out several times. Invert the syringe
and remove all air bubbles before homogenization.

. Homogenize with the Balch/Rothman homogenizer (se¢ Note 1).

Three passes for each batch are usually sufficient. More than
three passes usually causes intact Golgi complexes to fragment
and cisternae to detach. If the homogenizer jams, stop immedi-
ately, remove the ball bearing from the homogenizer, and clear
away the connective tissue. Reassemble the homogenizer, add ST
buffer to displace air, and proceed. Pool homogenates.

. Inspect homogenate by phase contrast microscopy to ensure

~70% cells breakage. Look for intact nuclei that are not sur-
rounded by plasma membranes. Over-homogenization can
lead to ruptured nuclei and DNA release, which can affect the
quality of the Golgi isolation.

Centrifuge homogenate at 3000xg for 10 min at 4 °C in
Sorvall 8§S-34 rotor (use 15 ml Corex tubes) to generate post-
nuclear supernatants.

Collect and pool the post-nuclear supernatants (PNS) and keep
on ice. Check by phase contrast microscopy to ensure that nuclei
are depleted from the PNS. See comment for step 9 above.
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Add an equal volume of 2.3 M sucrose to the pooled PNS and
gently mix.

Carefully layer sucrose step gradients in Beckman SW28.1
ultracentrifuge tubes, starting with PNS at the bottom of the
tube (using solutions described in Subheading 2.2, step 4).
Pipette very slowly to avoid disruption of the interfaces/mix-
ing of the layers (see Note 5): 15 ml of PNS /2.3 M sucrose/
Tris, 8 ml of 1.2 M sucrose/Tris, 8 ml of 1.0 M sucrose /Tris,
4 ml of 0.9 M sucrose /Tris, 3—4 ml of 0.8 M sucrose /Tris.

Balance tubes with 0.8 M sucrose/Tris by dropwise addition
to the top of each gradient.

Centrifuge at 120,000 x g max for 2.5 h with slow acceleration
and brake off.

Collect intact Golgi complexes at the 0.9,/1.0 M sucrose inter-
face. There will be milky white bands at each interface (Fig. 2).
First, carefully remove the gradient above the 0.9/1.0 inter-
face by vacuum-assisted aspiration with a Pasteur pipet. Gently
move the pipet in a circular motion from the periphery to the
center and back, repeating this until all of the solution above
the 0.9/1.0 M interface has been removed. Gently harvest the
milky 0.9/1.0 Golgi-enriched layer with a Pasteur pipet. As
much as possible, avoid removing the layer below.

Aliquot into 1.5 ml microfuge tubes (200 pl/tube) and freeze
at -80 °C.

This assay promotes the formation of Golgi membrane tubules,
but not COPI-coated vesicles. It was developed to rapidly test ~50
different conditions in 1-2 h, which is ideal for testing biochemical
fractions, titration of purified proteins or inhibitors, and time

0.8

0.9 5

1.0 ~120,000 x g
25h

12

PNS

o |

Fig. 2 Cartoon of sucrose step gradient before and after centrifugation. Red
arrow indicates the 0.9/1.0 M sucrose interface where intact Golgi complexes
are highly enriched
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course experiments. We have used it to demonstrate the require-
ment for cytoplasmic PLA, enzymes, including PAFAH Ib
subunits [8, 28].

1. Quickly thaw out (e.g. in a 37 °C water bath) all solutions and
reagents and put on ice.

2. Remove any protein aggregates from BBC and recombinant
proteins of interest by ultracentrifugation (e.g. spin BBC in
Beckman TLA 100.3 rotor at 264,600 xg max for 20 min
at 4 °C).

3. Place formvar/carbon-coated grids in self-closing forceps
(Fig. 3a).

—  The forceps should hold grids on their very edge.
—  Use a white piece of paper as a background.

—  Check by eye to ensure grids are uniformly coated.

Fig. 3 (a) Hold formvar/carbon-coated grids with self-closing forceps. (b) Use a pipet tip box top (or similar
cover) to protect grids from dust. (¢, d) Gently deliver samples to the grids. (e, f) Blot off fluids with a moist
Kimwipes
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4. Place forceps on white paper and line them up with coated
side up.
— use the top of a transparent pipet tip box (or similar) to
cover grids to prevent dust from settling (Fig. 3b).

5. Place the appropriate number of 500 pl microfuge tubes in the
top of large pipet tip holder and label. Two per condition
would be appropriate for duplicate samples.

6. Make up the ATP /Mg solution and put on ice: 80 pl reaction
bufter, 10 pl ATP stock, 10 ul MgCl, stock.

7. Prepare the Reaction Mix by adding the dialysis buffer and
ATP/MgCl, solutions together with source of tubulation
activity (e.g., BBC) in a 500 pl microfuge tube. You need
20 pl/sample. Make enough to have an excess amount. The
activity of the tubulation source (e.g., BBC or PLA, enzyme)
should be determined by titration to get a dose-dependency
curve. The proportions of reaction buffer and source of tubu-
lation activity can vary depending on the amount of activity
and protein in the unknown samples. The proportions can also
vary when doing a titration experiment (se¢ Note 6).

— for solutions with high protein concentrations, e.g., BBC,
start with the following proportions: 85 pl reaction bufter,
12 pl BBC, 1 pl ATP /Mg solution, 1 pl HEPES buffer.

— for lower protein concentration material, e.g., protein frac-
tions from columns: 98 pul fraction material, 1 ul ATP/Mg
solution, 1 nl HEPES butffer.

—  for purified proteins: reaction bufter + purified protein(s) =98 pl,
1 ul ATP /Mg solution, 1 ul HEPES buffer.

— for negative control samples (i.¢., without tubulation activity):
0.25 mg/ml of an inert/nonspecific protein, ¢.g., bovine
serum albumin, or a non-tubulating PLLA2 (snake venom
PLA,) should be used to assure even, negatively stained
grids, otherwise samples will have non-uniform, splotchy
staining (see Note 7).

— add the above components in the order they are listed.
— warm in 37 °C water bath for 5-15 min.

8. While the solution is warming, add 10 pl of Golgi suspension
to each labeled microfuge tube.

9. Add 10 pl of Reaction Mix to each of the Golgi tubes (stagger
addition of each sample by 1 min).

— Add very carefully to the Golgi suspension and gently mix
by inversion or gentle flicking once or twice after each
drop (do not mix by pipetting). Make sure there are no
Schlieren lines before incubating.

10. Incubate in 37 °C water bath for 0-15 min.
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3.4 Immunogold
Labeling of Negatively
Stained Golgi
Membranes

11.

12.

13.

14.
15.

16.

Take 10 pl of each sample and spot onto an EM grid (Fig. 3¢, d).
Let sample sit on grid for 15 min at room temperature. Cover
as in step 4.

Carefully add 10 pl of 2% PTA and let stand for 5 s.

Blot oft/wick away the drop from the grid with damp Kimwipes
(Fig. 3e, f).
Add 10 pl 2% PTA two times, blotting off each time.

Let grids dry and then store in an appropriate grid storage
container out of light until observation.

Image with a transmission EM (Fig. 4a, b) (sec Note 8).

To characterize the biogenesis of Golgi membrane tubules, it
might be useful to immunolocalize proteins of interest to the
membranes, ¢.g., a known marker of Golgi membranes or a puta-
tive tubulation regulatory factor [27]. Golgi complexes can immu-
nolabeled using a whole-mount, negative stain EM-immunogold
protocol. Golgi-enriched fractions from rat liver (or other sources)
are incubated in the presence of various concentrations of assorted
combinations of buffer, BBC, and PLA, inhibitors to induce or
suppress membrane tubulation, as described above. These in vitro
samples are then treated as follows.

1.

Place 10 pl drops of reaction mixtures on carbon- and Formvar-
coated nickel grids for 15 min to allow attachment of Golgi
complexes. Hold the grids with self-closing forceps as in
Subheading 3.3, step 2.

. Grids are then placed upside down on 0.5 ml of periodate-

lysine-paraformaldehyde fixative for 5 min at room tempera-
ture (RT) in a closed microfuge tube.

. Wash grids three times (10 min each) in buffer A at RT by

transfer of the grids to a tube containing this solution.

4. Permeabilize Golgi membranes in Buffer B for 2 min at RT.

. Repeat step 3.

. Incubate grids in microfuge tubes containing 50 pl of primary

antibody diluted in buffer A overnight at 4 °C. The appropri-
ate concentration of the antibody solution will have to be
empirically determined. Under these conditions, we have suc-
cessfully used rabbit polyclonal anti-mannosidase 1T antibodies

diluted 1:100 in buffer A.

. Repeat step 3.
. Repeat step 2.
. Repeat step 3.
10.

Incubate grids in microfuge tubes containing 50 pl of secondary
antibody, e.g., goat anti-rabbit immunoglobulin G conjugated
to 15-nm gold particles, diluted in buffer A for 3 h at RT.
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Fig. 4 Electron microscopy of negatively stained Golgi membranes and immunogold labeling of a resident Golgi
membrane protein. (a, b) Golgi-enriched fractions were incubated in vitro and applied as whole-mount prepa-
rations onto EM grids for standard negative staining (a, b) or with a modified protocol involving a combination
of immunogold labeling with anti-mannosidase | (Manll) antibodies followed by negative staining (¢, d). (a)
Golgi complexes incubated with buffer control show few membrane tubules. (b) Golgi complexes incubated
with bovine brain cytosol (BBC) under conditions that induce membrane tubule formation. (¢) Immunogold
labeling with anti-Manll antibodies of control Golgi complexes incubated with buffer alone. (d) Golgi complexes
incubated with BBC under tubulation conditions and then immunolabeled to show Manll distribution. Panels ¢
and d were originally published in ref. [25]. Bar=0.5 pm

11.
12.

13.

Repeat steps 7-9.

Perform the negative staining procedure as in Subheading 3.3,
steps 13 and 14.

Analyze by transmission EM (Fig. 4c, d).

4 Notes

. The diameter of the ball bearing is dependent on the bore

diameter of the homogenizer. The bore diameter of our
homogenizer is different than the one published by Balch and
Rothman [37]. The 0.2460 in. ball bearing we used allows a
chamber clearance of 0.0054 in., with the clearance distance
being the key. Pushing the minced liver through the syringes
and homogenizer on the first pass takes a bit of effort. If the
liver settles at the bottom of the syringe, the liquid /solid ratio
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will be very different, and therefore it will be difficult to push
the minced liver through the homogenizer. This can be reme-
died by inverting the homogenizer once with attached syringes
before starting the passages. This will more evenly distribute
the minced liver and ensure a more homogeneous, and there-
fore easier and more effective, homogenization. Inadequately
minced liver will be very difficult or impossible to push through.
Subsequent passes will be easier as the cells homogenize.

. Typically male CD (Sprague-Dawley) rats are used, but female

will yield similar results. Preparations using other rat strains were
not as satisfactory. Our initial experiments used 150-200 g rats
fed ad libitum. Livers obtained from older, larger rats are more
difficult to homogenize. Young rats, weighing ~150-200 g, will
yield livers and weighing ~7-10 g, which are ideal for homoge-
nization and isolation of intact Golgi complexes.

. We generally used calf brains because they were easier to pro-

cess than those from adult animals.

. If a peristaltic pump is not available, the saturated ammonium

sulfate can be added by hand using partial volumes in 10 min
increments.

. There are multiple ways to prepare sucrose step gradients. The

important point is to carefully add each sucrose step without
disrupting the one underneath. We generally use an automatic
pipettor, but this requires a deft touch and some practice.
A safer but slower method is to use a Pasteur pipet.

. We have used this assay to discover the role of PLA, enzymes

in membrane tubule formation by incubating BBC or fractions
thereof with PLA, antagonists. There are many PLA, antago-
nists, some with specificity for different classes of enzymes
[40]. Also, some are reversible and some are irreversible, sui-
cide substrates. Generally, each antagonist is pre-incubated
with the Reaction Mix for a time sufficient to inhibit the
enzyme(s). This pre-incubation may varying depending on the
antagonist, and will likely have to be empirically determined.
Also, it will important to perform the appropriate solvent con-
trols. Sub-threshold BBC levels (i.e. amounts of BBC that
yield background/baseline amounts of membrane tubules)
can be used to examine activators of PLA,-dependent tubule
formation [41].

. Isolated, intact Golgi complexes will exhibit varying amounts

of membrane tubules. Therefore, it is important to always
determine this baseline amount of tubulation for isolated Golgi
complexes without tubule-stimulating components (e.g., with-
out any BBC).

. Under control conditions, intact Golgi complexes from rat

liver appear as rounded piles of membranes with associated
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vesicles but very few membrane tubules. When incubated with
BBC or other preparations that induce membrane tubules, a
variable number of membrane tubules or varying lengths will
be generated (see Fig. 4).
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Chapter 8

Proteomic Characterization of Golgi Membranes
Enriched from Arabidopsis Suspension Cell Cultures

Sara Fasmer Hansen, Berit Ebert, Carsten Rautengarten,
and Joshua L. Heazlewood

Abstract

The plant Golgi apparatus has a central role in the secretory pathway and is the principal site within the cell for
the assembly and processing of macromolecules. The stacked membrane structure of the Golgi apparatus along
with its interactions with the cytoskeleton and endoplasmic reticulum has historically made the isolation and
purification of this organelle difficult. Density centrifugation has typically been used to enrich Golgi membranes
from plant microsomal preparations, and aside from minor adaptations, the approach is still widely employed.
Here we outline the enrichment of Golgi membranes from an Arabidopsis cell suspension culture that can be
used to investigate the proteome of this organelle. We also provide a useful workflow for the examination of
proteomic data as the result of multiple analyses. Finally, we highlight a simple technique to validate the subcel-
lular localization of proteins by fluorescent tags after their identification by tandem mass spectrometry.

Key words Golgi apparatus, Density gradient centrifugation, Subcellular localization, Fluorescent
protein

1 Introduction

The Golgi apparatus is a unique and complex structure within the
eukaryotic cell. The organelle is composed of flat membranes called
cisternae that interlink to form stacks [1]. The plant Golgi appara-
tus is a major junction of the secretory system where proteins, lip-
ids, carbohydrates are processed and biosynthesized prior to their
distribution to all parts of the cell. This includes the synthesis of
matrix polysaccharides destined for the cell wall [2, 3], the produc-
tion of complex N-glycans [4], the synthesis of glycolipids [5],
sequestration of protein complexes [6], intracellular signaling [7],
and trafficking of macromolecules [8].

The Golgi apparatus is an integral component of the plant endo-
membrane [9] and along with the endoplasmic reticulum (ER) is
one of the more difficult structures to purify from plant tissue [10].
In fact it is this very proximity of the Golgi to the ER [11] and the
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intimate interactions with the cytoskeleton [12] that has historically
made the enrichment and purification of this structure problematic.
These difficulties in purifying Golgi bodies from plant material has
resulted in the development of more advanced purification tech-
niques such as LOPIT [13, 14] and the application of free-flow elec-
trophoresis [ 15-17]. Nonetheless, it is still suitable to enrich Golgi
membranes from plant material for a variety of downstream applica-
tions, including proteomic surveys, using traditional density centrif-
ugation procedures. In fact, the utilization of density centrifugation
is still the most widely used approach for the enrichment of Golgi
membranes from microbes [18], animals [19], and plants [20, 21],
although it should be noted that Golgi membrane fractions isolated
from plant material by density centrifugation alone are usually not of
sufficient purity to conduct a thorough proteomic characterization
of this organelle [22]. However, the recent high purity surveys con-
ducted on the Arabidopsis Golgi proteome [14, 16] in conjunction
with our functional knowledge of this organelle means that a com-
parative or quantitative survey conducted on enriched material
should still be considered a viable approach.

Here we outline a detailed protocol for the enrichment of Golgi
membranes from an Arabidopsis suspension cell culture using a dis-
continuous sucrose gradient that would be suitable for proteomic
investigations. A proteomic data analysis workflow is also provided
to assist in the identification of high confidence candidates after
mass spectrometry. Finally, an approach employing transient expres-
sion in Nicotiana benthamiana is outlined for the subcellular vali-
dation of candidate proteins by fluorescent tags is also detailed.

2 Materials

2.1 Arabidopsis
Suspension Cell
Cultures

Prepare solutions with ultrapure water (18 MQ cm at 25 °C) and
analytical grade reagents. Utilize higher grade reagents (LC-MS
grade) for solutions and buffers used in conjunction with mass
spectrometry. Prepare reagents at room temperature. Unless oth-
erwise stated, prepare buffers the day before and store at
4 °C. Perform all centrifugation steps at 4 °C.

1. Arabidopsis suspension cell cultures (see Note 1).

2. Temperature controlled shaking incubator (22 °C, 120 rpm)
with constant light (100 pE).

3. Arabidopsis  Cell Culture Medium: 2% (w/v) sucrose,
a-naphthaleneacetic acid (0.5 mg/L), kinetin (0.05 mg/L),
1x Murashige and Skoog basal salt mixture [23]. Prepare
media and adjust to pH 5.7 with potassium hydroxide (KOH),
autoclave for 20 min at 121 °C and store at 4 °C (see Note 2).

4. 250 mL glass Erlenmeyer flasks.



2.2 Protoplast
Preparation

of Arabidopsis
Suspension Cell
Cultures

2.3 Protoplast
Homogenization

2.4 Enrichment

of Golgi Membranes
by Differential
Gentrifugation
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. Digestion buffer: 500 mM mannitol, 5 mM 2-( N-morpholino)

ethanesulfonic acid (MES), adjust to pH 5.7 with KOH. Store
at 4 °C. Just prior to use, add 0.4 % (w/v) cellulase “Onozuka”
R-10and 0.05 % (w/v)pectolyase Y-23 (Yakult Pharmaceutical).

. Protoplast wash buffer: 500 mM Mannitol, 5 mM 2-(N-

morpholino) ethanesulfonic acid (MES), adjust to pH 5.7 with
KOH. Store at 4 °C.

. Miracloth (Merck Millipore).
4. Variable speed benchtop orbital shaker (see Note 3).
. Preparative centrifuge for 250 mL tubes and capacity to

800 x g, such as an Avanti J25 centrifuge (Beckman Coulter)
with a JLA-16.250 rotor (Beckman Coulter).

. Homogenization bufter: 1% (w/v) dextran (Mw 200,000),

0.4 M sucrose, 10 mM disodium hydrogen phosphate
(Na,HPOy,), 3 mM ethylenediaminetetraacetic acid (EDTA),
0.1% (w/v) bovine serum albumin (BSA), 5 mM dithiothrei-
tol (DTT) (see Note 4), pH to 7.1 with sodium hydroxide
(NaOH).

. Glass-Teflon Potter-Elvehjem Tissue Grinder with a 2040 mL

capacity (see Note 5).

. Preparative centrifuge for 50 mL tubes and capacity to 5000 x g,

such as an Avanti J25 centrifuge (Beckman Coulter) with a
JA-25.50 rotor (Beckman Coulter).

. Light microscope capable of visualizing plant cells and large

subcellular structures, minimum 40x objective.

. Gradient buffer 1: 1.4 M sucrose, 10 mM Na,HPO,, 3 mM

EDTA, pH 7.1 with NaOH, can store at —-20 °C.

. Gradient buffer 2: 1.0 M sucrose, 10 mM Na,HPO,, 3 mM

EDTA, dextran Mw 200,000 (1% w/v), 5 mM DTT (sec Note 4),
pH 7.1 with NaOH, can store at -20 °C.

. Gradient buffer 3: 0.2 M sucrose, 10 mM Na,HPO,, 3 mM

EDTA, dextran Mw 200,000 (1% w/v), 5 mM DTT (se¢ Note 4),
pH 7.1 with NaOH, can store at -20 °C.

. Gradient buffer 4: 0.1 M sucrose, 10 mM Na,HPO,, 3 mM

EDTA, dextran Mw 200,000 (1% w/v), 5 mM DTT (see Note 4),
pH 7.1 with NaOH, can store at -20 °C.

. Ultracentrifuge with swing-out rotor for 40 mL tubes and

capable of 100,000 x 4 for gradients, such as an Optima™ XE
(Beckman Coulter) with a SW 30 Ti rotor (Beckman Coulter).

. Disposable plastic pipettes (1 mL).
. 5 M KCL
. 10 mM Tris—HCI, pH 8.5.
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2.5 Analysis of Golgi
Enriched Membranes
by Mass Spectrometry
(LC-MS/MS)

2.6 Validation

of Golgi Localization
by Fluorescent Protein
Fusions

2.6.1 Cultivation
of Nicotiana benthamiana

2.6.2 Plasmid
Preparation

and Agrobacterium
tumefaciens
Transformation

9.

10.

1.

Ultracentrifuge with fixed angle rotor for 2 mL tubes and
capable of 100,000xg, such as an Optima™ MAX-TL
(Beckman Coulter) with a TLA-100 rotor (Beckman Coulter).

Protein Quantification Assay, such as Pierce™ BCA Protein
Assay Kit.

Tandem mass spectrometer (MS/MS) with liquid chromatog-
raphy (LC) delivery system capable of data dependent acquisi-
tion (DDA)/independent data acquisition (IDA) such as the
Q Exactive™ Hybrid Quadrupole-Orbitrap Mass Spectrometer
(Thermo Scientific) with a Proxeon Easy-nL.C II HPLC
(Thermo Scientific) (sec Note 6).

. Digestion buffer: 1 M urea and 10 mM tris(hydroxymethyl)

aminomethane (Tris-HCI), pH 8.5 solution (se¢ Note 7).

. 1 M dithiothreitol (DTT) (se¢ Note 8).

4. 1 M iodoacetamide (IAA) (see Note 9).

12.

. High-grade trypsin, such as trypsin from porcine pancreas

(Sigma-Aldrich).

. Solid phase extraction (SPE) for peptides, such as Micro

SpinColumns with C3 (Harvard Apparatus, MA, USA).

. SPE buffer 1: 80% acetonitrile (v/v) with 0.1% trifluoroacetic

acid (v/v).

. SPE bufter 2: 2% acetonitrile (v/v) with 0.1% trifluoroacetic

acid (v/v).

. MS buffer A: 2% acetonitrile, 0.1 % formic acid.
10.
11.

SpeedVac concentrator.

Access to search engine to identify proteins from tandem mass
spectrometry data, such as Mascot (Matrix Science) (se¢ Note 10).

Proteome integration, profiling and quantitation software,
such as Scaffold 3 (Proteome Software) (see Note 11).

. Plastic plant pots (80 x 80 mm).
. Germination tray (280x540 mm) with a transparent plastic

lid.

. Nicotiana benthamiana “Domin” seeds.

4. Soil, such as PRO-MIX (Premier Horticulture).

ul

[ S I S

. Plant growth chamber (se¢e Note 12).

. ¢cDNA from plant material (se¢ Note 13).
. Thermocycler (PCR machine).

. Gene specific primers (see Note 14).

. DNA Polymerase,

e.g., Phusion™ High-Fidelity DNA
Polymerase (Thermo Scientific), ANTDPs (see Note 15).



2.6.3 Infiltration

2.6.4 Confocal
Microscopy

O 0 N O U

12.

13.
14.
15.

16.

17.
18.
19.

20.
21.

22.

23.
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. Agarose gel electrophoresis equipment.

. Agarose, e.g., UltraPure™ Agarose (Life Technologies).

. 1x TAE bulfter, e.g., TAE Buffer (Tris—acetate—EDTA) (50x%).
. DNA loading buffer, e.g., Gel Loading Solution.

. DNA ladder, e.g., 1 Kb Plus DNA Ladder.

10.
. Gel and PCR cleanup kit, e.g., NucleoSpin® Gel and PCR

UV light box.

cleanup.

Plasmid preparation kit, e.g., QIAprep Spin Miniprep Kit
(Qiagen).

pCR®8 /GW /TOPO® TA Cloning Kit.

Gateway® LR Clonase® IT Enzyme mix.

Gateway compatible vector containing a fluorescent protein,
e.g., pEarleyGate [24] (see Note 16).

Competent Escherichia coli (E. coli), e.g., One Shot® TOP10
Chemically Competent E. coli.

Spectinomycin, kanamycin, and gentamycin.
Temperature mixer, such as the Thermomixer compact.

Electro-competent Agrobacterinm, e.g., strain
GV3101::pMP90 (see Note 17).

Disposable electroporation cuvettes with 1 or 2 mm gap sizes.

Electroporation system, such as a Gene Pulser Xcell™
Electroporation Systems.

Luria-Bertani (LB) media: 10 g tryptone, 10 g NaCl, 5 g yeast
extract, adjust to pH 7 with NaOH and sterilize by
autoclaving.

Luria—Bertani (LB) media supplemented with agar: 10 g tryp-
tone, 10 g NaCl, 5 g yeast extract, 7.5 g agar in 1 L water,
adjust to pH 7 with NaOH and sterilize by autoclaving.

. Luria—Bertani (LB) media: 10 g tryptone, 10 g NaCl, 5 g yeast

extract, 7.5 g agar in 1 L water, adjust to pH 7 with NaOH
and sterilize by autoclaving.

. Sterile pipette tips or toothpicks.
. Preparative centrifuge, such as Allegra 25R Benchtop Centrifuge.

4. Infiltration buffer: 10 mM 2-( N-morpholino)ethanesulfonic

acid (MES) pH 5.6, 10 mM MgCl,, 100 uM acetosyringone
(see Note 18).

. 1 mL disposable polypropylene syringes.

. Confocal laser scanning microscope (see Note 19).

. Coverslip holder, such as Attofluor® cell chamber for microscopy.



96 Sara Fasmer Hansen et al.

. 25 mm round glass coverslips.

4. 10% glycerol.

3 Methods

3.1 Growth

of Arabidopsis
Suspension Cell
Cultures

3.2 Preparation
of Protoplasts

3.3 Disruption
of Arabidopsis
Protoplasts

. The Arabidopsis suspension cell cultures are cultivated in

120 mL aliquots.

. To maintain healthy cultures, the cells are subcultured weekly

into a flask containing 100 mL of Arabidopsis cell culture
medium.

. Cells are subcultured at a ratio of 1:5-1:10, depending on den-

sity of 7-day-old cultures (see Note 20).

. Typically, 15-20 mL from a 7-day culture is added to a new

flask containing 100 mL growth media.

. Filter 7-day-old cells from approximately four to five flasks

through Miracloth and squeeze out the remaining culture
medium to yield around 50 g of cells fresh weight.

. Add 250 mL of digestion buffer to a 500 mL beaker and then

add 0.4% (w/v) cellulase and 0.05% (w/v) pectolyase and
resuspend the enzymes (see Note 21). Add the 50 g of cells
and gently mix, then gently transfer to a 4 L wide-bottomed
conical flask (see Note 22).

. Place on an orbital shaker and rotate slowly in the dark

(wrapped in foil) for 3 h (see Note 23).

. After 3 h, protoplasts are harvested by centrifugation at 800 x 4

for 5 min.

. Gently resuspended the cell pellet in about 100 mL of diges-

tion buffer (no added enzymes), centrifuge at 800 x 4 and dis-
card the buffer. Repeat this step two more times to ensure
complete removal of cellulase and pectolyase from the proto-
plasts (see Note 24).

. After the final wash, discard the buffer and place the proto-

plasts on ice.

. Resuspend the pellet/protoplasts in homogenization buffer

using a minimum ratio of 1:1 (w/v) and keep on ice. This vol-
ume is determined using the original fresh weight of the cells.

. Transfer about 10-20 mL of protoplasts in the homogeniza-

tion buffer into the Potter-Elvehjem homogenizer.

. Disrupt the protoplasts using four to five strokes at even pressure

of the pestle in the Potter-Elvehjem homogenizer (se¢ Note 25).
Transfer disrupted protoplasts to a 250 mL beaker on ice.
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. Prior to processing /rupturing the rest of the protoplasts, check

to ensure disruption was effective by examining homogenate
with a light microscope.

. If over 75% of cells have been ruptured, process the rest of the

protoplast homogenate, otherwise process the initial sample again
with further strokes in the Potter-Elvehjem homogenizer.

. Centrifuge the homogenate at 5000 x g for 15 min.

. Carefully decant supernatant into a 250 mL beaker on ice.

. Add 5 mL of gradient buffer 1 to two 40 mL ultracentrifuge

tubes. With a disposable plastic pipette, gently layer the
homogenate on to the gradient buffer 1 until all tubes are at
least two thirds full (Fig. 1).

2. Ultracentrifuge homogenate at 100,000 x g for 1 h (see Note 26).

. Remove the supernatant without disturbing the membrane

rich lysate that has formed on the sucrose cushion (gradient
bufter 1) (see Note 27).

. Once the supernatant has been removed, carefully layer

15-20 mL of gradient buffer 2 on top of the membrane rich
lysate. Follow this with 8—10 mL of gradient buffer 3 and then
5-8 mL of gradient buffer 4 (sec Note 28).

. Ultracentrifuge samples at 100,000 x 4 for 90 min.

6. After ultracentrifugation, remove tubes and inspect the band-

ing patter. Two distinct bands should be present above the
1.0 M gradient buffer (Fig. 1). Gently remove the upper band
between the 0.1 and 0.2 M gradient buffers with a disposable
plastic pipette and discard. Then carefully remove the remain-
ing upper band containing the enriched Golgi membranes sit-
uated on top of the 1.0 M gradient buffer and place in a 15 mL
tube on ice (see Note 29).

- D ] > [ —

1.0M
100k x g Layer 100k x g
the S gradient WY 90 min |

1.4M 14M 1.4M

Lysate on Microsomal Discontinuous Enriched Golgi
cushion band gradient membranes

Fig. 1 Flowchart outlining the procedure for the enrichment of Golgi membranes from Arabidopsis suspension
cell cultures using a discontinuous gradient
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3.5 Characterization 1.

of Enriched Golgi
Fractions by Tandem 2
Mass Spectrometry

10.

11.

Estimate the protein concentration of the extract using a
protein quantification assay and transfer the sample into 10 pg
aliquots and place on ice.

. Add 5 M KClI to achieve an estimated final concentration of

about 50 mM to each 10 pg aliquot of enriched Golgi mem-
brane proteins fractions and incubate for 15 min at 4 °C, gen-
tly shaken (see Note 30).

. Ultracentrifuge samples at 100,000 x g for 60 min and discard

the supernatant.
Wash the pellet twice with 1 mL 10 mM Tris-HCI pH 8.5.

At this stage, any 10 pg salt washed Golgi membrane aliquots
not being processed for analysis by tandem mass spectrometry
can be stored at -80 °C.

Resuspend the 10 pg salt washed Golgi membrane pellet in
about 50 pL of digestion buffer.

. Add DTT to the diluted protein extract to a final concentra-

tion of 25 mM and incubate 30 min (room temperature).

. Then add TAA to a final concentration of 50 mM and incubate

30 min (room temperature) in the dark.

. Add trypsin at a 1:10 trypsin—protein ratio (se¢ Note 31) and

incubate overnight (37 °C) (sec Note 32).

. Remove urea and concentrate samples with a Micro

SpinColumn (25-75 pL capacity). Initially hydrate the Cig
matrix with ultrapure water (75 pL) for 10 min and centrifuge
(1000 x g, 2 min) as per manufacturer’s instructions.

. Wash the SpinColumn with the 50 pLL SPE Buffer 1 and cen-

trifuge (1000xg, 2 min) and prime twice with 50 pL SPE
Buffer 2, centrifuging (1000 x g, 2 min) after each step.

. Add digested peptides in urea solution to the SpinColumn and

centrifuge (1000 x g, 2 min), wash twice with 50 pL. SPE Bufter
2, centrifuging (1000 x g, 2 min) after each step.

. Finally elute into a new tube with 25-50 pL. SPE Buffer 1 by

centrifuging 1000 x g4 for 2 min. Concentrate and remove ace-
tonitrile with a SpeedVac concentrator until 1-5 pL of peptide
solution remains in the tube.

. Dilute around 4 pg of peptide in MS Buffer A to a volume of

about 16 pL (see Note 33).

Analyze about 1 pg (4 pL) of the peptide sample by nanoflow
liquid chromatography tandem mass spectrometry (LC-MS/
MS) using an automated data dependent acquisition method
optimized for the analysis of complex proteomes (sec Note 34).

Data produced after LC-MS/MS analysis can be interrogated
with search algorithms, such as the software package Mascot
(Fig. 2a) to identify proteins found in each sample (se¢ Note 35).
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Format As | Peptide Summary v Help
Sigmficance threshold p< 0.05 Max. number of luts AUTO
Standard scoring MudPIT scoring ® Ions score or expect cut-off 32 Show sub-sets 0
Show pop-ups '* Suppress pop-ups Sort unassigned | Decreasing Score ¥ | Require bold red ¢
Preferred taxonomy | All entries v
B
Protein Threshold: 99.0% + |Min #Peptides: 1 « |Peptide Threshold: 95% - I

Fig. 2 Recommended protein and peptide filters for the analysis of mass spectrometry data derived from the
analysis of Arabidopsis samples (a) Mascot (Matrix Science) and (b) Scaffold (Proteome Software)

12. The integration and relative quantitation of proteins identified

in samples by LC-MS /MS can be achieved using software such
as Scaffold, which can be used to merge multiple results from
Mascot. The software enables further filters to be applied to
both identified peptides and proteins (Fig. 2b), further ensur-
ing only high confidence protein matches are identified (see
Note 36).

13. When analyzing well-characterized proteomes from systems

like Arabidopsis, resources can be readily employed to analyze
results. Useful approaches involve functional categorizations
using Gene Ontologies [25] or the subcellular distribution of
a proteome using resources like the SUBcellular Arabidopsis
database [26] (Fig. 3).

3.6 Transient Protein  To validate proteins identified in enriched Golgi membrane prepa-

Expression rations it is possible to easily verify their location to this organelle
for Subcellular using the following procedure.
Localization

3.6.1 Cultivation
of Nicotiana Benthamiana

1. Plastic pots of around 80 x 80 mm containing high quality soil,

such as PRO-MIX HP MYCORRHIZAE™ should be thor-
oughly watered and then drained.

2. About 30 seeds of N. benthamiana “Domin” are spread onto

the moist soil, and pots put onto a plastic tray and covered with
a transparent plastic lid.

. Place the trays in a 25 °C chamber with 60% humidity and

16 h light-8 h dark cycle.
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Golgi 26%

Extracellular 2%

l/ Cytosol 27%

Contaminants 35%

_,Mitochondrion 3%
| Nucleus 1%
I - Peroxisome 2%
_—'Plastid 1%

Unknown 1%

ER 16%

Fig. 3 Subcellular breakdown of a typical dataset resulting from a proteomic analysis of enriched of Golgi mem-
branes from the Arabidopsis suspension cell culture. The analysis outlines proteins identified from two indepen-
dent enrichment experiments using the outlined enrichment and data workflow. In total, 1102 proteins were
identified after both samples were combined using Scaffold. The subcellular locations were obtained from the
SUBcellular Arabidopsis (SUBA) database [29] and distributions are shown according to the total normalized
spectral abundance factor (NSAF) [30], obtained from Scaffold, for proteins allocated to each compartment

3.6.2 Plasmid
Preparation

and Transformation
of Agrobacterium

. After about a week, remove the plastic lid and propagate the

plants under the same growth conditions for another week.

. Transfer the 2-week-old seedlings into fresh pots (as previously

described). Transplant one seedling per pot (see Note 37) and
continue to propagate plants under identical growth conditions
until ready to be infiltrated with Agrobacterium (see Note 38).

. Amplify the gene of interest by PCR employing gene specific

primers and appropriate plant cDNA (see Note 39).

. Analyze the resultant PCR product using a 1% agarose gel

with 1x TAE bulfter.

. Visualize the PCR product using a UV light box and confirm

the expected size.

. Excise the DNA band and extract the DNA from the agarose

gel using a gel cleanup kit.

. Clone the purified PCR product with the pCR®8/GW/

TOPO® TA Cloning Kit into the pCR®8 donor vector to cre-
ate the entry clone.

. Transform competent E. coli with the cloning reaction and

select for positive transformant on LB plates with 100 pg/mL
spectinomycin.

. Purify the plasmid DNA from an overnight E. coli culture (LB

with 100 pg/mL spectinomycin) using a Plasmid preparation
kit and confirm the identity of the entry clone by sequencing.
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3.6.4 Confocal
Microscopy

10.

11.

12.

13.

14.

1.
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. Use the confirmed entry clone in a LR Clonase II Enzyme

reaction and clone it into a destination vector (e.g., pEarley-
Gate) containing an in-frame fluorescent protein.

. Transform this reaction into E. co/z and select on LB plate con-

taining kanamycin (50 pg/mL). Using a sterile toothpick,
transfer a colony to 5 mL LB with kanamycin (50 pg/mL) and
grow at 37 °C overnight with shaking. Purify the plasmid using
a plasmid preparation kit and confirm the integrity of the clone
by sequencing.

Add 1 pL of the expression vector (e.g., pEarleyGate contain-
ing gene of interest) to competent Agrobacterium and sit on
ice for 15 min (see Note 40).

Set up the electroporation device according to the manufac-
turer’s instructions (se¢e Note 41), transfer mixture to pre-
chilled cuvette and apply voltage to transform Agrobacterinm.

Immediately after the electroporation add 1 mL of LB media
to the cuvette (see Note 42) and mix by gently pipetting.

Transfer the contents of the cuvette into a sterile 1.5 mL
microfuge tube and incubate for at least 1 h at 30 °C with con-
stant agitation.

Pipette about 50 pL (see Note 43) onto LB plates containing
appropriate selective antibiotics (see Note 44 ) and incubate for
48 h at 30 °C until colonies are visible.

Inoculate 10 mL LB media (containing the appropriate selective
antibiotics) with an Agrobacterium colony and grow overnight
at 30 °C with constant shaking to log phase.

. Centrifuge the overnight culture for 10 min at 4000 x4 at 20 °C.
. Remove the supernatant, wash the pellet with 10 mL of infil-

tration buffer (see Note 45) and repeat the centrifugation step.

. Resuspend the Agrobacterium in infiltration buffer to an opti-

cal density (OD) of 0.01-0.3 at 600 nm (see Note 46).

. Infiltrate the abaxial surface of leaves from 3- to 4-week-old N.

benthamiana plants using a 1 mL plastic syringe without a
needle (see Note 47). Hold the adaxial side of the leaf firmly
and press the syringe from abaxial side against your finger.
Infiltrated areas will turn a darker green (see Note 48).

. Grow infiltrated plants for an additional 2 days before examin-

ing expression of the fluorescent protein by confocal micros-
copy (see Note 49).

. Use a sterile razor blade to cut a 12x12 mm piece from the

infiltrated area of the leaf (see Note 50).

. Place the leaf section onto a coverslip and add a drop of 10%

glycerol on its surface.
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aManl-mCherry : UXT3-YFP

Fig. 4 The transient subcellular localization of the cis-Golgi marker o-Mannosidase I-mCherry (xManl-
mCherry) and a resident Golgi protein (UXT3-YFP) [31] with an overlay (merge) indicting co-localization.
Bar=25 pm

3. Put a second coverslip on top and mount into a coverslip holder.

4. Place the slide onto the confocal stage and focus using bright-
field at low magnification.

5. At this magnification use an appropriate filter or setting,
depending on the fluorescent protein employed, to find cells
exhibiting a florescent signal. Once a cell is located, a higher
magnification can be employed.

6. Configure the confocal to enable sequential or simultaneous
acquisitions (see Note 51).

7. Perform a live scan using the confocal. In our example, we
employed a simultaneous acquisition for yellow fluorescent
protein (YFP) and mCherry after co-infiltrating a vector con-
taining UXT3-YFP and the Golgi marker, a-Mannosidase
I-mCherry (Fig. 4).

8. Images can be processed with the microscope software such as
Image] [27].

4 Notes

1. The Arabidopsis suspension cell cultures outlined here were
originally created over 20 years ago from stem explants of the
accession Landsberg erecta [28]. While any suspension cell
culture should produce similar results, in our hands, this par-
ticular suspension culture contains a population of Golgi mem-
branes which are minimally interconnected with the
cytoskeleton. This results in enriched Golgi membranes with
reduced contamination when compared to Arabidopsis
seedlings or recently created cell lines. This particular cell line
has been distributed globally and can be sourced through dili-
gent inquiries.
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. Prior to autoclaving, media can be dispensed into 250 mL

glass Erlenmeyer flasks in 100 mL aliquots and sealed with foil
until required. Large batches can be premade (50-100) and
stored at 4 °C in the dark.

. A variable speed benchtop orbital shaker with a relatively large

orbital throw is optimal (at least 2 cm). This enables a slow
rotation while maintaining cells in solution and provides effi-
cient enzymatic digestion of the cell wall.

. The DTT should be added immediately prior to use. A stock

solution of DTT (1 M) can be stored in aliquots at =20 °C if
required.

. The performance of the homogenizer is very important to

gently rupturing protoplasts. Generally, negative pressure on
the up-stroke should result in an air bubble between the Teflon
pestle and the homogenate. This seems to be indicative of ade-
quate restriction between the Teflon pestle and the glass mor-
tar which constricts the protoplasts as they pass, resulting in
their disruption. The performance of the homogenizer (gen-
eration of the air bubble) can be tested with water.

. While access to high resolution tandem mass spectrometry has

become somewhat common, they are expensive instruments to
purchase and maintain. As a consequence many institutions
provide access via dedicated facilities. While these facilities can
seem like an expensive option, current pricing makes them
highly completive when analyzing up to 50 samples per year.

. Urea is unstable and can degrade in solution when exposed to

elevated temperatures (>25 °C) or over time. This degradation
results in the generation of isocyanic acid which subsequently
reacts with the amino terminus of proteins as well as the
sidechains of lysine and arginine residues. Consequently, it is
recommended that urea solutions be made fresh as required. A
2 mL urea/Tris—HCI solution is relatively simple to make and
usually adequate for most purposes.

. A stock solution of DTT can be stored at -20 °C in aliquots

and thawed as required.

. A stock solution of TAA can be stored at =20 °C in aliquots and

thawed as required. IAA is used to alkylate the thiol group on
cysteine residues after reduction with DTT. It is virtually
impossible to detect cysteine containing peptides unless con-
trolled alkylation is undertaken. However, given the low occur-
rence of cysteine residues in proteins, the absence of this step
has little impact on the final results, namely number of proteins
identified and sequence coverage. IAA is light and heat sensi-
tive and should be stored in the dark or wrapped in foil.

Suppliers of most tandem mass spectrometers designed for
standard proteomic workflows will usually supply software



104

Sara Fasmer Hansen et al.

11.

12.

13.

14.

15.

16.

17.

18.

with their instruments that can be used for the interrogation of
tandem spectra for the identification of proteins. There are also
a number of open source software packages available as well as
a range of third party software that can also be employed to
identify proteins from fragmentation spectra. In general,
these algorithms are relatively similar, we generally use
Mascot (a third party software package from Matrix Science)
and have found that it provides quality results when high
confidence cutofts are employed. Access to the software is free
if submitting less than 1200 spectra in a single submission
(http:/ /www.matrixscience.com/ ).

A considerable data handling problem when dealing with
results from multiple analyses of tandem spectra is data integra-
tion. While some software platforms have developed workflows
to integrate multiple samples, Scaffold from Proteome Software
(http:/ /www.proteomesoftware.com/) provides a powerful
way to combine and compare protein identifications from mul-
tiple samples. The software provides some quantitation sup-
port via spectral counting to enable limited comparative
assessment between samples.

A growth chamber capable of maintaining 25 °C and 60%
humidity with a day/night cycle is optimal. However, plants can
also be grown in a glasshouse with some temperature control.

c¢DNA can be obtained from the plant tissue of interest using a
plant RNA extraction kit, such as the RNeasy Plant Mini Kit
(Qiagen). The mRNA is then reverse transcribed into cDNA
using a Reverse Transcriptase, such as Superscript 111 Reverse
Transcriptase (Life Technologies).

Ensure the reviewer primer does not contain a stop codon to
enable a C-terminal fusion with the fluorescent protein.

To amplify a gene of interest and avoid errors, a proofreading
DNA polymerase should be used.

The pEarleyGate vector collection generally works well; how-
ever, many other vectors are available that contain strong pro-
moters and fluorescent tags.

Agrobacterium tumefaciens strain GV3101::pMP90 is a com-
monly used and works well when transforming N. benthami-
ana and can also be used to stably transform Arabidopsis
thaliana. However, other Agrobacterium strains are available
that also work in N. benthamiana,including C58C1, EHA105,
LBA4404, and AGLI1.

Prepare the infiltration buffer fresh for each infiltration. Stock
solutions of 0.5 M MES-KOH pH 5.5 and 1 M MgCl, can be
prepared in advance but should be autoclaved. For the 0.5 M
MES stock solution, prepare MES first and adjust the pH to
5.5 with KOH. Acetosyringone should be added separately to
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the infiltration buffer on the day of use. Prepare a 100 mM
acetosyringone stock solution in either DMSO or 96% (v/V)
ethanol, and store in aliquots at =20 °C or for shorter periods
at 4 °C. Do not autoclave the infiltration buffer containing
acetosyringone.

The confocal laser scanning microscope (CLSM) must have
the capability to excite at the appropriate wavelengths. For
example for the pEarleyGate 101 vector 514 nm for yellow
fluorescent protein (YFP) is necessary.

After 7 days, a 120 mL culture should produce around 8-10 g
of cells, fresh weight. The amount of biomass should be
checked regularly and the volume of cells (usually 10-20 mL)
used to subculture into a new flask adjusted accordingly.

Enzymes should be added to the digestion buffer just prior to
use. Enzymes are easily solubilized by vigorous shaking in a
50 mL aliquot of digestion buffer, then adding to the solution
containing the cells.

Maintain a cell to digestion buffer ratio of around 1:5 (w/V)
for the digestion of cells. The amount of enzyme may need to
be optimized if different plant material /cell cultures are
employed. This combination and ratio of enzymes seems to be
optimal for primary cell walls.

Rotate at the cells in the digestion buffer at the lowest possible
speed; however, the cells must remain suspended.

The pellet comprising intact protoplasts is delicate and thus
the supernatant should be carefully removed to avoid breaking
protoplasts.

For the first few attempts at protoplast disruption, check the
results using a light microscope with a 40x objective. This
should reveal rupturing of at least 75 % of the protoplasts. The
key to homogenization is ensuring enough mechanical stress
to disrupt the protoplasts is used without destroying subcellu-
lar integrity. The number of strokes of the homogenizer should
be calibrated using light microscopy.

This step should result in a yellow band sitting on the cushion
(gradient buffer 1) of about 1-2 mm thick.

The removal of the supernatant to the top of the yellow mem-
brane band will be a compromise between the quality of the
resultant gradient and the disturbance of the cushion. Attempts
to remove too much supernatant will likely result in a reduc-
tion in yield.

For the successful enrichment of Golgi membranes from other
contaminating membranes on the cushion, such as mitochon-
dria, it is not recommended to use a sucrose concentration less
than about 1.0 M in gradient buffer 2.
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The membrane band (discarded) found between gradient buf-
fer 4 (0.1 M) and gradient bufter 3 (0.2 M) should be contain
less material and be visibly thinner than the band representing
the enriched Golgi membranes directly above the 1.0 M gradi-
ent buffer.

The incubation with KCl is used to remove electrostatic inter-
actions of nonspecific peripheral proteins from the enriched
Golgi membrane preparations.

The recommended ratio of trypsin to protein (w/w) is gener-
ally 1:20 or 50; however, this will depend on the type of tryp-
sin being utilized. If using modified trypsin (not subject to
autolysis), then recommended ratios can be used; however, if
unmodified trypsin is used, we recommend using it at higher
ratios. The advantage of unmodified trypsin is that autolytic
products (peptides) can act as internal controls for sample han-
dling and mass spectrometry.

Overnight digestion is likely excessive; however, the timing
usually suits the standard sample processing workflow.

These volumes and concentrations are dependent on the liquid
chromatography method being employed.

The analysis of a 1 pg complex peptide lysate by nanoflow
LC-MS/MS should result in the high confidence identification
of between 1000 and 2000 proteins.

To ensure only high confidence proteins and peptides are iden-
tified from fragmentation spectra, employ recommended pro-
tein and peptide cutoffs to ensure spectral match probabilities
are <0.05 or false discovery rates are <1 %. If using Mascot, an
ions score value is provided for peptide matches and needs to
be entered manually in the “Ions score or expect cut-oft” box.
Using such an approach, only high confidence peptide matches
are used to define the resultant identified proteins. This means
that even proteins identified by a single peptide can be regarded
as high confidence matches, although a replicate experiment
will be required to independently identify and confirm its exis-
tence in the sample.

There are further settings or views in Scaffold that can result in a
final set of identified proteins that would not be considered high
confidence even with the outlined settings (Fig. 2b). This includes
the following settings in the “View” menu: “Show Entire Protein
Clusters” and “Show Lower Scoring Matches”. If requiring high
confidence identifications, both should be unchecked.

Space the pots within the tray to ensure plants do not crowd
each other as they mature.

Plants around 3—4 weeks after germination with a rosette
diameter of approximately 80-100 mm seem to be the most
suitable for infiltration.
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Ensure the appropriate plant tissue in which the gene is most
highly expressed is used. It is also important to use a proof-
reading polymerase for the PCR reaction to avoid the intro-
duction of sequence errors. For the same reason the number of
PCR cycles should be kept to a minimum.

Competent Agrobacterium can be prepared in large batches
and store 50 pL aliquots at =80 °C until required. About 1 pL
(25-100 ng) of the plasmid preparation in water or TE bufter
works for most Agrobacterinm transtormations. Ensure that
plasmid preparations with higher DNA concentrations are
diluted.

Make sure that your settings are adjusted for the gap size of the
cuvette being employed and that the setting is appropriate for
Agrobacterium.

It is essential to promptly add the LB-media to the mixture to
avoid a decrease in transformation efficiency.

The volume largely depends on the efficiency rate of the com-
petent Agrobacterium. Usually 50 pL is sufficient to produce
positive colonies.

Ensure correct antibiotics are used for selection. Generally
antibiotics for both the Agrobacterium host and plasmid are
necessary. The Agrobacterium GV3101::pMPI0 is resistant to
gentamycin and rifampicin and the pEarleyGate vector series
confer kanamycin resistance.

Some protocols do not include a wash step; however, we have
found that this improves infiltration and protein expression.
This could be due to the effect of antibiotics in the culture
media.

The OD required depends on the expression of the protein of
interest. Generally we have found that a lower OD (0.01-0.15)
gives a better result and minimizes protein aggregates.
However, low expressed proteins may require higher ODs.
When co-infiltrating multiple constructs, for example, a gene
of interest and an organelle marker protein, mix a combination
of the two Agrobacterium solutions to achieve the final OD.

Start with the top leaves as they have fewer vascular bundles
compared to the older leaves. We have found that slightly
piercing the leaf by holding the syringe at a 45 ° angle while
holding the leaf upright can assist infiltration.

It is important to use as little pressure as possible while inject-
ing the Agrobacterinm mixture so as to avoid punching holes
and wounding the leaf.

Since not all proteins express with the same efficiency, expres-

sion should be monitored at various time points. Generally we
monitor expression from 48 to 72 h.



50. Make sure the infiltrated area is chosen and avoid cutting too close

to the region where the syringe was applied as this region will be
wounded and will result in a high autofluorescence signal.

Most modern confocal microscopes are capable of performing
simultaneous scans (fast, crosstalk between signals) and sequen-
tial scans (slow, but less crosstalk between signals). The use of
simultaneous scanning enables the visualization of two signals
without the need for fixation. This can be useful when examin-
ing the Golgi apparatus as they tend to move around the cell.
While an emission range can be narrowed to reduce crosstalk
when using simultaneous scanning, it will reduce the signal
intensity. Sequential scanning is often essential to ensure the
signal from both fluorophores is valid, but often fixation is
required to ensure overlap. Such an approach is important if
using fluorophores with similar emission wavelengths such as
YFP and green fluorescent protein (GEDP).
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Chapter 9

High-Content Analysis of the Golgi Complex by Correlative
Screening Microscopy

Manuel Gunkel, Holger Erfle, and Vytaute Starkuviene

Abstract

The Golgi complex plays a central role in a number of diverse cellular processes, and numerous regulators
that control these functions and/or morphology of the Golgi complex are known by now. Many of them
were identified by large-scale experiments, such as RNAi-based screening. However, high-throughput
experiments frequently provide only initial information that a particular protein might play a role in regu-
lating structure and function of the Golgi complex. Multiple follow-up experiments are necessary to func-
tionally characterize the selected hits. In order to speed up the discovery, we have established a system for
correlative screening microscopy that combines rapid data collection and high-resolution imaging in one
experiment. We describe here a combination of wide-field microscopy and dual-color direct stochastical
optical reconstruction microscopy (#STORM). We apply the technique to simultaneously capture and dif-
ferentiate alterations of the cis- and trans-Golgi network when depleting several proteins in a singular and
combinatorial manner.

Key words Golgi complex, ISTORM, Correlative microscopy, Golgin-97, AP3S1

1 Introduction

In recent years, microscope systems for high-throughput (HTS)
and high-content (HCS) screening have emerged. These systems
are capable of automatically preparing, acquiring, and processing
huge sample numbers in a quick and robust manner. Fluorescence
screening microscopy has been successfully applied to analyze vir-
tually every cellular process; and more than several thousand large-
scale screens have been published to date. Owning to the multiple
functions of the Golgi complex—regulation of the secretory mem-
brane trafficking, signal transduction, protein and lipid glycosyl-
ation, unfolded protein response, and many others [ 1 ]|—more than
30 screens have been performed to address one or another Golgi
complex-related function in a systematic manner. A comprehensive
list of membrane trafficking regulators acting in anterograde and
retrograde transport routes to, through, and from the Golgi
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complex is compiled by now [2-7]. Protein glycosylation [8] and
protease activities [9] in the Golgi complex were also studied sys-
tematically. The organization of the Golgi complex changes upon
diverse conditions: cell division, viral infection, perturbed flow of
material, or altered cytoskeleton organization. Furthermore,
changed Golgi complex was found in a number of pathological
conditions, such as Alzheimer [10]. In addition, screens dedicated
to analyze Golgi morphology are gaining in popularity [11]. On
the other hand, such type of screens are fairly easy to establish due
to advances in labeling, visualization and quantification of the
altered Golgi complex by fluorescence screening microscopy and
automated image analysis [12, 13]. Wide-field or confocal
microscope-based screens are usually performed at a low resolu-
tion with 10x or 20x objectives [7, 11] in order to collect a high
number of cells and identify phenotypic changes in cell populations
on a statistically sound basis. Usually, that is sufficient to detect the
regulatory molecules that induce profound alterations marked as
“fragmentation,” “disappearance,” or “condensation” of the Golgi
[4, 11]. The alterations that take place on the level of individual
cisternae, vesicle budding or cargo sorting stay largely uncharacter-
ized that way. Morphological and functional details of the Golgi
complex can be obtained by various high-resolution microscopy
methods: STED (Stimulated Emission Depletion) [14], SCLIM
(super-resolution confocal live imaging microscopy) [15], 4DPi
[16], and 4STORM [17]. For simultaneous acquisition of spatio-
temporal resolved information, such as imaging of fast trafficking
events with high morphological resolution, several microscopy
methods to image one and the same specimen need to be com-
bined [18]. For example, carrier budding at the trans-Golgi net-
work (TGN) was visualized and followed by correlation of light
and electron microscopy (CLEM) [19, 20].

Allin all, correlative microscopy provides a unique possibility to
combine the particular strength of each microscopic approach and
compensate for its specific limitations. In order to achieve a balance
between high throughput, time efficiency, and data depth, we have
recently developed a correlative screening microscopy platform
[17]. The sample is initially imaged by low-resolution screening
microscopy, objects of the potential interest are examined manually
or automatically and their positions relocated to high-resolution
microscope system of choice (Fig. 1). This can be achieved either by
referencing the sample based on specific markers on the slide itself
or by using the fluorescence signal of the specimen. In our case the
individual cells and their spatial distribution serve as the reference
points, which can be identified in any microscope system and thus
be used as anchor points for a coordinate transformation.

Here, we demonstrate advantages of correlative wide-field and
ASTORM microscopy to assess alterations of cis- and trans-Golgi
when several Golgi-localized proteins are downregulated by RNAi
(RNA interference). One of them is Golgi matrix protein, golgin-97
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Fig. 1 Schematic overview of the workflow of the correlative microscopy. A multi-well plate (a) is imaged in
multiple positions/well (b). Scale bar in (b): 500 pm. Within these single images, representative cells are
selected for super-resolution imaging (white arrowhead in ¢). Scale bar in (c): 50 pm. The sample is trans-
ferred to a super-resolution imaging capable microscope and referenced in order to find back the marked
positions. For each marked cell, a regular wide-field image (63x magnification) of the Golgi complex is
acquired (d) (scale bar: 5 um), after that, the same region is acquired and reconstructed in super-resolution
mode as shown in (e)

[21], which mediates bidirectional endosomes-to-TGN trafficking
[22, 23]. It was reported, that depletion of golgin-97 by the micro-
injected antibody induced strong fragmentation of the whole Golgi
complex [23]. siRNA-mediated downregulation removed more
than 75% of the protein, but little changes on the Golgi complex
were observed by a wide-field microscopy [22, 23]. The observation
was attributed to the fact that the remaining amounts of golgin-97
are sufficient to maintain the structure of the Golgi complex. In
contrast, ASTORM imaging of cells after downregulation of golgin
97 with the respective siRNAs revealed a disorganization of the
compact Golgi complex (Fig. 2), indicating that the morphology of
the organelle and the expression levels of golgin-97 are closely
related. Another analyzed protein, AP3S1, is a subunit of AP-3
adaptor complex, which localizes to the TGN and endosomes [24,
25]. AP-3 plays a role in TGN-lysosome and endosome-lysosome
trafficking [25-27]. Whether RNAi-mediated depletion of AP-3
induces changes of the Golgi complex was not tested before. The
alterations are plausible as downregulation of the other TGN-
localized adaptor complex, namely, AP-1, induces a strong fragmen-
tation of the Golgi complex [28]. Similar to golgin-97, depletion
of AP3S1 induced mild changes of the Golgi that are hardly visible
in a wide-field modus, but are clearly identifiable in ASTORM.
Simultaneous downregulation of golgin-97 and AP3S1 induced an
additive effect: extension and simultaneous fragmentation of the
Golgi ribbon. This finding suggests a possibility that both proteins
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“AR-3 andugolgirl

Fig. 2 dSTORM reveals mild alterations of the Golgi complex induced by the downregulation of golgin-97 and
AP3S1. Hela cells were transfected with siRNAs targeting golgin-97 and AP3S1, incubated for 48 h, fixed and
stained with the Golgi markers labeling cis- and frans-network (Subheading 2.1, item 2). Images taken by a
wide-field microscopy are shown on the /left side of the figure (scale bar: 50 um). The selected cells (marked
by the arrowheads) were repeatedly imaged by a wide-field microscopy and dSTORM (right side of the figure,
scale bars: 5 pm) for resolving of the potential changes of the Golgi complex under the conditions of RNAI.
Arrows indicate differential distribution of cis- and frans-Golgi markers
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might be functionally related more that it is currently anticipated.
The alterations are recognizable in a wide-field microscopy, how-
ever, differential redistribution of cis- and #rans-Golgi markers are
visible only in higher resolution (indicated by arrows in Fig. 2). In
cells treated with the negative siRNA Golgi complex remains com-
pact with well-resolved cis- and trans-sides by ASTORM.

2 Materials
2.1 Assay for the

Golgi Gomplex
Integrity

2.2 dSTORM Imaging

1. HeLa cells ATCC (CCL-2) growing in DMEM containing
10% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin in 8-well p-slide (Ibidi, Germany).

2. Mouse monoclonal anti-GM130 (BD Transduction Laboratories).
3. Sheep polyclonal anti-TNG46 antibodies (AbD Serotec).

4. Anti-mouse and anti-sheep antibodies conjugates to Alexa
Fluor® 532 and Alexa Fluor® 647 (Thermo Fisher Scientific)
(see Note 1).

5. Hoechst 33342 at the final concentration 0.1 pg/ml (in PBS).
6. 0.1% Triton X-100 in PBS.
7. 3% paraformaldehyde in PBS, pH 7 4.

1. Switching buffer consists of 100 mM mercaptoethanol solu-
tion in PBS.

3 Methods

3.1 RNAi to Observe
Changes of the Golgi
Gomplex

3.2 Immunofluore
scence Methods

1. Plate 70009000 HelLa cells/well in the 8-well p-slide con-
taining 300 pl of the growth medium/well and incubate for
24 h at 37 °C.

2. Transfect cells with 50 nM end concentration of single or com-
bined siRNAs using Lipofectamine 2000 or equivalent reagent
according the protocol provided by the manufactures (see
Note 2). Incubate transfected cells for 48 h before fixation
with 3% paraformaldehyde in PBS for 20 min at RT and per-
meabilize with Triton X-100 for 5 min at RT prior immuno-
fluorescence staining (see Note 3).

1. Endogenous proteins localized to the cis- and trans-Golgi are
visualized by immunostaining with mouse monoclonal anti-
GM130 and sheep polyclonal anti-TNG46 antibodies, respec-
tively, and anti-mouse antibodies conjugates to Alexa Fluor®
532 and anti-sheep antibodies conjugated to Alexa Fluor® 647.

2. Stain cell nuclei with Hoechst 33342 for 5 min at RT.
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3.3 Wide-Field 1.

Microscopy

3.4 Cell Referencing 1.

and Coordinate
Transfer

For the fast imaging of the sample, an Olympus IX81 ScanR
system (Olympus, Germany) was used with a 20x magnifying
objective (Olympus UPlanSApo, NA 0.75).

. The gradient based software autofocus was done in the Hoechst

color channel (405 nm for excitation) in two steps to find the
plane of the nuclei: first, a coarse search for a maximum of the
gradient function was performed over an axial range of +60 pm
in 6 pm steps. Then at the position of the maximum fine focus-
ing was performed the same way over an axial range of +10 pm
in 0.8 pm steps.

. Three color channels for Hoechst, Alexa Fluor® 532 and Alexa

Fluor® 647 staining were recorded at center wavelengths for
detection of 465, 532 nm and 647 nm to visualize the nucleus,
cis- and trans-Golgi.

. In every well, cells were imaged with an overlap between adja-

cent images of 10% resulting in 396 sub-positions in order to
cover the central area of each well (see Note 4).

The cells with the altered Golgi were marked manually based
upon visual inspection of wide-field images in Image] (see
Note 5). The coordinates of the cells along with the accord-
ing source image names were saved in a text file.

. The sample was transferred to a Leica SP5 confocal microscope

with an additional localization microscopy unit (see Note 6).

. Cell coordinates were matched by using nuclei as a referencing

structure. In the center of each well, one wide-field image was
acquired of the Hoechst stain. These images (target images)
were scaled and rotated in order to match the previously
acquired images from the Olympus IX81 microscope (source
images). Each image was normalized and cross-correlated via
an Image] macro with all the previously acquired images of
each well. At the position of the best match between source
and target image the resulting cross-correlated image shows a
global maximum. This position is recorded along with the
respective source and target image and describes the offset
between these two images (see Note 7).

. From the list of associated source and target images along with

the offset between these obtained by the cross-correlation, the
three pairs providing the best matches (highest maxima) were
used as reference points for a coordinate transfer function. By
this function the coordinates of the identified cells of interest
determined in the images of the IX81 microscope system
(stage position of the image + position of the cell within the
image) could be transferred to the SP5 system (position of the
motorized stage in order to put the cell of interest in the center
of the field of view).
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1. For ASTORM imaging of the Alexa Fluor® 647 and Alexa
Fluor® 532 a modified Leica SP5 system with custom adapted
wide-field detection and laser illumination was used (Fig. 3)
(see Note 8).

2. For ASTORM sample illumination a custom build TIRF laser
illumination was used (see Note 9). This comprises a laser com-
biner box (wavelengths 405 nm, 488 nm, 515 nm, 561 nm,
and 647 nm), beam expansion and a movable mirror integrated
in a microbench coupled to the backward illumination port
(P2 in Fig. 3) of the microscope stand. Images were acquired
by a Hamamatsu OrcaFlash4.0 sCMOS camera mounted to the
sideward wide-field port (P3 in Fig. 3) of the microscope stand.

3. PBS medium in the fixed sample was replaced with switching
bufter shortly before imaging (Subheading 2.2).

4. Based on the coordinate transfer function (Subheading 3.4,
step 4) a coordinate list for the cells of interest was generated
which could be loaded in the LAS-AF software controlling the
Leica SP5. Within this software the respective cell positions
could be selected. This triggered the microscope stage to move
to the appropriate position.

5. Prior to 4ASTORM imaging (and thus bleaching of the stain-
ing) wide-field images of both channels were acquired at low
illumination intensities at the same lateral and axial position in
for comparison.

Leica SP5 | '
microscope i objective, E
stand ! sample '
i i
: L
t | oM [f—edP2 H 5%
i : combiner
i i
: :
SP5 1 i
confocal  |= P1 ==t P3 |- SCMOS
unit . Qi | camera
E <- switch -> !
Lo J

Fig. 3 Schematic of the setup used for super-resolution microscopy. A Leica SP5
confocal microscope is used for super-resolution microscopy, which comprises
an additional dichroic filter changer (DM) and a switch for change between con-
focal excitation and detection or wide-field detection. For the confocal operation,
the dichroic filter is moved out of the beam path and the switch set to the confo-
cal path (port P1). For super-resolution microscopy, the dichroic is placed in the
beam path. Additional laser illumination is coupled into the microscope stand via
port P2. The switch is set to wide-field detection via port P3 and the fluorescence
signal is registered by a sCMOS camera
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6. For ASTORM imaging of the Alexa Fluor® 647 stain, the
647 nm laser intensity was raised to 140 mW and an imaging
sequence of 3000 images with 50 ms integration time for each
frame was acquired.

7. Laser and filter settings were switched to 515 nm excitation
(150 mW) and an image sequence for the Alexa Fluor® 532
stain was acquired using the same imaging parameters.

8. Images were reconstructed with the open source Image] plu-
gin QuickPALM [29]. This plugin analyzes the recorded image
sequence frame by frame and determines the center positions
of the individual single molecule fluorescence signals within
each frame. The analysis was started by selecting
Analyze > QuickPALM > Analyze Particles in Image]. Various
parameters were set, like minimum signal-to-noise ratio (SNR):
4, width of the estimated single molecule signal distribution:
3 pixel and pixel size of the camera: 106 nm, in agreement to
the used fluorophores and camera, respectively. QuickPALM
offers further possibilities for 3D estimation and image render-
ing, but these functions have not been used in the presented
application, and therefore are not described. Position data is
stored in a file and can be represented as 2D reconstructed
image like shown in Fig. le (see Note 10).

4 Notes

1. The secondary fluorophores were chosen to be compatible
with and well-resolved by both wide-field microscopy and
ASTORM. The indicated dyes are not the only possible pair as
ASTORM is applicable to a broad range of fluorescent dyes
and proteins [17, 30-32].

2. Transfection method largely depends on the used cells and the
molecules that needs to be transfected (e.g., siRNAs or cDNAs),
and is not limited to the usage of Lipofectamine 2000. For
example, similar or even higher transfection rates for siRNAs in
HeLa cells can be achieved with Lipofectamine RNAIMAX
(Thermo Fisher Scientific) or HiPerFect (Qiagen).

3. Permeabilization of cells can be achieved via different methods
and the choice of the method depends on the intracellular epi-
topes. For example, anti-TGN46 antibody can be used in cells
permeabilized with Triton and methanol, whereas, anti-GM130
(both antibodies from the provider described here) does not
result in a good staining in cells fixed with methanol.

4. Wide-field imaging of all samples needs to be done at the same
well positions to secure consistent object registration and
coordinate transfer.
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5. Manual or automatic identification of cells of interest can be
performed using any software as long as the position informa-
tion within the source images can be retrieved.

6. Any type of wide-field or confocal microscope can be used as
long as it has a motorized sample stage and is capable to per-
form automatic image acquisition.

7. For referencing the images of both microscope systems have to
be matched in terms of scaling, offset, and rotation. In some
cases anisotrope or other distortions have also to be accounted
for, but usually an affine transformation is sufficient in order to
describe the relationship between both images. Generally only
sufficiently large parts of the images have to overlap in order to
determine the transfer function.

8. For single molecule localization based super-resolution
microscopy the usage of Leica SP5 system is not obligatory.
Usually, a wide-field laser illumination with sufficient power
(e.g., 647 nm laser of 150 mW) to induce fluorophore pho-
toswitching can be used. In addition, a wide-field detection
with improved signal-to-noise ratio is needed (e.g., EM-CCD
camera).

9. In order to remove background signal coming from off-focus
planes, restricting the plane of illumination by SPIM [33] or
TIRF is recommended.

10. Image sequences can also be analyzed by other software or
Image] plugins, such as ThunderSTORM [34], which fits a
model function to the intensity distribution. As a result,
QuickPALM vyields a quick result for the inspection and the
quality control of the experiment. ThunderSTORM provides
more precise localization of the single fluorophores. In
ThunderSTORM, camera parameters have to be set prior to
analysis. For the analysis itself, default parameters can be
taken. For in depth description please refer to the documenta-
tion. A list of coordinates is also generated which can be post-
processed in order to get rid of coordinates with insufficient
localization accuracy or are too broad to be a single molecule
signal, for instance.
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Chapter 10

Activity Detection of GalNAc Transferases by Protein-
Based Fluorescence Sensors In Vivo

Lina Song, Collin Bachert, and Adam D. Linstedt

Abstract

Mucin-type O-glycosylation occurring in the Golgi apparatus is an important protein posttranslational
modification initiated by up to 20 GalNAc-transferase isozymes with largely distinct substrate specificities.
Regulation of this enzyme family affects a vast array of proteins transiting the secretory pathway and mis-
regulation causes human diseases. Here we describe the use of protein-based fluorescence sensors that
traffic in the secretory pathway to monitor GalNAc-transferase activity in living cells. The sensors can
either be “pan” or isozyme specific.

Key words O-glycosylation, GalNAc transferase, Fluorescent biosensor, Fluorescence-activating
protein

1 Introduction

Glycosylation enzymes change the surface characteristics of their
protein substrates by appending or modifying carbohydrate chains
termed glycans. Glycans impact protein solubility, stability, and
interactions [1-3]. Mucin-type O-glycosylation is a large and
important subgroup defined by the initial reaction in which
N-acetylgalactosamine (GalNAc) is transferred to the hydroxyl
group of serine or threonine (and possibly tyrosine) by UDP- N-
acetyl-a-D-galactosamine  polypeptide ~ N-acetylgalactosaminyl
transferases (GalNAc transferases). This occurs on secretory cargo
as it passes through the Golgi apparatus and other Golgi-localized
enzymes extend the glycan by further additions of individual
monosaccharides. While one or two isoforms exist for each of the
enzymes mediating chain extension, there are up to 20 distinct
genes encoding GalNAc-transferase isozymes in humans, each with
at least partial substrate selectivity [4]. Collectively, the isozymes
modify a vast number of substrates and they are already linked to a
significant number of medical syndromes [1, 5-8].
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Despite their biological and medical significance, assays have
been lacking that monitor GalNAc-transferase activity in living cells
and there are no known inhibitors. Therefore, we developed cell-
based fluorescence sensors that are particularly sensitive to inhibi-
tion of GalNAc-transferase activity [9, 10]. They are transfectable
constructs encoding proteins that traffic to the cell surface and
become fluorescent if their glycosylation is inhibited. In brief, each
sensor has a fluorescence activating protein domain (FAP) followed
by a linker to a blocking domain that occludes dimerization neces-
sary for binding of the dye malachite green to the FAP (Fig. 1). The
dye itself is nonfluorescent and only becomes fluorescent when
bound to the FAP [11]. Within the linker is a glycan acceptor site
next to a furin protease site. Because GalNAc-transferases are local-
ized to the cis/medial Golgi and furin is localized to the TGN,
glycan addition occurs before, and therefore sterically blocks, pro-
cessing by furin leaving the sensor inactive. Extending enzymes also
act before furin and contribute to glycan-masking (see Note 1).
However, if the GalNAc-transferase activity is inhibited, the entire
glycan is absent and furin cleaves the linker releasing the blocking
domain and allowing dye activation. The sensors are ratiometric
because they also contain a fluorescent protein domain.

Signal Linker T™MD
| | I

N|W|®W BD i FAP m ® @ GFP|C

HA Myc

Zalill Activated MG

GFP | GFP

4

Fig. 1 Sensor schematic. The linear diagram (not to scale) depicts the N-terminal cleaved signal sequence,
tandem HA epitopes, blocking domain (BD), linker, fluorescence-activating protein (FAP), myc epitope, trans-
membrane domain (TMD), and fluorescent protein domain (GFP). The cartoon shows an intact sensor on the
left with adjacent GalNAc-transferase and furin sites in the linker such that GalNAc addition masks the furin
site. Reduced GalNAc-T activity allows furin cleavage releasing the BD. As shown on the right, the FAP then
dimerizes and binds and activates the dye malachite green (MG). The signal is read as the MG—GFP ratio
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There are two critical aspects regarding sensor function. First,
the sequence of the glycan acceptor site can either be “pan” or iso-
zyme specific. The pan-specific version contains a minimal sequence
recognized by GalNAc-transferases [12]. Although not confirmed
for every isozyme, it should be recognized as a substrate by most if
not all [13, 14]. For the isozyme-specific versions, the sequences
are tailor-made for selective recognition by individual isozymes. At
present only T2- and T3-specific versions are available. Their accep-
tor sequences were derived from known T2 or T3 substrates and
then modified to improve selectivity [6, 10, 13, 15, 16]. The sec-
ond critical aspect is that the starting or ground state signal can be
significantly greater than true background (where true background
is determined by mutating the furin site). This is advantageous if
the desire is to assay enzyme activation. A less than optimal glyco-
sylation site results in incomplete glycosylation and therefore an
increased starting signal. Conditions upregulating enzyme activity
will then lower the signal. Thus, although the sensors were designed
to assay for inhibitors, they can be further modified and used to
monitor changes in GalNAc-transferase activity in either direction.

2 Materials

2.1 CGell Culture

2.2 Confocal Assay

2.3 Flow
Cytometry Assay

1. HEK293 cells.

2. HEK293 growth medium: minimal essential medium containing
10% fetal bovine serum and 100 IU /ml penicillin—streptomycin.
Store at 4 °C. Use in 5% humidified CO, incubator at 37 °C.

3. Malachite Green-11p-NH2 (MGI11P) (Sharp Edge Labs,
Pittsburgh, PA) (see Note 2): Reconstitute at 110 pM (1000x
stock) in 95 % methanol, 5% acetic acid. Store at 4 °C in the dark.

4. MEM without phenol red: Adjust to 110 nM MGI1P just
before use.

5. EDTA/PBS: Reconstitute 8 g NaCl, 0.2 g KCI, 0916 g
Na,HPOy,, and 0.2 g KH,PO, in 1 L water at pH 7.3. Add
2.081 g EDTA (5 mM final concentration) and adjust pH, if
necessary. Adjust to 110 nM MGI11P just before use.

1. Live cell imaging chamber (or glass bottom dishes) and
inverted confocal microscope equipped with a 40x oil immer-
sion objective and 488 nm and 633 nm filter sets (see Note 3).

2. Image analysis software (e.g., Image], http: //imagej.nih.gov/ij/).

1. 96-well flat-bottom plastic dishes.
2. EDTA/PBS containing 110nM MGI1P.

3. Flow cytometer equipped to read at 488 nm and 640 nm (see
Note 3) and accompanying software.


http://imagej.nih.gov/ij/
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3 Methods

3.1 Assay GalNAc-T
Activity Using
Biosensor and
Gonfocal Microscopy

Below are two protocols for use of the GalNAc transferase biosen-
sors. The first uses live-cell fluorescence microscopy and the second
employs flow cytometry. Flow cytometry is preferred because a
large number of cells are readily quantified for each condition and
multi-well dishes can be used allowing a large number of conditions
to be tested (e.g., high-throughput screening). The sensors can also
be analyzed using immunoblotting if biochemical verification is
desired (see Note 4). As a starting point, each protocol requires at
least 3 cell lines: experimental, negative control and positive con-
trol. The experimental cell line(s) stably express the GalNAc-T
biosensor(s) of interest. The linker sequence in these will contain
either the pan-specific glycan acceptor site or one of the isozyme
specific acceptor sites. The signal produced can be compared for
differing conditions and normalized to the controls for comparison
with other sensor signals. For the negative control, either untrans-
fected cells or, optimally, cells stably expressing a matched version
of the sensor with a mutated furin acceptor site (AFur) is used. This
cell line will establish the true background, i.e., the signal in the
absence of any cleavage, which theoretically corresponds to com-
plete glycosylation of all sensor molecules. The positive control is a
cell line expressing a matched sensor with a mutated glycan accep-
tor site (AGly). This cell line will establish the maximal possible
signal given that it cannot be glycosylated. The protocols are
described for use of the preexisting HEK293 cell lines expressing
pan-, T2-) and T3-specific sensors and their matched controls.
However, the linker sequence can be modified to produce new
specificities (see Note 5). Also, the assay should work in most, if not
all, cell lines but each cell type may require minor modifications in
cell handling. After processing in the Golgi the sensor accumulates
on the cell surface. It takes a minimum of 3 h to develop a strong
surface signal, so, after a test condition, a period of at least this
duration should be allowed before the cells are analyzed [10].

1. Pass the cell lines (AFur, biosensor, AGly) to achieve 50 % con-
fluence on coverslips for imaging chamber or in glass bottom
dishes and incubate for 24 h (see Note 6).

2. Transfer cells to pre-warmed MEM without phenol red and
containing 110 nM MGI1P dye.

3. Mount on confocal microscope equipped with a 40x objective
(e.g., LSM 510 Meta DuoScan Spectral Confocal Microscope).
Use identical confocal settings for all data collection within the
experiment (see Note 7). Focus using the GFP (488 nm) chan-
nel to yield sharp cell surface outlines of the near confluent
cells (Fig. 2). There should be about 100 cells per field. Acquire
a single optical section using both the GFP and MG (633 nm)
channels. Repeat for at least eight separate fields per coverslip.
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Merge

Fig. 2 Fluorescence microscopy data. The figure compares cells expressing the T3 biosensor (upper row) to
those expressing its activated AGly version (lower row) in the indicated channels

3.2 Assay GalNAc-T

Activity Using
Biosensor and Multi-
well Format
Flow-Cytometry

4.

1.

2.

To quantify, for each two-channel image define several regions of
interest outside the cells. For each channel in each image, deter-
mine the average intensity value in these non-cell areas and use
the highest value as the background. For each channel in each
image, subtract the background value from all pixels (uniform
subtraction). Next, in the GFP channel of each image, use auto
threshold to define a threshold and select all above-threshold pix-
els. Record the average intensity value for these pixels for both
the GFP and MG channels. The signal for that image is then
expressed as the MG—GFP ratio. Repeat for all eight two-channel
images per coverslip. The average of the eight ratios is then the
value for a single condition in a single experiment.

. Comparison of these values between AFur, the biosensor, and

AGly will typically yield a low signal for the biosensor, an even
lower signal for AFur and a much greater value for AGly. To
normalize the values for comparison with other sensors sub-
tract the background (AFur or untransfected) and then divide
by the positive control (AGly).

Pass the cell lines (AFur, biosensor, AGly) at 50,000 cells /well
into 96-well plates (0.2 ml/well).

After 24 h replace the medium with 0.1 ml of the EDTA/PBS
solution containing 110 nM MG dye and return to incubator
for 5 min (see Note 6).
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3. Suspend cells by pipetting each well up and down 2-3 times
with a multichannel pipette with 200 pl tips. Mount plate on
flow cytometry instrument (e.g., BD Accuri™ C6 Flow
Cytometer). Collect data for 10,000 cells per well using GFP
(488 nm) and MG (640 nm) channels (Fig. 3).

4. To quantify, first determine the background. Calculate the
geometric mean of values for each channel of each well of the
untransfected or AFur cells (at least 3 wells). Use the average
of these means (one for each channel) as the background val-
ues. Next, for each remaining well, determine the geometric
mean of the values for each channel. Subtract the channel-spe-
cific background values and then calculate the MG-GEP ratio
tor each well. Averages of these values for multiple trials are
then used for comparison.

5. Again, there should be a low signal for the biosensor, an even
lower signal for AFur (equal to background) and a much
greater value for AGly. To normalize the values for comparison
with other sensors subtract the background (untransfected or
AFur) and then divide by the positive control (AGly).

4 Notes

1. Glycan masking of adjacent protease-processing sites can occur
upon addition of a single GalNAc [13, 15] but the current sen-
sors show variable requirements for chain extension. The pan-
and T3-specific sensors appear to require extension whereas
the T2-specific sensor does not [9, 10].

2. The protocols utilize a membrane impermeant version of the
dye and therefore yield surface staining. A membrane permeant
version can be used but also yields predominate surface staining

T3 Biosensor AGly Overlay
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Fig. 3 Flow cytometry data. Shown are scatter plots for the T3 biosensor (/eff), its activated AGly version
(middle), and an overlay. Axes are 488 nm channel (X) and 633 nm channel (Y)
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because processing of the biosensor by furin occurs just before
its exit from the Golgi. A Golgi signal can be detected if this
exit is blocked (e.g., by cell incubation at 20 °C).

. Excitation and emission spectra for MG11P can be found at
http://www.mbic.cmu.edu/images/datasheet/MG-11p-
NH2-info_rev21.pdf.

. Cleavage of the sensor is readily assayed by immunoblot [9].
Briefly, cell lysate proteins are separated by SDS-PAGE, trans-
terred to nitrocellulose and blotted with anti-GFP antibodies to
detect uncleaved (&80 kD) and cleaved (~60 kD) portions of
the sensor. (The missing fragment is secreted into the cell media
and detectable with anti-HA antibodies.) Quantify the cleaved
fragment as a percent of total. The biosensor should give a
value slightly higher than AFur and much lower than AGly.

. Optional linker modification. The sensor plasmids [9, 10] each
contain in-frame fusions encoding a signal sequence, a block-
ing domain (HI4 heavy chain, [17]), a linker with furin and
glycosylation sites, a FAP (L5*, [11]), the myc tag, a trans-
membrane domain from PDGFR, and either a Venus or GFP
domain. The version with the pan-specific glycan acceptor site
has a linker with the sequence 5’-¢ tcg aga aag aag aga tct acc
cceoget cca get cca tce ggt gge ggt gge age-3’ encoding
NSRKKRSTPAPS where RKKR is the furin site and TPAP
comprises the glycan site. To modity selectivity of the sensor,
point mutations can be introduced or the entire linker can be
substituted with another sequence encoding a glycan acceptor
and protease-processing site. The optimal candidates are sub-
strate sequence stretches known to be regulated by glycan
masking by a particular GalNAc transferase. In either case,
results from published in vitro assays establishing sequence
preferences of particular GalNAc transferases [13, 15] can be
used to guide further mutagenesis to optimize sensor function
[10]. Transient expression can be used for initial tests but ulti-
mately stable cell lines will need to be generated to insure uni-
form and strong surface expression of the sensors. For any new
version, comparison of its signal with and without an intact
glycan acceptor site will test its effectiveness. Strong sensors
yield maximal activation of 500-fold or more [10]. To confirm
isoform specificity of a new sensor, one needs to show that it is
strongly activated in cells lacking the particular GalNAc trans-
ferase isoform [10]. Genomic editing or RNA interference can
be used to suppress expression of the particular isoform.

. Time after passage can be varied to achieve the desired density.
Note that trypsin treatment to passage the cells degrades the
surface population of sensor molecules. A minimum of 3 h and
a recommended time of at least 6 h post-passage should be
used to repopulate the cell surface. Cell release with EDTA/
PBS (for passage or analysis) avoids this issue.


http://www.mbic.cmu.edu/images/datasheet/MG-11p-NH2-info_rev21.pdf
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7. The intensity of the lasers should be adjusted to ensure maxi-
mum sensitivity without saturation. This will depend on
expression level, but matched control and experimental sen-
sors should always be analyzed with identical settings.
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Chapter 11

In Situ Proximity Ligation Assay (PLA) Analysis of Protein
Complexes Formed Between Golgi-Resident, Glycosylation-
Related Transporters and Transferases in Adherent
Mammalian Cell Cultures

Dorota Maszczak-Seneczko, Paulina Sosicka, Teresa Olczak,
and Mariusz Olczak

Abstract

In situ proximity ligation assay (PLA) is a novel, revolutionary technique that can be employed to visualize
protein complexes in fixed cells and tissues. This approach enables demonstration of close (i.e., up to
40 nm) proximity between any two proteins of interest that can be detected using a pair of specific anti-
bodies that have been raised in distinct species. Primary antibodies bound to the target proteins are subse-
quently recognized by two PLA probes, i.c., secondary antibodies conjugated with oligonucleotides that
anneal when brought into close proximity in the presence of two connector oligonucleotides and a DNA
ligase forming a circular DNA molecule. In the next step, the resulting circular DNA is amplified by a roll-
ing circle polymerase. Finally, fluorescent oligonucleotide probes hybridize to complementary fragments
of the amplified DNA molecule, forming a typical, spot-like pattern of PLA signal that reflects subcellular
localization of protein complexes. Here we describe the use of in situ PLA in adherent cultures of mam-
malian cells in order to visualize interactions between Golgi-resident, functionally related glycosyltransfer-
ases and nucleotide sugar transporters relevant to N-glycan biosynthesis.

Key words In situ proximity ligation assay (PLA), Primary antibodies, Oligonucleotide annealing,
DNA amplification, Fluorescence detection, Golgi membrane, Glycosyltransferases, Nucleotide sugar
transporters

1 Introduction

The in situ proximity ligation assay (PLA) is a versatile and sensi-
tive technique enabling detection and visualization of close (i.e.,
up to 40 nm) proximity or interaction between any two biomole-
cules that can be specifically recognized by primary antibodies. In
situ PLA not only demonstrates that an interaction occurs, but—as
the name suggests—it also reveals its cellular context. Moreover,
since PLA involves the phenomenon of DNA amplification, it

William J. Brown (ed.), The Golgi Complex: Methods and Protocols, Methods in Molecular Biology, vol. 1496,
DOI 10.1007/978-1-4939-6463-5_11, © Springer Science+Business Media New York 2016

133



134

Dorota Maszczak-Seneczko et al.

enables detection of extremely low-abundance protein complexes.
PLA was first introduced in 2002 [1] and soon became adapted
towards the in situ procedure [2]. Currently, a kit including all
reagents (except primary antibodies) necessary to conduct the
assay can be purchased from Olink Biosciences (http://www.
olink.com) as well as its local representatives.

The first step of the in situ PLA involves dual binding of pri-
mary antibodies raised in distinct species to adjacent epitopes that
are either exposed on the same protein molecule or contained
within two proteins constituting part of a complex. In the second
step a pair of species-selective, oligonucleotide-conjugated second-
ary antibodies, i.e., PLA probes PLUS and MINUS, is applied. This
event is followed by the addition of two linear connector oligonu-
cleotides, which use PLA probes as hybridization templates. Upon
the addition of a DNA ligase a continuous circular DNA molecule
is formed and the oligonucleotide attached to PLA probe PLUS is
subsequently used to prime a rolling circle amplification reaction
catalyzed by the Phi29 DNA polymerase. This event results in the
formation of a single-stranded, concatemeric DNA product that
adopts a bundle-like structure being a stable extension of the PLA
probe PLUS. The final step involves the addition of fluorophore-
labeled oligonucleotide detection probes, which are complemen-
tary to multiple sequences generated upon rolling circle amplification
and thus can hybridize to them. The successfully conducted assay
results in a PLA signal with a characteristic appearance of discrete,
bright, fluorescent, submicrometer-size spots that can be easily
detected by means of fluorescence microscopy. Each PLA spot cor-
responds to an individual pair of closely located or interacting pro-
teins revealed by a single rolling circle amplification product labeled
with several hundred fluorophore molecules. The outline of the in
situ PLA procedure is depicted in Fig. 1 and reflects the ‘indirect’
detection method (i.e., unlabeled primary antibodies are subse-
quently recognized by respective PLA probes). ‘Direct’ detection is
also possible to perform, but an effort of conjugating both primary
antibodies with respective oligonucleotides has to be made in the
first place so that use of PLA probes is not required any more.

In situ PLA was primarily intended to detect close proximity
between proteins that are endogenously expressed by cells and tis-
sues [e.g., refs. 3—6]. This strategy appears convenient to conduct,
since it requires no genetic manipulations. However, in several cases
it cannot be executed. First, there is no primary antibody directed
against protein(s) of interest available on the market. Second, it
might turn out that the dedicated antibody either does not work
properlyintheparticularcelllinemodelused orisimmunofluorescence-
incompatible in general. Finally, cells may produce alternative iso-
forms (e.g., splice variants) of the same protein that share a common
epitope and therefore cannot be distinguished upon binding of an
individual primary antibody. The enumerated impediments may be
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Fig. 1 A schematic, simplified representation of the PLA procedure performed towards a pair of recombinant,
Golgi-resident, glycosylation-related transmembrane proteins that have been N-terminally tagged with distinct
epitopes (marked in red and dark blue, respectively). The glycosyltransferase is marked in yellow, and the
nucleotide sugar transporter is marked in green. The results anticipated at different molecular levels for both
positive (panel a) and negative (panel b) combinations are shown. A detailed description of individual PLA
steps can be found in the Subheading 1. The two connector oligonucleotides are depicted as purple squares,
and the PLA signal is represented by a series of light green circles arranged along the rolling circle amplifica-
tion product as well as selected Golgi cisternae
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readily overcome by in situ PLA detection of transiently expressed,
epitope-tagged interaction partners, an approach which was pio-
neered by Gajadhar and Guha in 2009 [7].

In our hands in situ PLA turned out to be an extremely useful
technique for studying protein complexes formed by transmem-
brane proteins involved in the Golgi-dependent phenomenon of
N-glycosylation, i.e., specific glycosyltransferases and nucleotide
sugar transporters [8]. The hereby presented protocol allows indi-
rect detection of close proximity between these two types of pro-
teins in three main configurations: (1) both interaction partners are
expressed exogenously as epitope-tagged fusion proteins (exoge-
nous PLA), (2) the glycosyltransferase is expressed endogenously
and the nucleotide sugar transporter is expressed exogenously as an
epitope-tagged fusion protein (semi-endogenous PLA), (3) both
interaction partners are expressed endogenously (endogenous
PLA). Typical results obtained for each of these configurations as
well as for the corresponding controls are also presented (see Fig. 2).

Anti-Mgat1/FLAG + No primary Anti-SLC35A3/HA
Anti-SLC35A3/HA antibody only

o ! - -
Golgi membrane "
—

Fig. 2 Representative in situ PLA results obtained for alpha-1,3-mannosyl-glycoprotein 2-beta-N-
acetylglucosaminyltransferase (Mgat1) and UDP-N-acetylglucosamine transporter (SLC35A3). Three PLA con-
figurations are schematically represented in the /eft panel as follows: A, endogenous PLA; B, semi-endogenous
PLA; C, exogenous PLA. In endogenous configuration both Mgat1 and SLC35A3 were endogenously expressed.
In semi-endogenous configuration Mgat1 was endogenously expressed, while SLC35A3 was exogenously
expressed with N-terminally attached HA epitope. In exogenous configuration both Mgat1 and SLC35A3 were
exogenously expressed with N-terminally attached FLAG and HA epitopes, respectively. A1-C1, positive sam-
ples; A2-C2, negative controls where both primary antibodies were omitted; A3-C3, negative controls where
one of the primary antibodies was omitted. Endogenous and semi-endogenous PLAs were performed using
PC-3 cells, while exogenous PLA was performed using MDCK-RCA' cells. Bar, 20 um
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2 Materials

Table 1

11.

12.

13.

14.
15.

. An adherent mammalian cell line (e.g., HelLa, HEK293T,

COS-7) readily transfectable by routine means (see Note 1).

. Culture dishes, multiwell plates, serological pipettes and other

cell culture equipment.

. CO; incubator.
. Complete growth medium (e.g., Dulbecco’s Modified Eagle

Medium) supplemented with 10 % heat-inactivated fetal bovine
serum, 4 mM r-glutamine, 100 IU penicillin and 100 pg/ml
streptomycin.

. 8-well chamber slides (e.g., Millipore, LabTek).
. 24 x60 mm glass coverslips.
. Phosphate buffered saline (PBS): 50 mM sodium phosphate

bufter, 150 mM sodium chloride, pH 7 .4.

. Fixative: 4% paraformaldehyde in PBS.
. Permeabilization reagent: 0.1 % Triton X-100 in PBS.
10.

Blocking solution and antibody diluent: 10% normal goat
serum in PBS.

Primary antibodies specific to Golgi-resident transmembrane
proteins of interest (characteristics of all primary antibodies
used by us can be found in Table 1).

Pipettes covering the range from 1 pl to 1000 pl.

Manual repetitive dispenser covering the range from 100 to
200 pl.

High purity water.

Freeze block for enzymes.

Characteristics of recommended primary antibodies

Target protein/epitope Host  Clonality Dilution Vendor
SLC35A2 Rb PAb 1:50 Abcam
SLC35A3 Rb PAb 1:50 Abcam
Mgatl Ms PAb 1:50 Abcam
Mgat2 Ms MADb 1:50 Abnova
Mgat4B Ms PADb 1:50 Abnova
Mgat5 Ms MADb 1:20 R&D Systems

Ms mouse, Rb rabbit, PAb polyclonal antibody, MA& monoclonal antibody
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16.
17.
18.

19.
20.
21.
22.
23.

24.
25.

26.

Vortex.
Humidity chamber (sec Note 2).

Anti-rabbit PLA probe PLUS (5x) and anti-mouse PLA probe
MINUS (5x) (store at 4 °C, see Note 3).

5x Ligation solution (store at =20 °C).
Ligase (1 U/pl, store at -20 °C).

5x Amplification solution (store at —20 °C).
Polymerase (10 U /pl, store at -20 °C).

Duolink In Situ Wash Buffers A and B: dissolve the entire con-
tent of the pouch in 1000 ml of high purity water (store at
4°C).

Duolink In Situ Mounting Medium with DAPI (store at 4 °C).

Fluorescence microscope equipped with (a) excitation/emis-
sion filters compatible with fluorophore used for detection (see
Note 4) and nuclear stain excitation/emission spectra, (b) 40x
and/or 60x oil objectives and (c) image acquisition software.

Software for image processing and analysis, e.g., Image]
(http://rsbweb.nih.gov/ij/) (NIH, Bethesda, MD, USA).

3 Methods

. Prepare the appropriate amount of 8-well chamber slides

depending on the number of samples to be analyzed. Pay
attention to include all possible controls (se¢ Note 5).

. 24 h prior to the PLA experiment subculture the cells as usual,

resuspend the cell pellet in appropriate, complete growth
medium and dispense 200-500 pl aliquots into the desired
number of wells (see Note 6). Allow the cells to attach to the
slide surface either for a few hours or overnight depending on
the adhesive properties of the cell line used.

. Tap oft the growth medium from the slide and wash the slide

with PBS (3 x5 min) (see Note 7).

. Fix the samples with 4% PFA solution in PBS for 20 min at

room temperature.

. Tap off the fixative from the slide.

6. Wash the slide with PBS (3 x5 min).

. Add 0.1% Triton X-100 in PBS to the samples. Incubate the

slides for 5 min at room temperature (se¢ Note 8).

. Tap off the permeabilization solution from the slide.

9. Wash the slide with PBS (3 x5 min).

10.

Block nonspecific binding sites with 10 % normal goat serum in
PBS (see Note 9). Incubate the slides for 1 h at room
temperature.


http://rsbweb.nih.gov/ij/

11.
12.
13.

14.

15.
16.
17.

18.
19.

20.
21.
22.
23.
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Tap off the blocking solution from the slide.
Wash the slide with PBS (3 x5 min).

Prepare the solution of primary antibodies by diluting with
10 % normal goat serum in PBS (see Tables 1 and 2, and Notes
9-12).

Add the primary antibody solution to the samples. Incubate the
slides in a preheated humidity chamber for 2 h at 37 °C (see
Note 12).

Tap off the primary antibody solution from the slide.

Wash the cells with PBS (3 x5 min).

Mix and dilute anti-mouse PLA probe MINUS and anti-rabbit
PLA probe PLUS 1:5 in 10% normal goat serum in PBS (see
Note 13). Allow the mixture to stand for 20 min at room
temperature.

Tap off the primary antibody solution from the slide.

Add the PLA probe solution to the samples. Incubate the
slides in a preheated humidity chamber for 1 h at 37 °C. Use a
mixture of both PLA probes for all control samples as well.
Dilute the Ligation stock 1:5 in high purity water and mix.
Tap oft the PLA probe solution from the slides.

Wash the slides with 1x wash buffer A (2 x5 min).

Remove the Ligase from the freezer using a freezing block
(=20 °C). Immediately before addition to the samples add

Ligase to the Ligation solution obtained in step 20 at a 1:40
dilution and vortex.

Table 2
Volumes of individual reagents required to perform in situ PLA procedure
using cells cultured in one well of an 8-well chamber slide

Volume
Reagent (ul)
PBS and Duolink in situ wash buffers A and B 200
4% paraformaldehyde in PBS 150
0.1% Triton X-100 in PBS 150
10% normal goat serum in PBS 100
Primary antibody solution 100
PLA probe mixture solution 100
Ligation solution 100

Amplification solution 100
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24. Add the Ligation-Ligase solution to each sample. Incubate the
slides in a preheated humidity chamber for 30 min at 37 °C.

Detection Reagents ave light-sensitive; thevefore from this time
all incubation and washing steps should be performed in the dark.

25. Dilute the Amplification stock 1:5 in high purity water and
mix.

26. Tap oft the Ligation-Ligase solution from the slides.
27. Wash the cells with 1x wash buffer A (2 x2 min).

28. Remove the Polymerase from the freezer using a freezing block
(=20 °C). Immediately before addition to the samples add
Polymerase to the Amplification solution obtained in step 25
at a 1:80 dilution and vortex.

29. Add the Amplification-Polymerase solution to each sample.
Incubate the slides in a preheated humidity chamber for
100 min at 37 °C.

30. Tap off the Amplification-Polymerase solution from the slides.
31. Wash the slides with 1x wash buffer B (2 x 10 min).
32. Wash the slides with 0.01x wash buffer B (1 x 1 min).

33. Carefully remove the chamber part and gently mount the slide
onto a 24x60 mm glass coverslip using Duolink In Situ
Mounting Medium with DAPI (see Note 14). Avoid trapping
bubbles between the slide and the coverslip. Seal the edges
with nail polish (see Note 15). Wait for approximately 15 min
before proceeding to imaging.

34. View the slide using a confocal microscope. Use exactly the
same imaging settings for the samples of interest and controls.
Obtain at least 3 images, each showing 3-5 cells. After imag-
ing, store the slides at —20 °C in the dark (see Note 16).

35. Process the acquired images. Use exactly the same processing
mode for the samples of interest and controls. If accurate quanti-
fication of the PLA signal is required, analyze the images using the
Duolink Image Tool (Olink Biosciences) or equivalent software.

4 Notes

1. Either wild type cells or cells exogenously expressing epitope-
tagged fusion protein(s) obtained by means of transfection can
be used depending on the availability, performance and mutual
compatibility of respective primary antibodies.

2. The samples should not be allowed to dry out at any time
before the final step, since it may result in a high background
and severe artifacts. Therefore, it is critically important that
sufficient humidity is ensured during all incubation steps.
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This can be achieved by performing all incubation steps in a
humidity chamber (e.g., a tightly covered small box with
moist paper towels in the bottom). Moreover, we strongly
recommend keeping a moist sheet of paper towel underneath
the cover of the chamber slide during all incubation steps.

3. Anti-rabbit PLA probe PLUS is a secondary antibody conju-
gated to oligonucleotide PLUS, designed to bind in a specific
manner to any rabbit-derived primary antibody. Anti-mouse
PLA probe MINUS is a secondary antibody conjugated to oli-
gonucleotide MINUS, designed to bind in a specific manner
to any mouse-derived primary antibody. An inverse combina-
tion, i.e., anti-rabbit PLA probe MINUS and anti-mouse PLA
probe PLUS can be as well used to detect a pair of rabbit and
mouse primary antibodies. The key issue is that PLA probe
PLUS must always be combined with PLA probe MINUS.

4. Depending on the light sources and filters available on the
microscope, four spectrally difterent Duolink In Situ Detection
Reagents can be used for fluorescent PLA detection (Green,
Orange, Red and FarRed).

5. A positive PLA result can only be considered reliable if all
appropriate controls have been included in the same experi-
ment (i.e., performed in parallel by applying exactly the same
conditions to all the samples analyzed). Ideally, three different
types of controls should be performed. First, a positive control
should be included to verify that the PLA procedure has been
properly conducted. It should involve a pair of primary anti-
bodies targeting epitopes that are known to reside in close
proximity (e.g., two distinct proteins or two distinct epitopes
present within the same protein molecule). Moreover, two
types of negative controls should be performed. The first type,
called the biological control, should include cells that do not
express one or both proteins of interest. While this is relatively
easy to achieve when exogenously expressed, epitope-tagged
proteins are being detected (non-transfected cells may simply
be employed), such a control may be barely accessible when
endogenously expressed proteins are being investigated unless
a corresponding knockout cell line is available. This type of
control allows one to validate the specificity of the primary anti-
bodies used. Finally, a series of technical negative controls
should be performed as follows: (a) the one primary antibody
of'interest is omitted, (b) the other primary antibody of interest
is omitted, (c) both primary antibodies of interest are omitted.
These controls are designed to reveal the background triggered
by the PLA probes themselves in the particular system used.

6. For the majority of cell lines seeding between 30,000 and
40,000 cells per well should result in 70-90% confluency on
the following day, which is optimal for a PLA experiment.
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7.

10.

11.

12.

13.

Use of a manual repetitive dispenser allows one to save time
during washing between consecutive incubation steps. It may
also be used to dispense reagent solutions.

. Efficient permeabilization is critically important when immu-

nostaining of Golgi-resident transmembrane proteins, such as
glycosyltransferases, is being performed, since the correspond-
ing epitopes are often luminally oriented.

. It is of crucial importance to use a proper blocking solution

and antibody diluent. Follow the recommendations from the
vendor of your primary antibodies, if available. If you have pre-
viously optimized your assay in immunofluorescence, use
exactly the same conditions for the in situ PLA procedure. The
hereby suggested antibodies are compatible with 10 % normal
goat serum in PBS used as the blocking solution as well as
antibody diluent. However, a blocking solution and antibody
diluent is included in the PLA probes in a ready-to-use con-
centration for assays involving primary antibodies that have
not been optimized in these terms.

When performing indirect detection, a combination of pri-
mary antibodies raised in different species must always be used
so they can be distinguished by respective PLA probes. Hereby
suggested antibodies are of either rabbit or mouse origin.
However, anti-goat PLA probes PLUS and MINUS are also
available when required. Alternatively, one can perform direct
detection using primary antibodies raised in the same species
that have been previously labeled with PLA oligonucleotide
arms PLUS and MINUS. Direct detection has one major
advantage, namely a decrease in the PLA working distance due
to elimination of an entire layer of reagents, i.e., PLA probes.

A successful result of the PLA procedure strictly relies on the
performance of primary antibodies, which should be of IgG
class, specific for the target to be detected and preferably affin-
ity purified. Either polyclonal or monoclonal antibodies can be
used. If possible, antibodies that are IHC and/or IF classified
should be chosen. Otherwise, it is strongly recommended to
validate each antibody by performing a regular immunofluo-
rescent staining using the same cell line that is intended to be
used in the PLA procedure. Both antibodies should bind to
the target epitopes under the same conditions (fixation, per-
meabilization, blocking reagent, washing buffer, etc.).

It is crucial for the performance of the assay to optimize the con-
ditions for the primary antibodies. These conditions should be
optimized for each cell line used as well, since distinct cell lines
may exhibit significantly different levels of the target proteins.

The bufter conditions for the secondary PLA probes should be
exactly the same as those for the primary antibodies to avoid
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background staining. A diluent for primary antibodies and
PLA probes should also contain the same agent which was
used for blocking of nonspecific binding sites.

It is highly advisable to use Duolink In Situ Mounting Medium
with DAPI for the final preparation of PLA-analyzed slides,
since it is optimal for preservation of the PLA signal. Using
other mounting media may cause several problems including
an insufficient PLA signal or red appearance of nuclei upon
fluorescence excitation.

It is important to remember that Duolink In Situ Mounting
Medium with DAPI does not solidify.

To our best knowledge and experience, slides stored at =20 °C
in the dark for at least several months should not display any
change in the PLA signal intensity. It is extremely important to
use Duolink In Situ Mounting Medium with DAPI in order to
preserve PLA signals if slides are to be stored for extended

periods of time.
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Chapter 12

Creating Knockouts of Conserved Oligomeric Golgi
Complex Subunits Using CRISPR-Mediated Gene Editing
Paired with a Selection Strategy Based on Glycosylation
Defects Associated with Impaired COG Complex Function

Jessica Bailey Blackburn and Viadimir V. Lupashin

Abstract

The conserved oligomeric Golgi (COG) complex is a key evolutionally conserved multisubunit protein
machinery that regulates tethering and fusion of intra-Golgi transport vesicles. The Golgi apparatus specifi-
cally promotes sorting and complex glycosylation of glycoconjugates. Without proper glycosylation and
processing, proteins and lipids will be mislocalized and /or have impaired function. The Golgi glycosylation
machinery is kept in homeostasis by a careful balance of anterograde and retrograde trafficking to ensure
proper localization of the glycosylation enzymes and their substrates. This balance, like other steps of mem-
brane trafficking, is maintained by vesicle trafficking machinery that includes COPI vesicular coat proteins,
SNARE:s, Rabs, and both coiled-coil and multi-subunit vesicular tethers. The COG complex interacts with
other membrane trafficking components and is essential for proper localization of Golgi glycosylation
machinery. Here we describe using CRISPR-mediated gene editing coupled with a phenotype-based selec-
tion strategy directly linked to the COG complex’s role in glycosylation homeostasis to obtain COG com-
plex subunit knockouts (KOs). This has resulted in clonal KOs for each COG subunit in HEK293T cells
and gives the ability to further probe the role of the COG complex in Golgi homeostasis.

Key words CRISPR, COG, Conserved oligomeric Golgi complex, Fluorescently tagged lectins, FAC
sorting, Glycosylation defects, Knockouts, SubAB toxin, Cholera toxin

1 Introduction

The COG complex is a bi-lobed protein complex that has eight
subunits (lobe A: 14 lobe B: 5-8) and functions in retrograde
trafficking of vesicles (containing glycosylation enzymes among
other cargo) at the Golgi apparatus [ 1-6]. Its conservation across
a variety of organisms (yeast, worms, plants, and humans to name
afew)[1,7-11] hints at its crucial role in the cell, and indeed a loss
of function of the COG complex results in a genetic disorder in the
family of Congenital Disorders of Glycosylation (CDG) [12].
These COG associated disorders fall under type II which is

William J. Brown (ed.), The Golgi Complex: Methods and Protocols, Methods in Molecular Biology, vol. 1496,
DOI 10.1007/978-1-4939-6463-5_12, © Springer Science+Business Media New York 2016
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characterized by the improper processing of glycosylated proteins,
presumably due to lack of proper glycosylation enzyme homeosta-
sis. Patients with these disorders exhibit a wide variety of symptoms
due to the many proteins that are dependent upon COG for proper
location and function. Some of these include; issues with clotting,
elevated liver enzymes, mental and growth retardation, seizures,
and—in the most severe cases—lethality within the first year of life
[13, 14]. Additionally, pathogens, such as Chlamydia and HIV, are
known to depend on COG function for their trafficking and sur-
vival in host cells [15-17]. Though it is clear that the COG com-
plex is important for Golgi homeostasis, its specific mechanism of
action is still being elucidated.

One of the main drawbacks of COG complex studies has been
a lack of immortal human cell lines that are deficient in each COG
subunit to provide a clean background for functional assays. The
current work-around for this is to use RNAi approaches to signifi-
cantly reduce protein levels [18-20], or to re-localize over
expressed COG protein to a non-physiological location using a
mitochondrial targeting tag [3].

The following method alleviates this issue by creating immor-
tal human KO cell lines deficient for individual COG complex sub-
units using CRISPR technology paired with a COG deficiency
specific sorting methodology we developed for this project. The
phenotypic differences between the KOs and their parental cell
lines are more numerous and far more drastic than seen in the past
knockdown and re-localization assays used to characterize the
COG complex thus far.

CRISPR-Cas9 gene editing has made a great impact in many
fields since its discovery as a gene editing platform in 2012 [21].
The CRISPR-Cas9 system allows for quick gene KO or modifica-
tion in a highly specific manner by using a single guide RNA
sequence, or sgRNA, of 17-20 base pairs to target bacterial endo-
nuclease Cas9 to create a double strand break in the genomic
DNA. This sgRNA can be any sequence as long as it lies adjacent
to an NGG protospacer motif (or PAM) sequence. The double
strand endonuclease action causes a homozygous KO <1 % to 99 %
of the time depending on transfection conditions.

Because of the variable efficiency, CRISPR-Cas9 treated cells
must be screened to determine that the gene of interest has been
homozygously knocked-out.

In this chapter we detail a gene knockout and selection method
based on the arising glycosylation defects resulting from COG
complex malfunction that have previously been shown [22].

We also include a section that highlights two examples of phe-
notypic analysis that have been done with the resulting KO cells.
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2 Materials

2.1 Transfection
of Cells with CRISPR
Constructs

2.2 Lectin Staining,
FAC Sorting,
and Colony Expanding

All buffers should be prepared using ultrapure water (18 MQ
water) except for electrophoresis (running) and electroblot buf-
fers. All reagents are analytical grade.

1

10.
11.

12.

13.

. E. coli NEB 10-beta Competent E. cols for transtormation and
obtaining plasmids (see Note 1).

. SOC (Super Optimal Broth) media.

. LB (Luria—Bertani) broth: add 20 g of LB Broth to 1 L of
water and autoclave for 30 min.

. Kanamycin antibiotic (1000x stock: 150 mg kanamycin sulfate
in 5 mL dd H,O).

. Kanamycin (30 mg/L) LB agar plates.

. Plasmids containing Cas9 endonuclease and gRNA targeting
the first exon of the COG 7 subunit (Catalog # HCP222287-
CGO1-3-B-a, HCP222287-CG01-3-B-b, HCP222287-
CGO01-3-B-c) (Gencopoeia, Rockville, MD).

. Control plasmid containing GFP (sec Note 2).

. QIAprep Spin Miniprep Kit.

. HEK293T cells (CRL-3216 ATCC, Mananas, VA) grown to

~70% confluency on 6-well plates.

Lipofectamine 2000 Transfection Reagent.

Dulbecco’s Phosphate Buffered Saline (DPBS 1x) without cal-

cium and magnesium.

Transfection media: Opti-MEM I Reduced Serum Media buft-
ered with HEPES and sodium bicarbonate and supplemented
with hypoxanthine, thymidine, sodium bicarbonate and sup-
plemented with hypoxanthine, thymidine, sodium pyruvate,
L-glutamine, trace elements, and growth factors.

Growth media: dilute 50 mL of heat-inactivated Fetal Bovine
Serum (FBS) in 450 mL of DMEM/F-12 50/50 medium
supplemented with 2.5 mMuL-glutamine, 15 mM
HEPES. Sterile filtered.

. 12 mm round glass coverslips (#1.5, 0.17 mm thickness).

2. Glass slides: frosted microscope slides (precleaned).

w

. Galanthus wnivalis lectin (GNL) (20 pg/mL, Vector
Laboratories; Burlingame, CA) labeled with an Alexa 647 pro-
tein labeling kit (Life Technologies) according to the manufac-
turer protocol.

. 0.1% bovine serum albumin (BSA) in PBS, 0.2 pm sterile
filtered.
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2.3 Lysate and DNA
Preparation
for Validation

2.4 Sodium Dodecyl
Sulfate-
Polyacrylamide Gel
Electrophoresis

and Western Blot
Gomponents

5.

10.
11.

12.
13.

Collagen solution: 50 pg/mL Collagen, Bovine, Type I in
0.01 N HCI.

. Paraformaldehyde 16 % stock solution.
. Prolong® Gold antifade reagent.
. Cell Sorting Media: PBS, 25 mM Hepes pH=7.0, 2% FBS

(heat inactivated) 1 mM EDTA, 0.2 pm sterile filtered.

. Mammalian cell Culture Plates: 10 cm, 12-well, 24-well, and

96-well.
1.5 mL microcentrifuge tubes.

Filtered Cap 5 mL—12x75 mm polystyrene round bottom
tubes.

Gibco™ 100x Antibiotic/Antimycotic.

Widefield or confocal fluorescence microscope.

. 2% SDS in water.
. Heat blocks set to 95 °C for lysates and 63 °C and 98 °C for

DNA.

. 1.5 mL microcentrifuge tubes.

. Quick Extract DNA extraction solution.

. 9% SDS-PAGE mini-gels.

2. Vertical mini-gel electrophoresis unit.

. SDS PAGE running buffer: 25 mM Tris, 0.192 M glycine,

0.1% SDS.

4. 0.2 pm Whatman Protran Nitrocellulose Blotting Membranes.

. Blotting paper.

6. Pierce G2 Fast Blotter and 1-Step™ Transfer Buffer (Thermo

10.
11.

Scientific, Rockford, IL).

. Odyssey™ blocking buffer (LI-COR Biosciences, Pittsburgh,

NE).

. Secondary antibody incubation solution: PBS containing 5%

nonfat dry milk.

. Antibodies:

(a) Primary: rabbit anti-COG7 antibody were developed using
purified His6-COG7 expressed in bacteria [2] and mouse
monoclonal B-actin (Sigma #030 M4788).

(b) Secondary: LI-COR Donkey anti-Mouse 680 (#926-
68072), LI-COR Goat anti-Rabbit 800 (#925-32211)
(LI-COR Biosciences, Lincoln England).

LI-COR Odyssey™ imaging system.

6x Laemmli sample buffer with 5% 2-mercaptoethanol.
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Ponceau S stain: 0.2 g Ponceau S, 5 mL of Acetic acid (100%),
200 mL dd H,O.

A Western Incubation Box.

Dulbecco’s Phosphate Buffered Saline (DPBS 1x) without cal-
cium and magnesium.

Fat free evaporated milk.

Primers used to amplify and targeting region of COG 7 gene:

(a) COG 7 Forward Primer: AGAGGAGGAAAAACAACAC
CCAA.

(b) COG7 Reverse Primer: AGTTACCCGTCCTGGCGTTT.
. DMSO.
. dNTDs.
. 10x exTaq bulffer.
. exTaq polymerase.
. 0.2 mL PCR tubes.
. Thermocycler.

. Zymoclean gel DNA recovery kit.

. 6-well plates (TPP) with cells between 50 % and 80 %.
. SubAB toxin [22].

. Growth media (see Subheading 2.1, item 13).

. 95°C 2% SDS.

. Antibodies:

(a) Primary: goat polyclonal anti-GRP78 (Santa Cruz
Biotechnology, Santa Cruz, CA, SC-1051) and mouse
monoclonal f-actin (Sigma #030M4788).

(b) Secondary: Donkey anti-Mouse 680, Donkey anti-Goat
800 (LI-COR Biosciences).

. Gradient gels 4-15% (commercially available).

. All materials listed in Subheading 2.4 for SDS-PAGE and
Western blotting.

6-well plates with cells (COG KO and WT HEK293T cells as
a control) with confluency between 50% and 80 %.

. Cholera toxin lectin (B subunit only) (CTxB) (20 pg/mL) was
labeled with an Alexa 647 protein labeling kit from Life
Technologies.

. Growth media (see Subheading 2.1, item 13).
. 0.1% BSA in PBS. 0.2 pm sterile filtered.

. 1.5 mL microcentrifuge tubes.
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6.

7.

8.

Filtered Cap 5 mL—I12x75 mm polystyrene round bottom
tubes.

7.1 pM 4',6-diamidino-2-phenylindole, dihydrochloride
(DAPI).

BD Fortessa Flow Cytometer (or equivalent) detecting at
647 nm.

3 Methods
3.1 Plasmid

Transformation
and Preparation

3.2 Transfection

Day One

1.

Add 1 pL of COG 7 targeting CRISPR plasmid to the tube
containing competent E. coli cells; let incubate for 30 min on
ice.

2. Heat-shock the cells: Place tube with cells in a 42 °C water
bath for 40 s.

3. Put tube back on ice for 2 min for recovery.

4. Add 300 pL SOC media to cells.

5. Incubate in 37 °C water bath for 1 h.

6. Spin down for 1 min (6000 xg).

7. Remove 200 pL and resuspend pellet in remaining liquid.

8. Take suspension and spread on a LB Agar plate (with kanamy-
cin, encoded for by the CRISPR plasmid).

9. Place plate in incubator at 37 °C overnight.

Day Two

10. Pick up a single colony with sterile plastic loop and place it in
5 mL of LB broth (with kanamycin, encoded for by the
CRISPR plasmid).

11. Let bacteria incubate in a shaker set at 200 rpm and 37 °C
overnight.

12. Overnight culture was then used to obtain DNA using the
QIAprep Spin Miniprep Kit, following the manufacturer’s
instructions.

1. Plate HEK293T cells on a 6-well plate so that they will be at
50-70% confluency the next day, approximately
1.5x10° cells/well.

2. The following day transfect the cells using mini prepped DNA
and following the Lipofectamine 2000 standard protocol (see
Note 3).

3. Remove OptiMem containing Lipofectamine 2000 and DNA

the next morning and replace with regular culture media
(see Note 4).
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3.3 Galanthus nivalis  Lectin staining (see Note 5) is performed with both fixed and
Lectin Labeling unfixed cells as in [23, 24 ] with some modifications. Solutions are
stored at 4 °C until use.

1.

10.

11.

12.

3.4 FAC Sorting 1.

5-7 days after transfection, remove the 6-well plate containing
cells transfected with CRISPR plasmids from the incubator.
Resuspend the cells by gently pipetting up and down and take
an aliquot of cells (see Notes 6 and 7) to plate in a 24-well
plate on collagen coated coverslips (see Note 8) (Keep a large
portion on the 6-well plate for cell sorting).

. 2448 h after plating cells prepare to do lectin labelling and

immunofluoroscence.

. Wash cells grown on coverslips 3 times with PBS (se¢e Note 9).
. Fix each coverslip for 15 min with 1% PFA in PBS (made from

16 % stock solution).

. After fixation, incubate cells with 1% BSA in PBS for 10 min to

block nonspecific binding. Repeat.

. Incubate cells with Galanthus nivalis lectin (GNL) labeled

with Alexa Fluor 647 diluted 1:500 in 1% BSA in PBS for
30 min. (Keep cells in the dark during incubation)

. Wash cells 5 times with DPBS and then fix again with 4% PFA

for 15 min.

. Wash cells 5 times with PBS.
. Wash with 0.1% Triton-X 100 in PBS for 1 min for further

permeabilization.

Dunk coverslips in PBS containing DAPI 10 times then dunk
coverslips in water 10 times before mounting on glass micro-
scope slides using Prolong® Gold antifade reagent.

Coverslips are then cured in the dark overnight at room
temperature.

Examine cells and obtain images with fluorescence microscope.
Our images were taken on a Zeiss LSM510 confocal micro-
scope with a 63x oil immersion objective.

After ensuring that a population of your cells are GNL positive
via immunofluorescence, remove the remaining CRISPR
transfected cells from the 6-well plate via resuspension in regu-
lar culture media by gentle pipetting up and down with 1 mL
pipette, then place in 1.5 mL microcentrifuge tubes and spin
down at 600 x g for 3 min.

. Remove the media carefully and resuspend cells in ice-cold

0.1% filtered BSA in PBS solution.

. Spin down cells again then resuspend in ice-cold 0.1% BSA

solution containing GNL labeled with Alexa Fluor 647 at a
1:1000 dilution, and place on ice in the dark for 30 min.
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3.5 Expanding
Colonies and Lectin
Testing

3.6 Validation Using
SDS-PAGE
and Western Blot

4.

Spin cells down (600x4 for 3 min), wash three times with
0.1% BSA solution, resuspend in ice-cold cell sorting media
(sterile  filtered), and pipet through filtered Cap
5 ml—12 x 75 mm polystyrene round bottom tubes to remove
clumps. Place tubes on ice.

. Cells need to be sorted with a cell sorting capable flow cytom-

eter that can properly register 647 nm. We use the FACSAria
(BD Biosciences) and run wild type GNL-647 stained and
unstained cells as a control each time.

. The FACSAria can sort one lectin positive cell per well in a

96-well plate. 100 pL of culture medium containing 1x Gibco
Antibiotic/Antimycotic is added into each well prior to sort-
ing (see Notes 10 and 11).

. 10 days after sorting, the 96-well plates were screened for

growing patches of cells (see Note 12).

. Mark wells which only have one patch of cells growing as they

are assumed to be from one common cell.

. 15 days after sorting split wells that have colonies growing and

grow up in 24-well plates (se¢ Note 13) with collagen coated
coverslips for lectin staining analysis as detailed above (Fig. 1a).

. After colonies are confirmed to be positive for increased GNL

binding, colonies were expanded onto one well of a 6-well
plate and grown to ~90% confluency.

. Resuspend cells in 1 mL of regular culture medium and take a

100 pL aliquot for cell counting for chromosomal DNA prep (see
Note 14). Include a wild type cell sample as well for a control.

. After 100,000 cells are removed for chromosomal DNA prep

(see Subheading 3.7 for more details), move the remaining
cells to a 1.5 mL microcentrifuge tube.

4. Spin cells down at 600 x g for 3 min.

10.
11.

. While cells are spinning down, heat 2% SDS to 95 °C.

. Remove the supernatant from the cells and resuspend in

PBS. Spin down again.

. Remove supernatant again and add 250 pL of 95 °C 2% SDS

to cells then resuspend and heat at 95 °C for 5 additional min.

. Add 50 pL of 6x sample buffer to cells and vortex.

. Heat solution for 3 additional minutes at 95 °C then remove

from heat (see Note 15).
Store lysate at =20 °C until needed.

Load 10 pL of lysate per well in a 9% SDS-PAGE gel and run
at 180 V until the dye front reaches the bottom of the gel.
Turn off the machine.
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Fig. 1 Analysis of COG 7 KO: (a) Lectin staining of WT HEK293 and COG 7 KO HEK293 cells with Galanthus niva-
lislectin-Alexa 647 (GNL). Cells were mounted in DAPI containing media to visual the nuclei (blue). GNL is false
colored pink. Images were takes with a 63x immersion lens on a confocal microscope. Settings were calibrated
using stained control cells and kept the same throughout. (b) Western immunoblot for WT HEK and COG 7 KO cells:
delta 7 cell line blotted next to WT HEK293T lysate as a control. (¢) Sequencing and BLAST of COG gene in KO
cells: PCR products were obtained by amplifying the gene of interest from chromosomal DNA. These products
were then PCR cleaned and sent for sequencing. Products appeared to be of the expected size by gel (531 bp).
Once the sequence was obtained this was BLASTed against the human genome. The expected cut site based on
the guide RNA is highlighted in yellow and resultant frameshift mutations can be seen in red. WT HEK293 cells
were also sequenced and BLASTed as a control. Frameshift mutations were not seen in control samples

12. Soak 2 thick sheets of filter paper and the nitrocellulose mem-

brane in 1-Step™ Transfer Buffer.

13. Remove the gel from the chamber and pry open glass. Place

gel in ddH,O

14. Place one piece of filter paper soaked in 1-Step™ Transfer
Bufter on the anode side of the Pierce G2 Fast Blotter cassette.
Then place soaked nitrocellulose membrane on top of this.
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3.7 Validation Using
PCR and Sequencing

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

1.

Next, carefully place gel on nitrocellulose membrane and roll
gel with clean roller to remove air bubbles.

Place second soaked sheet of filter paper on top of the gel and
carefully roll again to remove any residual air bubbles.

Place cathode portion on top and press to secure the cassette.
Place cassette into Fast Blotter machine.

Select Mixed Range MW protocol and press Start.

After transfer, stain the membrane with Ponceau S stain for
5 min to ensure the transfer went well and also to assess over-
all protein levels in each lysate.

Trim down membrane and place in a blotting box with
PBS. Rinse membrane in PBS (3x for 4 min each) at room
temperature while rocking on a table rocker.

Block the membrane for 20 min using Odyssey blocking bufter
while rocking at room temperature.

Add primary antibodies and incubate overnight, on a table
rocker at 4 °C.

Wash the membrane 3x for 4 min each with PBS while
rocking.

Add the secondary antibody solution diluted in PBS contain-
ing 5% milk. Incubate in the dark at room temperature while
rocking for 40 min.

Repeat washing step (step 23).
Scan blot on LI-COR Odyessy™ imaging system (Fig. 1b).

After colonies were confirmed to be positive for GNL binding,
expand each colony onto one well of a 6-well plate and grown
to ~90%.

. Resuspend cells from each colony in 1 mL of regular culture

medium take a 100 pL aliquot for cell counting. Include a wild
type cell sample as well for a control.

. After determining number of viable cells per pl, remove

100,000 cells and place in a microcentrifuge tube.

4. Spin down cells at 600 x g for 3 min, remove supernatant.

. Add 0.5 mL of Quick Extract DNA Solution from Epicenter,

using the recommended protocol for cells (see Note 16).

. Store at -20 °C until needed.

. For chromosomal PCR use the following for 50 pL reactions:

2 pL of 10 mM each of Cog 7 forward and reverse primer
2-3 pL of the chromosomal DNA

2.5 pL of DMSO

4 pL. of dNTPs

5 pL of 5x exTaq buffer
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3.8 Phenotypic
Analysis Using SubAB
Trafficking

0.2 pL of exTaq polymerase
*Do two reactions for each colony.

8. Place tubes in a thermocycler and use the following run set-
tings (se¢ Note 17):

(a) 95 °C, 1:00 min

(b) 95°C, 0:10

(c) 57 °C, 0:10

(d) 72 °C, 0:30

(e) Repeat (b)—(d), 35%

(f) 72 °C, 0:30

(g) 4°C,

9. Add loading dye to each reaction then load on a 1% agarose gel

10. Purify product of correct size using the Zymoclean gel DNA
recovery kit and following the manufacturer’s instructions (see
Note 18).

11. After eluting, take 2 pL of gel purified product and dilute in
water with loading dye. Run on a gel to ensure a product of
the correct size was obtained.

12. Sequence samples. (We then send samples for sequencing at
the UAMS core sequencing facility.)

13. Run the resulting sequences against the human genome using
NCBI BLAST™ to look for mismatches, deletions and inser-
tions near CRISPR cut site (Fig. 1c¢).

14. Optional further verification (se¢ Note 19).

Analysis of Subtilase cytotoxin (SubAB) trafficking was performed
as in [22] with some modifications. In brief, cells are incubated with
the toxin for varying lengths of time. Lysates are taken after each
time point, then analyzed for GRP78 cleavage via western blot. The
amount of time it takes for SubAB to cleave its target (GRP78)
(determined by western blot) is an indicator for the efficiency of
retrograde trafficking from the plasma membrane through the
Golgi and to the ER. We have shown previously that SubAB retro-
grade trafficking is delayed in COG complex deficient cells [22].

1. Grow each KO clone on 6-wells of a 6-well plate. Also grow
wild-type HEK293T cells.

2. Each well will be a different time point. Label the wells: 0 min,
20 min, 40 min, 60 min, 120 min, 180 min. Remove media
from each well and replace with 500 pL of fresh media. Place
back at 37 °C.

3. Make a 6x stock of SubAB toxin in culture medium. At each
time point 100 pL will be added to the appropriate well to get
a final working concentration of 20 pg per mL (see Note 20).
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3.9 Phenotypic
Analysis Using Cholera
Toxin

4.

10.

Add 100 pL of 6x SubAB stock to the wells labeled 180 min.
Your experiment will end 3 h from this time point. Place back
at 37 °C.

. Continue adding toxin to the wells at the appropriate time

points with relation to the end time. Gently rock the plate back
and forth to mix the toxin with the media. Place back at 37 °C
after each addition of toxin until the next time point is reached.

. After 3 h from the initial toxin addition, remove media con-

taining SubAB from all wells and place this into a sealed tube
and throw into a biohazard bag. Replace with 1 mL of PBS.

. Resuspend cells by gently pipetting up and down. Place cell

suspension into a microcentrifuge tube. Each time point of
each sample goes into a separate tube.

. Spin cells down at 600 x g for 3 min.
. Remove PBS and lyse samples with 250 pL of 95 °C 2% SDS

(see Note 21). Vortex, then heat samples for 5 min at 95 °C.

Follow steps 8-26 of Subheading 3.6 for running the gel and
blotting (Fig. 2a).

Cholera Toxin binds to GM1 ganglioside residues. These glycolip-
ids have a terminal sialic acid. Sialic acid residues are added in the
trans Golgi, so only cells with properly functioning trans Golgi
glycosylation machinery will have these modifications. COG
complex deficient cells demonstrate altered sialylation of plasma
membrane glycoconjugates [23]. This assay is a complement to the
GNL screening (high GNL binding and low Cholera Toxin bind-
ing in COG KO cells).

1.

Grow each KO clone (and wild-type HEK293T cells as a con-
trol) to ~90% confluency on a 6-well plate. Have one well of a
6-well plate for each cell clone.

. Remove media and resuspend cells in 1 mL of PBS. Place in

1.5 mL microcentrifuge tubes and spin down at 600 x4 for
3 min.

. Remove the PBS carefully and resuspend cells in ice-cold 0.1 %

filtered BSA in PBS solution.

. Spin down cells again at 600 x g for 3 min, then resuspend in

ice-cold 0.1% BSA solution containing Cholera Toxin (see
Note 22) labeled with Alexa Fluor 647 at a 1:1000 dilution
and place tubes on ice in the dark for 30 min.

. After this, spin cells down again at 600 x g for 3 min then resus-

pended in 500 pL of ice-cold 0.1% BSA solution DAPI
(1:10,000) and placed into a 5 mIL—12x75 mm polystyrene
round bottom tube. Pipet up and down to remove clumps.
Place tubes on ice. (see Note 23)

. Cells need to be analyzed with a flow cytometer that ca that

can properly register Alexa 647. We use the BD Fortessa at the
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a Wild-type HEK293T Cell Lysates COG 7 KO HEK293T Cell Lysates
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Fig. 2 Phenotypic changes in COG 7 KOs: (a) SubAB toxin trafficking and activity is affected in COG 7 KO cells:
Cells were incubated at the indicated times (in minutes) with SubAB toxin. Cells were collected and lysates
were made as described in Subheading 3.8. Asterisk indicates full length GRP78 and asterisks indicates
cleaved GRP78, mediated by SubAB after it has reached the ER. 50 % cleavage can be seen in 20 min in con-
trol cells, but it takes 60—120 min for the same amount of cleavage in COG 7 KO cells (b) Quantification of
GRP78 cleavage over time. Two separate COG 7 KOs were run. (¢) Cholera Toxin binding is affected in COG 7
KO cells: Cells were incubated with CTx-647 for 30 min on ice flow cytometry was performed to analyze CTx
binding as described in Subheading 3.9. COG 7 KO cells have a lesser binding capacity than WT cells, possibly
due to mis-glycosylated GM1, the target of CTx binding

UAMS Flow Cytometry Core and run wild type HEK293T
CTx-647 stained and unstained cells as a control.

7. Gating is done to flow data based on size /shape of each event
and viability based on DAPI staining (se¢ Notes 24 and 25).

4 Notes

1. Small quantities of DNA are sent from Genecopia. It is best to
transform competent cells to get higher quantities of DNA for
transtection of target cell line.
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2.

10.

11.

12.

13.

The mCherry tag on the Genecopia plasmid is very dim in
HEK293T cells, so it is best to use a small amount (1/10)
EGEFP DNA to track transfection efficiency.

. CRISPR-Cas9 is dose dependent, but so are its potential off

target effects. At lower efficiencies, such as the 1% efficiency
we observed, off target effects are rarely seen.

. OptiMem with Lipofectamine 2000 plus DNA can be changed

anytime between 4-18 h with HEK293T cells. Little transfec-
tion related cell death occurs.

. Lectins can target different glycoconjugates on the cell surface.

GNL-Alexa 647 is chosen to make COG knockouts because it
has been shown to give a more robust signal when COG
function is impaired [23, 25]. GNL binds high-mannose resi-
dues, which would normally be at low levels on the cell surface,
since these residues are further processed in the medial and
trans Golgi.

. Glycosylation defects can be seen beginning at 2 days, but we

wait until transient expression of Cas9 (as assessed by the fluo-
rophore mCherry or co-transfected EGFP) has diminished to
assess glycosylation defects.

. A confluency of ~50-80% is also the best to analyze the plasma

membrane glycoproteins and lipids when doing lectin
staining.

. When plating cells on coverslips for lectin staining and immu-

nofluorescence we have found that cells best adhere using col-
lagen coating. This is also the best surface to plate the cells on
for live-cell imaging.

. Though cells plated on collagen adhere better, HEK293T cells

are only semi-adherent so caution needs to be taken when
staining or changing media. Additionally it is best for cells to
be ~50-80% confluent when analyzing so they adhere better
and do not come off'in a sheet.

Some cell lines do not tolerate single cell sorting well. For this
reason you may want to sort additional cells into a 3—6 cm dish
to have a population enriched for glycosylation defects as a
backup.

Cell sorting appears to be a step that can allow for contamina-
tion on occasion. For this reason we recommend sorting cells
into wells containing media with 1 % antibiotic/antimycotics.

Cells generally grow on the edge of wells, for this reason it is
difficult to see colonies before 10 days.

Because HEK293T cells are semi-adherent we passage the cells
from 96-well to 24-well for analysis simply by pipetting up and
down to resuspend. We used a 1000 pL tip for this instead of
a 200 pL pipet tip to cause less shearing forces on the cells.
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Because chromosomal DNA does not require many cells, and
it and whole cell lysates are both needed for validation, we usu-
ally do these steps in tandem.

When creating cell lysates for western blot analysis, the lysates
are often quite viscous due to chromosomal DNA. To prevent
this you can use a higher volume of 2 %SDS, sonicate the lysate
briefly, or boil the lysate for an additional minute or 2.

When preparing chromosomal DNA from the cells for PCR
and sequencing, be sure to vortex well between steps.

For PCR we have found that 3—4 pL of chromosomal DNA
and a few extra cycles in the thermocycler gives the best prod-
uct yields.

After PCR we have found that gel purified PCR produce gives
better sequencing results that just running the product through
a PCR clean up Kkit.

As an additional verification step and to ensure that defects in
KOs are from target specific mutations, we transiently transtect
functioning COG protein back into the cells to ensure that it
can correct any defects found.

SubAB is a potent toxin, so caution should be used while per-
forming this assay. Dispose of toxin containing media in a
sealed tube and place in a biohazard bag.

An additional PBS wash maybe desired to remove BSA con-
taminates before lysing.

We use the B subunit of cholera toxin, since this is a binding
assay only. This enables the toxin to keep its lectin abilities, but
is safer to work with.

We use DAPI as a viability dye because live cells take up the dye
much slower than dead cells. Cells brightly stained for DAPI can
be excluded from flow data by gating. Many other dyes, includ-
ing Propidium Iodide, are also available for this purpose.

We try to make sure that there are at least 10,000 events after
gating to analyze for CTx binding. For this reason it is helpful
to gate when collecting data to be sure enough events have
been obtained.

Here we used the NovoExpress software from ACEA Biosciences.
Flow]Jo or other flow analysis software can also be used.

Acknowledgement

We would like to thank the Digital Microscopy, Flow Cytometry,
and DNA Sequencing Core Facilities at UAMS for their help in
this project. This work was supported, in part, by the NIH grants
GMO083144 and U54 GM105814.



160

Jessica Bailey Blackburn and Vladimir V. Lupashin

References

1.

10.

11.

Ungar D, Oka T, Brittle EE, Vasile E, Lupashin
VV, Chatterton JE etal (2002 ) Characterization
of a mammalian Golgi-localized protein com-
plex, COG, that is required for normal Golgi
morphology and function. J Cell Biol
157:405-415

. Shestakova A, Zolov S, Lupashin V (20006)

COG complex-mediated recycling of Golgi
glycosyltransterases is essential for normal pro-
tein glycosylation. Traffic 7:191-204

. Willett R, Kudlyk T, Pokrovskaya I, Schonherr

R, Ungar D, Duden Retal (2013) COG com-
plexes form spatial landmarks for distinct
SNARE complexes. Nat Commun 4:1553

. Ungar D, Oka T, Vasile E, Krieger M, Hughson

FM (2005) Subunit architecture of the con-
served oligomeric Golgi complex. J Biol Chem
280:32729-32735

. Fotso P, Koryakina Y, Pavliv O, Tsiomenko

AB, Lupashin VV (2005) Coglp plays a central
role in the organization of the yeast conserved
oligomeric Golgi complex. ] Biol Chem
280:27613-27623

. Willett R, Ungar D, Lupashin V (2013) The

Golgi puppet master: COG complex at center
stage of membrane trafficking interactions.
Histochem Cell Biol 140:271-283

. Whyte JRC, Munro S (2001) The SeC34,/35

Golgi transport complex is related to the exo-
cyst, defining a family of complexes involved in
multiple steps of membrane traffic. Dev Cell
1:527-537

. Suvorova ES, Duden R, Lupashin VV (2002)

The Sec34/Sec35p complex, a Yptlp effector
required for retrograde intra-Golgi trafficking,
interacts with Golgi SNAREs and COPI vesicle
coat proteins. J Cell Biol 157:631-643

. Suvorova ES, Kurten RC, Lupashin VV (2001)

Identification of a human orthologue of
Sec34p as a component of the cis-Golgi vesicle
tethering  machinery. ] Biol Chem
276:22810-22818

Kubota Y, Sano M, Goda S, Suzuki N,
Nishiwaki K (2006) The conserved oligomeric
Golgi complex acts in organ morphogenesis via
glycosylation of an ADAM protease in C. ele-
gans. Development 133:263-273

Ishikawa T, Machida C, Yoshioka Y, Ueda T,
Nakano A, Machida Y (2008) EMBRYO
YELLOW gene, encoding a subunit of the
conserved oligomeric  Golgi complex, is
required for appropriate cell expansion and
meristem organization in Arabidopsis thaliana.
Genes Cells 13:521-535

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Foulquier F (2009) COG defects, birth and
rise! Biochim Biophys Acta 1792:896-902
Zeevaert R, Foulquier F, Jacken J, Matthijs G
(2008) Deficiencies in subunits of the
Conserved Oligomeric Golgi (COG) complex
define a novel group of Congenital Disorders
of Glycosylation. Mol Genet Metab 93:15-21
Wu X, Steet RA, Bohorov O, Bakker J, Newell
J, Krieger M et al (2004) Mutation of the
COG complex subunit gene COG7 causes a
lethal ~congenital disorder. Nat Med
10:518-523

Pokrovskaya ID, Szwedo JW, Goodwin A,
Lupashina TV, Nagarajan UM, Lupashin VV
(2012) Chlamydia trachomatis hijacks intra-
Golgi COG complex-dependent vesicle traf-
ficking pathway. Cell Microbiol 14:656-668
Liu S, Dominska-Ngowe M, Dykxhoorn DM
(2014) Target silencing of components of the
conserved oligomeric Golgi complex impairs
HIV-1 replication. Virus Res 192:92-102
Zhu J, Davoli T, Perriera JM, Chin CR, Gaiha
GD, John SP et al (2014) Comprehensive
identification of host modulators of HIV-1
replication using multiple orthologous RNAi
reagents. Cell Rep 9:752-766

Zolov SN, Lupashin VV (2005) Cog3p deple-
tion blocks vesicle-mediated Golgi retrograde
trafficking in Hela cells. J Cell Biol
168:747-759

Kudlyk T, Willett R, Pokrovskaya ID, Lupashin
V (2013) COGO6 interacts with a subset of the
Golgi SNAREs and is important for the Golgi
complex integrity. Traffic 14:194-204
Laufman O, Freeze HH, Hong W, Lev S
(2013) Deficiency of the Cog8 subunit in nor-
mal and CDG-derived cells impairs the assem-
bly of the COG and Golgi SNARE complexes.
Traffic 14:1065-1077

Jinek M, Chylinski K, Fonfara I, Hauer M,
Doudna JA, Charpentier E (2012) A program-
mable dual-RNA-guided DNA endonuclease
in adaptive bacterial immunity. Science
337:816-821

Smith RD, Willett R, Kudlyk T, Pokrovskaya I,
Paton AW, Paton JC et al (2009) The COG
complex, Rab6 and COPI define a novel Golgi
retrograde trafficking pathway that is exploited
by SubAB toxin. Traffic 10:1502-1517
Pokrovskaya ID, Willett R, Smith RD, Morelle
W, Kudlyk T, Lupashin VV (2011) Conserved
oligomeric Golgi complex specifically regulates
the maintenance of Golgi glycosylation
machinery. Glycobiology 21:1554-1569



Creating Knockouts of Conserved Oligomeric Golgi Complex Subunits Using... 161

24. Willett RA, Pokrovskaya ID, Lupashin VV

(2013) Fluorescent microscopy as a tool to elu-
cidate dysfunction and mislocalization of Golgi
glycosyltransferases in COG complex depleted
mammalian  cells. Methods Mol Biol
1022:61-72

25. HaJY, Pokrovskaya ID, Climer LK, Shimamura

GR, Kudlyk T, Jeftrey PD et al (2014) Cog5-
Cog7 crystal structure reveals interactions
essential for the function of a multisubunit
tethering complex. Proc Natl Acad Sci U S A
111:15762-15767



Chapter 13

Reversible Controlled Aggregation of Golgi Resident
Enzymes to Assess Their Transport/Dynamics Along
the Secretory Pathway

Riccardo Rizzo and Alberto Luini

Abstract

Golgi resident enzymes (GREs) are type II membrane proteins that are responsible for the processing of
lipids and proteins within the Golgi stack, mostly by catalyzing the formation of long chains of different
sugars bound to their substrates at specific positions. After synthesis and folding, GREs leave the ER to
reach the Golgi complex where they are distributed along the Golgi stack in a fashion that reflects the
sequential order of the sugar addition reactions they execute. Remarkably, the position of GREs within the
stack is not stable; rather, the GREs appear to move rapidly across Golgi cisternae, perhaps to maintain the
correct reaction order during the flux of traffic. It would thus be important to understand their dynamics,
but methods to analyze their mobility within the stack are lacking. Here, we describe a tool to induce the
reversible and controlled aggregation of GREs that can be used to study the ER-to-Golgi transport and
intra Golgi dynamics of these enzymes (Rizzo et al., J Cell Biol 201:1027-1036, 2013; Tewari et al., Mol
Biol Cell 26:4427-4437,2015).

Key words Golgi, Glycosylation enzymes, Dynamics, Intra-Golgi transport, Regulated polymerization

1 Introduction

There are more than 250 mammalian GREs that all share a com-
mon general structure, which comprises a short cytosolic tail, a
single transmembrane domain followed by a stem domain and a
luminal globular catalytic domain [3]. The main function of these
enzymes is to modify substrates by transferring and/or removing
sugar moieties. This process, referred to as Golgi glycosylation,
results in the attachment and elongation of long sugar chains on
proteins and lipids.

While the dynamics and the mechanisms of transport of both
transmembrane and soluble cargo proteins along the secretory
pathway are well studied, much less is known about the same pro-
cesses for GREs and especially about their intra-Golgi transport [4,
5], despite the fact that several molecules have been shown to

William J. Brown (ed.), The Golgi Complex: Methods and Protocols, Methods in Molecular Biology, vol. 1496,
DOI 10.1007/978-1-4939-6463-5_13, © Springer Science+Business Media New York 2016
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contribute towards the proper Golgi localization of GREs [6].
This is unfortunate, because understanding the movement of the
GREs along the secretory pathway and the contribution of the
molecular players to this dynamics, is important to elucidate the
mechanism of intra-Golgi transport and the regulation of lipid/
protein glycosylation.

Here, we present a strategy and to monitor the intra-Golgi
dynamics as well as the transport from ER to Golgi of the GREs. The
strategy is based on use of constructs of GREs engineered to contain
several copies (3—4) of a mutant form of FKBP referred to as FM
domains [7] fused in tandem with the enzyme [1, 2]. EM domains
spontaneously bind tightly to each other, causing polymerization of
GREs and the formation of GRE aggregates. This type of aggrega-
tion appears to prevent the interaction of GREs, or of any other pro-
teins, with the transport machinery [1, 8]. For instance, aggregation
of'a GRE in the ER prevents export of the enzyme from the ER to
the Golgi and causes the accumulation of the polymerized enzyme in
the ER [1]. This FM dependent aggregation can then be reversed by
the addition of a synthetic drug that competes for the interacting
surfaces of the FM domains and hence quickly causes the dissociation
of the aggregates into single monomers (se¢ also [9] for variations of
this method). The synchronous disaggregation of the GRE construct
exposes the GRE to the ER export machinery, promoting their syn-
chronous exit from the ER and their final Golgi localization.

In a similar way, the aggregation of an engineered GRE con-
struct within the Golgi will inhibit the interaction of the enzyme
with the Golgi retention/recycling machinery causing the con-
struct to follow passively the movements of the container in which
it is localized, the Golgi cisternac. When the drug is later added to
induce disaggregation at a time of interest, the enzyme construct
will be synchronously exposed to the intra-Golgi transport machin-
ery, allowing the experimenter to monitor the effects of such
machinery on GRE transport.

In sum, through the manipulation of the aggregation state of
the engineered GREs along the secretory pathway (in the ER as well
as within the Golgi), the experimenter can synchronize exposure of
the enzyme construct to the transport machinery and then monitor
the dynamics and the localization of the transfected construct by
microscopy. Monitoring transport within the stack requires the use
of electron microscopy or of high resolution light microscopy.

We have applied this strategy [1] to two GREs: the Mouse
a-1,2-mannosidase IB (MANI; [10]), a cis-medial (early) Golgi
enzyme,and the trans (late) Golgi enzyme p-1,4-galactosyltransferase
(GALT, [11]). The cytosolic, transmembrane and the luminal stem
domain (Golgi-targeting portion) of MANI and GALT were cloned
and three tandem-FM domains followed by an HA tag (hereafter
referred to as MANI-FM and GALT-FM respectively) were fused
to their C-terminal portion, and then used as described below.
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Application of the strategy requires setting up proper condi-

tions for inducing aggregation as well as methods to verify the
aggregation state of the construct. The main steps are as follows

1

. A biochemical assay to monitor the aggregation/disaggrega-
tion kinetics of the engineered GREs.

2. An imaging assay to monitor the aggregation state of the arti-
ficial engineered GREs in the Golgi.
3. An imaging assay to monitor the ER to Golgi dynamic of GREs.
2 Materials
2.1 Cell Culture 1. Purified plasmid constructs encoding GALT-FM and

and Transfection
Reagents

2.2 Immunofiuore-
scence Reagents

MANI-FM are dissolved in TE buffer (10 mM Tris—HCI,
1 mM EDTA, pH 7.5) at a final concentration of 1 mg/
mL. Store at -20 °C.

2. TransIT-LT1 transfection reagent (Mirus, USA). Store at 4 °C.

. OptiMEM culture medium. Store at 4 °C.

4. RPMI complete medium: RPMI supplemented with 4.5 g/L

glucose 2 mM glutamine, 100 U/ml penicillin, 100 pg/mL
streptomycin, and 10 % fetal calf serum (FCS). Store at 4 °C.

. AP:synthetic drug named AP21998 (ARIAD Pharmaceuticals),
currently available from Clontech (Takara Bio Inc). Store at
-20 °C (see Note 1).

. DPBS (10x), Dulbecco’s Phosphate Buffered Saline: Prepare
1x solution with ultrapure water and store at 4 °C.

. 24-well plates.
. Glass coverslips.

. Mounting media (16% [w/v] Mowiol 4-24 in 30% [v/V]
glycerol in PBS).

. Aqueous solution of 8 % paraformaldehyde in water.

. Blocking solution: containing 50 mM NH,CI, 0.05 % saponin,
0.5% BSA in PBS 1x, pH 7 4.

. Standard microscope slides.

9. List of antibodies: Anti-HA monoclonal antibody (1:1000 for

10.
11.

IF and 1:5000 for Western blotting) from Covance; anti-
Mannosidase I (1:100 for IF); Alexa Fluor-conjugated second-
ary antibodies raised in donkey (Alexa Fluor 488, 568; 1:400
for IF) from Invitrogen; secondary antibodies conjugated with

horseradish peroxidase (HRP) and directed against mouse
(1:10,000) from Calbiochem (CA, USA).

Cycloheximide: 50 mM in absolute ethanol . Store at -20 °C.

Brefeldin A: dissolve in DMSO to have 10 pg/pL as final con-
centration. Store at =20 °C.
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2.3 Reagents

. AP drug and DPBS reported in Subheading 2.2 (items 1 and 2).

for Biochemistry 2. 6-well plates.
3. Lysis bufter: 1% [v/v] Triton X-100, 20 mM Hepes, pH 7 .4,
100 mM KCl, 2 mM EDTA, 1 mM dithiothreitol. Add protease
inhibitor cocktail (Roche) only before the use. Store at 4 °C.
4. Cell scraper.
3 Methods
3.1 Biochemical Cells can be transfected with one of the above FM-containing con-
Assay to Monitor in structs and treated to induce aggregation and disaggregation [1].
Time the Aggrega- The kinetic of aggregation/disaggregation of GALT-FM and
tion/Disaggregation MANI-FM can be followed by using a biochemical sedimentation
Kinetics of the assay, based on the principle that aggregates will precipitate with
Engineered GREs the pellet fraction after low speed centrifugation while monomer

will remain in the supernatant fraction [1, 12].

1.

Seed 200,000 Hela cells onto 3.5-cm petri dishes (6 well
plate) in RPMI complete medium (5% CO, at 37 °C).

. After 24 h, prepare the transfection mix as follows: for each

well add 100 pL of OptiMEM at 37 °C in an eppendorf tube;
add 7.5 pL of TransIT-LT1, mix nicely with the pipette and
wait for 3 min. Then, add 2.5 pg of the engineered GREs-FM
c¢DNA (GALT-FM or MANI-EM) in the transfection mixture,
shake gently and keep at room temperature (RT) for 15 min.

. Change the media in each well with fresh RPMI complete

medium (at 37 °C) in the presence or absence of 1 pM AP
(based on how the experiment has been designed) to alter the
polymerization status of the GREs-FM.

4. Leave the cells for 24 h in the incubator (5% CO, at 37 °C).

10.

11.

. After 24 h, replace the media with a fresh media with or with-

out AP and leave it for additional 30 min.

. Place the cells on ice.

. Remove the media and wash the cells 3—4 times with 2 mL of

cold 1x PBS for each well.

. Scrape the cells off using a cell scrapper in 1 mL /dish of DPBS

1x, transfer the cell suspension to a 1.5 mL eppendorf tube
and centrifuge at 150 x g for 5 min.

. Remove the supernatant and resuspend the pellet in 100 pL of

lysis buffer, and incubate the samples on ice for 20 min.

Centrifuge the lysate at 20,000 x g for 10 min, and carefully
separate the supernatant from the pellet fraction.

Add 100 pL of lysis buffer on the pellet fraction and resuspend
the pellet.
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12. Add sample buffer to both cell pellet extract and supernatant
fractions, boil the samples for 5 min at 95 °C before loading
and analyze by SDS-PAGE and immunoblotting.

See Fig. 1, for typical results expected from controlled polym-
erization/depolymerization of FM tagged constructs of GRE. To
evaluate the result, the intensity of the bands are quantitated using
Image J. The intensity of each band is reported as a percentage of
the total, (for each experimental condition, the total is the sum of
the intensities from pellet and supernatant fractions). As can be
seen from Fig. 1, aggregation and disaggregation of Golgi enzymes
occur within a few minutes [1].

3.2 Anlimaging Brefeldin A (BFA) is a fungal metabolite that blocks transport
Assay to Monitor the along the secretory pathway by causing the collapse of the Golgi
Aggregation State of into the ER [13]. When BFA is added to cells, it initially induces
the Artificial the formation of tubular intermediates that have a diameter (40—
Engineered GREs in 80 nm) similar to that of COPI-coated vesicles. These tubules,
the Golgi which contain GREs, fuse with the ER membrane and cause the

redistribution of the Golgi residents in to the ER. The use of the
BFA assay as a test to check the polymerization state of GREs-FM
within the Golgi is based on the fact that GREs-FM polymer can-
not physically enter into BFA-induced tubules [ 1] probably because
GRESs polymers are too large or form inflexible scaffolds that do
not fit the curvature of the membrane tubules.

a +AP Time after washout of AP b -AP Time after addition of AP

100 Pellet (P) 100

80 Supernatant (S) 80

60 60

40 40

20 20

0
Time P S P S P S P 8 Time _P S P 8§ P S8 P 8
(min) 0 5 10 15 (min) 0 5 10 15

Fig. 1 A biochemical assay to monitor the aggregation/disaggregation kinetics of the engineered GREs. A
biochemical assay to monitor the aggregation/disaggregation kinetics of the engineered GREs. (a) MANI-FM
aggregation. HelLa cells were transiently transfected with MANI-FM in the presence of AP. After 24 h AP was
washed out to induce the aggregation of artificial GRE and samples were lysed and centrifuged at low speed
to separate the pellet from the supernatant fraction (see Subheading 3.1 for details). (b) MANI-FM disaggrega-
tion. Hela cells were treated as in (@), and then after 24 h AP was washed out for 15 min. The drug was then
added back (AP 1 pM) to cells before lysing at indicated time point. Samples were than processed for SDS-
PAGE and Western Blotting. Antibody against HA was used to visualized MANI-FM. The aggregation (a) as well
as disaggregation (b) kinetics is a fast process. Data are mean = SEM. ©Rizzo et al., 2013. Originally published
in Journal of Cell Biology. vol. 201 no. 7: 1027-1036
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. Seed 50,000 HeLa cells onto glass coverslips in 24-well plates

in RPMI complete medium (5% CO, at 37 °C).

. After 24 h, prepare the transfection mix as follows: for each

well add 20 pL of OptiMEM at 37 °C in an eppendorf tube;
add 1.5 pL of TransIT-LT1 and mix nicely with the pipette;
wait for 3 min. Then, add 0.5 pg of the engineered GREs-FM
cDNA (GALT-FM or MANI-FM) together with 0.5 pg of
KDELR-GFP ¢DNA in the transfection mixture, shake gently
and kept at RT for 15 min before adding onto cells.

. Change the media with fresh RPMI complete media (at 37 °C)

containing 1 pM APD.

4. Add the transfection mixture onto the cells.

10.

11.

12.

13.

14.

15.

16.

. After 24 h of transfection, change the media with a fresh one

containing 1 pM AP and 50 pg/mL of cycloheximide at 37 °C,
and leave it for 30 min (see Note 2).

. Washout AP in the subset of samples where MAN-FM or

GALT-FM have to aggregate, by doing three washes with
PBS1x at 37 °C.

. Replace with a fresh RPMI complete (?) containing 50 pg/mL

of cycloheximide at 37 °C, only in the subset of samples sub-
jected to aggregation.

. Wait for 10 min to induce MAN-FM or GALT-FM aggrega-

tion in the Golgi (sec Note 3).

. Change the media with fresh RPMI complete medium at

37 °C, containing 50 pg/mL of cycloheximide, with or with-
out AP depending on the samples, and containing 6 pg,/mL of
BFA, and leave it on cells for 6 or 8 min to induce Golgi tubu-
lation [13] (see Note 4).

Fix the cells with 4 % paraformaldehyde in DPBS1x for 10 min
at RT.

Wash the glass coverslips 3 times with DPBS1x and permeabi-
lize cells with blocking solution for 10 min at RT.

Incubate the cells with the anti-HA antibody at appropriate
dilution (see Subheading 2.2, item 9) in the blocking bufter
for 1 h at RT.

Wash the glass coverslips with DPBS1X and incubate with sec-
ondary antibodies labeled with appropriate fluorescence dyes
(see Subheading 2.2, item 9), diluted in blocking solution, and
leave for 1 h at RT.

Wash the coverslips 3 times with DPBS1x and finally with ultra-
pure water to remove PBS salt (which can affect imaging).

Mount the coverslips on glass microscope slides using the
mounting media.

Leave at RT for 24 h in order to dry the sample before the
confocal microscope analysis.
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Experiments show that when GREs polymerize within the
Golgi, their entry into BFA-induces tubules is inhibited (see Fig. 2;
[1]). Thus, counting the numbers of Golgi tubules positive for
GREs-FM, will be an imaging method to evaluate quantitatively
the aggregation state of the artificial engineered GREs in the Golgi.

3.3 AnlImaging The transient transfection of GREs-FM (MANI-FM or GALT-FM)
Assay to Monitor in the absence of AP, causes the accumulation of these constructs
the ER to Golgi in the ER [1]. The addition of AP onto cells, will cause fast depo-
Dynamic of GREs lymerization of the artificial GRE, which leave the ER and reach

the Golgi (Fig. 3a).

1. Seed 50,000 HelLa cells onto glass coverslips in 24-well plates
in RPMI complete medium (5% CO, at 37 °C).

2. After 24 h, prepare the transfection mix as follows (for one well
of'a 24-well plate) add 20 pl of OptiMEM at 37 °C in an eppen-

g +AP AP b

MANI-FM MANI-FM

100

co
o

EE )]
o o

in tubules

% of cells with MANI-FM
M
o

o

+AP -AP

KDELR:GFP KDELR-GFP

Fig. 2 An imaging assay to monitor the aggregation state of the artificial engineered GREs in the Golgi. An
imaging assay to monitor the aggregation state of the artificial engineered GREs in the Golgi. (a) HeLa cells
were transiently co-transfected with MANI-FM and KDEL receptor-GFP (KDELR-GFP) in the presence of
AP. After 24 h, cells with and without AP were treated with BFA 6 pg/mL and fixed after 8 min. Samples were
processed for immuno fluorescence (IF) and labeled with anti-HA antibody to visualize MANI-FM transfected
cells (see Subheading 3.2 for details). (b) Quantifications were done by counting the number of KDELR-GFP
containing tubules that are positive for MANI-FM. The formation of GRE aggregates within the Golgi, affects
their entry into BFA-induced tubules. Data are mean+SEM. Bars: 15 pm (a, +AP); 18 um (a, —AP). ©Rizzo
et al., 2013. Originally published in Journal of Cell Biology. vol. 201 no. 7 1027-1036
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+AP

MANI-FM MANI-endogenous

MANI-FM MANI-endogenous

(o

Fraction of MANI-FM

0 5 10 15 20
Time after addition of AP (min)

Fig. 3 An imaging assay to monitor the ER to Golgi dynamic of GREs. An imaging assay to monitor the ER to
Golgi dynamic of GREs. HeLa cells were transiently transfected with MANI-FM in the absence of AP. After 24 h
AP was added and samples were fixed at different time point. Samples were processed for IF and labeled with
anti-HA and anti MANI-endogenous antibodies respectively (see Subheading 3.3 for details). (b) Exiting kinet-
ics of MANI-FM from ER to the Golgi measured as integrated intensity of MANI-FM in the Golgi normalized to
that of the ER. Values are mean + SEM. Bars: 18 pm (a). ©Rizzo et al., 2013. Originally published in Journal of
Cell Biology. vol. 201 no. 7 1027-1036

10.

dorf tube; add 1.5 pl of TransIT-LT1 and mix by pipetting;
incubate for 3 min at RT. Then, add 0.5 pg of the plasmid
(GALT-FM or MANI-FM) in the transfection mixture, shake
gently and keep at RT for 15 min before adding it onto cells.

. Leave the cells for 24 h in the incubator (5% CO, at 37 °C).
. After 24 h change the media with fresh RPMI complete

medium (at 37 °C) containing 1 pM AP, followed by fixation
at different time intervals with 4 % paraformaldehyde in PBS1x
for 10 min at RT.

. Wash the glass coverslips 3 times with DPBS1x and permeabi-

lize cells with blocking solution for 10 min at RT.

. Incubate the cells with the anti-HA and anti-Mannosidase 1

antibodies at appropriate dilutions (see Subheading 2.2, item
9) in the blocking buffer for 1 h at RT.

. Wash the glass coverslips with DPBS1X and incubate with sec-

ondary antibodies labeled with appropriate fluorescence dyes
(see Subheading 2.2, item 9), diluted in blocking solution, and
leave for 1 h at RT.

. Wash the coverslips 3 times with DPBS1x and finally with

ultrapure water.

. Mount the coverslips on glass microscope slides using the

mounting media.

Leave at RT for 24 h in order to dry the sample before the
confocal microscope analysis.
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The measurement of fluorescence intensity in the Golgi of
GREs-FM constructs over time can be monitored to assess the rate
of ER to Golgi movement of the GREs (Fig. 3b).

4 Notes

1. We noticed that the AP is very sensitive to temperature and
even a temporary storage on ice compromises its activity. So,
when handling the drug for experimental use, we prefer to
keep the drug in a mini cooler box (-20 °C).

2. The pretreatment with cycloheximide and AP for 30 min
before starting the experiment provides a very clear Golgi
localization of the engineered GREs. This is because cyclohexi-
mide, by blocking the protein synthesis, will clean the ER of
newly synthesized proteins and the additional AP will ensure
the complete depolymerization of the remaining aggregates
present in the ER.

3. The #1/2 of GRE aggregation after AP washout is 10 min (as
judged by biochemical assay, see Fig. 1).

4. The time required for BFA-induced Golgi tubulation depends
on cell type and confluence. So it needs to be standardized
before the planning of this experiment.
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Chapter 14

Assays to Study the Fragmentation of the Golgi Complex
During the G2-M Transition of the Gell Cycle

Inmaculada Ayala and Antonino Colanzi

Abstract

The Golgi complex of mammalian cells is composed of stacks of flattened cisternae that are connected by
tubules to form a continuous membrane system, also known as the Golgi ribbon. At the onset of mitosis, the
Golgi ribbon is progressively fragmented into small tubular-vesicular clusters and it is reconstituted before
completion of cytokinesis. The investigation of the mechanisms behind this reversible cycle of disassembly and
reassembly has led to the identification of structural Golgi proteins and regulators. Moreover, these studies
allowed to discover that disassembly of the ribbon is necessary for cell entry into mitosis. Here, we describe an
in vitro assay that reproduces the mitotic Golgi fragmentation and that has been successfully employed to iden-
tify many important mechanisms and proteins involved in the mitotic Golgi reorganization.

Key words Golgi complex, Cell permeabilization, Mitosis, Immunofluorescence

1 Introduction

The Golgi complex is a central organelle of the secretory pathway,
and is involved in the modification, sorting, and transport of proteins
and lipids [1]. Furthermore, Golgi membranes can be also consid-
ered as a hub for the integration of various signaling pathways [1, 2].

The structural organization of this organelle varies greatly
between species. For example, in the yeast Saccharomyces cevevisine
the Golgi complex consists of isolated cisternae that are distributed
in the cytoplasm; the protozoan parasite Toxoplasma gondii, pos-
sesses an individual stack of cisternae; Drosophila and plants possess
well-defined stacks that are dispersed throughout the cytosol [ 3, 4].
In contrast, in mammalian cells the Golgi complex is organized as
an interconnected pericentriolar ribbon in interphase, which under-
goes extensive fragmentation in the form of dispersed tubular-retic-
ular and vesicular elements in mitosis [ 5 ]. This reversible disassembly
can be schematically described as composed of three main steps.
First, during the G2 phase of cell cycle the Golgi ribbon is discon-
nected to yield separate Golgi stacks (Fig. 1) [6]. Next, at the onset

William J. Brown (ed.), The Golgi Complex: Methods and Protocols, Methods in Molecular Biology, vol. 1496,
DOI 10.1007/978-1-4939-6463-5_14, © Springer Science+Business Media New York 2016
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Fig. 1 The fragmentation of the Golgi ribbon during G2—mitosis. Schematic representation of the steps leading
to breakdown of the Golgi complex in mitosis. The mammalian Golgi complex in S-phase forms a ribbon next
to the centrosome (red cylinders) and the nucleus (blug). In G2, the interconnected ribbon is converted into
isolated stacks. This step is necessary and sufficient for entry into mitosis (prophase). In prophase, the isolated
Golgi stacks undergo further disassembly into the Golgi “blobs” and “haze”

of mitosis the stacks are converted into tubular-reticular mem-
branes, termed “Golgi blobs” (Fig. 1), which are dispersed through-
out the cytosol [7, 8]. Finally, the “Golgi blobs” are broken down
by vesiculation to yield the “Golgi haze” (Fig. 1) [7]. The Golgi
membranes are then reassembled in telophase and this involves the
formation of two smaller Golgi ribbons that ultimately coalesce [9].

The investigations of the mechanism of mitotic Golgi frag-
mentation led to the discovery that cleavage of the Golgi ribbon is
crucial for entry of cells into mitosis [10, 11], implying that cell
cycle progression depends not only on the state of the DNA but
also on the organization of an organelle. In this chapter, we
describe in detail an in vitro assay that has been applied with suc-
cess to identify many of the key proteins involved in this specific
fragmentation step.

2 Materials

2.1 General
Reagents

Prepare all solutions using ultrapure water and analytical grade
reagents. Prepare and store all reagents at —20 °C (unless indicated
otherwise). Diligently follow all waste disposal regulations when
disposing waste materials.

1. Normal rat kidney (NRK) and Hel.a cells and reagents/equip-
ment for their maintenance. NRK and HelLa cells are grown in
Dulbecco’s modified Eagle’s medium and minimal essential
medium, respectively (Invitrogen), supplemented with 10%
fetal calf serum, 100 pM minimal essential medium nonessen-
tial amino acids solution, 2 mML-glutamine, 1 U/ml penicil-
lin, and 50 pg/ml streptomycin.
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2.2 Cell Cycle
Synchronization
and Microinjection
(Subheading 3.4.1)

2.3 Immuno-
fluorescence
Detection of Cells
in S Phase
(Subheading 3.4.2)

2.4 Immuno-
fluorescence
Detection of Cells
in G2 Phase

2.

Mitotic extraction buffer (MEB): 15 mM HEPES (pH 7.4),
50 mM KCI, 10 mM MgCl,, 20 mM p-mercaptoethanol,
20 mM p-glycerophosphate, 15 mM EGTA, 0.5 mM spermi-
dine, 0.2 mM spermine, 1 mM DTT, 0.1 mM PMSE, 0.2 pg/
ml aprotinin, 0.2 pg/ml leupeptin, and 0.2 pg/ml pepstatin.

. KHM bufter: 25 mM HEPES-KOH (pH 7.2), 125 mM

potassium acetate, 2.5 mM magnesium acetate.

4. KHM-KCI: KHM buffer with 1 M of KCI.

10.

11.

. ATP-regenerating system: final concentration of the compo-

nents: 0.5 mM ATP, 0.3 mM UTP, 10 mM creatine phos-
phate, and 12 U/ml creatine kinase. Store at -20 °C as 10x
stock solution.

. Fibronectin: we use fibronectin from human plasma at a final

concentration of 10 pg/ml. Prepare a stock in PBS with
0.9 mM CaCl, and 0.5 mM MgClL,. Store at =20 °C as 10x or
100x aliquots.

. Stock of digitonin: prepare a stock solution of 10 mg/ml in

DMSO. Use a final concentration of 30 pg/ml in ice-cold
KHM bufter.

. Stock of formaldehyde: prepare a solution of 4 % formaldehyde

in PBS. Store at 4 °C and protected from light.

. Stock of blocking buffer for immunofluorescence: prepare a

solution of 0.1% BSA, 0.1% saponin, 50 mM NH,CI, and
0.02% NaN; in PBS.

2 mM thymidine. You can prepare stocks of 100 mM and store
at =20 °C.

Nocodazole: stock solution of 33 pM in DMSO.

. Aphidicolin: stock solution of 20 mM in DMSO.

2. Fixable, fluorescently labeled dextran of 10,000 Da.

. DAPI (stock of 5 mg/ml in water) or HOECHST (10 mg,/ml

in water).

. Bromodeoxyuridine (BrdU): stock solution of 10 mM in

DMSO.

. 4% paraformaldehyde and 0.5 % TX-100 in PBS, pH 7 .4.

0.05% Tween 20 in PBS, pH 7 4.

. 4 M of HCIL.
. 0.1 M sodium borate and 0.05% Tween 20 in PBS, pH 7 4.
. Anti-BrdU antibodies.

. Antibodies against the phosphorylated form (Ser10) of Histone

H3 (Millipore).

. RO3306 (CDKinhibitor): stock solution of 18 mM in DMSO.
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3 Methods

3.1 General
Considerations

About How to Monitor
the Structure

of the Golgi Ribbon

3.2 Semi-intact Cell
Assay to Study Mitotic
Golgi Fragmentation

3.2.1 Preparation
of Mitotic Cytosol

The key step of mitotic Golgi disassembly to allow G2—-M transi-
tion is the G2-specific conversion of the interconnected Golgi rib-
bon into isolated stacks, which requires the cleavage of the
membrane tubules connecting the stacks. This cleavage depends
on at least three factors, which have all been characterized through
the assay described below. They are the fission inducing protein
CtBP1-S/BARS (referred to as BARS) [11] and the peripheral
Golgi proteins GRASP65 and GRASP55 [10, 12]. Each of these
proteins has a specialized role in Golgi ribbon breakdown and their
combined activities produce isolated stacks in G2. GRASP55 is
controlled by a kinase cascade composed of PKD [13] and RAF/
MEK/ERK [14, 15] kinase cascade; while GRASPG65 is controlled
by JNK2 [16] and PLK1 [17].

It is important to note that these morphological changes appear
minor and a cleaved but clustered group of Golgi ministacks can be
indistinguishable at the fluorescence microscopy level from an intact
ribbon. Thus, a cleaved ribbon can only be detected with sensitive
approaches, such as Fluorescence recovery after photobleaching
(FRAP) and electron microscopy [6].

The experimental system that is described here is an assay that
reconstitutes mitotic Golgi fragmentation in permeabilized cells.
This assay has been developed in the laboratory of Dr. Vivek
Malhotra, at the University of San Diego, California [18].

According to this assay, normal rat kidney (NRK) cells are per-
meabilized with digitonin, washed with high-salt-containing buf-
fer to remove cytosolic proteins, then incubated with mitotic
extracts prepared from NRK cells arrested in mitosis. After incuba-
tion at 32 °C, the organization of the Golgi membranes is moni-
tored by fluorescence microscopy using Golgi-specific antibodies.
In the presence of mitotic cytosol, the pericentriolar Golgi appara-
tus is converted into small fragments that are found dispersed in
the cytoplasm [18]. The in vitro ultrastructure of these fragments
has been characterized, demonstrating that the Golgi membranes
are transformed into tubulo-reticular clusters that are similar to the
Golgi fragments observed in intact NRK cells at prometaphase
[19]. This assay allows a quantitative readout expressed as the per-
centage of cells with fragmented Golgi, and it has proven to be a
very powerful tool because it reproduces mitotic Golgi fragmenta-
tion with high fidelity, while also allowing a great variety of manip-
ulations of the experimental conditions to be made, such use of
chemical inhibitors, addition of blocking antibodies, depletion of
proteins of interest from the mitotic cytosol. A similar assay has
been reproduced in MDCK cells [20].

The extracts are prepared according the method of Nakagawa [21].
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3.2.2 Preparation
of Interphase Cytosol

1.

Grow NRK cells in 15 c¢m petri dishes (about 70% conflu-
ency). Prepare 40 dishes to obtain 1 ml of cytosol at about
12-14 mg/ml.

2. Induce an S-phase arrest with 2 mM thymidine (up to 16 h).

10.

. Remove thymidine with two washes with 15 ml of PBS and

incubate with 500 ng/ml nocodazole in complete medium for
up to 14 h to arrest cells in prometaphase (se¢e Note 1).
Typically, this procedure leads to the accumulation of more
than 80% of the cells in prometaphase. The mitotic cells will
appear roundish and translucent under the light microscope.

. Harvest round (mitotic) cells by “shake off” (see Note 2), col-

lect the suspension in 50 ml falcon tubes and centrifuge at
500 x g for 10 min.

. Wash mitotic cells by resuspending the pellet with 10 ml of

cold PBS and centrifuging the suspension at 500 x 4 for 5 min
at 4 °C. Repeat this operation twice.

. Resuspend cell pellet in twice the cell bed volume using MEB

in an Eppendorf tube. Centrifuge the pellet at 500xyg for
5 min. Resuspend again the pellet in twice the cell bed volume
using MEB bufter and incubate for 10 min on ice. As MEB
buffer is hypotonic this will induce cell swelling.

. Homogenize by repeated passages through an 18-gauge nee-

dle and through a 24-gauge needle (20-30 passages may be
necessary). The purpose here is to breakup the plasma mem-
brane without damaging the nuclei. Monitor homogenization
state under the light microscope. The addition of trypan blue
can help the visualization of broken cells (se¢ Note 3).

. Remove cell debris by high-speed centrifugation (100,000 x4

for 45 min at 4 °C).

. Collect the supernatant (a typical preparation should have a

protein concentration of about 12-14 mg/ml) and freeze in
aliquots (about 25 pl) in liquid nitrogen.

Store at —-80 °C (see Note 4).

. Grow NRK cells in 15 c¢m petri dishes (70% confluency).

Prepare 40 dishes.

. Arrest cells in S-phase with 2 mM thymidine for up to 16 h.
. Wash cells with cold PBS to remove thymidine.

. Harvest the cells with gentle scraping by using a rubber scraper

(see Note 5), collect the suspension in 50 ml falcon tubes and
centrifuge at 500 x4 for 10 min.

. Resuspend cell pellet in twice the cell bed volume using MEB

in an Eppendorf tube. Centrifuge the pellet at 500xg for
5 min at 4 °C. Resuspend again the pellet in twice the cell bed
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3.2.3 Selective
Permeabilization of Plasma
Membrane of NRK Cells

3.2.4 Incubation
of Permeabilized Cells
with Cytosol

[\

volume using MEB buffer and incubate for 10 min on ice. As
MEB buffer is hypotonic this will induce cell swelling.

. Carry out the steps 7-10 described for the preparation of

Mitotic Extract (section 3.2.1).

. Coat coverslips with fibronectin (sec Note 6).

. Grow NRK cells on fibronectin-coated coverslips (60 % conflu-

ency) in a 24-well plate.

. Incubate the cells with 2 mM thymidine for 6-16 h (see Note 7)

before the experiment.

4. Wash cells with KHM buffer at room temperature.

10.

. Move the plate on ice and wash twice with cold KHM buffer

(see Note 8).

. Permeabilize the plasma membrane by treating the cells with

30 pg/ml digitonin in cold KHM for 3-5 min. The exact tim-
ing of digitonin treatment has to be empirically determined
(see Note 9).

. Stop permeabilization by washing the cells with ice-cold KHM.
. Incubate permeabilized cells with ice-cold KHM-KCI for

5 min to remove peripheral membrane proteins.

. Allow permeabilized cells to warm up during the last 2 min of

the salt wash by placing the 24-well plate on the bench.

Wash the cells with KHM buffer at room temperature (see
Note 10).

. Mix 25 pl of mitotic or interphase cytosol (12-14 mg/ml)

with 5 pl of ATP-regeneration system 10x.

. Bring each sample to a final volume of 50 pl using KHM butffer

and the item to be tested (e.g., antibody, chemical inhibitors)
dissolved in either PBS or DMSO. The presence of PBS (up to
5 pl) and of DMSO (up to 1 pl) in the reaction mixture does
not affect the assay.

. Place the reaction mixture as a single drop on Parafilm located

on a 10 cm tissue culture dish (Fig. 2A) (see Note 11).

. Place inverted coverslips with permeabilized cells onto the

reaction mixture (Fig. 2B), cover the plate, and incubate in a
water bath for 60 min at 32 °C.

. Fix the cells by incubating with 4% paraformaldehyde for

10 min (see Note 12).

. Prepare the samples for immunofluorescence analysis

(see Note 12).

. Monitor Golgi fragmentation by counting the fraction of cells

with fragmented Golgi (Fig. 3).
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Interphase extract

Intact

Fig. 2 The incubation of permeabilized cells with cytosol. Place the reaction
mixture as a single drop on Parafilm located on a 10 cm tissue culture dish on
a top of wet tissue (A). With the help of tweezers place the inverted coverslips
with permeabilized cells onto the reaction mixture. (B). Cover and incubate on
a water bath

Mitotic extract

- - PD98059
Fragmented Partially Fragmented Compact

Fig. 3 Morphology of the Golgi complex in permeabilized cells. Digitonin-permeabilized NRK cells were incu-
bated with interphase extract or mitotic extracts in the presence of DMSO (-) or of 80 uM of the MEK inhibitor
PD98059. The cells were fixed and prepared for immunofluorescence analysis. An anti-Giantin antibody has
been used to identify the Golgi membranes. Note that the cells incubated with mitotic extracts can show vari-
able levels of Golgi fragmentation. Bar: 10 um

3.3 Cell-Free Assays
to Study Mitotic Golgi
Fragmentation

and Reassembly

Mitotic Golgi disassembly and post-mitotic reassembly have been
reconstituted using purified Golgi membranes, and mitotic cytosol
or purified recombinant proteins. The ultrastructure of Golgi
membranes is examined by electron microscopy. These assays have
been developed in the laboratory of Dr. G. Warren [22, 23] and
we refer to excellent reviews describing these assays and detailed
protocols [24, 25].
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3.4 Additional
Supporting Methods
for the Study of
Mitotic Golgi
Fragmentation

3.4.1 Cell Cycle
Synchronization of NRK/
Hela Cells

and Microinjection

3.4.2 Immuno-
fluorescence-Based
Detection of Cells in S
Phase

It is important to support the results obtained through the assay
with experiments performed in intact, living cells. The “canonical”
treatments (e.g., siRNA treatment or protein overexpression) are
effective and they can affect a large cell population, but in general
may result in smaller and /or secondary effects. Thus, in our experi-
ence a successful protocol to block the cleavage of the Golgi ribbon
is the microinjection of “blocking reagents” (e.g., antibodies,
recombinant proteins and peptides), which target proteins involved
in the process [ 10, 15]. This approach is essential to induce an acute
block of Golgi fragmentation and, as a consequence, a potent and
prolonged G2 arrest. However, the drawback of this approach is
that it is limited to the observation of single cells by
immunofluorescence.

1. Grow NRK or Hel.a cells on fibronectin-coated glass cover-
slips (60 % confluency).

2. Synchronize NRK cells at the G1/S transition by treating
them with 2.5 pg/ml aphidicolin in complete medium for
16 h (see Note 13). HeLa cells are better synchronized by two
consecutive overnight treatments with 2 mM thymidine.

3. Remove aphidicolin (or thymidine) by washing three times for
3 min with warm complete medium.

4. Two hours after removal of the S-phase block, inject 200 cells
with purified recombinant proteins or antibodies (8-12 mg/
ml) in the presence of fixable fluorescently labeled dextran as
an injection marker.

5. Continue the incubation until the mitotic peak in control cells
(7-8 h for NRK cells; 10-13 h for HeLa cells), fix and process
for immunofluorescence as required and with DAPI or
HOECHST to stain the DNA. To reduce the inter-coverslip
variations, a “relative mitotic index” is calculated as percentage
of microinjected cells in mitosis normalized to non-
microinjected cells on the same coverslip [6].

A useful and simple approach for detecting cells in S-phase is the
bromodeoxyuridine (BrdU) staining [10]. BrdU is an analog of
thymidine that is incorporated into newly synthesized DNA during
replication.

1. Incubate NRK or Hela cells with 15 pM BrdU in mainte-
nance culture medium for 30 min (see Subheading 2).

2. Fix and permeabilize cells in 4% paraformaldehyde and 0.5%
Triton X-100 in PBS for 10 min.

3. Wash quickly cells with 0.05% Tween in PBS twice.
4. Denature DNA with 4 M of HCI for 30 min.
5. Wash cells with 0.1 M sodium borate and 0.05% Tween in PBS.
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3.4.3 Immuno-
fluorescence-Based
Detection of Cells
in the G2 Phase

3.5 Concluding
Remarks

6. The cells then can be labeled with anti-BrdU antibodies using stan-
dard immunofluorescence methods (see ref. 10 for more details).

The identification of NRK and Hel.a cells in the G2 phase of cell
cycle can be accomplished by labeling with an antibody against the
phosphorylated form (Serl0) of Histone H3. The phosphoryla-
tion of histone H3 is first detected within pericentromeric hetero-
chromatin during G2 and then spreads to the entire chromosome
in coincidence with mitotic chromosome condensation. Thus, G2
cells can be identified for the presence of labeling at the level of
centromeres and for the absence of chromosome condensation
(monitored by DAPI or HOECHST staining) [6]. If needed, cells
can be blocked at the G2 phase of the cell cycle by an overnight
treatment with 9 pM of RO3306 (CDK inhibitor) or by incubat-
ing cells with 1 pg/ml of Hoechst 33342 or 40 pg/ml of Hoechst
33258 for 18 h [6, 16].

This chapter describes in detail an in vitro assay that has been
instrumental to the identification of many proteins involved in
regulating Golgi disassembly during mitosis. The complex ribbon
organization of the mammalian Golgi apparatus depends on a wide
range of proteins, among which the Golgins, which are peripheral
membrane proteins that are proposed to provide a structural skel-
eton [26]. The peripheral Golgi proteins GRASP65 and GRASP55
also contribute to Golgi ribbon formation [27, 28]. Golgi ribbon
organization also depends on an intact microtubule and actin cyto-
skeleton, specialized cytoskeleton-based motors, and membrane
input from the endoplasmic reticulum (ER) [29-31], but these
elements are not discussed here in detail.

Thus, the complexity and multiplicity of proteins and signaling
networks involved in maintaining the structural organization of
the Golgi can complicate the interpretation of the results obtained
by siRNA or transfection approaches, which can give rise to adap-
tation and compensatory mechanism of cells during long-term
treatments. Therefore, we think that the assay described here offers
a valuable experimental approach to study many of the mechanisms
involved in regulating the structure of the Golgi ribbon. However,
there is also a need for the development of methods to rapidly
inactivate the function of proteins involved in Golgi organization
in an entire cell population. Such approaches will help to under-
stand the timing and temporal order in which structural Golgi
components and regulatory kinases act in concert to assemble and
disassemble the Golgi ribbon, and to employ proteomic and/or
phosphoproteomic approaches to gain a more global view of the
process. Perhaps an interesting experimental strategy toward this
direction has been recently applied in the A. Linstedt’s group, and
consists of transfecting the protein of interest fused with a KillerRed
tag, which allows the rapid inactivation of the protein of interest
upon light irradiation (see ref. 32 and references herein).
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4 Notes

. Treatment with nocodazole for long periods of time can induce

apoptosis. Be careful and monitor the cells for signs of apopto-
sis. In our experience NRK cells start to show evidence of
apoptosis after 12—-16 h of incubation.

. To facilitate the harvest of round (mitotic) cells, remove the

medium, place it in a 50 ml falcon tube and gently beat the
border of the Petri dish on a side of the bench. We generally
repeat the beatings up to 20-30 times or until more than 80%
of the rounded cells are detached. To collect the detached cells
wash twice the petri dish with 5 ml of ice cold PBS and mix the
suspension with the previously collected medium.

. Take a few microliters of the suspension, mix with trypan blue,

and put the drop on a glass slide and cover it with a coverslip.
Effectively broken cells will appear as isolated nuclei sur-
rounded by small debris.

. Cytosol can be stored for up to 2 years at -80 °C without loos-

ing activity. The cytosol can be used after freeze-thaw cycles
(up to twice) without loss of activity.

. Be very gentle in scraping. The goal here is to detach the cells

without damaging them.

. For fibronectin coating of coverslips, place a drop (about 20 pl)

on the top of each coverslip, incubate it for 15 min at room
temperature, wash with PBS, and let dry under the hood.

7. The use of thymidine reduces the number of cells in mitosis.

10.

. Place the 24-wells plate on a bucket full of “wet” ice to speed

the cooling.

. We have tested other permeabilization methods (such as

Streptolysin O) without success. Digitonin is a non-ionic
detergent that specifically permeabilizes membranes enriched
in cholesterol (such as the plasma membrane). The only intra-
cellular compartment rich in cholesterol is the trans-Golgi net-
work. Please, keep in mind that the quality of digitonin can be
very different from batch to batch. As a general characteriza-
tion for finding the exact experimental conditions, we perform
first an incubation of the permeabilized cells with an anti-
antibody against a cytoplasmically oriented Golgi protein (e.g.,
GRASP65 or Giantin) prior to fixation. This procedure allows
the selective staining of permeabilized cells.

As general advice, we suggest to perform experiments involv-
ing a maximum of six experimental points as it is difficult to
manage more samples. It is better to perform a test of permea-
bilization before the actual experiment, because in our experi-
ence, the time can change a little bit from one day to another.
When you permeabilize the cells, check coverslips that are
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11.

12.

13.

most similar (exclude coverslips with too many detached cells).
Permeabilized cells will appear flat and translucent under the
light microscope. Learn to evaluate them by using different
objectives. Prepare more coverslips than needed to select com-
parable ones and discard the ones with aggregated cells.

The mitotic cytosol can be “manipulated” by adding a chemi-
cal inhibitor for a protein kinase that is involved in Golgi disas-
sembly. We recommend to perform experiments to estimate its
efficacy as the vast majority of inhibitors are competitive for the
ATP binding site and the concentration of ATP in the assay is
high (500 pM). The mitotic cytosol can also be treated with an
antibody to deplete a protein of interest (see ref. 11) or sub-
jected to chromatographical fractionation (see ref. 18). In our
experience the cytosol does not lose its activity for up to 16 h
if all the procedures are performed at 4 °C.

Be very gentle during the fixation step; we usually “lift” the cov-
erslip by directly pipetting formaldehyde under the coverslip,
picking them up, and placing them in a 24-well plate (cell side
up). All the subsequent washes are made minimizing them and
gently removing the buffer with a pipet. For example, we recom-
mend avoid washes before the addition of blocking buffer and
before the addition of the primary antibody. We then perform
one wash in PBS before the addition of the secondary antibody
and two washes in PBS before mounting the coverslips. Typically,
after the permeabilization and incubation many cells will be
detached. See Fig. 3 for an example of a fragmented and intact
Golgi. Always add a positive control of inhibition (e.g., 80 pM of
PD98059, an inhibitor of MEK) to induce a block of Golgi frag-
mentation. The typical fraction of cells with fragmented (includ-
ing partially fragmented) Golgi varies from a 60 to 90 %.

Aphidicolin is an antibiotic isolated directly or as a secondary
metabolite of the fungi Cephalosporium aphidicola and
Nigrospora oryzae, respectively. It is a reversible inhibitor of
DNA replication, thus blocking the cell cycle at the S phase of
eukaryotic cells or some viruses by inhibiting the DNA poly-
merase II or the induced DNA polymerases, respectively. For
NRK cells it is used at 2.5 pg/ml for 16 h, while in HeLa cells
it can induce apoptosis [33].
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Chapter 15

The Role of Lysophospholipid Acyltransferases
in the Golgi Complex

John A. Schmidt

Abstract

Determining the abundance of phospholipids and neutral lipids in cellular membranes is paramount to
understanding their biological functions. Many lipid-modifying enzymes have yet to be characterized due
to limitations in substrate—product measurements and purification of membrane-bound enzymes. The
method described here uses radiolabeled phospholipid substrates and cell-purified organelles to quantify
phospholipid metabolism using thin-layer chromatography. This assay has the benefits of being specific and
adaptable for numerous applications and systems.

Key words Phosphatidic acid, Lysophosphatidic acid, LPAT, LPAAT, Acyltransferase, Golgi
membranes

1 Introduction

Organelle phospholipid species have roles in cellular signaling, protein
docking, raft formation, and morphology [1—4]. New understanding
of the physiological roles of phospholipids in organelle membranes
requires experimental methods to measure specific phospholipid
metabolism in an environment with vast phospholipid diversity.
However, elucidating the roles of phospholipids in cellular functions
has been limited by our abilities to manipulate and quantify them.
This chapter describes methods that were developed to measure two
phospholipids that are important for the structure and function of the
Golgi complex—Ilysophosphatidic acid (LPA) and phosphatidic acid
(PA). Both LPA and PA have been shown to be important for Golgi
membrane trafficking by altering membrane shape and transport ves-
sel biogenesis [5, 6]. Moreover, PA is a centrally important phospho-
lipid because it is a metabolic precursor for all membrane phospholipids
and many neutral lipids including diacylglycerol [2, 7].

PA and LPA levels are in part controlled by enzymes that reac-
ylate LPA to PA—lysophosphatidic acid acyltransferase (LPAAT)
(Fig. 1a). Indeed, one such enzyme, human LPAAT3 (AGPAT3)
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a

Lysophosphatidic Acid

Source of LPAAT
or other LPATs

+ Acyl-CoA Phosphatidic acid
e.g., Golgi membranes
b
Reaction Tube Number

1 2 3 4 ] 10
Acyl Co-A / Amount  |Palm-CoA |2 pL (50 pug) [2pL (S0 pg) |2 pL (50 pg) |2 pL (50 pg)
Reaction Buffer 147 plL 147 plL [147 pL 147 pL 199 uL 199 pL
Cell Type Hela Hela HelLa |HeLa Hela
Organelle / Amount  |Golgi Only |50 pL (10 pg) |50 pL (10 pg) |50 pL (10 pg) |50 pL (10 pg)
Lyso-PL/Amount _ |Lyso-PA |1 uL (0.1 pCi) |1 pL (0.1 uCi) |1 pL (0.1 uCi) [1 pL (0.1 uCi) | [1 pL (0.1 wCi) |1 pL (0.1 uCi)
Notes no inhibitor no inhibitor  |with inhibitor  |with inhibitor LPA Only PA Only
Total Volume 200 pL 200 pL |200 pL 200 pL 200 pL 200 pL

Fig. 1 (a) LPAAT reaction. (b) Sample table for setting up a series of LPAAT reactions

has been shown to regulate Golgi membrane tubule and COPI
vesicle formation [1, 6]. In vitro LPAAT assays can be used to
measure changes in LPA and PA in organelle membranes using
radiolabeled substrates separated by thin-layer chromatography
(TLC) [5, 6]. This assay is highly sensitive and specific, but also
flexible, and can be modified for numerous other applications.
TLC has been a proven method for the separation of phospho-
lipids for decades [8, 9]. Recent advances in lipidomics use liquid
chromatography and mass spectrometry (LC-MS) to measure
molecular lipid species [10, 11]. While these methods are useful
for obtaining global information about phospholipid levels, there
are many drawbacks. MS can have a large range of ionization effi-
ciency that is complicated by the thousands of headgroups and acyl
chain combinations that make up phospholipids [12]. Furthermore,
such approaches are not useful for kinetic analyses or to test numer-
ous samples. Additionally, phospholipid metabolic pathways are
complex and interrelated, so a TLC-based analysis is often required
to validate enzyme activity observed in lipidomic studies [7].
Measuring the enzymatic activity of transmembrane proteins
that modify phospholipids is particularly challenging because of the
difficulty of delivering substrates, quantifying products, and purifying
the enzyme. The human genome encodes several integral membrane
LPAAT enzymes, in addition to numerous other LPATs [13, 14].
This LPAAT assay allows for the manipulation of protein expression
and sequences using molecular biology in a eukaryotic cellular envi-
ronment and for the sensitive quantification of phospholipid prod-
ucts, which could be applied for the study of any LPAT enzyme.

2 Materials

Many of these reagents contain organic solvents or strong acids
and should be made, and stored, in a well-ventilated fume hood
with protective goggles, nitrile gloves, protective coat, and /or face
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shield. Due to evaporation rates, organic solvents should be made
fresh for each use. Measuring and transfer of organic solvents and
acids should be done with chloroform-rinsed glass syringes or
graduated cylinders. Radioactive substrates should be handled with
care per your institution’s recommendations for use.

1. Chromatography solvent: chloroform-methanol-acetic acid-
water (60:50:1:4 v/v ratio). It is extremely important to use
chromatography grade reagents for well-defined and consis-
tent separations. Store at room temperature in a fume hood.

2. Reaction buffer: 10 mM Tris base pH 7.4, 150 mM NaCl,
1 mM EDTA. Dissolve 1.21 g of Tris base, 8.77 g NaCl, and
0.292 g EDTA (ethylenediaminetetraacetic acid) in 900 mL
distilled water. Use 1 M HCl to bring the pH to 7.4 and bring
final volume to 1 L. Store at 4 °C.

3. Stop buffer: chloroform—methanol-water (316:632:53 v/v
ratio) with chromatography grade reagents. Store at room
temperature in a fume hood.

4. Spotting bufter: chloroform—-methanol (1:1 ratio).

5. Copper (II) sulfate stain: 3% CuSO, (w/v) and 8 % H;PO, (v/V).
Dissolve 6 g of CuSOy in 184 mL of distilled water and slowly
add 16 mL of H;PO, phosphoric acid (HPLC grade 85-90%).

6. Lysophospholipids and phospholipids.

7. Acyl-CoA fatty acids: palmitoyl Coenzyme A (ammonium salt)
or 16:0 CoA.

8. Tritium radiolabeled lysophospholipids: lysophosphatidic acid,
1-Oleoyl-[Oleoyl-9,10-*H]-, 0.1 mCi/mL from PerkinElmer
(Waltham, MA).

9. Thin-layer chromatography (TLC) plates: glass backing with
silica gel, polymer or organic binder, and no fluorescent indica-
tor 10 cm?.

10. Drying oven set to 110-120 °C.
11. Rectangular thin-layer chromatography developing tank with lid.
12. Argon gas tank with regulator and adjustable valve.

13. Corning® Pyrex® Screw Cap Culture Tubes with PTFE Lined
Phenolic Caps.

14. PTFE tape.

15. Bath sonicator.

16. Water bath at 37 °C with test tube rack.
17. Vortex mixer.

18. Clinical centrifuge.

19. Imager Typhoon FLA 7000 (GE Healthcare Lifesciences) or
similar.
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20.

21.
22.
23.
24.

Storage Phosphor screen and cassette (GE Healthcare
Lifesciences).

Reagent sprayer.
Capillary tubes.
Graduated glass syringes with 2 pL.—1000 pL range.

Golgi membranes isolated from mammalian cells grown in cul-
ture as described [15] or from dissected liver [16] (see Note 1).

3 Methods

3.1 Preparation

3.2 LPAAT Reaction

. Rinse thin-layer chromatography developing tank with chro-

matography solvent and add solvent to the tank at an approxi-
mate depth of 0.5 cm. Place the lid on the tank, with a weight
if needed, and allow the vapors in the tank to equilibrate over-
night at room temperature in ventilated safety cabinet.

. Prepare TLC plates by washing them in chromatography sol-

vent in a glass dish. Place the washed TLC plates in a drying
oven at 110 °C until ready to use.

. Dissolve acyl-CoA fatty acids and nonradioactive LPA in chlo-

roform—methanol 1:1 to a concentration of 25 mg/mL. Place
stock solution in glass vials with PTFE caps and gently replace
the atmospheric gas in the vial with argon gas (or nitrogen gas)
to minimize oxidation (see Note 2). Vial caps should be firmly
attached and secured with Teflon tape or Parafilm. Stock solu-
tions may be stored for up to 1 year at =20 °C (see Note 3).

. Begin by planning your reactions and determining the amount

of each reagent needed (Fig. 1b). Allow lipids and buffer to
warm to room temperature. For each LPAAT reaction, add
1 pL of radiolabeled lysophosphatidic acid, 1-Oleoyl-[ Oleoyl-
9,10-*H]- or 0.1 pCi to a glass vial (see Note 4). Dry the sol-
vent under a gentle stream of argon gas—a glassy-white film
may be seen on the bottom of the tube.

. For each reaction, add 25 pL of assay buffer to the dried lipids.

Cap the vial and dissolve the lipids in solution with a few 3-5 s.
pulses on a vortex mixer. The mixture is usually slightly cloudy.

. Place the vial in a bath sonicator with sufficient water to sub-

merge the lipid mixture. Do not allow the glass vial to contact
the metal basin of the sonicator. Turn on the sonicator with
the immersed reaction vial for 7 min. Sonication should be
done in the dark. Following sonication the mixture should
appear clear and produce small bubbles if flicked with your
fingers. Store the radioactive lipid mixture in the dark until the
reactions are set up.
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3.4 Separation
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4.

To plan your reactions consider the origin of the Golgi mem-
branes being tested. If the Golgi were isolated from an animal,
record the species, age, gender, and genetic background. If the
Golgi were isolated from cultured cells, the cell line, the cell
origin, and transfected constructs (genes/shRNA /siRNA)
should be considered. Thaw enough Golgi membrane for the
assay on ice. Each reaction should be done in duplicate with
10 pg Golgi protein per reaction.

. Prepare each reaction in a labeled glass vial. Add 10 pg of iso-

lated Golgi membranes and enough reaction buffer for a total
volume of 173 pL. Transfer Golgi membranes with a pipet tip
that has a larger hole to prevent rupturing the membranes. Add
2 pL of palmitoyl-CoA (see Note 5). Lastly, add 25 pL of the
prepared radiolabeled LPA that has been stored in the dark.

. Cap the reaction tubes, wrap the caps with Parafilm, and gently

mix by swirling the tubes. Place the reaction tubes in a 37 °C
water bath for the duration of the reaction, or 1 h (see Note 6).

. Stop the reaction by adding 1.0 mL of stop buffer for a final

v /v ratio of chloroform—methanol-water 1:2:0.8 (se¢ Note 7).

. Replace the cap and vortex extensively while gripping the cen-

ter of the tube to minimize splashing on the tube walls. Allow
the reactions to rest at room temperature for 5 min.

. Vortex the reactions again, then add 300 pL of chloroform and

300 pL of water to each reaction tube. Vortex again and allow
the tubes to rest at room temperature for 5 min.

. Centrifuge the reaction tubes at low speed (about 1600 x4 in

a clinical centrifuge) for 5 min with rubber inserts to prevent
glass tubes from breaking.

. The reaction will have separated into two phases—a lower

hydrophobic phase and an upper hydrophilic phase. With a
syringe, carefully remove the lower phase, which should be
600 pL in volume, and place it in a clean glass reaction tube.

. Once the lower phase from each reaction has been transferred,

“spike” each mixture with 10 pg of nonradioactive LPA and
10 pg of PA. These additions will help identify the radiolabeled
reaction products and substrates.

. Evaporate each of the organic phases by gently placing them

under a slow stream of argon gas. Be cautious not to splash the
products on the sides of the tubes (se¢ Note 8). When completely
dry, a white film can be seen at the rounded bottom of the tube.

. Replace the solvent in the thin-layer chromatography develop-

ing tank with fresh solution so that the solvent is about 0.5—
1.0 cm from the bottom of the tank (see Notes 9 and 10).
Replace the lid of the tank.
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3.5 Detection

. Remove a silica thin-layer chromatography plate from the dry-

ing oven and use a pencil to draw a horizontal line 2 cm from
the bottom edge. Be gentle with the pencil or the silica will
chip off the plate. From left to right, place a short vertical pen-
cil line every 1 cm to the edge. Each pencil cross is a guide for
where to spot the phospholipid mixture. Label each cross with
a number just below the pencil mark intersections.

. To spot the lipids onto the plate, dissolve the dried lipids in 25 pL.

of chloroform/methanol 1:1. Spot the mixture onto the plate
where the pencil crosshairs can be seen. Use a capillary or syringe
to slowly add the mixture so the circumference of the wet mark
on the plate does not exceed 3-5 mm. When one droplet dries,
more of the lipids can be added to the spot until the entire 25 pL.
has been spotted and dried. Repeat this for each reaction.

. It is recommended that a lane for nonradioactive PA only and

LPA only be included as controls.

. When all of the reactions have been spotted and the plate is

completely dry, gently place the plate in the developing tank
such that the plate is vertical and the bottom of the plate forms
an angle towards the front and the top of the plate leans away.
Most developing tanks have a ridge on the bottom of the tank
to support the plate.

. The solvent will push the samples up the plate and separate

them. When the solvent front reaches the top of the plate, the
separation is finished and remove the plate from the tank. This
usually takes about 15-20 min for a 10 cm plate.

. Allow the TLC plate to completely dry of all solvents at room

temperature.

. Prepare a phosphor screen by removing any residual back-

ground signal. Exposure to bright light for 10 min is
sufficient.

. Wrap the dry TLC plate in plastic wrap to protect the screen.

Put the plate in a storage cassette and place the phosphor
screen on top. Keep the cassette and screen in the dark until
they are ready to scan. Exposure time can vary depending on
how robust the reactions were. Try a short exposure time of
1 h followed by longer times up to 24 h if needed.

. To scan the phosphor screen, quickly remove the screen and

place it on the scanner to minimize bleaching from room
lights. Follow the manufacturer’s instructions to detect tritium
radioactivity (Fig. 2).

. When a satisfactory image is obtained, the plate can then be

stained for total lipids. Either purchase or construct a card-
board box that can hold the TLC plate in a vertical position,
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Fig. 2 Production of radiolabeled phosphatidic acid and phosphatidylcholine. An
LPAAT Assay results using Golgi and microsomes from HeLa cells overexpressing
LPAATYy (AGPAT3) in Lane 1, LPAATC (AGPAT6) in Lane 2, or empty vector in Lane 3

but has one side open. Add the copper sulfate stain to the
sprayer and coat the plate with a thin layer of the solution (see
Notes 10 and 11).

. Allow the plate to dry in the drying oven. This will char the plate

and turn spots of lipids light brown to dark brown. A higher
temperature can be used to visualize more lipids. Oven tempera-
tures can vary from 110 to 180 °C. Hotter temperatures will be
quicker. If the plates are left in the oven too long, they will
become too dark. Typically, 20 min is sufficient to visualize the
most important phospholipids in this assay (see Fig. 3).

. The stained plate can be cooled and digitally scanned or mea-

sured to correlate stained sports with radioactive signals to dif-
ferentiate between radiolabeled substrates and products.
Including spots on the TLC plate that are only LPL and only
palmitoyl-CoA may be helpful. Digital densitometry measure-
ments to quantify products is recommended.

. Compare the generation of radiolabeled PA and the loss of

radiolabeled LPA to controls.

. Radioactive waste should be disposed of based on your institu-

tion’s guidelines. All equipment should be monitored for
radioactivity contamination and cleaned as needed.

4 Notes

. We have used isolated Golgi membranes and endoplasmic retic-

ulum microsomes with this assay, but other membrane bound
organelles may also substituted. Additionally, a post-nuclear
lysate may also be used, but amount needed for robust results
may need to be tested.
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Fig. 3 Copper sulfate stained TLC plates. Mobility of phosphatidic acid (PA), lyso-
phosphatidic acid (LPA), phosphatidylcholine (PC), and lyso-phosphatidylcholine
(LPC) stained with copper sulfate and oven-charred for 20 min

10.

. Nitrogen gas or other nonreactive gases may be substituted.

. If mobility of phospholipids changes or multiple spots are seen

when only one is expected, reagents may have started to
degrade or oxidize and should be replaced.

. Ditferent lysophospholipid substrates may be used instead includ-

ing lyso-phosphatidylcholine, lyso-phosphatidylethanolamine,
lyso-phosphatidylglycerol, and lyso-phosphatidylserine.

. While palmitoyl-CoA is a physiologically relevant fatty acid for

many organelle membranes, the procedure can be adjusted to
test different fatty acids of different lengths or saturation. For
this alternative, the radiolabel should be placed on the acyl-
CoA instead of the lysophospholipid to determine which acyl-
CoA is preferred.

. The time of the reaction can be varied if the reaction products

are robust. A 1 h reaction is appropriate for LPAAT assays.
Shorter reactions may be needed for more abundant
phospholipids.

. Extraction methods are based on Bligh & Dyer method [17].

. For experiments with many samples, a commercial multi-tube

evaporator may be useful (e.g., N-Evap 111, Organomation
Associates). We recommend this to save time on large
experiments.

. If detection of other phospholipids is required, the solvent can

be changed to adjust the mobility in the silica plate. Specifically,
separation of phosphoinositides and phosphatidylethanol-
amine may need a different solvent [18].

Acetic acid is important for the proper separation of PA and
other charged phospholipids.
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11. Alternate stains are available for specific visualization, we chose
this solution for its ease and cost. Copper sulfate stain can also

be reused.

12. If a sprayer is not available, quickly dipping the TLC plate in
the copper sulfate solution can also work (personal communi-

cation E. Cluett).

Thank you William J. Brown for critical reading of the manuscript
and Edward Cluett, Dan Drecktrah, and Kimberly Chambers for

Acknowledgements
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Chapter 16

Methods to Purify and Assay Secretory Pathway Kinases

Vincent S. Tagliabracci, Jianzhong Wen, and Junyu Xiao

Abstract

Members of the four-jointed and VLK families of secretory pathway kinases appear to be responsible for
the phosphorylation of secreted proteins and proteoglycans. These enzymes have been implicated in many
biological processes and mutations in several of these kinases cause human diseases. Here, we describe
methods to purify and assay two members of the four-jointed family of secretory kinases: the Fam20C
protein kinase and the Fam20B proteoglycan kinase.

Key words Raine syndrome, Hypophosphatemia, Golgi kinase, Secreted kinase, Amelogenesis
imperfecta

1 Introduction

Protein kinases are evolutionarily conserved enzymes that cova-
lently modify substrates with a molecule of phosphate, in most
instances using ATP as the phosphate donor [1]. The phosphoac-
ceptor substrate is usually specific for a given protein kinase and
includes, but is not limited to, Ser, Thr and Tyr residues on pro-
teins, inositol head groups on lipids, and hydroxyl groups on sug-
ars. Since the discovery of the first protein kinase [2 ], most kinase
research has focused on the phosphorylation of intracellular sub-
strates because the “lion’s share” of protein kinases localize within
the boundaries of the plasma membrane [3]. Nevertheless, pro-
teins and proteoglycans that are secreted can be extensively modi-
fied by phosphorylation as well [4-6]. For example, the secreted
milk proteins, casein and osteopontin, are phosphorylated on mul-
tiple Ser residues [7, 8]. Furthermore, proteoglycans, such as
decorin, contain phosphate within the tetrasaccharide linkage
region and this phosphate is covalently linked to the 2" OH on a
xylose residue [9, 10]. However, efforts to determine the func-
tional consequences of secreted protein and proteoglycan phos-
phorylation have been hampered because the kinases responsible
for these phosphorylation events have only recently been identified
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[5, 11]. In 2008, Irvine and colleagues discovered that the
Drosophila protein four-jointed (fj), is a Golgi kinase that phos-
phorylates atypical cadherins [12]. This study revealed for the first
time the molecular identity of a kinase in the secretory pathway.
Subsequent studies identified Fam20B as a xylose kinase that plays
a role in regulating proteoglycan biosynthesis [13]. Fam20B
dependent phosphorylation of xylose markedly stimulates the
activity of galactosyltransferase II (GalT-1II) to enhance proteogly-
can biosynthesis [14]. In 2012, we discovered that Fam20C is the
bona fide “Golgi casein kinase,” an enzyme that escaped identifica-
tion for many years [15]. Fam20C phosphorylates hundreds of
secreted proteins on Ser-x-Glu/pSer motifs and appears to be
responsible for generating the vast majority of the extracellular
phosphoproteome [5, 15-18].

Although human mutations in Fam20B and Four-jointed have
yet to be identified, Fam20C mutations cause Raine syndrome, an
often-fatal osteosclerotic bone dysplasia [19, 20]. Most Raine
patients die within the first few weeks of life; however, more recent
reports have identified non-lethal cases of the disease in patients
harboring hypomorphic FAM20C mutations [17, 21, 22]. These
individuals, as well as Fam20C KO mice, have dental abnormalities
and hypophosphatemia, the later of which is caused by elevated
levels of the phosphate-regulating hormone FGF23 [21, 23, 24].
Fam20A, a close paralogue of Fam20C, is a pseudokinase that
forms a functional complex with Fam20C to enhance the phos-
phorylation of secreted proteins that are found in the enamel
matrix of the tooth [25]. Human mutations in Fam20A cause
amelogenesis imperfect and enamel-renal syndrome, which results
in severe enamel defects in patients [26, 27].

Recent work from the Whitman laboratory has identified the
vertebrate lonesome kinase (VIk) as a secreted kinase that phos-
phorylates tyrosine residues [28]. VLK belongs to the PKDCC
tamily of kinases that are distantly related to a protein kinase family
consisting of Fam69A /B /C and Deleted in Autism-1 (DIA1) and
DIAIl-Related [29]. These proteins localize in the secretory path-
way and some of them have been genetically linked to neurological
disorders [16, 30]. VLK phosphorylates a wide range of extracel-
lular proteins, including matrix metalloproteinase 1 and ERp29
with no recognizable consensus sequence surrounding the phos-
phoacceptor Tyr [28].

Moreover, Sgk196, which was originally annotated as pseudoki-
nase, is a sugar kinase that phosphorylates mannose residues on
a-dystroglycan [31]. SGK196 was discovered in a haploid screen as a
gene involved in the post-translational modification of a-dystroglycan,
and human mutations in SGK196 lead to a-dystroglycan-related dis-
eases such as congenital muscular dystrophy [32, 33].

Here, we describe methods for the purification of milligram
quantities of Fam20C and Fam20B from insect cell conditioned
medium using recombinant baculovirus. The proteins can be used
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for many applications including X-ray crystallography and enzyme
assays. We also describe methods to assay Fam20C and Fam20B
activities in vitro and in cells. We hope that the methods described
herein will encourage further research on secreted protein and pro-
teoglycan phosphorylation by kinases in the secretory pathway and
extracellular space.

2 Materials

2.1 Generation

of Recombinant
Fam20B and Fam20C
Using Insect Cells

Prepare all solutions using ultrapure water (Millipore) and analytical
grade reagents. Prepare and store all reagents at room temperature
(unless indicated otherwise). Diligently follow all waste disposal reg-
ulations when disposing waste materials. The [y-3*P]ATP and y-32P-
orthophosphate must be handled in accordance with regulations for
the use of radioactivity. Experiments should be performed behind a
plexiglass shield to minimize exposure to radiation. A lab coat,
gloves, and safety glasses should be worn at all times during the pro-
cedure. The radioactive samples and the source of radioactivity must
be shielded at all times. The stock vials should be stored in a lead
case or a plexiglass box. The time spent handling radioactive samples
should be minimized to avoid prolonged exposure.

1. Baculovirus transfer vector pl-sec-MBP-tev2 (pSMBP2 as an
abbreviation, Fig. 1). The pSMBP2 vector is constructed on
the basis of pI-secSUMOstar (LifeSensors) and pFastBac"HT-B
(Invitrogen). It contains a signal peptide (SP) sequence from
the baculovirus glycoprotein gp67, followed by regions encod-
ing a 6X His tag, a maltose-binding protein (MBP), a 7-resi-
due spacer, and a Tobacco Etch Virus (TEV) protease cleavage
site (Fig. 1).

2. MAX Efficiency DH10Bac E. coli competent cells (10361-
012, Invitrogen). Growth plate: LB agar plate containing
50 pg/mL kanamycin, 10 pg/mL tetracycline, 7 pg/mL gen-
tamicin, 40 pg/mL IPTG, and 100 pg/mL Bluo-gal. Growth
medium: LB medium supplemented with kanamycin, tetracy-
cline, and gentamicin at above concentrations.

3. PureLink HiPure Plasmid DNA miniprep Kit.

4. Sf9 and Sf21 insect cells (Invitrogen). Growth medium: Sf-900
II SEM (Invitrogen).

5. Transfection reagent: Cellfectin or X-tremeGENE 9.

6. High Five (Tn5) insect cell. Growth medium: ESF 921
(Expression Systems).

7. TBS butfter: 25 mM Tris pH 7.5, 150 mM NaCl.

8. Ni-NTA (nickel nitrilotriacetic acid) agarose. Wash buffer: 25 mM
Tris pH 8.0, 150 mM NaCl, 25 mM imidazole. Elution buffer:
25 mM Tris pH 8.0, 150 mM NaCl, 250 mM imidazole.
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GCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTGATTACGATATCCCAACGACCGAAAAC

CGGTCGCCAGCAGTCTGACAGCTACTTCGGGACTTTCTGCGCGTCTGACTAATGCTATAGGGTTGCTGGCTTTTG
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(in frame with MBP) - I

TEV site
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CTGTATTTTCAGGGATCCGGAATTCAAAGGCCTACGTCGACGAGCTCACTAGTCGCGGCCGCTTTCGAATCTAGA
GACATAAAAGTCCCTAGGCCTTAAGTTTCCGGATGCAGCTGCTCGAGTGATCAGCGCCGECGAAAGCTTAGATCT

1 5 1
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TiI
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GCCTGCAGTCTCGAGGCATGCGGTACCAAGCTTGTCGAGAAGTACTAGAGGATCATAATCAGCCATACCACATTT

CGGACGTCAGAGCTCCGTACGCCATGGTTCGAACAGCTCTTCATGATCTCCTAGTATTAGTCGGTATGGTGTAAA
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........................... {InframerthTEVSIte} A ——

Fig. 1 pSMBP2 Vector Map. Schematic of the pSMBP2 Baculovirus transfer vector depicting the signal peptide
(SP) sequence from the baculovirus glycoprotein gp67, the 6X His tag, the maltose-binding protein (MBP), a
7-residue spacer, and a Tobacco Etch Virus (TEV) protease cleavage site. The multiple cloning site is also shown



2.2 Fam20B Sugar
Kinase Assay Using
a Model Substrate

2.3 Fam20B

Proteoglycan Kinase
Assay Using Decorin
(DCN) as a Substrate

11.

12.
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. TEV protease.
10.

Resource Q column (GE Life Sciences). Buffer A: 25 mM Tris
pH 8.0, 50 mM NaCl; Buffer B: 25 mM Tris pH 8.0, 1 M
NaCl.

Hiload Superdex 200 column (GE Life Sciences). Running
buffer: 10 mM HEPES pH 7.5, 100 mM NaCl.

Equipment: refrigerated incubator and shaker, hemocytome-
ter, light microscope, cross-flow filtration system (Vivaflow
200, Sartorius), fast protein liquid chromatography system.

. Model sugar substrate: Glucuronic acid-p1-3-Galactose-p1-3-

Galactose-pl-4-Xylose-pl-Benzyl (Tetra-Ben) (customized
from TCI America, Portland, OR, USA). Dissolve 1 mg Tetra-
Ben in 135 pL water to make a 10 mM stock solution (Tetra-
Ben molecular weight: 740 g/mol). Store aliquots at —20 °C.

. Purified recombinant Fam20B wild type and D309A inactive

mutant protein: 1 mg/mL in TBS bufter and 20% glycerol,
aliquot and store at -80 °C.

. 5x Fam20B kinase bufter: 250 mM HEPES, pH 7.4, 50 mM

MgCl,, 500 mM NaCl, 1% Triton X-100.

. MnCl,.

. Adenosine 5'-triphosphate disodium salt hydrate (ATP).

. [y-**P]ATPD.

. Kinase reaction quenching buftfer: 0.1 M EDTA, 2 mM ATP.
. Sep-Pak C18 Vac RC Cartridge, 100 mg (Waters, Milford,

MA, USA).

. Cartridge activation/elution solvent: methanol.
10.
11.

Cartridge equilibration and wash buffer: 0.2 M (NH,),SO,.

Equipment: Liquid scintillation spectrometry (scintillation
counter); liquid scintillation counting cocktails; liquid scintilla-
tion counting vials.

. Plasmid: DCN (1-359) with C-terminal FLAG tag in pCCF

vector (pcDNA backbone containing a C-terminal Flag tag).

. HEK293T cell line.

. Tissue culture components: Nunc TripleFlasks (Sigma),

Gibco® DMEM cell growth medium, Fetal Bovine Serum
(FBS), DPBS, Pen/Strep.

. Transfection reagent: linear polyethylenimine (PEI, molecular

weight: 25 kDa). Dissolve PEI at 1 mg/mL in H,O preheated
to 80 °C. Cool solution to RT and adjust pH to 7.2. Filter-
sterilize, aliquot and store at —-20 °C.

. Anti-FLAG M2 affinity gel; 3X-FLAG peptide.
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2.4 Fam20B Activity
in Cells

2.5 Fam20C Activity
Using f3(28-40)
as the Substrate

6.

10.

11.

12.
13.
14.
15.

16.
17.
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Empty PD-10 column (GE Healthcare Life Sciences, Pittsburg,
PA, USA).

. Amicon Ultra-4 centrifugal filter units (EMD Millipore,

Billerica, MA, USA).

. Recombinant DCN from mammalian cells: 1 mg/mlL. Store at

-20°C.

. Glycosaminoglycan (GAQG) treatment enzymes: Heparinase 1,

II, and III (Flavobacterium heparinum, Seikagaku, Japan),
chondroitinase ABC (Chon-ABC). Store at -20 °C.

10x GAG treatment buffer: 500 mM sodium acetate, 5 mM
calcium acetate, pH 7.0. Store at -20 °C.

5x Fam20B kinase buffer: 250 mM HEPES, pH 7.4, 50 mM
MgCl,, 500 mM NacCl, 1% Triton X-100.

MnCl,.

Adenosine 5’-triphosphate disodium salt hydrate (ATP).
[y-3P]ATD.

Kinase reaction quenching buffer: 0.1 M EDTA and 2 mM
ATP.

Gel electrophoresis systems.

5x SDS-PAGE loading buffer: 62.5 mM Tris-PO, pH=6.8,
50% (w/v) glycerol, 6.25 % SDS, 0.1 % bromophenol blue, 5%
B-mercaptoethanol.

. Tissue culture components: MRC-5 lung fibroblast control

and stable knockdown cell lines, six-well cell culture plates,
Dialyzed FBS, Phosphate free DMEM.

. [3P]orthophosphate, 10 mCi/mL.
. Protein G Agarose.

. Complete protease inhibitor (PIC).
. Phosphatase inhibitor cocktail.

. Gel electrophoresis and transfer system.
. Anti-DCN antibody (MAB143, R&D systems, Minneapolis,

MN, USA).

. Insect cell purified Fam20C (63-C).
. P(28-40) peptide KKIEKFQSEEQQQ (commercially avail-

able from many sources).

. 10x Fam20C kinase Buffer: 500 mM HEPES-KOH pH 7.0,

5 mg/mL bovine serum albumin (BSA).

4. MnClz.

ol

. Adenosine 5’-triphosphate disodium salt hydrate.

6. [y-2P]ATP.



2.6 Fam20C Activity
Using Recombinant
OPN as the Substrate

2.7 Fam20C Activity
in GCells
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. P81 phosphocellulose filters (GE Healthcare). This product

has been discontinued. A suitable replacement is P81 phos-
phocellulose filters (20-134, Millipore).

. 85 % phosphoric acid.
. Acetone.
10.

Equipment: water bath, wire mesh basket inside of a beaker
with a stir bar, stir plate, liquid scintillation spectrometry (scin-
tillation counter); liquid scintillation counting cocktails; liquid
scintillation counting vials.

. Insect cell purified Fam20C (63-C).

2. Recombinant 6X-His-tagged human osteopontin (residues

N O\ Ul b W

17-314) expressed and purified from E. co/i using standard
procedures.

. HEPES.

. MnCl,.

. Gel electrophoresis systems.

. EDTA.

. 5x SDS-PAGE loading buffer: 62.5 mM Tris-PO, pH 6.8,

50% (w/v) glycerol, 6.25% SDS, 0.1% bromophenol blue,
B-mercaptoethanol.

. Adenosine 5’-triphosphate disodium salt hydrate (ATD).
. [y-32P]ATD.
10.

Equipment: water bath, liquid scintillation spectrometry (scin-
tillation counter); liquid scintillation counting cocktails; liquid
scintillation counting vials, gel dryer.

. Tissue culture components: U2-OS osteosarcoma cells (Control

and Fam20C KO). Corning® Costar® six-well cell culture plates;
Dialyzed FBS; Phosphate free DMEM. DMEM cell growth
medium; Fetal bovine serum (FBS); DPBS; Pen/Strep.

2. [3*P]Jorthophosphate, 10 mCi/mL.

w

N O\ Ul W

. pCCE-Fam20C, pCCF-Fam20C D478A, and pcDNAVS5-

OPN mammalian expression plasmids.

. Transfection reagent: Fugene 6.

. Protein G Agarose.

. DPBS containing 0.4 mM EDTA and 1% NP40.

. Rabbit anti-V5 antibody (Millipore), mouse anti-V5 antibody

(Invitrogen), and mouse M2 anti-Flag antibody (Sigma).

. Gel electrophoresis and transfer system.



204 Vincent S. Tagliabracci et al.

3 Methods

3.1 Expression and
Purification of
Recombinant Fam20B
and Fam20G in Insect
Cells

Carry out all procedures at room temperature unless otherwise
specified.

1. Insect cell maintenance.

Cells are grown at 27 °C in a non-humidified shaker with
constant shaking at 115 rpm. The cell density is maintained
between 0.5x10° and 2.5x10°¢ cells/mL by splitting and
diluting the culture with fresh medium (se¢ Notes 1 and 2).

. Subclone Fam20B and Fam20C into the pSMBP2 Vector.

DNA fragment encoding the kinase domain of Fam20B (resi-
dues 32-409) or Fam20C (residues 63-584) are subcloned into
the multiple cloning sites of pPSMBP2 in frame of the TEV site.
This will allow their expression as a fusion protein. The gp67
signal peptide will mediate the secretion of the fusion protein, the
6X His tag facilitates protein purification from the conditioned
medium, and MBP aids in the proper folding of the kinases.

The presence of MBP is essential for the folding and secre-
tion of the Fam20 kinases. Previously, we also used SUMOstar
as a fusion tag to enhance their folding [34]. SUMOstar is a
mutant of yeast SUMO (Small Ubiquitin-like Modifer) that is
resistant to endogenous Ulpl desumoylase [35]. We found
that MBP generally performs better than SUMOstar and
increases the secretion of the Fam20 kinases by >2-3 fold.

N-terminal sequencing analysis of Fam20C purified from
the conditioned medium of HEK293T cells revealed that the
mature protein starts at Asp93 [16]. However, when Fam20C
(93-584) was expressed in insect cells using the above strategy,
the resulting fusion protein was found to be extremely resistant
to cleavage by the TEV protease, possibly due to the presence
of'an N-linked glycosylation site at Asn101. Fam20C (63-584)
behaves well in solution and is similarly active.

. Generation of the recombinant bacmid.

Follow the Bac-to-Bac system protocol (Invitrogen) to
transform the pSMBP2 plasmids into DH10Bac E. coli and
transpose the expression cassette into the bacmid. Pick a large
white colony and inoculate 10 mL of Luria—Bertani (LB)
medium. Grow overnight at 37 °C, and isolate the bacmid
DNA using the PureLink HiPure Plasmid DNA miniprep Kit.

We transform 1 ng of plasmid DNA to 20 pL of MAX
Efficiency DH10Bac competent cells, instead of 100 pL as rec-
ommended by Invitrogen. Invitrogen also recommends picking
ten white colonies and veritying them by re-streaking on fresh
growth plates. We find the verification step is usually unneces-
sary. To reduce cost, the bacmid DNA can also be isolated by
the traditional isopropanol precipitation method.
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4. Produce and amplify the baculovirus.

Transfect 1 pg of bacmid DNA to 0.8-1 x 10° healthy Sf9 or
Sf21 cells seeded in one well of a six-well plate using 8 pL of
Cellfectin or X-tremeGENE 9 transfection reagent. Change to
fresh medium after 3-5 h of transfection, and incubate at 27 °C
for 72-96 h (see Note 3).

Collect the conditioned medium containing the P1 virus,
filter through a 0.2 pm syringe filter, and store at 4 °C in the
dark.

To amplify the virus and make P2 viral stock, infect Sf9 or
Sf21 culture at 1.5-2x10° cells/mL using 1:500 P1-culture
volume ratio. Grow the cells in suspension with constant shak-
ing at 115 rpm. Collect the culture supernatant after 72-96 h
of infection, filter through a 0.22 pm filter, and store at 4 °C
until use. Usually, the titer of the P2 virus is sufficient for pro-
tein expression.

It may be helpful to supplement the viral stock with 2 % fetal
bovine serum to prevent aggregation of the viral particles.

5. Protein expression in High Five cells.

High Five cells are the best for expression and secretion of
the Fam20 kinases. Sf21 cells can also be used, but the protein
production is at least two- to threefold lower. Sf9 cells cannot
secrete the Fam20 proteins.

Infect suspension cultures of High Five cells at 1.5x2x10°
cells/mL using ~1:200 P2—culture volume ratio (see Note 4).
Harvest the conditioned medium after 48—60 h of infection by
spinning down the cells at 1500 x g for 15 min at 4 °C.

6. Purification of the Fam20 proteins.

All protein purification steps were performed at 4 °C. The
conditioned medium obtained above is centrifuged again at 8000
x rpm for 30 min, before passing though a 0.22 pm filter. The
cleared medium is then concentrated by a cross-flow filtration
system. We use two Vivaflow 200 cassettes (cutoft: 30 kDa) con-
nected in parallel. This system allows us to concentrate 2 L of
cleared medium to 100 mL in ~4 h. The concentrated sample is
subsequently dialyzed against 10 L of TBS butffer (sec Note 5).

After dialysis, the fusion protein is purified by Ni-NTA affin-
ity method. 2 mL Ni-NTA agarose prewashed with TBS bufter
is added to the dialyzed sample, and batch binding is per-
formed for ~2 h with gentle rotation. The Ni-NTA resin is
then packed into an empty column, and washed extensively
with the wash buffer. Bound proteins are eluted with 10 mL
elution buffer and analyzed by SDS-PAGE.

To remove the 6X His-MBP-fusion tag, the fusion protein
is incubated with TEV protease (50:1), and dialyzed against
25 mM Tris pH 8.0, 100 mM NaCl overnight. Untagged
Fam20 proteins are further purified using ion-exchange
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3.2 In Vitro Fam20B
Kinase Assay Using
Tetra-Ben

as the Substrate

1.

chromatography on a Resource Q column with a 50-500 mM
NaCl gradient, followed by size-exclusion chromatography
on a Hiload Superdex 200 column (see Fig. 2 and Note 6).

Activate and equilibrate the Sep-Pak cartridges.

Insert Sep-Pak cartridges into 50 mL falcon tubes and acti-
vate the cartridges with 3 mL methanol followed by equilibra-
tion 3x with 2 mL of 0.2 M (NH,),SO,. Let all solvents drain
by gravity (see Note 7).

. Prepare 100 mM ATP stocks.

Dissolve ATP in 10 mM HEPES pH 7 and adjust the pH to
7 with NaOH (see Note 8). Aliquot and store at =80 °C. The
100 mM solution of ATP can then be diluted to 1 mM and
[y-3*P]ATP can be added to produce the desired specific radio-
activity. We typically use a specific radioactivity of 200 cpm/
pmol for Fam20B kinase assays.

. Prepare Fam20B kinase reaction mix components.

Determine the number of assay samples including the
proper controls (i.e., no kinase control, no substrate control),
and prepare the samples accordingly. Each reaction (20 pL)
should contain 1x Fam20B kinase buffer (50 mM HEPES,
10 mM MgCl,, 100 mM NaCl, 0.2% Triton X-100), 5 mM
MnCl,, 500 pM [y-3*PJATP (specific radioactivity ~200 cpm/
pmol), and 5 pg/mL Fam20B or Fam20B D309A. The
enzyme is diluted in TBS and reactions are typically started by
the addition of enzymes.

170 kDa
130 kDa

100 kDa
70 kDa ™

55 kDa

40 kDa -
35 kDa

25 kDa

15kDa -

Fig. 2 Purification of Fam20B and Fam20C. SDS-PAGE and Coomassie staining
of Fam20B and Fam20C purified from the conditioned medium of Hi5 insect cells



3.3 Purification

of Recombinant DCN
from the Conditioned
Medium of HEK293T
Cells

3.4 In Vitro Fam20B
Kinase Assay Using
Recombinant DGN

as a Substrate
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. Incubate the reactions at 37 °C for 10 min and terminate by

adding 100 pL of kinase reaction quenching bufter.

. Load the solution onto the pre-equilibrated Sep-Pack C18 car-

tridge and allow the solution to pass through the column bed.

. Wash the cartridge five times with 2 mL of 0.2 M (NH,),SO4

(see Note 9).

. Elute the substrate with 1 mL methanol and collect the eluent

in a scintillation vial.

. Add 3 mL of scintillation cocktail and measure the incorpo-

rated radioactivity by liquid scintillation counting.

. Add 50 mL FBS and 5 mL Pen/Strep per 500 mLL DMEM. Seed

5 million HEK293T cells in a TripleFlask with 200 mL culture
medium. Grow cells in a tissue culture incubator at 37 °C with
5% CO,.

. Transfect cells 24 h after seeding by mixing 25 pg pCCFE-DCN

in 2.5 mL PBS. Add 75 pL of 1 mg/mL PEI solution. Mix
well and incubate at RT for 15 min then add the mixture drop-
wise to the cells (see Note 10).

. Collect the conditioned medium ~48 h later and centrifuge at

13,000 x g for 10 min to clear debris.

. Add 0.8 mL of washed anti-FLAG M2 affinity gel to the super-

natant and rotate the mixture on aroller for 2 hat4 °C. Carefully
pour the solution onto an empty PD-10 column.

. Wash the resin three times with 10 mL ice-cold TBS/0.1%

Triton X-100 and elute the bound Flag tagged DCN with
100 pg/mL FLAG peptide in TBS (3x1 mL).

. Combine and concentrate the eluted protein using an Amicon

centrifugal filter units (30 kDa MWCO). Measure the protein
concentration by Bradford and adjust the protein concentra-
tion to 1 mg/mL, aliquot, flash freeze in liquid N,, and store
at —80 °C until use.

. For a 20 pL kinase reaction using DCN as a substrate, mix 2 pL.

of' 1 mg/mL Flag-tagged DCN; 1 pLL 10x GAG treatment buf-
fer, 1 pL. Chon-ABC (1 mU), and 6 pL. H,O. Briefly vortex the
tube and incubate at 37 °C for 30 min (se¢ Note 11). Following
incubation, add 4 pL of 5x Fam20B kinase buffer and 2 pL
H,O. Briefly vortex the tube and start the reaction by adding
2 pL of 50 pg/mL Fam20B or Fam20B D309A enzyme.
Incubate at 37 °C for 1 h.

. Terminate the reactions by adding 5 pL of 5x SDS-loading

buffer and boil the samples for 10 min. Separate the reac-
tion products by SDS-PAGE and visualize the protein and
incorporated radioactivity by Coomassie blue staining and
autoradiography, respectively (Fig. 3, see Note 12).
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3.5 In Cell Fam20B
Kinase Assay Using
DCN as a Substrate

Flag-Decorin  + +
Chon-ABC +
Fam20B-D/A

Fam20B + +

250 kDa —

++ +

130 kDa

100 kDa

70 kDa

9ISSeWWo0)

55 kDa

250 kDa

130 kDa —|

100 kDa —
70 kDa ~] H

AydeiBolpeloiny dzo

Fig. 3 In vitro Fam20B kinase activity using Flag tagged decorin as the substrate.
DCN was purified from the conditioned medium of HEK293T cells and phosphory-
lated with insect cell purified recombinant Fam20B or the catalytically inactive
mutant D309A in the presence of [y-*P]ATP. The reactions were treated with or
without Chon-ABC and the products were separated by gel electrophoresis and
visualized by Coomassie blue staining (fop) and autoradiography (bottom)

1.

Seed control and Fam20B stable knockdown MRC-5 cells in
10 cm tissue culture dish so that the cells will be 70-80% con-
fluent ~48 h later.

. Approximately 48 h after seeding the cells, prepare P cell

labeling medium (14 mL phosphate free DMEM, 300 pL dia-
lyzed FBS, 150 pL Pen/Strep, 2 mCi #P-orthophosphate).

. Wash the cells with phosphate free DMEM three times then

add 7 mL of P cell labeling medium to each 10 cm dish.

. Approximately 16 h later, collect the conditioned medium and

clear the cell debris by centrifugation at 5000 xg for 5 min.
Add protease and phosphatase inhibitor cocktails and concen-
trate the medium to 2 mL or less using a 30 kDa MWCO
Amicon centrifugal filter unit (se¢ Note 13).

. Add 10 pL anti-DCN antibody and incubate at 4 °C for 3 h

with rotating.

. Add 15 pL washed Protein G beads and incubate for 1 h at

4 °C with rotating.



7.
8.

9.

10.

3.6 In Vitro Fam20C 1.

Peptide Kinase Assays
Using p28-40
as the Substrate (See

Note 14). 2.
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Wash the beads five times with 2 mL TBS /0.1 % Triton X-100.

GAG digestion: Add 10 pL TBS, 2 pLL 10x GAG treatment
buffer, and 2 pL. Chon-ABC and incubate the solution at
37 °C for 30 min.

Terminate the reactions by adding 8 pL of 5x SDS loading
buffer to the tubes and boil for 10 min.

Spin down the beads at 5000 x g for 2 min and use 15 pL of the
supernatant for SDS-PAGE and anti-DCN immunoblotting.
Compare the amount of DCN from the control and Fam20B
knockdown cells by anti-DCN immunoblotting and the
amount of *?P incorporation by autoradiography.

Prepare a 10 mM stock solution of $28-40.

Dissolve the peptide in 10 mM HEPES pH=7 and adjust
the pH to 7 with 5 M NaOH. Aliquot the peptide and store at
-20 °C.

Prepare Fam20C kinase reaction mix components.

Determine the number of assay samples including the proper
controls (i.e., no kinase control, no substrate control), and pre-
pare the samples accordingly. Each reaction (50 pL) should
contain 1x Fam20C kinase buffer (50 mM HEPES pH 7,
0.5 mg/mL BSA), 5 mM MnCl,, 1 mM p(28-40), 100 pM
[y-32P]ATP (specific radioactivity ~500 cpm /pmol), and 1 pg/
mL Fam20C or Fam20C D478A. The enzymes are diluted in
TBS and reactions are typically started by the addition of
[y-?P]ATP or enzymes. Incubate the reactions at 30 °C for

10-15 min. Also prepare samples to quantify the total radioac-
tivity in the sample. These samples will be spotted onto the
P81 filter papers without washing and will be used to deter-
mine the specific activity of the reaction mix.

. Terminate the reactions by spotting 35 pL on 2x2 cm P81

phosphocellulose filter papers and immediately immerse the
papers in 300-500 mL of 75 mM phosphoric acid while stir-
ring in a wire mesh basket contained within a beaker.

4. Wash for 10-15 min (see Note 15).

. Discard the phosphoric acid appropriately and add fresh phos-

phoric acid and continue washing for an additional 30-60 min.

. Discard the phosphoric acid appropriately and perform a third

wash for 10-15 min, followed by a 5 min wash with acetone.

. Allow the P81 filter papers to air-dry. A hair dryer can be used

to reduce the time it takes for the filter papers to dry.

. Add the filter papers to scintillation vials and monitor the

incorporated radioactivity by Cerenkov counting in a Beckman
LS 6000IC scintillation counter. If the counts are low, scintil-
lation fluid can be used as well.
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3.7 In Vitro Fam20C
Protein Kinase Assays
Using Recombinant
Osteopontin (OPN)

3.8 Cell Based
Fam20C Kinase Assay
Using OPN

as a Substrate: Gel
Shift Assay

1. Recombinant 6X-His tagged osteopontin (residues 17-314)

can be expressed and purified from E. cols extracts using stan-
dard protein expression and purification techniques.

2. Prepare Fam20C kinase reaction mix components.

Determine the number of assay samples including the proper
controls (i.e., no kinase control, no substrate control), and pre-
pare the samples accordingly. Each reaction (20 pL) should
contain 50 mM HEPES pH 7, 10 mM MnCl,, 0.25 mg/mL
6X-His osteopontin, 1 pM [y-32P]ATP (specific radioactivity
~500 cpm/pmol), and 10 pg/mlL Fam20C or Fam20C
D478A. The enzymes are diluted in TBS and reactions are typi-
cally started by the addition of [y-**P]ATP or enzymes.

. Incubate the reactions for 2 h at 30 °C.

4. Terminate the reactions by adding EDTA to a final concentra-

tion of 15-20 mM, followed by 5x SDS loading buffer and boil
the samples for 5 min.

. Separate the reaction products by SDS-PAGE and visualize the

protein and incorporated radioactivity by Coomassie blue
staining and autoradiography, respectively (Fig. 4a).

. Seed 5x10° U20S cells in 2 mL in a six-well plate format.
. Approximately 24 h later, mix 1 pL of pCCF-Fam20C or pCCEF-

Fam20C D478A with 4 pg of pcDNAV5-OPN (see Note 16).

. In a separate tube, add 7 pL of FuGENE 6 transfection reagent

to 100 pL serum free, Pen/Strep free DMEM.

. Add 2 pL of the DNA mix and let sit at room temperature for

20-30 min.

. Add the transfection mixture dropwise to cells and change the

medium 4-6 h later.

. Harvest the conditioned medium 2448 h later by centrifuga-

tion at 750 x4 to remove cell debris. Remove the supernatant
and perform an addition centrifugation at 10,000x4 for
10 min at 4 °C.

. Add 1 pL of rabbit anti-V5 antibody (Millipore) to the super-

natant and rotate on a nutator for 2 h or overnight at 4 °C.

. Pull down the antibody—antigen complex by adding 20 pL of

a 1:1 slurry of PBS washed Protein G agarose and incubate on
a nutator for 1 h.

. Spin the sample at 1000xg for 2 min at 4 °C. Remove the

supernatant and wash the beads with 1 mL of DPBS. Repeat
the wash step for a total of three washes. Boiling the beads in
2x SDS loading buffer can directly elute V5-tagged
OPN. Alternatively, the beads can be incubated with
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Fig. 4 Phosphorylation of osteopontin in vitro and in cells by Fam20C. (a) In vitro incorporation of 2P from [y-32P]
ATP into 6X-His-tagged OPN by Fam20C, or the D478A mutant. Reaction products were separated by SDS-
PAGE, visualized by Coomassie Blue staining, and radioactivity was detected by autoradiography. (b) Protein
immunoblotting of V5 and Flag immunoprecipitates from conditioned medium of U20S cells co-expressing
V5-tagged OPN (V5-OPN) with either WT Fam20C (20C WT Flag), catalytically inactive, D478A Fam20C (20C
D478A Flag) or Fam20C lacking the signal peptide (20C ASP Flag). Extracts were analyzed for Flag-Fam20C (or
mutants) and V5-tagged OPN

A-phosphatase to remove the phosphate incorporated by
Fam20C prior to the addition of SDS loading bufter.

10. Separate the reaction products by SDS-PAGE and visualize
the V5-tagged-OPN by protein immunoblotting using mouse
anti-V5 antibody (Invitrogen). In parallel experiments, Flag-
tagged Fam20C expression can be monitored in the cell
extracts or in the conditioned medium by anti-Flag M2 pro-
tein immunoblotting (Fig. 4b).
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3.9 CGell Based
Fam20C Kinase Assay
Using OPN

as a Substrate:
Metabolic
Radiolabeling

Not all proteins display a mobility shift when phosphorylated by
Fam20C. Therefore, if your protein of interest does not shift when
phosphorylated, we recommend metabolically radiolabeling cells
with 3P orthophosphate. The proteins can be coexpressed with
Fam20C or expressed alone in control and Fam20C depleted cells.

1. Seed 5x10° control or Fam20C KO U20S cells in 2 mL in a
six-well plate.

2. Transfect 5 pg of pcDNAV5-osteopontin with 10 pL FuGENE
6 and 100 pL of serum free, PenStrep free DMEM following
the protocol outlined above.

3. Forty to forty-eight hours after transfection, replace the
medium with phosphate-free DMEM containing 10% (vol/
vol) dialyzed FBS and 1 mCi/mL [32PJorthophosphate.

4. Incubate for 6—8 h at 37 °C.

5. Harvest the conditioned medium by centrifugation at 750 x4
to remove cell debris. Remove the supernatant and perform an
additional centrifugation at 10,000 x g for 10 min at 4 °C.

6. Add 1 pL of rabbit anti-V5 antibody (Millipore) to the super-
natant and rotate on a nutator for 2 h or overnight at 4 °C.

7. Pull down the antibody—antigen complex by adding 20 pL of
a 1:1 slurry of PBS washed Protein G agarose and incubate on
a nutator for 1 h.

8. Spin the sample at 1000x 4 for 2 min at 4 °C. Remove the
supernatant and wash the beads with 1 mL of DPBS contain-
ing 0.4 mM EDTA and 1% NP40. Repeat the wash step for a
total of six washes. Boil the beads in 2x SDS loading and sepa-
rate the proteins by SDS-PAGE. Visualize the V5-tagged-OPN
by protein immunoblotting using mouse anti-V5 antibody
(Invitrogen). The incorporated radioactivity can be monitored
by autoradiography.

4 Notes

1. It is very important that the cell culture volume does not
exceed 40 % of the maximal flask capacity to keep proper aera-
tion. In fact, we found that the cells grow better when the
culture occupies less than 20 % of the flask volume.

2. There is an excellent JoVE (Journal of Visualized Experiments)
article that nicely illustrates the general process of insect cell
culture and maintenance, generation and amplification of bac-
ulovirus, and expression and purification of a recombinant
protein [36].

3. If the incubator is non-humidified, it is important to wrap the
six-well plate using plastic wrap to reduce evaporation.
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A pilot small-scale protein expression test can be performed at
different virus—culture ratios to determine the optimal amount
of virus needed for infection. It might also be helpful to mea-
sure the titer of the P2 viral stock by a plaque assay or other
methods. In our experience, infection using a 1:200 P2—cul-
ture ratio generally works well.

It is important to add the EDTA to stop the reactions. We
have found that highly phosphorylated OPN will begin to pre-
cipitate in the presence of MnCl,.

. It is very important to do this buffer exchange step, since the

insect cell medium is not compatible with the Ni-NTA resin.

. The typical yield is 5-10 mg of Fam20B or Fam20C fusion pro-

tein, or 3—6 mg of untagged protein per liter of culture media.

. A vacuum manifold can be used if it is available.

. To accurately measure the concentration of ATD, dilute a sam-

ple of the stock to 20 pM and monitor the absorbance of the
diluted sample at 259 nm. The absorbance ofa 20 pM stock of
ATP at 259 nm should be 0.31.

. Use a Geiger counter to frequently monitor the level of radio-

activity in the washing eluent to check the progress of washing,
and adjust the washing accordingly.

Touch the pipet tip to the flask wall and gently pipet solution
to the flask to avoid disturbing the cells.

If the interested proteoglycan has both chondroitin sulfate and
heparin sulfate GAG chains, also add 1 mU each of Heparinase
I, II, II1.

The limitation of the HEK293T expression system is that a
significant portion of DCN produced from these cells does not
contain the GAG modification.

It is important to concentrate the conditioned medium before
immunoprecipitation of the secreted endogenous DCN.

There is an excellent protocol for performing kinase assays that
can also be referred to while performing these assays [37].

To reduce background it is important that this wash step does
not exceed 15 min.

It is important to mix the DNA together prior to adding the
transfection reagent to assure the proteins will be expressed in
the same cells.
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