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of target proteins. In fact, the metabolic energy liberated by ATP
consumption is probably used for unfolding target proteins, gate opening
of the 20S proteasome, and substrate translocation so that they can pene-
trate into the channel formed by the a- and (-rings of the 20S proteasome
(Ogura and Tanaka, 2003). On the other hand, the lid-complex is thought to
be involved in the recognition of polyubiquitylated target proteins, deubi-
quitylation of substrates for reutilization of ubiquitin, and physical interac-
tions with various other proteins that influence proteasome activity. The
details of molecular bases for functions of individual subunits, however, are
largely unknown to date.

Assay of Proteasome Activity

Assay of Suc-LLVY-MCA Degrading Activity

The 26S proteasome is incubated at 37° for 10 min in 50 mM Tris-HCI
buffer (pH 8.5) containing 1 mM dithiothreitol (DTT) and a 0.1 mM
concentration of a fluorogenic substrate, the synthetic peptide succinyl-
Leu-Leu-Val-Tyr-4-methyl-coumaryl-7-amide (Suc-LLVY-MCA) (Pep-
tide Institute). This substrate is added to the assay mixture at a final
concentration of DMSO of 1% (v/v). The reaction was stopped by adding
10% SDS at final concentration of 1%, and the reaction product is
measured fluorometrically (excitation 380 nm, emission 460 nm).

The 26S proteasome can be visualized on electrophoretic gels as a Suc-
LLVY-MCA-degrading enzyme. Samples are subjected to nondenaturing
polyacrylamide gel electrophoresis (PAGE) at 4° before the gels are over-
laid with 0.1 mM Suc-LLVY-MCA for 10 min at room temperature.
Fluorescence was then detected under ultraviolet light.

Assay of Polyubiquitylated '’ I- Lysozyme Degrading Activity

Preparation of polyubiquitylated '*I-lysozyme can be prepared by
using purified E1, E2, and E3 enzymes, as described previously (Fujimuro
et al., 1994; Tamura et al., 1991). For assay of degradation of polyubi-
quitylated '*I-lysozyme, samples of '*’I-lysozyme-ubiquitin conjugates
(5000-10,000 cpm) are incubated at 37° for 15-60 min in a total volume
of 100 ul of reaction mixture containing 50 mM Tris-HCI buffer (pH 8.5)
with 5 mM MgCl,, 2 mM ATP, an ATP-regeneration system (10 ug of
creatine phosphokinase and 10 mM phosphocreatine), 1 mM DTT, and a
suitable amount of the 26S proteasome. After the reaction is stopped
by adding SDS-PAGE sample buffer, the proteins are subjected to
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SDS-PAGE and autoradiographed. The gels are dried and exposed to
x-ray film at —70° with an intensifying screen. For measuring the degrada-
tion of ***I-lysozyme-ubiquitin conjugates into acid-soluble fragments by
the 26S proteasome, the reaction is terminated by addition of 575 ul of 10%
trichloroacetic acid (TCA) with 125 ul of 4% bovine serum albumin (BSA)
as a carrier, and the radioactivity recovered in the acid-soluble fraction
after centrifugation is determined in a y-counter.

Assay of Polyubiquitylated Sicl Degrading Activity

Deshaies and his colleagues devised an in vitro assay method of 26S
proteasomes using polyubiquitylated Sicl, a CDK inhibitor in the budding
yeast, as a substrate. Polyubiquitylation of Sicl phosphorylated by CDK is
catalyzed by E1, E2 (Cdc34), and E3 (SCF“%*). The details of the methods
were described previously (Verma and Deshaies, 2005; Verma ef al., 2001).

Saeki et al. devised an improved method by preparing PY motif-inserted
Sicl (Sic1*Y) that is effectively polyubiquitylated by Rsp5 E3-ligase and
rapidly degraded by 26S proteasomes in an ATP-dependent fashion (for
details, see Chapter 14 [Saeki ez al., 2005]). It is of note that all components
used in this assay system can be easily expressed and purified using bacterial
cells.

Assay of °S-ODC Degrading Activity

For quantitative and sensitive measurement of ATP-dependent prote-
olysis activity of mammalian proteasomes in vitro, ornithine decarboxylase
(ODC) is a useful substrate. ODC is the best-known natural substrate of the
proteasome whose recognition and degradation are independent of ubiqui-
tylation (Murakami et al., 1992). Antizyme (AZ), an ODC inhibitory pro-
tein that is needed for this in vitro degradation assay, is prepared as a
recombinant protein (Murakami et al., 1999). Rat AZ cDNA Z1 is ex-
pressed in Escherichia coli, and an extract of the E. coli (800 mg protein)
is applied to a monoclonal anti-AZ antibody (HZ-2E9)-AffiGel 10 column
(1 ml); the column is washed with 25 mM Tris-HCl buffer (pH 7.5) contain-
ing 1 mM EDTA, 1 mM DTT, and 0.01% Tween 80, supplemented with
4 M NaCl. AZ is eluted with 4 ml of 3 M MgCl,, and the eluate is dialyzed
against the same buffer. **S-labeled ODC is produced by an in vitro trans-
lation system using rabbit reticulocyte lysate containing rat ODC mRNA,
35S-labeled methionine, and *°S-labeled cysteine (Du Pont NEN). The
reaction is applied to a monoclonal anti-ODC antibody (HO101)-AffiGel
10 column (0.15 ml). The procedures for wash and elution are the same as
AZ purification.
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The degradation of the recombinant *°S-labeled-ODC (2000-3000 cpm)
is assayed in the presence of ATP, an ATP-regenerating system, and AZ
(Murakami et al., 1999). After incubation for 60 min at 37°, the amount of
TCA-soluble radioactivity in the reaction mixture is measured, and the
activity is expressed as a percent of total ODC added.

Comments for Assays

1. Suc-LLVY-MCA (i.e., a substrate of chymotrypsin-like activity) is
recommended as a sensitive substrate. Various other fluorogenic peptides,
such as Boc (-Butyloxycarbonyl)-Leu-Arg-Arg-MCA and Z (benzyloxy-
carbonyl)-Leu-Leu-Glu-MCA for monitoring trypsin-like and caspase-like/
PGPH (peptidylglutamyl-peptide hydrolyzing) activity, respectively, are
suitable for measurement of 20S and 26S proteasomal activity, because
proteasomes show broad substrate specificity. The hydrolytic activities
toward various fluorogenic substrates are determined by measuring the
fluorescence of groups liberated from these peptides. Latent 20S
proteasomes can be activated in various ways. We recommend the use
of SDS at low concentrations of 0.02-0.08% for activation of Suc-LLVY-
MCA breakdown; the optimal concentration depends on the enzyme
source and the protein concentration used. The fluorogenic peptide (e.g.,
Suc-LLVY-MCA) can be used for assay of the 26S proteasome, because
it is active without any treatment unlike the latent 20S proteasome. MCA
(4-methyl-coumaryl-7-amide) is used as a reference compound for analysis
with peptidyl-MCAs.

2. Various fluorogenic peptides are suitable for measurement of 20S
and 26S proteasomal activity, but note that all of them are not specific
substrates for these proteasomes. For specific assay, ATP-dependent
degradation of polyubiquitinated '**I-lysozyme, or Sic1/Sic1®Y should be
measured, although such assay is not easy, because three kinds of enzymes,
E1l, E2, and E3, must be purified for in vitro preparation of ubiquitinated
substrates. Therefore, for quantitative and sensitive measurement of ATP-
dependent proteolysis activity of mammalian proteasomes in vitro, ODC is
a useful substrate. Note that AZ is not present in lower organisms such as
yeasts, and thus this assay is not fit for proteasomes isolated from these
cells.

3. The purification of the 26S proteasome is monitored by measuring
ATPase activity at later steps of its purification, because the 26S
proteasome has intrinsic ATPase activity (Ugai et al., 1993). Note that
this assay is not sensitive and cannot be used in crude extracts because of
the existence of numerous other ATPases in cells.
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Large-Scale Purification of 20S and 26S Proteasomes from Rat Liver

Purification Procedure of 208 Proteasomes

Step 1. Homogenize 200-400 g samples of rat liver in 3 vol of 25 mM
Tris-HCI buffer (pH 7.5) containing 1 mM DTT and 0.25 M sucrose in a
Potter-Elvehjem homogenizer. Centrifuge the homogenate for 1 h at
70,100g, and use the resulting supernatant as the crude extract.

Step 2. Add glycerol at a final concentration of 20% to the crude
extract. Then mix the extract with 500 g of Q-Sepharose (Amersham) that
has been equilibrated with buffer A (25 mM Tris-HCl [pH 7.5] containing 1
mM DTT [or 10 mM 2-mercaptoethanol] and 20% glycerol). Wash the
Q-Sepharose with the buffer A on a Biichner funnel and transfer to a
column (5 x 60 cm). Wash the column with buffer A and elute the material
with 2 liters of a linear gradient of 0-0.8 M NaCl in buffer A, and measure
the activity of proteasomes using Suc-LLVY-MCA as a substrate.

Step 3. Pool fractions containing 20S proteasomes from the Q-Sephar-
ose column and add 50% polyethylene glycol 6000 (Sigma) (adjust to pH
7.4) to a final concentration of 15% with gentle stirring. After 15 min,
centrifuge the mixture at 10,000g for 20 min, dissolve the resulting pellet in
a minimum volume (approximately 50 ml) of buffer A, and centrifuge at
20,000¢ for 10 min to remove insoluble material.

Step 4. Fractionate the material precipitated with polyethylene glycol on
a Bio-Gel A-1.5m column (5 x 90 cm) in buffer A. Collect fractions of 10 ml
and assay their proteasome activity. Pool fractions of 20S proteasomes.

Step 5. Apply the active fractions from the Bio-Gel A-1.5m (Bio-Rad)
column directly to a column of hydroxylapatite equilibrated with buffer B
(10 mM phosphate buffer [pH 6.8] containing 1 mM DTT and 20% glycer-
ol). Wash the column with the same buffer and elute the material with 400
ml of a linear gradient of 10-300 mM phosphate. Collect fractions of 4 ml.
20S proteasomes are eluted with approximately 150 mM phosphate.

Step 6. Combine the active fractions from the hydroxylapatite (Bio-
Rad), dialyze against buffer A, and apply to a column of heparin-Sephar-
ose CL-6B (Amersham) equilibrated with buffer A. Wash the column with
the same buffer until the absorbance of the eluate at 280 nm returns to
baseline. Then elute with 200 ml of a linear gradient of 0-0.4 M NaCl in
buffer A, and collect fractions of 2 ml. 20 S proteasomes are eluted with
approximately 75 mM NaCl.

Step 7. Pool the fractions with high proteasomal activity, dialyze against
buffer A, and concentrate to about 5 mg/ml protein by ultrafiltration in an
Amicon cell with a PM-10 membrane (Millipore). The enzyme can be stored
at —80° for at least 2-3 years. The SDS-PAGE analysis of purified enzyme
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revealed that it consists of a set of proteins, displaying the molecular weights
of 20-32 kDa (see left panel of Fig. 2).

Purification Procedure of 26 Proteasomes

Step 1. Homogenize 200-400-g samples of rat liver in 3 vol of 25 mM
Tris-HCI buffer (pH 7.5) containing 1 mM DTT, 2 mM ATP, and 0.25 M
sucrose in a Potter-Elvehjem homogenizer. Centrifuge the homogenate for
1 h at 70,100g and use the resulting supernatant as the starting material.

Step 2. Recentrifuge the crude supernatant for 5 h at 70,100g to obtain
26S proteasomes, which precipitate almost completely. Dissolve the pre-
cipitate in a suitable volume (40-50 ml) of buffer C (buffer A containing
0.5 mM ATP) and centrifuge at 20,000g for 30 min to remove insoluble
material.

Step 3. Apply samples of the preparation from step 2 to a Bio-Gel A-1.5m
column (5 x 90 cm) in buffer C. Collect fractions of 10 ml and assay the
26S proteasome activity in the fractions. Pool fractions of 26S proteasomes.

Step 4. Add ATP at a final concentration of 5 mM to the pooled
fractions of 26S proteasomes from the Bio-Gel A-1.5m column. Apply
the sample directly to a hydroxylapatite column with a 50-ml bed volume
that has been equilibrated with buffer D (buffer B containing 5 mM ATP).
Recover the 26S proteasome in the flow-through fraction, because they do
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FiG. 2. Electrophoretic analyses of 20S and 26S proteasomes from rat liver. (Left panel)
SDS-PAGE pattern of purified 20S and 26S proteasomes. (Right panel) 2D-PAGE pattern of
purified 26S proteasomes. Proteins were stained with Coomassic Brilliant Blue (CBB).
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not associate with this column in the presence of 5 mM ATP. Approxi-
mately 70% of the proteins, including free 20S proteasomes, bind to the
hydroxylapatite resin.

Step 5. Apply the flow-through fraction from the hydroxylapatite col-
umn to a Q-Sepharose column that has been equilibrated with buffer C
without ATP and washed with 1 bed volume of buffer C. Wash the column
with 5 bed volumes of buffer C, and elute the adsorbed materials with
300 ml of a linear gradient of 0-0.8 M NaCl in buffer C. Collect fractions of
3.0 ml. Proteins with ability to degrade Suc-LLVY-MCA with or without
0.05% SDS are eluted with approximately 0.4 M NaC(l as a single symmet-
rical peak. ATPase activity and the ATP-dependent activity necessary to
degrade '*I-lysozyme-Ub conjugates are observed at the same position as
the peptidase activity and are eluted as superimposable symmetrical peaks,
which suggests a specific association of ATPase with the 26S proteasome
complex. Collect the protein in fractions exhibiting high activity.

Step 6. Concentrate the 26S proteasome fraction obtained by
Q-Sepharose chromatography to 2.0 mg/ml by ultrafiltration with an Ami-
con PM-30 membrane, and subject samples of 2.0 mg of protein to 10-40%
glycerol density-gradient centrifugation (30 ml in buffer C containing 2 mM
ATP). Centrifuge for 22 h at 82,200g in a SW rotor, and collect fractions
of 1 ml from the bottom of the centrifuge tube. A single major peak of
peptidase activity, measured in the absence of SDS, is eluted around
fraction 15, but when the activity is assayed with 0.05% SDS, another small
peak is observed around fraction 20. The latter peak corresponds to the
elution position of 20S proteasomes. ATPase activity is observed at the
same position as peptidase activity. Activity for ATP-dependent degrada-
tion of '*’I-lysozyme-Ub conjugates is also observed as a single symmetri-
cal peak, coinciding in position with the ATPase and peptidase activities in
the absence of SDS. No significant '*’I-lysozyme-Ub conjugate degrading
activity is detected in fractions of 20S proteasomes. Pool fractions 12-16
and store at —80°. Two-dimensional (2D) PAGE revealed that the purified
enzyme consists of a set of approximately 40 proteins displaying the mo-
lecular weights of 20-110 kDa and isoelectric points (pls) of 3-10 (see right
panel of Fig. 2).

Small-Scale Purification of 26S Proteasomes

Conventional Chromatographic Purification of Nuclear 26S Proteasomes

Preparation of Nuclear Extracts. The nuclei from rat liver were
prepared as described previously (Tanaka et al., 1989).
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Step 1. Homogenize animal tissues (mouse or rat) (50 g) in 4 volumes (200
ml) of 50 mM Tris-HCI (pH 8.0) buffer containing 1 mM DTT, 15 mM K(l,
1 mM EDTA, 5 % glycerol, 2.2 M sucrose, and Complete protease inhibitor
cocktail (Roche Molecular Biochemical). The resulting homogenates are
layered on a cushion of 50 mM Tris-HCl (pH 8.0) buffer containing 1 mM
DTT, 15 mM KCI, 1 mM EDTA, 10% glycerol, and 2 M sucrose occupying
one third the volume of centrifuge tubes and are centrifuged at 83,000g for 60
min in aSW rotor to pellet the nuclei.

Step 2. Disrupt the isolated nuclei by sonication in 50 mM Tris-HCI (pH
8.0) buffer containing 1 mM DTT, 2 mM ATP, and Complete protease
inhibitor cocktail. The nuclear extracts were obtained by centrifugation at
10,000g for 20 min as the resulting supernatants (approximately 40 mg).
The purity of the nuclear extracts should be examined by Western blot
analysis. Histone H1, a marker of nucleus (detected with antibodies from
Upstate Biotechnology), but not LDH, a marker of cytosol (detected
with antibodies from Abcam), should be detected in the nuclear extracts
without obvious cross-contamination.

Purification of Nuclear 26S Proteasomes

Step 1. Load the nuclear extracts on a RESOURCE Q column (Amer-
sham Biosciences) equilibrated with buffer E (50 mM Tris-HCI [pH 8.0]
buffer containing 1 mM DTT, 2 mM ATP, and 10% glycerol), wash the
column with buffer E, and elute bound proteins with a gradient of 0-0.8 M
NaCl in buffer E. Pool the fractions with Suc-LLVY-MCA degrading
activity. 26S proteasomes are eluted with 450-500 mM NaCl.

Step 2. Add ATP at a final concentration of 5 mM to the pooled
fractions of 26S proteasomes from RESOURCE Q column. Load the
fractions on a Hydroxylapatite column (Bio-Rad) equilibrated with buffer
D. Recover 26S proteasomes in the flow-through fractions. (Check Suc-
LLVY-MCA degrading activity).

Step 3. Load the flow-through fractions on a Mono Q column (Amer-
sham Biosciences) equilibrated with buffer E, wash the column with buffer
" E, and elute bound proteins with a gradient of 0-0.8 M NaCl in buffer E
(0.5 ml/fraction). Pool the fraction exhibiting peak activity and the adjacent
fractions. 26S proteasomes are eluted with 450-500 mM NaCl. This step
helps to concentrate 26S proteasomes for the next step.

Step 4. Subject the pooled fractions (approximately 2.0 mg protein/
1.5 ml) to 10-40% glycerol density-gradient centrifugation (30 ml in buffer
F [50 mM Tris-HCI {pH 8.0} buffer containing 1 mM DTT and 2 mM ATP])).
Centrifuge for 22 h at 82,200g in SW28 (Beckman) or P28S (HITACHI)
rotor, collect fractions of 1 ml from the top of the centrifuge tube, and check
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Suc-LLVY-MCA degrading activity. A single major peak of peptidase
activity, measured in the absence of SDS, corresponds to 26S proteasomes
sedimented around fraction 20 (approximately 0.1 mg protein). Pool
fractions with high Suc-LLVY-MCA degrading activity and store at —80°.

Affinity Purification

Conventional biochemical techniques for purification of 26S protea-
somes use chromatographic columns as described previously. During the
purification steps, 26S proteasomes are exposed to high ionic strength
buffers, which cause dissociation of proteins bound to proteasomes tran-
siently or with low affinity. In yeast, tagging of certain subunits of 26S
proteasomes that are driven by their own promoters and purification by the
tag in milder conditions has enabled identification of many novel protea-
some-interacting proteins (PIPs). Mammalian proteasomes are expected to
have a more complicated network and it is essential to clarify mammalian
PIPs to fully understand the roles of proteasomes. To solve this problem,
we developed an ES cell line that has one allele of the human Rpnl1 gene
tagged with a C-terminal flag epitope (Rpn11"“*“"* ES cells) by a homol-
ogous recombination technique. The method for establishing the ES cell
line will be described elsewhere.

Procedure

Step 1. Grow Rpn11"%*“* ES cells on six 10-cm dishes on which
mitomycin C-treated murine embryonic fibroblasts were laid.

Step 2. Collect cells using an appropriate scraper with PBS in a conical
tube, centrifuge at 1500g for 10 min. Wash cells once more with PBS.

Step 3. The cell pellet was resuspended in 6 ml of buffer G (20 mM
HEPES-NaOH [pH 7.5], 0.2% NP-40, 2 mM ATP, 1 mM DTT) by gentle
pipetting and placed on ice for 10 min.

Step 4. Centrifuge at 10,000g for 10 min to remove cell debris.

Step 5. To preclear the lysate, pass the lysate through a column packed
with 0.5 ml (bed volume) of Sepharose CL-4B (Sigma).

Step 6. Apply the flow-through onto the column packed with 50 ul
(bed volume) of M2-agarose (Sigma). Pass the flow-thorough through the
column five times.

Step 7. Wash the column 10 times with 5 ml of buffer G supplemented
with 50 mM NaCl.

Step 8. Incubate the column with 50 ul of FLAG peptide (Sigma;
dissolved at 100 pug/ml in buffer G) on ice for 3 min.

Step 9. Recover the eluted proteins by centrifugation at 1000 rpm for
1 min.
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Step 10. Repeat step 8 and step 9 three more times, and collect all the
eluted materials in one tube. We usually obtained about 60 ug of 268
proteasome in this procedure. The 2D PAGE pattern of 26S proteasomes
purified by this method is shown in Fig. 3.

Discussion

Proteasomes have been purified from a variety of eukaryotic cells by
many investigators. Many purification methods have been reported, but
no special techniques are necessary, because 20S proteasomes are very
stable and abundant in cells, constituting 0.5-1.0% of the total cellular
proteins. The procedures used for purification of 20S proteasomes obvious-
ly differ, depending on whether they are small or large operations. For
their isolation from small amounts of biological materials, such as cultured
cells, 10-40% glycerol density gradient centrifugation is very effective. 20S
proteasomes are present in a latent form in cells and can be isolated in this
form in the presence of 20% glycerol. For their isolation in high yield, a key
point is to keep them in their latent form, because their activation results in
autolytic loss of a certain subunit(s) and marked reduction of enzymatic
activities, particularly their hydrolysis of various proteins. Accordingly, all
buffers used contain 10-20% glycerol as a stabilizer. Furthermore, a reduc-
ing agent is required, because 20S proteasomes precipitate in its absence.
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Fic. 3. Two-dimensional PAGE pattern of 26S proteasomes purified from Rpn11F-49/+
ES cells. Proteins were stained with CBB.
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All purification procedures are performed at 4°, but operations in a high-
performance liquid chromatography (HPLC) apparatus can be carried out
within a few hours at room temperature.

For purification of the 26S proteasome, ATP (0.5 mM or 2 mM) togeth-
er with 20% glycerol and 1 mM DTT should be added to all solutions used,
because they strongly stabilize the 26S proteasome complex: the purified
enzyme is stable during storage at —70° for at least 6 months in the
presence of 2 mM ATP and 20% glycerol. Chromatographic steps that
require high salt concentrations or extremes of pH should be avoided,
because these operations may result in dissociation of the 26S complex
into its constituents.
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HIrRANO ET AL, CHAPTER 15, FiG. 1. Molecular organization of 26S proteasomes. (Left
panel) Averaged image of the 26S proteasome complex of rat based on electron micrographs.
The « and 3 rings of the 20S proteasome are indicated. Photograph kindly provided by W.
Baumeister. (Right panel) Schematic drawing of the subunit structure. CP, core particle (alias
20S proteasome); RP, 19S regulatory particle (alias PA700) consisting of the base and lid
subcomplexes; Rpn, RP non-ATPase; Rpt, RP triple~-ATPase. Note that relative positions of
19S subunits have not been established.



VARADAN ET AL, CHAPTER 12, FIG. 4. Experimental verification of the existing models for
the monoUb/UBA?2 complex using site-directed spin labeling. (A) represents the Ub/UBA?2
structure modeled by the Ub/CUE complex (Kang et al., 2003), whereas the docked structure
(Mueller et al., 2004) is shown in (B). The bottom row shows views of the same structures from
the top. The ribbons represent the backbone of Ub and UBAZ2; the atom coordinates are from
Mueller et al. (2004). The ribbon width increases proportionally to the observed paramagnetic
line broadening (hence closer distance to the spin label) and is color-coded by this distance as
red (closest, <17 A), orange (17-26 A), and yellow (>26 A). The spheres represent the
reconstructed positions of the spin label as ““seen” by Ub (green) and by UBA2 (blue). Also
shown is the side chain of Cys48 (Ub), where the spin label was covalently attached. The
coordinates of the spin label were obtained using a three-dimensional search algorithm aimed
at satisfying all available amide-MTSL distance constraints.
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1 causative genes for familial PD

name gene locus inheritance
form
PARK1  a-synuclein  4q21-23 AD
PARK2 parkin 6q25.2-27 AR
PARK3 unknown 2pl3 AD
PARK4  a-synuclein 4ql3-22 AD
triplication
PARKS  uch-l 4pl4-15 AD
PARK6  pink-1 1p35-36 AR
PARK7 dj-1 1p36 AR
PARKS  IrrkZ2 12p11.2-g13.1 AD
PARK9 unknown 1p36 AR
PARK10 unknown 1p32 AR
PARK11l unknown 2p36-37 AD
NR4A2  nurrl 2q22-23 AD
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%2 putative substrates for Parkin’s E3 ligase activity

substrate ~ biological function

CDCrel-1 septin family protein with unknown function
O-glycosylated e-synuclein " isoform of e-synuclein with unknown function
misfolded Pael-R orphan G-protein coupled receptor

p38 subunit of aminoacyl-
tRNA synthetase

synaptotagmin XI

expanded poly@ proteins

a/p -tubulins

synphilin-1

cyclin E

role in protein biosynthesis

regulates exocytosis of neurotransmitters
aberrant proteins responsible for polyQ diseases
microtubule proteins

a-synuclein-binding protein

cell cycle regulation of mitotic cells;

unknown function in neurons

SEPT5-v2/CDCrel-2
misfolded DAT

homologous with CDCrel-1
12-TM protein, regulates uptake of DA
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