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Abstract

Secretory and membrane proteins that are destined for intracellular organelles in eukaryotes are first
synthesized at the endoplasmic reticulum (ER) and are then delivered to their final destinations. The
ER contains high concentrations of molecular chaperones and folding enzymes that assist substrates
to acquire their native conformations. However, protein misfolding is an inevitable event especially
when cells are exposed to stress or during development or aging. ER-associated degradation (ERAD)
is a major mechanism to eliminate misfolded proteins from the secretory pathway. The importance
of ERAD is underscored by the fact that mutations in secretory and membrane proteins or corruption
of the ERAD machinery have been linked to human diseases. Many components involved in ERAD
have been identified by a genetic analysis using the yeast Saccharomyces cerevisiae, and it now
appears that most of these factors are conserved in higher eukaryotes. In this chapter, we describe a
method to recapitulate the ubiquitination and extraction of misfolded polytopic membrane proteins
in vitro using materials prepared from yeast. These techniques provide a powerful tool to further
dissect the ERAD pathway into elementary steps.
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1. Introduction

Newly synthesized secretory and membrane proteins that fail to achieve their native
conformations are retained in the endoplasmic reticulum (ER) and may be degraded. This
process is referred to as ER-associated degradation (ERAD). From studies over the past 13
years, it is now clear that ERAD substrates are first recognized in the ER and are then
retrotranslocated back to the cytoplasm where they are ubiquitinated and degraded by the
proteasome (1-5). Earlier genetic studies using the yeast Saccharomyces cerevisiae have
identified core components required for ERAD, including membrane-associated E2/E3
ubiquitination enzymes, cytoplasmic and luminal chaperones, and the proteasome. Although
the detailed mechanism for substrate recognition and retrotranslocation is not yet clear, current
evidence suggests that, depending on the location of the misfolded lesion, molecular
chaperones and chaperone-like lectins either in the ER or in the cytoplasm help select ERAD
substrate (6-9). To further dissect the ERAD reaction into elementary steps and to characterize
the functions of known and novel components, it is vital to biochemically reconstitute ERAD.

Ste6p is a yeast a-factor mating pheromone transporter that is synthesized in the ER and is
delivered to and functions at the plasma membrane. A mutant form of Ste6p, which is called
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Ste6p*, is retained in the ER and is degraded by the proteasome via ERAD (10). Ste6p* has
12 transmembrane domains and is structurally similar to the cystic fibrosis transmembrane
conductance regulator (CFTR), which is also an ERAD substrate and which when mutated
results in cystic fibrosis. Genetic analysis has shown that Ste6p* degradation is slowed when
specific E2 ubiquitin-conjugating enzymes (Ubc6p and Ubc7p), E3 ubiquitin ligases (DoalOp
and Hrd1p), cytoplasmic Hsp70 and Hsp40 chaperones (Ssalp and Ydjlp/HIjlp), and a AAA-
ATPase Cdc48p are disabled (6,11). Although the ERAD pathway for Ste6p™* is relatively well-
defined, until recently it was not clear how this substrate is selected for ubiquitination and
whether it is degraded in the cytoplasm or at the ER membrane.

We recently reconstituted the ubiquitination and extraction of Ste6p* using materials prepared
from yeast (12). This assay has proven that Ssalp is essential for ubiquitination. Moreover,
ubiquitinated Ste6p* is extracted from the ER membrane to the cytosol in an ATP-and Cdc48p-
dependent manner. We also discovered that Ufd2p, an E4 polyubiquitin chain-extending
enzyme, elongates ubiquitin chains. Theoretically, this assay can be applied to any misfolded
membrane protein that can be expressed in yeast. This assay also has the potential to further
dissect the pathway of these ERAD substrates using yeast genetic mutants.

2. Materials

2.1. Preparation of ER-Derived Microsomes

1. Plasmids that encode misfolded polytopic membrane substrates: Ste6p*-3HA is
encoded by pSM1082 (2u URA3 pgiesste6-166::HA) or pSM1911 (2 URA3
Ppckste6-166::HA) and CFTR-3HA is encoded by pSM1152 (2u URA3
ppckCFTR::HA) (11,13). Yeast cells are transformed with one of these plasmids and
grown in a selective medium using established methods (14). Filter-sterilized medium
is used for the protocol in Section 3.1.2.

2. Lyticase: It was obtained commercially or has been produced using a heterologous
expression system (15,16).

3. Lyticase buffer: 0.7 M sorbitol, 0.75% (w/v) yeast extract, 1.5% (w/v) bacto peptone,
0.5% glucose, 10 mM tris(hydroxymethyl)aminomethane (Tris)-hydrochloric acid
(HCI), pH 7.4

4. Lysis buffer: 0.1 M sorbitol, 50 mM potassium acetate (KOAc), 2 mM
ethylenediaminetetraacetic acid (EDTA), 20 mM N-(2-hydroxyethyl)piperazine-
N-'(2ethanesulfonic acid) (HEPES)-NaOH, pH 7.4. The following reagents were
added immediately prior to use: 1 mM dithiothreitol (DTT), 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 ug/mL leupeptin, and 0.5 ug/mL pepstatin
A.

5. Cushion 1: 0.8 M sucrose, 1.5% Ficoll 400, 20 mM HEPES-NaOH, pH 7.4

6. Cushion2: 1.0 M sucrose, 50 mM KOAc, 20 mM HEPES-NaOH, pH 7.4. DTT (1
mM) is added immediately prior to use.

7. Buffer 88 (B88): HEPES—NaOH, pH 6.8, 150 mM KOAc, 5 mM magnesium acetate
(MgOACc), 250 mM sorbitol in double-deionized water (ddH,0). The solution should
be filter sterilized and stored at 4°C.

2.2. Preparation of Yeast Cytosol
1. Liquid nitrogen (~4 L)

2. Stainless-steel blender
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3. B88 (see Section 2.1, item 7)

2.3. Ubiquitination of Ste6p*-3HA
B88 (see Section 2.1., item 7).

Microsomal membranes (see Section 3.1).

Yeast cytosol (see Section 3.2).

A w e

10x ATP-regenerating system: 10 mM ATP, 500 mM creatine phosphate, 2 mg/mL
of creatine phosphokinase in B88. We typically store this solution in aliquots of
approximately 100 uL at —80°C and use only once (i.e., do not re-freeze).

5. 1251.Jabeled ubiquitin: Bovine ubiquitin (Sigma) is dissolved in phosphate-buffered
saline at a concentration of 10 pg/uL and labeled with 1251 (NEN Research, BioRad)
using the ICI method (17,18). The labeled ubiquitin is enriched with a D-salt
Excellulose Desalting column (Pierce) and is stored at a final concentration of 0.2 pg/
puL(~1.0 x 108 cpm/pL) (see Notes 1 and 7).

6. Apyrase (Sigma).
7. Methylated ubiquitin (Boston Biochem).

8. 1.25% SDS stop solution: 50 mM Tris—Cl, pH 7.4, 150 mM NaCl, 5 mM EDTA,
1.25% sodium dodecyl sulfate (SDS). The following reagents are added immediately
prior to use: 1 mM PMSF, 1 pg/mL leupeptin, 0.5 pg/mL pepstatin A, and 10 mM
N-ethylmaleimide (NEM).

9. 2o0r1% Triton X-100 solution: 50 mM Tris—ClI, pH 7.4, 150 mM NaCl, 5 mM EDTA,
2 or 1% Triton X-100. The following reagents are added immediately prior to use: 1
mM PMSF, 1 pg/mL leupeptin, 0.5 pg/mL pepstatin A, and 10 mM NEM.

10. 2x SDS-PAGE sample buffer: 4% (-mercaptoethanol, 4% SDS, 130 mM Tris—Cl,
pH 6.8, 20% glycerol, 10 mg/mL bromophenol blue.

11. Trichloroacetic acid (TCA) sample buffer: 80 mM Tris—Cl, pH 8.0, 8 mM EDTA,
0.25 M DTT, 3.5% SDS, 15% glycerol, 0.08% Tris-base, 0.01% bromophenol blue.

12. Anti-HA antibody: 5 mg/mL (Roche).

13. Protein A-Sepharose: Sepharose 50% (v/v) (GE Health care) is equilibrated with a
buffer (50 mM Tris—Cl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 mM azide) and is
stored at 4°C.

14. 1P wash buffer: 50 mM Tris—Cl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100, 0.2% SDS. 10 mM NEM (1 M stock in dimethyl sulfoxide) is added
immediately prior to use.

15. SDS-PAGE fixative: 25% (v/v) isopropanol, 10% (v/v) glacial acetic acid in
ddH,0.

Iwe typically store 125) |apeled ubiquitin at —80°C in aliquots of 20 uL. Although repeated freeze and thaw c¥cles (~3 times) do not
seem to be detrimental to activity, best results are seen when the reagent is used within 2 months (half-life of 1250 is~60 days) after
9reparation. Non-labeled ubiquitin is also stored at —80°C in aliquots of 20 pL.

All reaction samples containing 125 jabeled ubiquitin should be shielded by an approximately 1-mm lead plate to prevent excess
exposure. The aliquots of 125)_[abeled ubiquitin should be stored in a substantially more shielded lead container. Radioactivity at each
step of this protocol should be surveyed with a y-detecting monitor, and all items that contact 125/ should be properly disposed.
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3. Methods

3.1. Preparation of ER-Derived Microsomes

In vitro ubiquitination of Ste6p™ and CFTR depends on relevant ubiquitination enzymes (e.g.,
Ubc6p/7p, Hrd1p/DoalOp, and Ufd2p) and Hsp70 and Hsp40 molecular chaperones (e.g.,
Ssalp and Ydjlp/HIjlp). To assay the effects of these agents, yeast microsomes are prepared
in one of three different ways from mutant cells and isogenic wild-type cells expressing Ste6p*
or CFTR. When microsomes are prepared from deletion mutant cells (e.g., ubc6Aubc7A,
hrd1A, doalOA, hrd1AdoalOA, and ufd2A) and isogenic wild-type strains, the cell walls are
first digested with lyticase at room temperature or at 30°C for <1 h before the preparation of
cell homogenate (see Section 3.1.1). However, during this incubation at the permissive
temperature, the temperature-sensitive defect may be lost. Therefore, when microsomes are
instead prepared from temperature-sensitive mutants (e.g., ssal-45, a mutant form of SSA1,
and the ydj1-151/hlj1A strains) and isogenic wild-type strains, cells are grown at a permissive
temperature of 26°C and then are shifted to a restrictive temperature of 37°C. Cells are then
collected on ice and are physically disrupted with glass beads by keeping them on ice to strictly
control the temperature (see Section 3.1.2 or 3.1.3)(see Note 4).

3.1.1. Preparation of Microsomes from Homogenates After Spheroplast
Formation (Large Scale)—The following procedure, used routinely in our laboratory, is
based on a protocol previously described (19-21).

1. Yeast microsomes are prepared from cells expressing the desired substrate (Ste6p*
or CFTR) grown to log to late-log phase (optical density at 600 nm [ODggg] of 2-3).
Typically yeast cells are grown in 1-2 L of selective medium.

2. The cell walls are digested with lyticase, and the resulting spheroplasts are collected
by centrifugation through Cushion 1. The plasma membrane is then broken with a
Teflon-glass motor-driven homogenizer.

3. Lysates are layered onto Cushion 2 and centrifugation is used to obtain a crude
microsomal fraction, which is then concentrated and washed with B88 by
centrifugation at approximately 15,000 g for 10 min.

4. The concentration of microsomes is adjusted to approximately 10 mg protein/mL
(ODogp = 40 in 2% SDS) with B88. Microsomes should be stored in single-use
aliquots (~50 uL), which are stable indefinitely at —80°C and should be thawed on
ice immediately before use.

3.1.2. Preparation of Microsomes From Homogenates After Glass Bead
Disruption (Small Scale)

1. Cells are grown to log phase (ODggp = 0.7-1.5) at a permissive temperature (e.g.,
ssal-45 and ydj1-151/hlj1A at room temperature) and are shifted to 37°C for
approximately 1 h. A shaking water bath is used to strictly control the temperature.

2. Approximately 20-30 ODgqq equivalents of cells are collected by centrifugation at
4,300 g for 5 min at 4°C and are washed once with 20-30 mL of ice-cold distilled
water. The pelleted cells are resuspended in 1 mL of ice-cold water, transferred to a
new microcentrifuge tube, and recentrifuged and the remaining water is removed. The
cells are then frozen in liquid nitrogen and stored at —80°C.

4Microsomes prepared from homogenates after spheroplast formation (see Section 3.1.1) or after glass beads disruption in a medium
scale (see Section 3.1.3) are more E3 ligase enzyme-dependent than microsomes prepared from homogenates after a small-scale glass
bead disruption (see Section 3.1.2).
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To prepare a crude membrane fraction, add 250 pL of lysis buffer to the frozen cells
and disperse the cells quickly by agitation. Transfer the cell suspension to 13 x 100
mm glass test tube (VWR International) and add acid-washed 0.5-mm glass beads
(Scientific Industries) to the meniscus.

The cells are broken by vigorous agitation on a vortex mixer for 30 s 10 times, with
30-s intervals on ice between each treatment.

Add 500 pL of ice-cold B88 to the homogenate and agitate for approximately 1 s.
Transfer cell suspension to a pre-cooled microcentrifuge tube on ice.

Wash the glass beads with 500 uL of ice-cold B88 by brief agitation and pool the
wash with the homogenate above (step 6).

Remove unbroken cells by two rounds of centrifugation at 830 g for 5 min at 4°C in
a refrigerated microcentrifuge.

To obtain the subcellular membrane fraction, the resulting supernatant is centrifuged
at 18,000 g for 20 min at 4°C.

Woash the membrane fraction with 1 mL of ice-cold B88 and re-collect the membranes
as above (step 9).

Adjust the protein concentration and store at —80°Casin Section 3.1.1, step 4.

3.1.3. Preparation of Microsomes from Homogenate After Glass Beads
Disruption (Medium Scale)

1.

N oo g &

10.

11.

Cells are grown to log phase (ODggg = 0.7-1.5) at a permissive temperature and are
shifted to 37°C for approximately 1 h (see Section 3.1.2, step 1).

Approximately 200 ODgqq equivalents of cells are collected by centrifugation at 4,300
g for 5 min at 4°C and are washed and re-collected by centrifugation two times with
20-30 mL of ice-cold distilled water. Cells can be placed in a polycarbonate
centrifugation tube and frozen in liquid nitrogen and stored at —80°C.

To prepare a crude membrane fraction, add 2 mL of lysis buffer to the frozen cells
and glass beads to the meniscus.

The cells are broken as in Section 3.1.2, step 4.
Add 5 mL of ice-cold B88 to the homogenate and agitate for approximately 1 s.
Transfer the cell homogenate to a hew pre-cooled tube on ice.

Wash the glass beads with 5 mL of ice-cold B88 by brief agitation and pool this wash
with the homogenate above (step 6).

Overlay the cell homogenate (~15 mL) onto 15 mL of Cushion 2 in a polycarbonate
centrifugation tube and centrifuge in a swinging-bucket HB-6 rotor at 7,000 g for 10
min at 4°C.

Transfer the upper layer to a new polycarbonate tube and centrifuge at 15,000 g for
10 min at 4°C.

Wash the pelleted membrane fraction with 20 mL of B88 and centrifuge again as
above (step 9).

Adjust the concentration and store at —80°C as in Section 3.1.1, step 4.
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3.2. Preparation of Yeast Cytosol

The following procedure, used routinely in our laboratory, is based on a protocol previously
described (21).

1.

Grow yeast cells in rich medium to log phase (ODggg = ~2.0) at 30°C. When the
cdc48-3 mutant and isogenic wild-type cells are being used, the yeast are propagated
at room temperature and shifted to a restrictive temperature (37°C) for 5 h (22).

Collect the cells and wash with distilled water.

Resuspend the cells in a minimal amount of B88 to form a thick yeast slurry (e.g., <6
mL of B88 per 6 L of initial yeast culture).

Freeze the cells by drop-wise addition to 500 mL liquid nitrogen in a plastic beaker.
After the excess liquid nitrogen evaporates, store these “popcorn”-like particles at
—80°C.

Add the particles to approx 500 mL of liquid nitrogen and blend at high speed for 8-
10 min in a stainless-steel blender. Maintain the volume of liquid nitrogen above the
rotating blades by periodic addition of liquid nitrogen during blending.

After the liquid nitrogen evaporates, transfer the powder containing broken cells to a
50 mL Falcon tube, which can be stored at —80°C.

Place the tube on ice and add a minimal amount of B88 (e.g., ~0.5 mL/40 mL of
brokenyeast slurry) containing 1 mM DTT. Then, thaw the cells in aroom temperature
water bath.

After thawing, centrifuge the lysate at 10,000 g for 10 min at 4°C. The supernatant is
then collected and centrifuged at 300,000 g for 1 h at 4°C to remove membranes/
aggregated protein.

The supernatant from this final spin is aliquoted (~100-200 pL), snap-frozen in liquid
nitrogen, and stored at —80°C. The concentration of resultant cytosol is usually 20—
30 mg/mL (see Note 2). Avoid repeated freeze and thaw cycles as the activity of the
lysate diminishes upon each cycle.

3.3. Ubiquitination of Ste6p*

The in vitro ubiquitinated Ste6p* and the presence of unmodified Ste6p* can be detected by
autoradiography and by western blotting, respectively. The following procedure results in
sample volumes of approximately 28 uL, but 12-uL samples are sufficient for autoradiography
or western blotting. The same protocol can be used to detect in vitro ubiquitinated CFTR.

1.

Combine the reagents in the following order on ice: B88 (sufficient amount for an
initial reaction volume of 18 pL), 2 uL of microsomes, 2 uL of 10x ATP-regenerating
system, and the appropriate final concentration of cytosol (typically 1-4 mg/mL). As
anegative control, microsomes prepared from the strain lacking the Ste6p* expression
vector and B88 instead of cytosol can be used. Add reaction inhibitors such as apyrase
(ATP control) or methylated ubiquitin (inhibitor of ubiquitin extension; see Fig. 21.1)
at this point (see Note 5).

Pre-incubate the reaction at 23°C for 10 min.

2Zprotein concentration of the cytosol is measured by the Bradford method with the protein assay kit (Bio-Rad). Bovine serum albumin
(BSA) is used as the standard. No detectable loss of the activity was seen when cytosol was stored at —80°C for up to approximately 12

months.

SThe addition of an inhibitor for deubiquitination (ubiquitin aldehyde) or a proteasome inhibitor (MG132 “n-chz-leu-leu-leu-al”’) does
not result in increased ubiquitin chain extension. In addition, higher concentrations of cytosol (>~8 mg/mL) decrease the signal intensity.

Methods Mol Biol. Author manuscript; available in PMC 2011 January 1.
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Add 2 L 125]-labeled ubiquitin (see Note 7).
Incubate up to 1 h at 23°C (see Note 3).

At the desired time point, add 80 pL of 1.25% SDS stop solution and briefly agitate
(~2 s) on a vortex mixer at high speed.

Incubate at 37°C for 30 min.

Add 400 pL of 2% Triton X-100 solution or 900 pL of 1% Triton X-100 solution and
place the tubes on ice.

Add 2 pL of anti-HA (10 pg) antibody and gently mix the solution by rotating
overnight at 4°C.

Add 30 pL of 50% (v/v) Protein A-Sepharose and continue to rotate at 4°C for 2-3
h.

Harvest and then wash the immunoprecipitates with 800 pL of ice-cold IP wash buffer
four times (collect the Sepharose beads by centrifugation at 2,100g for 10 s at room
temperature using a mini-centrifuge). The samples are placed on ice between each
step. After the final wash, remove as much buffer as possible from the Sepharose with
a gel-loading micropipet tip.

Add 30 pL of either 2x SDS-PAGE sample buffer or TCA sample buffer and elute
bound proteins by incubating at 37°C for 30 min.

Spin down the Sepharose by centrifugation at 7,000 g for 10 s at room temperature.

Transfer the supernatant (~28 pL) to a new Eppendorf tube and analyze via 6% SDS-
PAGE (see Section 3.5).

3.4. Membrane Extraction of Ubiquitinated Ste6p*

The membrane extraction assay is similar to the ubiquitination assay except that each sample
is separated into membrane and cytosolic fractions by centrifugation after the ubiquitination

reaction.
1.

Set up 25-pL reactions using the procedure outlined in Section 3.3, steps 1-4 (we
typically set up 25-pL reactions to obtain a 20-pL supernatant, which does not disturb
the pellet). To observe Cdc48p/p97-dependent extraction of ubiquitinated Ste6p*,use
cdc48-3 mutant cytosol and its isogenic wild-type cytosol prepared as in Section
3.2. Optimal Cdc48 dependence is observed when the membranes are incubated for
5 min on ice and washed 2 times with B88.

Following the incubation, pellet the microsomes in a refrigerated microcentrifuge at
18,000 g for 10 min at 4°C.

Return the reaction tube to ice and quickly transfer 20 pL of supernatant (containing
extracted/ubiquitinated Ste6p*)to a new microcentrifuge tube on ice. Be careful not
to disturb the pellet.

Remove the remaining supernatant completely and resuspend the pelleted
microsomes in 25 uL of ice-cold B88. Transfer 20 uL of suspension to a new tube.

3The in vitro ubiquitination of Ste6p* requires physiological temperature and does not occur on ice. The optimal temperature is 23°C
and the extent of ubiquitination becomes inefficient at higher temperatures (e.g., 37°C), possibly because the misfolded substrate protein
aggregates. However, the phenotype of some temperature-sensitive mutant alleles (e.g., ssal-45), which is most evident at 37°C in vivo,
is exhibited at 23°C in the in vitro reaction.
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5. Add 80 pL of 1.25% SDS stop solution to the supernatant and resupspended
microsomes and briefly agitate the mixture on a vortex mixer. Process the samples as
in Section 3.3, steps 6-13.

3.5. Data Collection and Analysis

3.5.1. Autoradiography

1. Halfof the final sample (~12 uL, see Section 3.3, step 13) isanalyzed by SDS-PAGE.
Typically, 6 cm 6% gels are used to resolve the ubiquitinated species and are run at
20 mA (constant current) until the bromophenol blue dye front is at the bottom of the
gel (see Note 6). Unmodified Ste6p* will reside approximately in the center of the
separating phase of the gel and the “smear” of ubiquitinated Ste6p* will reside in the
upper half of the gel.

2. The gel is gently placed in SDS-PAGE fixative for 15 min to 2 h and gently shaken
at room temperature. Gels are dried on filter paper for approximately 45 min on a
vacuum drier with heating (~80°C) and are then cooled to room temperature before
the vacuum is broken. Typically, the resulting autoradiograph requires 1 day of
exposure on a phosphoimage screen although the use of old label may require
significantly longer exposure times (e.g., ~1 month).

3.5.2. Western Blotting
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Fig. 21.1.

The in vitro ubiquitination assay. The assay was performed essentially as described in Section
3.3 using wild-type ER-derived microsomes (prepared as in Section 3.1.1) from yeast
expressing Ste6p*-3HA. The microsomes were incubated with a final concentration of 6.5 mg/
mL cytosol, the ATP-regenerating mix, 12%I-labeled ubiquitin, and the indicated concentration
of methylated ubiquitin at 30°C for 15 min. The arrow indicates the boundary between the
stacking and running gel.
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