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The amyloid precursor protein (APP), whose mutations cause
Alzheimer disease, plays an important in vivo role and facilitates
transmitter release. Because the APP cytosolic region (ACR) is
essential for these functions, we have characterized its brain
interactome. We found that the ACR interacts with proteins
that regulate the ubiquitin-proteasome system, predominantly
with the E3 ubiquitin-protein ligases Stub1, which binds the
NH2 terminus of the ACR, and CRL4CRBN, which is formed by
Cul4a/b, Ddb1, and Crbn, and interacts with the COOH termi-
nus of the ACR via Crbn. APP shares essential functions with
APP-like protein-2 (APLP2) but not APP-like protein-1
(APLP1). Noteworthy, APLP2, but not APLP1, interacts with
Stub1 and CRL4CRBN, pointing to a functional pathway shared
only by APP and APLP2. In vitro ubiquitination/ubiquitome
analysis indicates that these E3 ligases are enzymatically active
and ubiquitinate the ACR residues Lys649/650/651/676/688. Dele-
tion of Crbn reduces ubiquitination of Lys676 suggesting that
Lys676 is physiologically ubiquitinated by CRL4CRBN. The ACR
facilitated in vitro ubiquitination of presynaptic proteins that
regulate exocytosis, suggesting a mechanism by which APP
tunes transmitter release. Other dementia-related proteins,
namely Tau and apoE, interact with and are ubiquitinated via
the ACR in vitro. This, and the evidence that CRBN and CUL4B
are linked to intellectual disability, prompts us to hypothesize a
pathogenic mechanism, in which APP acts as a modulator of E3
ubiquitin-protein ligase(s), shared by distinct neuronal disor-
ders. The well described accumulation of ubiquitinated protein
inclusions in neurodegenerative diseases and the link between
the ubiquitin-proteasome system and neurodegeneration make
this concept plausible.

Processing of APP2 plays an important role in the central
nervous system. A polymorphism in APP that reduces APP pro-

cessing protects from sporadic Alzheimer disease (AD) (1). In
contrast, mutations in APP and in genes that regulate APP pro-
cessing, such as PSENs and BRI2/ITM2B, cause familial demen-
tias (2–12). APP is cleaved by �-secretase/BACE1 into a soluble
ectodomain (soluble APP�) and the COOH-terminal fragment
�-CTF. Alternatively, �-secretase cleaves APP into soluble
APP� and a shorter COOH-terminal fragment, �-CTF. �-CTF
and �-CTF can be cleaved by �-secretase to produce A� and the
APP intracellular domain (AID) or P3 and AID, respectively
(13–17). AID contains the ACR plus a few amino acids derived
from the trans-membrane region of APP. AID is released in the
cytosol upon production. Another processing pathway involves
cleavage of APP in the ACR by caspase-6, -3, and -8 (18 –24).
Sequential �-secretase/caspase processing can potentially gen-
erate the NH2- and COOH-terminal cytosolic peptides JCasp
and Ccas (23, 24).

In vivo studies have identified an essential role for the ACR in
the patterning of neuromuscular junction and survival and in
synaptic transmission (25–29). Other studies have suggested
that release of AID modulates apoptosis, gene transcription,
and Ca2� homeostasis (23, 30 – 40). The caspase-derived APP
fragments Ccas and JCasp also possess toxic activities (22–24).
Overall, these data indicate that the ACR is functionally impor-
tant in vivo.

APP belongs to a protein family that includes APLP1 and
APLP2. APLP1 and APLP2 are processed like APP (41– 45) and
release intracellular peptides, called ALID1 and ALID2, respec-
tively, that, like AID, can potentially regulate transcription (42,
46). The evidence that Aplp2-KO and App-KO mice are viable
and show normal synaptic vesicle release, whereas the com-
bined App/Aplp2-dKO mice develop neuromuscular junction
deficits, die shortly after birth, and have altered synaptic vesicle
exocytosis (28, 47), illustrates the functional redundancy of
APP and APLP2.

The ACR is short and does not possess enzymatic activity,
suggesting that it may function by modulating the activity of
interacting proteins. As discussed above, several APP metabo-

* This work was supported by National Institutes of Health Grants
R01AG033007, R01AG041531, R21AG048971, and R01AG052286 from NIA
(to L. D.), The Hartwell Foundation (to A. M. R.), and The BrightFocus (to
D. D. P.). The authors declare that they have no conflicts of interest with the
contents of this article. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the
National Institutes of Health.

1 To whom correspondence should be addressed. E-mail: luciano.
dadamio@einstein.yu.edu.

2 The abbreviations used are: APP, amyloid precursor protein; AD, Alzheimer

disease; ACR, APP cytosolic region; UPS, ubiquitin-proteasome system;
BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;
WB, Western blotting; CRL, Cullin-RING ubiquitin ligase; K-Ub, lysine resi-
dues ubiquitinated; dKO, double knock-out; DUB, deubiquitinating
enzyme; NSAF, normalized spectral abundance factor; CTF, COOH-termi-
nal fragment; AID, APP intracellular domain.

crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 33, pp. 17209 –17227, August 12, 2016

© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

AUGUST 12, 2016 • VOLUME 291 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 17209

mailto:luciano.dadamio@einstein.yu.edu
mailto:luciano.dadamio@einstein.yu.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.733626&domain=pdf&date_stamp=2016-6-20


lites contain the ACR. These include the membrane-bound
full-length APP, �-CTF, and �-CTF and the soluble AID pep-
tide. Thus, complexes formed by ACR-interacting proteins may
have distinct functional properties depending on the ACR-con-
taining APP metabolite with which they interact.

Using an unbiased proteomic approach, we have character-
ized the ACR brain interactome (28, 48). Here, we show that the
ACR interacts with several proteins that regulate the UPS. The
E3 ubiquitin-protein ligase Stub1 and the E3 ubiquitin-protein
ligase complex CRL4CRBN, which is formed by Cul4a/b, Ddb1,
and Crbn (49), are the most abundant UPS-related proteins
interacting with the ACR. By performing ubiquitome analy-
sis on the ACR brain interactome and total mouse brain, we
generated evidence implicating APP in the ubiquitination of
ACR-interacting proteins, and E3 ubiquitin-protein ligases,
including CRL4CRBN, in the ubiquitination of APP. More-
over, we found that APLP2, but not APLP1, can potentially
exert a similar role. Finally, we observed that several of the
UPS-related ACR interactors and proteins ubiquitinated in
vitro in an ACR-dependent manner are genetically linked to
neurodegeneration.

Ubiquitination can either modulate protein function or
promote protein degradation by the proteasomal and the
autophagic/lysosomal pathway. Integrity of these two pathways
is important for normal aging and to ensure efficient turnover
of both functional and defective proteins. The finding that APP
may play a role in the ubiquitination of proteins linked to neu-
rodegenerative diseases suggests that dysregulation of a func-
tional network in which APP functions as a modulator of E3
ubiquitin-protein ligase(s) could be a pathogenic mechanism
shared by numerous neuronal disorders.

Results

APP Interacts, via Its ACR, with Proteins That Regulate the
UPS—In vivo observations underscore a key physiological and
pathological role of the ACR (25, 27–29, 48, 50, 51, 53, 54). This
short sequence lacks enzymatic activity and may function as a
docking domain for cytosolic as well as membrane-bound pro-
teins (46, 55–72). To explore the potential role of the ACR, we
used a proteomic approach (28, 48). Five synthetic peptides, i.e.
control St peptide, St-ACR, St-ACR with on Tyr682 (St-
ACRTyr(P)), St-ACR with phosphorylation on Thr668 (St-
ACRThr(P)), and St-ACR with phosphorylation on both Thr668

and Tyr682 (St-ACRThr(P)Tyr(P)), were immobilized on Strep-
Tactin resin. The numbering of phosphorylated residues is
based on the APP isoform of 695 amino acids. Mouse brain
fractions were first passed twice through StrepTactin resin col-
umns to remove proteins that bind to the StrepTactin resin.
Then, they were applied in parallel on separate columns packed
with either StrepTactin-St-, StrepTactin-St-ACR-, StrepTac-
tin-St-ACRThr(P)-, StrepTactin-St-ACRTyr(P)-, or StrepTactin-
St-ACRThr(P)Tyr(P)-coated resin. After extensive washing, the
St, St-ACR, St-ACRThr(P), St-ACRTyr(P), and St-ACRThr(P)Tyr(P)

peptides were eluted, together with proteins specifically bound
to them, with desthiobiotin. Eluted proteins were digested with
trypsin and identified by nano-LC/MS/MS. We used St-ACR,
St-ACRThr(P), St-ACRTyr(P), and St-ACRThr(P)Tyr(P) peptides for
two reasons. First is to identify interactions that are regulated

by phosphorylation on these two residues. This goal is justified
by previous reports showing that phosphorylation of either
Thr668 or Tyr682 can modulate interaction of APP with some
binding partners (73). Second is that the use of four indepen-
dent ACR baits can help to pinpoint interactions that are pos-
sibly biologically relevant.

Analysis of proteins that interact with at least one St-ACR
bait but not with the St control showed that the ACR can poten-
tially interact with several proteins involved in the UPS. These
include the following: 1) ubiquitin-like modifier-activating
enzyme E1 and ubiquitin-conjugating enzyme E2 (Table 1); 2)
E3 ubiquitin-protein ligase or components of E3 protein ligase
complexes (Table 1); 3) proteins that regulate the E3 ligase
activity (Table 2); 4) proteasome subunits (Table 2); 5) deubiq-
uitinase; and 6) ubiquilins. Ubiquitin-like modifier-activating
enzyme E1 (Uba1) and ubiquitin-conjugating enzyme E2-O
(Ube2o) and E2-R2 (Ube2r2) were found in St-ACR pulldowns.

Nineteen E3 ubiquitin-protein ligases were found in St-ACR
pulldowns as follows: Arih1, Hecw1, Huwe1, Kcmf1, Nedd4,
Park7, Rnf14, Trim32, Ube3a, Ubr3, Ubr4, Ubr5, and STIP1
homology and U box-containing protein 1 (Stub1). In addition,
other proteins pulled down by the ACR are components of E3
protein ligase complexes as follows: Cullin-4a (Cul4a); Cul-
lin-4b (Cul4b); DNA damage-binding protein 1 (Ddb1); DDB1-
and CUL4-associated factors 5 (Dcaf5) and 8 (Dcaf8); F-box
only proteins 3 (Fbxo3) and 21 (Fbxo21); F-box/LRR-repeat
protein 16 (Fbxl16); and Cereblon (Crbn). Cullins provide a
scaffold for E3 ubiquitin ligases and combine with RING pro-
teins to form Cullin-RING ubiquitin ligases (CRLs). Ddb1 pri-
marily functions as a core component of the Cul4a- and Cul4b-
based E3 ubiquitin ligase complexes (CRL4, E3 cullin 4-RING
ligase) and serves as an adaptor protein that interacts with Dcaf
class of proteins (74, 75). Dcafs are substrate specificity recep-
tors that form the substrate-presenting side of the CRL4 com-
plex (74, 75). Three of the proteins isolated are Dcaf: Dcaf5,
Dcaf8, and Crbn. F-box proteins, such as Fbxo21, Fbxo3, and
Fbxl16, are substrate recognition components of SCF (SKP1-
CUL1-F-box protein) E3 ubiquitin ligase complex (76, 77).

The E3 ubiquitin-protein ligase activity of CRL complexes is
dependent on the neddylation of the cullin subunit and is inhib-
ited by the association of the deneddylated cullin subunit with
the Cullin-associated NEDD8-dissociated protein 1 (TIP120A/
CAND1) (78). CRL deneddylation is performed by the COP9
signalosome complex, a protein complex with isopeptidase
activity that catalyzes the hydrolysis of NEDD8 protein from
the cullins (79). Cand1 and all eight subunits composing the
COP9 signalosomes (Cops1/2/3/4/5/6/7a/7b/8) were isolated
in our ST-ACR pulldown experiments.

Proteasomes are ATP-dependent proteolytic complexes that
degrade poly-ubiquitinated cytosolic and nuclear proteins. The
proteasome most exclusively used in mammals is the cytosolic
26S proteasome (80). We found the following components of
the proteasome among the potential ACR interactors: 26S pro-
tease regulatory subunit 4 (Psmc1); 6B (Psmc4); 8 (Psmc5); 10B
(Psmc6); 26S proteasome non-ATPase regulatory subunits-1
(Psmd1); -2 (Psmd2); -4 (Psmd4); -7 (Psmd7); -8 (Psmd8); -11
(Psmd11); -12 (Psmd12); -13 (Psmd13); and -14 (Psmd14).
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TABLE 1
E1, E2, and E3 interacting with the ACR, Ddb1, Crbn, Stub1, Cul4a, and Cul4b, are the most abundant UPS-linked proteins that bind to the ACR
Table contains the list of proteins identified (1st column); the database accession numbers (2nd column); the molecular mass in kDa (3rd column); and the NSAF
(4th to 8th columns. Phosphorylation of Thr668 and/or Tyr682 does not significantly alter binding of these five proteins.

Proteins UniProtKB/Swiss-Prot kDa St ACR ACRTyr(P)Thr(P) ACRTyr(P) ACRThr(P)

E1/E2
Uba1 Q02053 118 0 0 0 0 0.0001
Ube2o Q6ZPJ3 141 0 0 0.0001 0.0001 0.0003
Ube2r2 Q6ZWZ2 27 0 0.0005 0 0 0

E3
Arih1 Q9Z1K5 64 0 0.0005 0 0.0002 0.0001
Hecw1 Q8K4P8 179 0 0 0 0 0.0001
Huwe1 Q7TMY8 483 0 0 0 0 0.0001
Kcmf1 Q80UY2 42 0 0.0002 0 0 0.0004
Nedd4 P46935 103 0 0.0003 0 0.0001 0
Park7 Q99LX0 20 0 0.0004 0 0.0005 0.0004
Rnf14 Q9JI90 55 0 0.0002 0 0 0
Trim32 Q8CH72 72 0 0.0008 0.0002 0.0011 0
Ube3a O08759 101 0 0 0 0 0.0001
Ubr3 Q5U430 213 0 0.0001 0 0 0
Ubr4 A2AN08 572 0.0002 0.0010 0.0007 0.0005 0.0012
Ubr5 Q80TP3 308 0 0 0 0.0001 0.0001
Stub1 Q9WUD1 35 0 0.0093 0.0072 0.0055 0.0046
Cul4a Q3TCH7 88 0 0.0015 0.0030 0.0009 0.0019
Cul4b A2A432 111 0 0.0003 0.0009 0.0004 0.0007
Ddb1 Q3U1J4 127 0.0019 0.0141 0.0228 0.0114 0.0149
Dcaf5 Q80T85 104 0 0.0004 0 0.0001 0
Dcaf8 Q8N7N5 66 0 0.0002 0 0.0003 0
Fbxo3 Q9DC63 55 0 0.0002 0 0 0
Fbxo21 Q8VDH1 72 0 0.0001 0.0003 0.0001 0
Fbxl16 A2RT62 52 0 0.0006 0 0 0
Crbn Q8C7D2 51 0 0.0061 0.0129 0.0053 0.0061

TABLE 2
Other UPS-related proteins interacting with the ACR
Table is organized same as Table 1. Binding of Pin1 and Grb2 (bottom two entries) is dependent on phosphorylation of Thr668 and Tyr682, respectively.

UniProtKB/Swiss-Prot kDa St ACR ACRTyr(P)Thr(P) ACRTyr(P) ACRThr(P)

E3 regulators
Cand1 Q6ZQ38 136 0 0 0 0.0001 0
Cops1 Q99LD4 53 0 0.0007 0 0 0.0002
Cops2 P61202 52 0 0.0011 0 0.0002 0.0002
Cops3 O88543 48 0 0.0008 0 0 0
Cops4 O88544 46 0 0.0018 0 0 0.0002
Cops5 O35864 38 0 0.0013 0 0 0.0002
Cops6 O88545 36 0 0.0011 0 0.0002 0
Cops7a Q9CZ04 30 0 0.0007 0 0 0
Cops7b Q8BV13 30 0 0.0003 0 0 0
Cops8 Q8VBV7 23 0 0.0004 0 0 0

Proteasome
Psmc1 P62192 49 0 0 0 0.0003 0
Psmc4 P54775 47 0 0 0 0.0003 0.0003
Psmc5 P62196 46 0 0.0003 0 0.0005 0.0006
Psmc6 P62334 44 0 0 0 0.0004 0
Psmd1 Q3TXS7 106 0 0 0 0.0001 0.0001
Psmd2 Q8VDM4 100 0 0.0001 0 0.0003 0.0001
Psmd4 O35226 41 0 0.0002 0.0003 0 0.0003
Psmd7 P26516 37 0 0 0 0.0002 0
Psmd8 Q9CX56 40 0 0.0002 0.0003 0 0.0002
Psmd11 Q8BG32 47 0 0 0 0.0002 0.0003
Psmd12 Q9D8W5 53 0 0.0002 0 0.0003 0.0002
Psmd13 Q9WVJ2 43 0 0 0 0.0002 0.0002
Psmd14 O35593 35 0 0 0 0.0002 0.0002

DUBs
Usp9x P70398 291 0 0.0005 0.0001 0.0003 0.0003
Usp5 P56399 96 0 0.0013 0.0003 0.0002 0.0003
Usp7 Q6A4J8 128 0 0.0002 0 0.0001 0.0001
Usp10 P52479 87 0 0.0001 0 0 0
Otub1 Q7TQI3 31 0 0.0008 0 0.0004 0.0004

Ubiquilins
Ubqln1 Q8R317 62 0 0 0 0.0004 0
Ubqln2 UBQL2 67 0 0.0003 0.0006 0.0007 0.0003
Ubqln4 Q99NB8 64 0 0 0 0.0003 0

Phosphorylation-dependent
Grb2 Q60631 25 0.0007 0.0008 0.0753 0.0350 0.0005
Pin1 Q9QUR7 18 0 0 0.0057 0 0.0030
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Deubiquitinating enzymes (DUBs) are a large group of pro-
teases that cleave ubiquitin from proteins and other molecules.
Ubiquitination of a protein can have several biological conse-
quences as follows: target the protein for degradation via the
proteasome and autophagosome/lysosome; coordinate the cel-
lular localization of proteins; activate and inactivate proteins;
and modulate protein-protein interactions. DUBs can reverse
these effects by cleaving off ubiquitin from substrate protein. In
humans there are nearly 100 DUB genes, which can be classified
into two main classes, cysteine proteases and metalloproteases
(81). The cysteine proteases include many types of proteases,
including ubiquitin-specific proteases and ovarian tumor pro-
teases. Among the ACR-interacting proteins, we found five
ubiquitin-specific proteases and one out: ubiquitin carboxyl-
terminal hydrolase-9x (Usp9x); -5 (Usp5); -7 (Usp7); -10
(Usp10); and ubiquitin thioesterase Otub1.

Ubiquilins contain an NH2-terminal ubiquitin-like domain
and a COOH-terminal ubiquitin-associated domain. They
physically associate with both proteasomes and ubiquitin
ligases and thus are thought to functionally link the ubiquitina-
tion machinery to the proteasome (82). Three ubiquilins were
isolated in our screening as follows: ubiquilin-1 (Ubqln1), -2
(Ubqln2), and -4 (Ubqln4).

CRL4CRBN E3 Ligase Complex and the E3 Ligase Stub1 Bind
the COOH- and NH2-terminal Regions of the ACR, Re-
spectively—The UPS/ACR-interacting network is presumably
formed via the direct interaction of the ACR with one or more
UPS-linked proteins, and the other proteins are most likely
indirectly associated with the ACR, for example via secondary
interactions (i.e. mediated by binding to a direct ACR interac-
tor) or tertiary interactions (i.e. mediated by binding to a pro-
tein that binds a direct ACR interactor) and so forth. It is rea-
sonable to suppose that proteins binding to the ACR directly
will be enriched more efficiently than proteins that bind indi-
rectly. Normalized spectral abundance factor (NSAF) analysis
indicates that Stub1, Ddb1, Crbn, Cul4a, and Cul4b are the five
most abundant UPS-related proteins present in the St-ACR,
St-ACRThr(P), St-ACRTyr(P), and St-ACRThr(P)Tyr(P) pulldowns
(Table 1; NSAF values for St-negative control, St-ACR,
St-ACRThr(P), St-ACRTyr(P), and St-ACRThr(P)Tyr(P) pulldowns
were as follows: for Ddb1, 0.0019, 0.0141, 0.0228, 0.0114, and
0.0149; for Cul4a, 0, 0.0015, 0.003, 0.0009, and 0.0019; for
Cul4b, 0, 0.0003, 0.0009, 0.0004, and 0.0007; for Crbn, 0, 0.0061,
0.0129, 0.0053, and 0.0061; and for Stub1, 0, 0.0091, 0.0072,
0.0055, and 0.0046). This quantitative analysis suggests that
Stub1, Ddb1, Crbn, Cul4a, and Cul4b are the most likely UPS-
related proteins to directly interact with APP and that phos-
phorylation of the ACR on either Thr668 or Tyr682 does not
appreciably alter their binding to the ACR.

As a further step toward discriminating biologically relevant
interactions from background noise, we used the above pro-
teomic approach to identify the brain proteins interacting with
the NH2 terminus (JCasp) and COOH terminus (Ccas) sub-
domains of the ACR (Fig. 1A, schematic). In this experiment
as well we used five baits as follows: the negative control St
peptide, St-Ccas, St-Ccas with phosphorylation on Tyr682

(St-CcasTyr(P)), St-Ccas with phosphorylation on Thr668 (St-
CcasThr(P)), and St-JCasp.

JCasp and Ccas are two naturally occurring fragments that
are generated by a double �-secretase/caspase cleavage of APP
(19 –24); thus it is conceivable that this proteolytic event sepa-
rates two functionally distinct intracellular regions of APP.
Consistent with this thought, we found that Cul4a, Cul4b,
Ddb1, Crbn, and Stub1 bind to distinct domains of the ACR
(Table 3). Stub1 was the most abundant UPS-linked protein
found in the St-JCasp pulldown and did not bind to St-Ccas
peptides (NSAF for Stub1-derived peptides was 0, 0, 0, 0, and
0.0213 in St negative control, St-CcasThr(P), St-CcasTyr(P), St-
Ccas, and St-JCasp pulldowns, respectively). Cul4a, Cul4b,
Ddb1, and Crbn were the four most abundant UPS-linked pro-
teins interacting with Ccas; their binding was not affected by
phosphorylation, and they did not bind St-JCasp (NSAF for St
negative control, St-CcasThr(P), St-CcasTyr(P), St-Ccas, and St-
JCasp pulldowns were as follows: for Ddb1, 0.0005, 0.0478,
0.0273, 0.0375, and 0.0001; for Cul4a, 0, 0.0047, 0.003, 0.0026,
and 0; for Cul4b, 0, 0.0011, 0.0006, 0.0008, and 0; for Crbn, 0,
0.0252, 0.0167, 0.0213, and 0). As noted above, Cul4a- or Cul4b-
Ddb1 and Crbn form the CRL4CRBN E3 ligase complex; the
evidence that all the CRL4CRBN E3 ligase complex components
bind to the same domain of the ACR, Ccas, further supports the
idea that they bind as a complex and not independently.

To confirm the accuracy of the proteins detected in the pro-
teomic analysis, we performed Western blotting analysis with
pulldown lysates. As shown in Fig. 1B, Crbn, Cul4a, and Ddb1
were readily detected in St-CcasThr(P), St-CcasTyr(P), and St-
Ccas but not in St and St-JCasp pulldowns. On the contrary,
Stub1 was found exclusively in St-JCasp pulldowns. Grb2,
whose interaction with APP requires phosphorylation of Tyr682

FIGURE 1. Stub1 and CRL4CRBN E3 ligases bind distinct regions of the ACR.
A, schematic diagrams of the structural domains of the ACR. Jcasp and Ccas
are generated by a double �-secretase and caspase cleavage of APP. The
Thr668 and Tyr682 residues that are phosphorylated are underlined. B, Western
blotting analysis of pulldowns shows that Crbn, Ddb1, Cul4a, specifically bind
St-Ccas, St-CcasTyr(P), and St-CcasThr(P). Stub1 binds specifically St-JCasp. Two
previously known APP interactors, Grb2 and Pin1, bind St-CcasTyr(P) and St-
CcasThr(P), respectively. This evidence validates the proteomic approach used.
In. indicates the input. The WB shown are representative of at least three
independent experiments.
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(55, 59, 83), and Pin1, which interacts with APP in a Thr668

phosphorylation-dependent manner (84), were only detected
in St-CcasTyr(P) and St-CcasThr(P) pulldowns, respectively, fur-
ther validating the proteomic strategy.

Overall, the data suggest that of all the UPS-linked proteins
pulled down with St-ACR, the CRL4CRBN E3 ligase complex
components and E3 ligase Stub1 are the most likely to interact
directly with APP in vivo. Incidentally, an interaction between
Stub1 and APP in vivo was previously described (85).
CRL4CRBN E3 ligase complex subunits and Stub1 bind to two
distinct and non-overlapping domains of the APP intracellular
domain: the NH2-terminal JCasp for the E3 ligase Stub1 and
the COOH-terminal Ccas regions for the components of the
CRL4CRBN E3 ligase complex. Thus, it is conceivable that these
two E3 ligases may interact with APP simultaneously.

Crbn Mediates Binding of the CRL4CRBN E3 Ligase Complex
to the ACR—Next, we investigated whether Ddb1, Cul4, and
Crbn interact with the ACR as a complex. Ddb1 and Cul4a bind
several substrate-recognition subunits, called Dcaf. Indeed,
Crbn is essentially a Dcaf. If the ACR interacted with the
CRL4CRBN E3 ligase complex either via Cul4a, Cul4b, or Ddb1,
several Dcafs should have been isolated by St-ACR. However,
Crbn was the only Dcaf abundantly present in the pulldown

with the four St-ACR baits (St-ACR, St-ACRThr(P),
St-ACRTyr(P), and St-ACRThr(P)Tyr(P)) and the three St-Ccas
baits (St-Ccas, St-CcasThr(P), and St-CcasTyr(P)); Dcaf5 and
Dcaf8 were detected but in very low amounts and only in
St-ACR and St-ACRTyr(P) pulldowns (NSAF for Dcaf5-de-
rived peptides was 0.0004 and 0.0001 in St-ACR and
St-ACRTyr(P) pulldowns, respectively; NSAF for Dcaf8-de-
rived peptides was 0.0002 and 0.0003 in St-ACR and
St-ACRTyr(P) pulldowns, respectively) and not in St-
ACRThr(P), St-ACRThr(P)Tyr(P), St-Ccas, CcasThr(P), and
St-CcasTyr(P) pulldowns (NSAF were 0 for both proteins in
all five samples). Altogether, these data suggest that Dcaf5
and Dcaf8 may either have been non-specifically isolated in
the St-ACR and St-ACRTyr(P) pulldown or that Dcaf5 and
Dcaf8 can weakly and indirectly interact with the ACR.

To directly test whether Crbn mediates the interaction of
CRL4CRBN with APP, we performed St-ACRThr(P)Tyr(P) pull-
downs using brain lysates isolated either from wild type (WT)
or Crbn-KO mice (86). Both proteomic (Table 4) and Western
blotting analysis (Fig. 2) of these pulldowns show St-ACR binds
Ddb1 and Cul4 when challenged with brain lysates isolated
from WT mice but not when the brain lysates were derived
from Crbn-KO (86) animals, albeit Ddb1 and Cul4 were equally

TABLE 3
Ddb1, Crbn, Cul4a, and Cul4b bind to Ccas and Stub1 binds to JCasp
Phosphorylation of Thr668 and/or Tyr682 does not significantly alter binding of Ddb1, Crbn, Cul4a, and Cul4b, whereas binding of Pin1 and Grb2 is dependent on
phosphorylation of Thr668 and Tyr682, respectively. Several of the other UPS-related proteins that are bound to the ACR bind to either Ccas or JCasp or both.

UniProtKB/Swiss-Prot
Molecular

mass St CcasThr(P) CcasTyr(P) Ccas JCasp

kDa
E1 and E2

Uba1 Q02053 118 0 0 0 0 0.0001
Ube2o Q6ZPJ3 141 0 0 0 0 0.0001
Ube2r2 Q6ZWZ2 27 0 0 0 0 0.0016

E3
Arih1 Q9Z1K5 64 0 0 0 0 0.001
Nedd4 P46935 103 0 0 0 0 0.0003
Park7 Q99LX0 20 0.0012 0.0017 0.0004 0.0022 0.002
Ubr4 A2AN08 572 0 0 0 0 0.0002
Stub1 Q9WUD1 35 0 0 0 0.0004 0.0213
Cul4a Q3TCH7 88 0 0.0047 0.003 0.0026 0
Cul4b A2A432 111 0 0.0011 0.0006 0.0008 0
Ddb1 Q3U1J4 127 0.0005 0.0478 0.0273 0.0375 0.0012
Crbn Q8C7D2 51 0 0.0252 0.0167 0.0213 0

E3 regulators
Cand1 Q6ZQ38 136 0.0002 0 0 0 0.0001
Cops1 Q99LD4 53 0 0 0 0 0.0018
Cops2 P61202 52 0 0 0 0 0.0022
Cops3 O88543 48 0 0 0 0 0.001
Cops4 O88544 46 0 0 0 0.0003 0.0024
Cops5 O35864 38 0 0 0 0 0.0011
Cops6 O88545 36 0 0 0 0 0.0015
Cops7a Q9CZ04 30 0 0 0 0 0.0022
Cops7b Q8BV13 30 0 0 0 0 0.0004
Cops8 Q8VBV7 23 0 0 0 0 0.0005

DUB
Usp5 P56399 96 0 0.0001 0 0.0001 0.0019
Otub1 Q7TQI3 31 0 0.0004 0 0.0004 0.0007

Proteasome
Psmd11 Q8BG32 47 0.0005 0 0 0.0003 0
Psmd12 Q9D8W5 53 0 0.0004 0 0.0002 0
Psmd13 Q9WVJ2 43 0 0 0 0.0003 0

Ubiquilin
Ubqln2 Q9QZM0 67 0 0.0002 0.0001 0.0005 0.0002

Phosphorylation-dependent
Grb2 Q60631 25 0.0062 0.0008 0.178 0.0005 0
Pin1 Q9QUR7 18 0 0.0126 0 0 0
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expressed in both WT and Crbn-KO lysates (Fig. 2). These data
strongly suggest that Cul4, Ddb1, and Crbn bind to the ACR as
a complex and that the APP cytoplasmic tail binds CRL4CRBN

via Crbn. On the contrary and as predictable, Stub1 (Table 4),
Grb2, and Pin1 (Table 4 and Fig. 2) bind to St-ACRThr(P)Tyr(P)

independently of Crbn.
COOH Terminus of APP Binds the Substrate Recognition

Pocket of Crbn—Although Thr668 and Tyr682 are in the Ccas
ACR domain, phosphorylation of these residues does not mod-
ulate binding of CRL4CRBN suggesting that they are not
involved in the CRL4CRBN-APP interaction. To further confirm
this, we performed pulldowns with NH2-terminal Ccas dele-
tions and found that the COOH-terminal 12 amino acids of
APP (St-C-12, which do non include Thr668 and Tyr682) retain
full binding capabilities for CRL4CRBN, whereas the COOH-
terminal eight amino acids (St-C-8) do not (Fig. 3A). Next, we
performed pulldowns using a series of COOH-terminal dele-
tions of St-C-12. Removal of the last one and two amino acids of
APP reduces the binding of Crbn and Ddb1 by �50 and �100%,
respectively. Essentially, when the NH2-terminal amino acids
of the 12-mer are deleted, binding was greatly reduced, as in the
case with deleting the COOH-terminal two amino acids. It is
therefore possible that reducing the ACR peptide below the
length of 12 amino acids disrupts the peptide’s secondary struc-
ture, thereby reducing Crbn and Ddb1 binding. Overall, the
data indicate that the COOH-terminal 12 amino acids of APP
contain the docking site for CRL4CRBN.

Crbn is the substrate recognition subunit of CRL4CRBN (49).
To test whether APP binds the substrate-recognition pocket of
Crbn, we pre-incubated brain lysates with either 10 or 100 �M

concentrations of either thalidomide (Thal) or lenalidomide
(Len), two compounds that bind the substrate-recognition
pocket of Crbn (87– 89). After 1 h, lysates were used for pull-
down experiments with St-CcasTyr(P). Both thalidomide and
lenalidomide reduced binding of Crbn and Ddb1 to St-CcasTyr(P)

in a dose-dependent manner (Fig. 3C). Lenalidomide, which
binds Crbn more efficiently than thalidomide, is more effective.
As expected, neither thalidomide nor lenalidomide interfered
with binding of Grb2 to St-CcasTyr(P) (Fig. 3C). In summary, the
extreme COOH terminus of the ACR interacts with brain-de-
rived CRL4CRBN via the substrate-binding pocket of Crbn
(model shown in Fig. 3D), suggesting that APP may be a sub-
strate of the CRL4CRBN E3 ligase.

APLP2, but not APLP1, Bind Stub1 and CRL4CRBN—The APP
protein family includes two other members, APLP1 and
APLP2. These three proteins are functionally redundant, par-
ticularly APP and APLP2 (25, 45, 47, 90). APLP1 and APLP2
cytoplasmic regions (named AL1CR and AL2CR, respectively)
are similar to that of APP. The ACR and the AL2CR share 66%
identity and 16% similarity; the ACR and AL1CR share 53%
identity and 21% similarity; and the AL2CR and the AL1CR
share 62% identity and 18% similarity (Fig. 4A). As a first step
toward determining whether APLP1 and/or APLP2 may func-
tionally interface with UPS-related proteins, we characterized
the brain interactome of the AL1CR and the AL2CR. We
synthesized the control St-only peptides, St-AL1CR and
St-AL2CR. As shown in Table 5, St-AL2CR interacts with
Cul4a, Ddb1, and Crbn (see also Fig. 4B); Stub1 and three other
E3 ubiquitin-protein ligases found in the ACR pulldown were
Nedd4, Arih1, and Ubr4. As was the case for St-ACR pull-
downs, Ddb1, Crbn, Stub1 and Cul4a were the four most abun-
dant UPS-related proteins found in the St-AL2CR pulldown. In
contrast, UPS-related proteins were scarcely represented in
AL1CR pulldowns.

The COOH terminus of the ACR is essential for binding
CRL4CRBN; the AL2CR binds CRL4CRBN, but the AL1CR does
not; the COOH-terminal four amino acids of the ACR share 75
and 0% identity with the corresponding region of the AL2CR
and AL1CR, respectively (Fig. 4A). These observations suggest
that, like for the ACR, the COOH-terminal region of the
AL2CR binds CRL4CRBN via the substrate-binding pocket of
Crbn. To test for this, we determined whether Crbn is required
for binding of Ddb1 to the AL2CR. As shown in Fig. 4C,
St-AL2CR binds Ddb1 when challenged with brain lysates iso-
lated from WT animals but not when the input material is
isolated from Crbn-KO mice. Next, we tested whether thalido-
mide and lenalidomide interfere with the AL2CR-Crbn inter-
action; indeed, both thalidomide and lenalidomide reduced
binding of Crbn to St-AL2CR (Fig. 4D). Thus, like for the ACR,
the AL2CR binds CRL4CRBN via the substrate-binding pocket
of Crbn. Overall, these data suggest that APP and APLP2, but
not APLP1, may functionally interface with CRL4CRBN and
Stub1.

TABLE 4
Binding of Ddb1, Cul4a, and Cul4b to ACRThr(P)Tyr(P) requires Crbn
Table contains the list of proteins identified (1st column); the database accession
numbers (2nd column); the molecular mass in kDa (3rd column); NSAF of pulldown
from WT mouse brains (4th column); NSAF of pulldown from Crbn-KO mouse
brains (5th column). Binding of Stub1, Grb2, and Pin1 is independent of Crbn.

Proteins UniProtKB/Swiss-Prot
Molecular

mass WT Crbn-KO

kDa
Stub1 Q9WUD1 35 0.001 0.002
Ddb1 Q3U1J4 127 0.006 0
Crbn Q8C7D2 51 0.004 0
Cul4a Q3TCH7 88 0.001 0
Grb2 Q60631 25 0.013 0.018
Pin1 Q9QUR7 18 0.003 0.004

FIGURE 2. Crbn mediates the interaction of CRL4CRBN with APP. Western
blotting analysis shows that with St and St-ACRThr(P)Tyr(P) binds Ddb1 only
when Crbn in present in brain lysates, indicating that Crbn mediates the bind-
ing of CRL4CRBN to the ACR. Binding of Grb2 and Pin1 to St-ACRThr(P)Tyr(P) is not
dependent on Crbn. The WB shown is representative of 4 independent
experiments.
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FIGURE 3. APP-CRL4CRBN complex is mediated by the interaction of the COOH terminus of APP with the substrate recognition pocket of Crbn. A,
sequences of the APP intracellular regions used as baits (St-Ccas, St-C28, St-C24, St-C20, St-C16, St-C12, St-C8, and St-C4) in the proteomic experiments are
shown. Western blotting analysis of pulldowns with brains isolated from WT mice show that the COOH-terminal 12 amino acids of APP retain full binding
activity to Crbn and Ddb1. The WB shown is representative of two independent experiments. B, sequences of the APP intracellular regions used as baits (St-C12,
St-C12�C1, St-C12�C2, St-C12�C3, St-C12�C5, and St- St-C12�C7) in the proteomic experiments are shown. The WB shown is representative of two indepen-
dent experiments. C, Western blotting analysis shows that thalidomide (Thal.) and lenalidomide (Len.), two compounds that bind to the substrate recognition
pocket of Crbn, reduce binding of Crbn and Ddb1 from brain lysates to St-CcasTyr(P) in a dose-dependent manner. Thalidomide and lenalidomide do not
interfere with binding of Grb2 to St-CcasTyr(P). Because Pin1 binding is dependent on phosphorylation of Thr668 of APP, Pin1 does not bind the St-CcasTyr(P) bait
and is used as a negative control to show binding specificity. The WB shown is representative of three independent experiments. D, schematic model
representing how Crbn mediated binding of CRL4CRBN to the COOH terminus of APP, via its substrate recognition pocket.

FIGURE 4. AL2CR, but not the AL1CR, binds CRL4CRBN via the substrate recognition pocket of Crbn. A, alignments of the ACR, AL1CR, and AL2CR show that
the ACR and the AL2CR are the most conserved intracellular regions of the APP protein family. B, Western blotting analysis of pulldowns with brains isolated
from WT mice shows that the AL2CR, but not the AL1CR, interacts with Cul4a, Ddb1, and Crbn. The WB shown is representative of two independent experi-
ments. C, St-AL2CR binds Ddb1 in lysate from WT but not from Crbn-KO mice. The WB shown is representative of three independent experiments. D, Western
blotting analysis of St-AL2CR pulldowns from brains isolated from WT mice shows that incubation of the lysates with either thalidomide and lenalidomide prior
to pulldowns interferes with the AL2CR-Crbn interaction. The WB shown is representative of two independent experiments.
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ACR and the AL2CR Pull Down Active E3 Ubiquitin-Protein
Ligase(s)—Ubiquitination of proteins is a multistep reaction.
First, an E1 ubiquitin-activating enzyme activates ubiquitin.
Next, ubiquitin is transferred on one of many ubiquitin-conju-
gating enzyme (E2s). The E2 is loaded on an E3 ubiquitin-pro-
tein ligase, which directs the mono- and poly-ubiquitination of
substrate proteins. The presence of many of these components
in St-ACR and St-AL2CR pulldowns prompted us to test
whether ubiquitinating activity could be detected. To this end,
we performed an in vitro ubiquitination assay using FLAG-
ubiquitin as an external source of ubiquitin. The reactions were
analyzed by Western blotting using an �-FLAG antibody to
determine whether the FLAG-ubiquitin (�9 kDa) was incorpo-
rated into larger complexes. A smear of FLAG-ubiquitinated
proteins was clearly detected in the St-ACR and St-AL2CR
pulldowns after supplemental addition of recombinant E2
UbcH5a/UBE2D1 (Fig. 5A). Overimposed on the smear was a
ladder of bands starting at �25 kDa, which are �9 kDa apart
(Fig. 5A). The �25-kDa band is compatible with mono-ubiq-
uitinated recombinant E2; the higher bands likely represent
recombinant E2 linked to a progressively increasing number of
ubiquitin molecules. Addition of recombinant E1 Ube1, albeit
not necessary, further potentiated the ubiquitination reactions

(Fig. 5A). The observation that only recombinant E2 is required
to initiate ubiquitination activity (Fig. 5A) indicates that St-
ACR and St-AL2CR bring down from the mouse brain func-
tional E1 and E3 ubiquitin-protein ligase(s). Of note, neither the
smear nor the ladder was visible in the in vitro ubiquitination
assay of St and St-AL1CR eluates (Fig. 5A), further stressing
that APP and APLP2, but not APLP1, may functionally inter-
face with the ubiquitination system.

Because active E3 ubiquitin-protein ligases undergo auto-
ubiquitination, we tested whether Crbn was ubiquitinated in
vitro. The St-ACR in vitro ubiquitination assay was analyzed by
Western blotting with an �-Crbn antibody; in addition to full-
length Crbn, a ladder of signals compatible with Crbn mole-
cules linked to an increasing number of ubiquitins was detected
(Fig. 5B). This evidence suggests that St-ACR interacts with an
active brain-derived CRL4CRBN complex.

ACR Facilitates Ubiquitination of ACR-interacting Proteins
in Vitro—The smear detected by the �-FLAG antibody hints at
ubiquitination of numerous proteins. To test this hypothesis,
we performed another in vitro ubiquitination assay on St-
ACRThr(P)Tyr(P) pulldown because it includes proteins that
interact with APP in a Thr(P)668- and Tyr(P)682-dependent
manner. The reaction was immunoprecipitated with the
�-FLAG M2-agarose beads, and proteins were eluted from the
M2-agarose beads using a competing 3�FLAG peptide. To
identify the lysine residues ubiquitinated (K-ub) in vitro, the
eluted material was subjected to the ubiquitin remnant motif
(K-�-GG) assay (UbiScan). In parallel, we performed UbiScan
experiments on total mouse brain lysates to determine whether
K-ubs found in the in vitro assay are also ubiquitinated in vivo.
In addition, we used as further reference the Cell Signaling Data
Bank collection of UbiScan results from rodent, human, and
chicken tissue, which can be found on line.

As reported in Table 6, several brain-derived proteins asso-
ciated with the ACR bait were ubiquitinated. These proteins
can be separated into four groups as follows: (a) group 1, pro-
teins of the ubiquitin-conjugating system; (b) group 2, presyn-
aptic proteins; (c) group 3, other proteins implicated in AD; and
(d) group 4, phosphorylation-dependent ACR interactors.

Group 1: consistent with the Western blot showing ubiquiti-
nation of Crbn (Fig. 5B), we found six K-ub from Crbn, four of
which have been found in vivo. Two other components of

FIGURE 5. ACR and the AL2CR bind an active CRL4CRBN. A, St, St-ACR, St-AL1CR, and St-AL2CR mouse brain pulldowns were incubated with (�) or without (�)
ubiquitin-FLAG (Ub-FLAG), E2, and/or E1. After the reaction, these in vitro ubiquitination assays were probed on WB with an anti-FLAG antibody. E2 promotes
ubiquitination in St-ACR and St-AL2CR pulldowns. The WB shown is representative of five independent experiments. B, WB with an �-CRBN antibody indicates
the in vitro ubiquitination assays of St-ACR brain pulldowns where Crbn is poly-ubiquitinated, indicating that St-ACR isolates from brain an active CRL4CRBN. The
WB shown is representative of two independent experiments.

TABLE 5
UPS-related proteins, including Ddb1, Crbn, Stub1, Cul4a, and Cul4b,
bind to the AL2CR but not to the AL1CR
The table contains the list of proteins identified (1st column); the database accession
numbers (2nd column); the molecular mass in kDa (3rd column); NSAF of pulldown
of WT mouse brains with St alone (4th column); St-AL1CR (5th column); and NSAF
of pulldown of WT mouse brains with St-AL2CR (6th column).

Proteins
UniProtKB/
Swiss-Prot

Molecular
mass St AL1CR AL2CR

kDa
Ddb1 Q3U1J4 127 0.0021 0.0014 0.0356
Crbn Q8C7D2 51 0 0 0.01810
Stub1 Q9WUD1 35 0 0 0.01427
Cul4a Q3TCH7 88 0 0 0.00310
E3 Nedd4 P46935 103 0 0 0.00264
Otub1 Q7TQI3 31 0 0 0.00244
Usp5 P56399 96 0 0.0007 0.00189
Uba1 Q02053 118 0 0 0.00103
Cops4 O88544 46 0 0 0.00099
Fbxl16 A2RT62 52 0 0 0.00058
Fbxo3 Q9DC63 55 0 0 0.00055
E3 Arih1 Q9Z1K5 64 0 0 0.00047
Dcaf8 Q8N7N5 66 0 0 0.00046
Ubqln2 Q9QZM0 67 0 0 0.00045
E3 Ubr4 A2AN08 572 0 0 0.00024
Usp9x P70398 291 0 0 0.00021
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CRL4CRBN were ubiquitinated (23 K-ub for Cul4a and 10 K-ub
for Cul4b, six of which have been found in vivo). Other E3
ubiquitin-protein ligases ubiquitinated are as follows: Stub1
(Lys126, new), Arih1 (Lys457, new), Mib2 (Lys344, Lys426, Lys435,
new, and Lys369 known), Nedd4 (Lys445, found in our mouse
brain UbiScan; Lys453, previously found in vivo), Cbl-b (Lys37

and Lys615, new; Lys491, found in our mouse brain UbiScan;
Lys516, previously found in vivo), Ube3a (Lys28, new). Finally,
brain-derived E1 Ube1 and E2s Ube2n and Ube2o (which is
actually an E2/E3 hybrid ubiquitin-protein ligase) were also
ubiquitinated: all these ubiquitinations have been found in vivo.

Group 2: in this group are included the following single-pass
and multi-pass synaptic vesicle membrane proteins (Fig. 6): the
vesicular SNARE Vamp2; the Ca2�-sensors synaptotagmin-1
and -2 (Syt1 and Syt2); the secretory carrier-associated mem-
brane protein 1 Scamp1; the synaptic vesicle glycoproteins Sv2a
and Sv2b; the vesicular glutamate transporter Vglu1, and
Atp6v0a1 that is required for assembly and activity of the vac-
uolar ATPase. All these K-ub are found in vivo. Moreover, these
ubiquitinated lysine residues are all localized in the cytosolic
domains (Fig. 6); this is relevant because in physiological con-
ditions only lysine residues exposed to the vesicular lumen are
not available to the ubiquitination system, suggesting that the
in vivo ubiquitination of these two lysines is plausible. Other
proteins associated with synaptic vesicles, such as the trans-
SNARE Snap25, Synapsin2 and Synapsin1 (Syn1/2), and the G
proteins Rab3a and Rab14, were ubiquitinated in vitro on lysine

residues that, with the exception of Lys280 of Syn2, are also
ubiquitinated in vivo.

Ubiquitination of these presynaptic proteins is not entirely
surprising. Indeed, the interaction of the ACR with Syt1, Syt2,
Sv2a, Sv2b, Snap-25, and Vamp2 was reported previously (28).
Moreover, two other studies have shown that APP interacts in
vivo with Syn1, Syt1, Vamp2, Syn2, Sv2a, Snap-25, and Rab3A
(91, 92). In Table 7, we show proteomic data substantiating the
association of the ACR with Scamp1, Atp6v0a1, Vglu1, Rab14,
Rab3a, Syn2, and Syn1.

Group 3: this group includes the tubulin-binding protein Tau
(93) and the cholesterol transporter apoE (94). Both proteins
were detected in St-ACR pulldowns (Table 7). The two Tau
K-ubs found in vitro (Lys455 and Lys613) were also identified in
our mouse brain UbiScan. It is worth noting that Stub1 can
mediate Tau ubiquitination (95, 96) suggesting that the ACR
may facilitate Tau ubiquitination via interaction with Stub1 on
one side and Tau on the other side. Alternatively, the ACR may
interact with Tau indirectly, via Stub1. It is worth noting that a
previous study has described a physical interaction between
APP and Tau in vivo (97). ApoE was ubiquitinated on Lys105.
ApoE is a secreted protein and its ubiquitination may be an in
vitro artifact. However, ubiquitination of Lys105 of apoE has
been reported in vivo, suggesting that apoE is, at least in a small
fraction or in certain conditions, resident in the cytosol. Indeed,
previous work has shown that apoE is cleaved by a neuro-spe-
cific chymotrypsin-like serine protease that generates bioactive

TABLE 6
In vitro ubiquitination of proteins present in the St-ACRTyr(P)Thr(P) pulldowns
1st column lists some of the proteins ubiquitinated in vitro in an ACRTyr(P)Thr(P)-dependent manner. 2nd column lists all the lysine residues found ubiquitinated in vitro. The
K-ub found in our UbiScans from mouse brains are indicated with (m*) and in previous UbiScan experiments from mouse (m), human (h), rat (r) and chicken (c) tissues,
which are reported online. 3rd column reports database accession numbers.

Ubiquitin conjugating system
Cul4a 8, 23, h33, 42, 46, 65, 71, 97, m/h104, 133, 134, 191, 330, 404, 411, 416, m465,

473, 708, 724, 728, 734, 749
Q3TCH7

Cul4b m112, 247, m315, 398, 460, 495, m676, 684, 931, 939 A2A432
Crbn h/c46, h119, h/m303, 395, 410, c416 Q8C7D2
Chip 126 Q9WUD1
Arih1 457 Q9Z1K5
Mib2 344, 369, 426, 435 Q8R516–2
Nedd4 m*445, m/h453 P46935
Cbl-b 37, m*491, h516, 615 Q3TTA7
Ube3a 28 O08759
Ube1 m/h802 Q02053
Ube2n m/h/r82, m/h/r92, m/h/r94 P61089
Ube2o m/h812, m/h816 Q6ZPJ3

Presynaptic proteins
Scamp1 h/m/r334 Q8K021
Sv2a m*32 Q9JIS5
Sv2b m*62, m65, m341 Q8BG39
Vamp2 m/h/r52, m/h/r59, m/h83, m*/h/r85 P63044
Atp6v0a1 m262, m/h295 Q9Z1G4
Vglu1 m283 Q3TXX4
Syt1 r98, m/r104, m*190, r196, m200, m369 P46096
Syt2 m*191 P46097
Rab14 m/h/r193 Q91V41
Rab3a m12 P63011
Snap-25 m/r103 P60879
Syn2 280 Q64332
Syn1 m256, m281, r299, m311, m593 O88935

Notable targets
ApoE m105 P08226
Tau m*455, m*613 P1063

Phosphorylation-dependent interactors
Grb2 h69, m*/h76 Q60631
Pin1 h/r65, 97, h99, m/h119, h134 Q9QUR7
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intraneuronal truncated forms of apoE (98, 99) and that apoE is
ubiquitinated in cell lines (100).

Group 4: we also found two Grb2 K-ubs and five Pin1 K-ubs.
All of these K-ubs are found in vivo. This evidence suggests that
phosphorylation of APP on Thr668 and Tyr682 could potentially
alter the function of proteins that bind APP in a phosphoryla-
tion-dependent manner by regulating their ubiquitination.

Although it is doubtful that all the ACR-dependent ubiquiti-
nations detected in this in vitro assay are physiologically rele-
vant, the data suggest that APP may work as a substrate recog-
nition subunit of one or more E3 ubiquitin-protein ligases
(possible candidates are CRL4CRBN and Stub1), and APP may
regulate ubiquitination of some of the proteins described here.

In Vitro Ubiquitination of the ACR-interacting Proteins
Occurs on a Subset of the Lysine Residues Ubiquitinated in
Vivo—Next, we compared the in vitro UbiScan with the
UbiScan performed in parallel on mouse brain lysates. We
found that only few of the lysine residues ubiquitinated in
the brain were also ubiquitinated in vitro. A few examples are
shown in Table 8. Only one lysine residue of Scamp1, Sv2a,
SNAP-25, and apoE was ubiquitinated in vitro. In contrast,
additional K-ubs (six for Scamp1 and -3 for Sv2a and four for
apoE) were detected in mouse brains. Syt1 and Tau were
ubiquitinated on 19 and 16 lysine residues in mouse brains,
respectively; of these, only five and two lysine residues were
ubiquitinated in vitro, respectively. This evidence suggests the
following. 1) APP may facilitate ubiquitination of a subset of
“ubiquitinable” lysine residues on potential substrates and as a
result APP could fine-tune the function of substrates with high

accuracy by targeting lysine residues residing in specific func-
tional domains. 2) Additional lysine residues of putative APP
substrates are presumably ubiquitinated by distinct E3 ligases,
possibly with distinct functional outcomes. 3) The stability of
potential APP substrates can be regulated by APP-dependent
and APP-independent mechanisms.

ACR Is Ubiquitinated in Vitro, Evidence for a Role of
CRL4CRBN in Ubiquitination of Lys676 of the ACR—As expected,
recombinant E1 and E2 were ubiquitinated in vitro (data not
shown). Interestingly, we also found ubiquitination of synthetic
ACR on Lys649, Lys650, Lys651, Lys676, and Lys 688 (see Table 9).
Ubiquitination of Lys651, Lys676, and Lys688 was also found in
normal tissues, including our mouse brain UbiScan, whereas
ubiquitination of Lys649 and Lys650 has been reported in cell
lines (101). These data suggest that E3 ubiquitin-protein ligases
present in the pulldown may be responsible for APP ubiquiti-
nation in vivo.

To test the role of CRL4CRBN in ubiquitination of the ACR,
we performed an in vitro ubiquitination assay of the ACR pull-
downs from either WT or Crbn-KO mouse brains followed by
UbiScan analysis. As shown in Table 9, ubiquitination of Lys676

was significantly reduced in pulldowns from Crbn-KO brains;
in contrast, ubiquitination of Lys649, Lys650, Lys651, and Lys688

was similar in both WT- and Crbn-KO-derived samples.
Together these data suggest the following. 1) CRL4CRBN E3
ubiquitin-protein ligase, which is absent in pulldown from
Crbn-KO brains, may have a primary, perhaps not exclusive,
role in ubiquitination of APP on Lys676. 2) Other E3 ubiquitin-
protein ligases participate in ubiquitination of residues Lys649,
Lys650, Lys651, and Lys688.

Discussion

In this study, we provide in vitro evidence suggesting that
APP may function as a substrate recognition unit for one or
more E3 ubiquitin-protein ligases. This hypothesis is supported
by the following findings. 1) The cluster of brain proteins that
may interact with APP via the ACR is rich in proteins that
regulate the UPS (Table 1). 2) The E3 ubiquitin-protein ligases
CRL4CRBN and Stub1 are the most abundant UPS-related pro-
teins interacting with the ACR (Tables 1 and 3 and Fig. 1B). 3)
The E3 ubiquitin-protein ligase interacting with the ACR is
enzymatically active and ubiquitinates the five lysine residues

FIGURE 6. Only lysine residues present in cytosolic domains of transmembrane proteins are ubiquitinated in vitro. Schematic representation of single
pass and multipass transmembrane presynaptic vesicle proteins that interact with the ACR and are ubiquitinated in vitro in an ACR-dependent manner.
Notably, all the lysine residues ubiquitinated in vitro are in segments that are exposed to the cytosol.

TABLE 7
Proteins ubiquitinated in vitro (see Table 6) interact with the ACR
Table lists the proteins identified (1st column); the molecular mass in kDa (2nd
column); NSAF (4th to 8th columns). Here we show the proteomic data document-
ing the interaction of Vglu1, Atp6v0a1, Scamp1, Rab14, Rab3a, Syn2, Syn1, ApoE,
and Tau with the ACR.

Proteins kDa St ACR ACRTyr(P)Thr(P) ACRTyr(P) ACRThr(P)

Vglu1 62 0 0.0013 0.0015 0.0004 0.0031
Atp6v0a1 96 0 0.0012 0.0014 0.0003 0.0024
Scamp1 38 0 0.0002 0 0 0.0003
Rab14 24 0 0.0025 0.0030 0.0036 0.0035
Rab3a 25 0 0.0019 0.0024 0.0028 0.0025
Syn2 63 0 0.0016 0.0017 0.0011 0.0008
Syn1 74 0 0.0023 0.0042 0.0023 0.0022
ApoE 36 0 0.0020 0.0039 0.0030 0.0033
Tau 76 0 0.0010 0.0006 0.0004 0.0012
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present in the APP cytoplasmic region (Fig. 5A and Table 5). 4)
The APP cytosolic domain facilitates ubiquitination of interact-
ing proteins in vitro (Table 6).

The five cytoplasmic APP residues (Lys649, Lys650, Lys651,
Lys676, and Lys688), which are ubiquitinated in vivo, are also
ubiquitinated in vitro in ACR pulldowns (Table 9) suggesting
that the E3 ubiquitin-protein ligase(s) present in the pulldown
interaction may be responsible for ubiquitination of APP in
vivo. The evidence that ubiquitination of Lys676, but not that of
the other four ACR lysine residues, is significantly reduced in
the absence of CRL4CRBN (Table 10) suggests the following: 1)
Lys676 of APP may be physiologically ubiquitinated mainly, but
not exclusively, by the CRL4CRBN E3 ubiquitin-protein ligase; 2)
Lys649, Lys650, Lys651, and Lys688 are probably targets of other
E3 ubiquitin-protein ligases, although a role for CRL4CRBN can-
not be formally excluded, like Stub1 that is very abundant in the
ACR pulldown. Because the subunits of CRL4CRBN undergo
auto-ubiquitination (Table 6 and Fig. 5B), the possibility that
APP may at the same time act as a substrate recognition unit
and a substrate of a CRL4CRBN/APP E3 ubiquitin-protein ligase
is not far-fetched.

APP belongs to a protein family that includes APLP1 and
APLP2. Analysis of single and double knock-out (KO and dKO)
mice has shown that App-KO, Aplp1-KO, Aplp2-KO, and App/
Aplp1-dKO have minor deficits. In contrast, App/Aplp2-dKO
mice have severe neuromuscular junctions deficits, are signifi-
cantly smaller than App-KO and Aplp2-KO mice, and die
within the first 28 days of life (25, 43, 102, 103). These data
indicate that APP and APLP2 share some essential function
that cannot be compensated for by APLP1. However, the
molecular mechanisms mediating this essential function (or
functions) of APP and APLP2 are unclear. Here, we show that
the brain interactomes of the ACR and the AL2CR, but not of
the AL1CR, share many UPS-related proteins, including Stub1
and CRL4CRBN (Table 5 and Fig. 4B). Moreover, the AL2CR
interacts, like the ACR, with the substrate recognition pocket of
Crbn (Fig. 4, C and D). Finally, the ACR and the AL2CR brain
interactomes possess E3 ubiquitin-protein ligase activity,
whereas the brain interactome of the AL1CR does not (Fig. 5A).
Altogether, these data suggest that both APP and APLP2 may
possess E3 ubiquitin-protein ligase substrate recognition activ-
ity, which is not compensated for by APLP1. Thus, the loss of
this activity may mechanistically cause the severe phenotype of
App/Aplp2-dKO mice.

APP facilitates glutamatergic transmitter release, likely
through the interaction with the neurotransmitter release
machinery (28). In addition, the APP intracellular domain has
been linked to many other pathological and functional path-
ways, including caspase activation, transcription, Ca2� flux,
and neurodegeneration (28, 31, 32, 34, 40, 46, 64, 104, 106 –
108). It is tempting to speculate that APP may affect all these
seemingly unrelated pathways via a single mechanism of action.
Indeed, by acting as a substrate recognition unit for E3 ubiqui-
tin-protein ligase(s), APP could modulate ubiquitination of
proteins involved in these processes (model in Fig. 7). Thus,
using a single modus operandi, APP may regulate disparate and
apparently unrelated signaling pathways. As we show here,
many of the proteins that control synaptic vesicle functions and
interact with APP are ubiquitinated in vitro in an ACR-depen-
dent manner (Table 6). Consequently, APP may aid synaptic
vesicle activity by modulating ubiquitination of these proteins,
thereby altering their stability and/or their function.

Eleven UPS-linked proteins isolated by St-ACR and five
brain-derived proteins that are ubiquitinated in vitro in an
ACR-dependent manner are associated with genetic diseases of
the central nervous system and neuromuscular system. These
include HUWE1, CRBN, CUL4B, USP9X, PARK7, STUB1,

TABLE 8
In vitro ubiquitination of ACR-interacting proteins occurs on a subset of the lysine residues ubiquitinated in vivo
The 1st column lists some of the proteins ubiquitinated in vitro in an ACR-dependent manner. The 2nd column reports all the lysine residues found ubiquitinated in the
mouse brain lysate UbiScan that we performed (in vivo ubiquitinations). The 3rd column reports the lysine residues found ubiquitinated in our in vitro ubiquitination/
UbiScan experiment.

Protein K-ub found in our UbiScans from mouse brains

K-ub found in the in vitro
ubiquitination/UbiScan assay of

ACRpTpY-pulldown

Scamp1 52, 65, 78, 89, 298, 311, 334 334
Sv2a 32, 143, 375, 398 32
Syt1 98, 104, 107, 189, 190, 191, 200, 213, 267, 272, 288, 297, 321, 332, 366, 369, 420, 421 98, 104, 190, 200, 369
SNAP-25 40, 96, 102, 103, 184, 189, 201 103
ApoE 85, 86, 105, 173, 252 105
Tau 455, 546, 551, 566, 603, 609, 613, 623, 632, 635, 645, 661, 662, 667, 677, 730 455, 613

TABLE 9
E3 ligases interacting with the ACR ubiquitinate the five lysine resi-
dues of the ACR
The 1st column shows the site of modification for the peptide assignment. The 2nd
column reports the amino acid sequence for the peptide assignment with the ubiq-
uitinated lysine (*). The 3rd column reports the relative fold-change between the
integrated peak area of the experimental (numerator, Crbn-KO) and control
(denominator, WT) conditions. A negative value indicates the peptide is more
abundant in the control condition.

Site Peptide
Normalized fold

change Crbn-KO/WT
649 K*KKQYTSIHHGVVEVDAAVTPEER 1.4
650 KK*KQYTSIHHGVVEVDAAVTPEER 1.3
651 KK*QYTSIHHGVVEVDAAVTPEER 1.4
676 HLSK*MQQNGYENPTYK �3.9
688 MQQNGYENPTYK*FFEQMQN �1.2

TABLE 10
Ubiquitination of Lys676 is significantly reduced in the absence of
CRL4CRBN

Table shows the parent ion intensity observed during the MS at its chromatographic
apex for the two WT samples (1st and 2nd columns) and the two Crbn-KO samples
(3rd and 4th columns).

Normalized intensity
WT (1) WT (2) Crbn-KO (1) Crbn-KO (2)

5,690,496 6,303,560 9,363,865 9,691,813
429,867 688,670 835,455 739,774
1,480,860 1,749,112 2,392,320 2,704,107
6,532,470 6,297,230 1,840,820 1,776,503
37,117,469 32,761,543 38,646,971 26,595,257
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DCAF8, TRI32, UBE3A, UBQL2, UBA1, SYT2, SNAP-25, SYN1,
APOE, and TAU (109 –139).

These observations suggest a molecular and functional con-
nection between APP and other proteins genetically involved in
Alzheimer and other neurodegenerative diseases. Tau is the
main component of neuronal tangles that characterize AD, and
TAU mutations are linked to genetic forms of frontotemporal
dementia. Previous studies have shown that APP and Tau inter-
act in vivo (97). Interestingly, Stub1 mediates ubiquitination of
Tau, and Tau is polyubiquitinated at several sites in AD patients
(140 –142). Thus, a role of APP in Tau ubiquitination would be
both biologically and pathologically significant. APOE is the
main genetic risk factor for sporadic AD, with the APOE4 allele
increasing the risk of developing late onset AD (137). Our in
vitro evidence suggesting that APP may both interact with and
regulate ubiquitination of apoE is inciting and needs to be
developed further. Four of the proteins discussed in this study
(HUWE1, CRBN, CUL4B, and USP9X) are genetically linked to
intellectual disability (previously known as mental retardation).
Remarkably, this list includes two CRL4CRBN E3 ubiquitin-pro-
tein ligase components, CRBN and CUL4A. Overall, these data
suggest a functional network that comprises many proteins
that, when functionally altered by genetic mutations, trigger
neurodegenerative disorders. Hence, it is reasonable to specu-
late that dysregulation of this functional network, in which APP
as a modulator of E3 ubiquitin-protein ligase(s) may play a cru-
cial role, could be a pathogenic mechanism shared by numerous
neuronal disorders. This concept is not outlandish because
accumulation of ubiquitinated protein inclusions in neurode-
generative diseases and the link between mutations in proteins
involved in the UPS and neurodegenerative disorders are both
established truths (52, 105, 143).

Several APP-derived metabolites contain the ACR and can
interact with Stub1 and CRL4CRBN (Fig. 7E). These include the
following: 1) full-length APP; 2) �-CTF and �-CTF, which are
the products of �- and �-secretase cleavage of full-length APP;
and 3) AID/AICD peptide, which is produced by �-secretase
cleavage of �-CTF and �-CTF. Like full-length APP, �-CTF and
�-CTF are membrane-bound; in principle, full-length APP-
Stub1/CRL4CRBN, �-CTF-Stub1/CRL4CRBN, and �-CTF-
Stub1/CRL4CRBN complexes could have distinct functions,
although this concept may not be immediately obvious. In con-
trast, processing of �-CTF and �-CTF by �-secretase would
release AID-Stub1/CRL4CRBN complexes from membranes.
This may have several predictable biological consequences,
including a down-modulation of the APP-dependent ubiquiti-
nation of trans-membrane proteins.

Stub1 and CRL4CRBN could contemporarily bind to the ACR
because they interact with the NH2 and COOH termini of this
APP region, respectively. Thus, cleavage of APP by caspases at
Asp664 could functionally separate the activities linked to the
APP-Stub1 and APP-CRL4CRBN complexes.

In future studies, it will be important to test these hypotheses,
to determine whether pathogenic APP mutation regulate this
function of APP and whether this deregulation has any patho-
genic role in neurodegeneration.

Experimental Procedures

Mice and Ethics Statement—Mice were maintained on a
C57BL/6 background for at least 15 generations. Mice were
handled according to the Ethical Guidelines for Treatment of
Laboratory Animals of Albert Einstein College of Medicine.
The procedures were described and approved by the Institu-
tional Animal Care and Use Committee (IACUC) at the Albert
Einstein College of Medicine as animal protocol number
20130509.

Mouse Brain Preparation—Whole mouse brains were
Dounce-homogenized (1:10 w/v) in 20 mM Tris base, pH 7.4,
250 mM sucrose, 1 mM EDTA, 1 mM EGTA supplemented with
protease and phosphatase inhibitors (catalog no. 1861282, lot
no. QH220492A, ThermoScientific). Brain homogenates were
centrifuged at 800 � g for 10 min at 4 °C. Supernatant were
collected and centrifuged at 9200 � g for 10 min at 4 °C to
obtain the pellet (P2) and the supernatant (S2) fractions. The P2
fractions were resuspended in 5 mM Tris base, pH 7.4, 35.6 mM

sucrose, 1 mM EDTA, 1 mM EGTA supplemented with protease
and phosphatase inhibitors and lysed for 30 min at 4 °C rotat-
ing. Samples were centrifuged at 18,900 � g for 15 min at 4 °C.
The supernatants were collected (LS1 fraction).

Strep-tag Peptide Synthesis—The following Strep-tag (St)
peptides used for pulldown experiments were synthesized and
purified by the Tufts University Core Facility (Boston, MA).
The St sequence is underlined. The phosphorylated residues
are indicated with a p: St, WSHPQFEK; St-ACR, WSHPQFEK-
GAVMLKKKQYTSIHHGVVEVDAAVTPEERHLSKMQQN-
GYENPTYKFFEQMQN; St-ACRpT, WSHPQFEKGAVMLK-
KKQYTSIHHGVVEVDAAVTPEERHLSKMQQNGpYENPT-
YKFFEQMQN; St-ACRpT, WSHPQFEKGAVMLKKKQYTSI-
HHGVVEVDAAVpTPEERHLSKMQQNGYENPTYKFFEQ-
MQN; St-ACRpTpY, WSHPQFEKGAVMLKKKQYpTSIHHG-
VVEVDAAVpTPEERHLSKMQQNGpYENPTYKFFEQMQN;
St-Ccas, WSHPQFEKAAVTPEERHLSKMQQNGYENPTYK-
FFEQMQN; St-CcaspY, WSHPQFEKAAVTPEERHLSKMQQ-
NGpYENPTYKFFEQMQN; St-CcaspT, WSHPQFEKAAVpTP-

FIGURE 7. APP could be both a substrate and a substrate recognition subunit of Stub1 and CRL4CRBN E3 protein ligases. A, CRL4CRBN mediates ubiquiti-
nation of lysine residue(s) present in the cytoplasmic tail of APP (with Lys756 being the most likely candidate). B, Stub1 could also be involved in the ubiquiti-
nation of cytoplasmic APP lysine residue(s). C, APP could bridge cytosolic and membrane-bound proteins to CRL4CRBN de facto functioning as a substrate
recognition unit of a CRL4CRBN-APP E3 ubiquitin-protein ligase. D, in this final model APP is postulated to act as a substrate recognition unit for a Stub1-APP E3
ubiquitin-protein ligase, mediating ubiquitination of cytosolic and/or membrane-bound proteins that interact with the ACR ubiquitination of APP, and
APP-binding proteins could lead to functional modification and/or to degradation of the ubiquitinated proteins by the proteasome, autophagosomes, and/or
lysosomes. E, some of the APP-derived metabolites that contain the ACR and can potentially interact with Stub1 and CRL4CRBN. Processing of full-length APP
by �-, �-, and �-secretase can have several functional consequences. For example, it is possible that full-length APP-Stub1/CRL4CRBN, �-CTF-Stub1/CRL4CRBN,
and �-CTF-Stub1/CRL4CRBN complexes have distinct functions, i.e. that the ectodomain of APP may influence the function of the ACR. That processing of �-CTF
and �-CTF by �-secretase could have functional consequences is obvious. Indeed, AID-Stub1/CRL4CRBN complexes are released from membranes. This may,
among other things, result into down-modulation of the APP-dependent ubiquitination of trans-membrane proteins. F, cleavage of APP-Stub1/CRL4CRBN,
�-CTF-Stub1/CRL4CRBN, �-CTF-Stub1/CRL4CRBN, and AID-Stub1/CRL4CRBN by caspases could functionally separate the activities linked to the various ACR-Stub1
and ACR-CRL4CRBN complexes.
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EERHLSKMQQNGYENPTYKFFEQMQ; St-JCasp, WSHPQF-
EKVMLKKKQYTSIHHGVVEVD; St-C4, WSHPQFEKQ-
MQN; St-C8, WSHPQFEKKFFEQMQN; St-C12, WSHPQFE-
KNPTYKFFEQMQN; St-C16, WSHPQFEKNGYENPTYKFF-
EQMQN; St-C20, WSHPQFEKKMQQNGYENPTYKFFEQ-
MQN; St-C24, WSHPQFEKRHLSKMQQNGYENPTYKFFE-
QMQN; St-C28, WSHPQFEKTPEERHLSKMQQNGYENPT-
YKFFEQMQN; St-C28�2, WSHPQFEKTPEERHLSKMQQN-
GYENPTYKFFEQM; St-C28�3, WSHPQFEKTPEERHLSKM-
QQNGYENPTYKFFEQ; St-C28�5, WSHPQFEKTPEERHLS-
KMQQNGYENPTYKFF; St-C28�7, WSHPQFEKTPEERHLS-
KMQQNGYENPTYK; St-AL1CR, WSHPQFEKRRKKPYGAI-
SHGVVEVDPMLTLEEQQLRELQRHGYENPTYRFLEERP; and
St-AL2CR, WSHPQFEKLRKRQYGTISHGIVEVDPMLTPEE-
RHLNKMQNHGYENPTYKYLRQMQI.

Pulldown Assays with St-peptides—The St-peptides were
immobilized on StrepTactin column (catalog no. 2-1209-550,
IBA-GmbH, Goettingen, Germany). S2 plus LS1 brain fractions
were pre-cleared on StrepTactin columns containing no St-
peptides. Pre-cleared). Pre-cleared S2 plus LS1 brain fractions
were next passed through the StrepTactin column loaded with
St-peptides. The columns were then washed, and St-peptides,
together with brain proteins specifically bound to the St-pep-
tide, were eluted with desthiobiotin following the manufactur-
er’s recommendations. In some pulldowns, brain lysates were
incubated for 1 h at 4 °C with the indicated concentrations of
either lenalidomide (catalog no. T2800, lot 2570277, LKT Lab-
oratories, Inc., St. Paul, MN) or thalidomide (catalog no. 0652,
batch 11A/141284, Tocris Bioscience, Bristol, UK), prior to
pulldown with St-peptides.

In Vitro Ubiquitination Assay—Pulldown samples were incu-
bated in 50 mM Tris, pH 7.6, 5 mM MgCl2, 2 mM ATP, 0.6 mM

DTT, with/without 40 ng of the E1 UBE1 (catalog no. E-305, lot
16114714, BostonBiochem, Cambridge, MA), 0.3 �g of the E2
UbcH5a/UBE2D1 (catalog no. E2-616, Lot 04201314C, Boston-
Biochem, Cambridge, MA), 1 �g of ubiquitin-FLAG (catalog
no. U-211, Lot DBGI0215011, BostonBiochem), 1 �M recombi-
nant human HA ubiquitin aldehyde, C terminus (catalog no.
U-556, lot 0AB03101C, BostonBiochem). Reactions were incu-
bated overnight at 30 °C. The final volume of the reaction was
30 �l/sample.

Immunoprecipitation of the in Vitro Ubiquitination Assays—
To isolate proteins ubiquitinated in vitro, the in vitro ubiquiti-
nation assay performed on St-ACR pulldown was incubated
with FLAG-M2 affinity gel (catalog no. A2220, lot SLBF8148,
Sigma), under constant rotation for 3 h at 4 °C. The agarose
beads were collected by centrifugation and washed five times in
phosphate-buffered saline plus 0.05% Tween. After washing,
the proteins bound to FLAG-M2 affinity gel were eluted by
incubation with 100 �M concentration of the 3�FLAG compet-
ing peptide (catalog no. F4799, lot SLBG0131V, Sigma).

Mouse Brain Preparation for UbiScan—To process the brain
tissue for UbiScan analysis, brains from at least eight animals of
the same genotype for each experiment were cut into small
pieces and lysed in freshly prepared urea lysis buffer (20 mM

Hepes, 9 M urea, 1 mM sodium orthovanadate, 2.5 mM sodium
pyrophosphate, 1 mM �-glycerol phosphate), using 4 ml of
buffer for 100 mg of tissue. Samples were homogenized twice

using a Polytron set to maximum speed, using 20-s-long pulses.
Between pulses, samples were chilled on ice for 1 min. Succes-
sively, samples were sonicated using a microtip set to 15-watt
output using three bursts of 30 s each. Between bursts, samples
were chilled on ice for 1 min. Finally, the lysates were cleared
from debris by centrifugation at 20,000 � g for 15 min at 4 °C.

UbiScan Analysis—This analysis was performed by the PTM-
Scan Facility at Cell Signaling Technology. Briefly, samples
were digested with trypsin; after digestion, peptides were
loaded directly onto a 10 cm � 75 �m PicoFrit capillary column
packed with Magic C18 AQ reversed-phase resin. The column
was developed with a 90-min linear gradient of acetonitrile in
0.125% formic acid delivered at 280 nl/min. Ubiquitinated pep-
tides were enriched by immunoprecipitation with the ubiquitin
branch motif antibody (K-�-GG) (catalog no. 3925). Samples
were subjected to LC-MS/MS analysis using LTQ-Orbitrap-
Velos, ESI-CID. MS parameter settings are as follows: MS run
time of 96 min; MS1 scan range (300.0 –1500.00); top 20
MS/MS (minimum signal 500; isolation width 2.0; normalized
collision energy 35.0; activation-Q 0.250; activation time 20.0;
lock mass 371.101237; charge state rejection enabled, charge
state 1� rejected; dynamic exclusion enabled, repeat count 1;
repeat duration 35.0; exclusion list size 500; exclusion duration
40.0; exclusion mass width relative to mass; exclusion mass
width 10 ppm). MS/MS spectra were evaluated using
SEQUEST 3G and the CORE platform from Harvard Univer-
sity. Searches were performed against the most recent update of
the NCBI Mus musculus database with mass accuracy of �50
ppm for precursor ions and 1 Da for product ions. Results were
filtered with mass accuracy of �5 ppm on precursor ions and
presence of the intended motif (K-�-GG).

Western Blotting (WB) Analysis and Antibodies Specificity—
Samples were separated on 4 –20% SDS-PAGE (catalog no.
345-0125, Bio-Rad) and transferred onto nitrocellulose mem-
branes (catalog no. 106000012, GE Healthcare). The following
data presented here support the specificity of the antibodies as
follows. (a) A band of the predicted size for Ddb1, Pin1, Stub-1,
Grb2, Cul4a, and Crbn are detected both in total lysates and in
pulldown samples. (b) These bands are visible only in pulldown
samples in which Ddb1, Pin1, Stub-1, Grb2, Cul4a, and Crbn
are detected by nano-LC/MS/MS. (c) Crbn is not detectable
in samples derived from Crbn-KO brains. The following anti-
bodies were used in WB: anti-Ddb1 (catalog no. 6998s, lot 1,
rabbit monoclonal antibody, Cell Signaling Technology, dilu-
tion 1:300); anti-Pin-1 (catalog no. 3722s, lot 3, rabbit poly-
clonal antibody, Cell Signaling Technology, dilution 1:1000);
anti-Stub1 (catalog no. 2080s, lot 2, rabbit polyclonal antibody,
Cell Signaling Technology, dilution 1:300); anti-Grb2 (catalog
no. 3972s, lot 2, rabbit polyclonal antibody, Cell Signaling Tech-
nology, dilution 1:1000); anti-Cul4a (catalog no. 14851-1-AP,
lot 1, rabbit polyclonal antibody, ProteinTech, dilution 1:300);
anti-Crbn (catalog no. HPA045910, lot Q103829, rabbit poly-
clonal antibody, Sigma, dilution 1:500); and anti-FLAG M2
(catalog no. A2220, lot SLBF8148, mouse monoclonal antibody,
Sigma, dilution 1:1000). This antibody detects a signals-only in
samples in which ubiquitin-FLAG and the ubiquitination
machinery are present (Fig. 5A). Incubations with primary anti-
bodies were performed in phosphate-buffered saline plus 0.05%
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Tween 20 (catalog no. H5151, Promega) and 5% bovine serum
albumin fraction V (BSA, catalog no. BP1605-100, lot 146598,
Fisher) overnight in a cold room. We used the following HRP-
conjugated secondary antibodies. For WB with mouse mono-
clonal primary antibodies, we used the goat anti-mouse HRP-
conjugated antibody (catalog no. 1031-05, lot I0912-ML33B,
Southern Biotech, dilution 1:1000). For WB with rabbit primary
antibodies, we used two goat anti-mouse HRP-conjugated sec-
ondary antibodies (catalog no. 4050-05, lot E0513-ZF44, South-
ern Biotech, dilution 1:1000; catalog no. 7074, lot 25, Cell
Signaling Technology, dilution 1:1000). Membranes were
incubated with secondary antibodies in phosphate-buffered
saline plus 0.05% Tween 20 and 5% Blotting-Grade blocker
nonfat dry milk (catalog no. 170-6404, Bio-Rad), at room
temperature for 1 h. After washing in phosphate-buffered
saline plus 0.05% Tween, WB was developed using either
SuperSignal West Dura stable peroxidase (catalog no. 34076,
lot QL226061, Pierce) or SuperSignal West Pico stable per-
oxidase (catalog no. 1859674, lot OB182893, Pierce). Signals
were acquired using ImageQuant LAS 4000 mini and
ImageQuant LAS 4000 software (GE Healthcare).

Mass Spectrometry—MS Bioworks, LLC, Ann Arbor, MI,
performed this analysis. The volume of each pulldown sample
was reduced to 50 �l by vacuum centrifugation; 20 �l of each
concentrated sample was processed by SDS-PAGE using a 10%
BisTris NuPAGE gel (Invitrogen); with the MES buffer system
the gel was run �2 cm. The mobility region was excised into 10
equally sized segments, and in-gel digestion was performed on
each using a robot (ProGest, DigiLab) with the following pro-
tocol: washing with 25 mM ammonium bicarbonate followed by
acetonitrile; reduced with 10 mM dithiothreitol at 60 °C fol-
lowed by alkylation with 50 mM iodoacetamide at room tem-
perature; digested with trypsin (Promega) at 37 °C for 4 h;
quenched with formic acid; and the supernatant was analyzed
directly without further processing. Each digest was analyzed
by nano-LC/MS/MS with a Waters NanoAcquity HPLC system
interfaced to a ThermoFisher Q Exactive mass spectrometer.
Peptides were loaded on a trapping column and eluted over a
75-�m analytical column at 350 nl/min; both columns were
packed with Jupiter Proteo resin (Phenomenex). The mass
spectrometer was operated in data-dependent mode, with MS
and MS/MS performed in the Orbitrap at 70,000 and 17,500 full
width at half-maximum resolution, respectively. The 15 most
abundant ions were selected for MS/MS.
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and wrote the paper. D. D. P. and L. D. designed, performed, and
analyzed all the experiments. D. D. P. contributed to writing the
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to writing the paper. R. C. R. generated knock-out mice. L. D. and
D. D. P. prepared the figures. L. D. prepared the tables. All authors
reviewed the results and approved the final version of the
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