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ABSTRACT: Ubiquitin ligases (E3s) confer speciﬁcity to
ubiquitination by recognizing target substrates. However, the
substrates of most E3s have not been extensively discovered,
and new methods are needed to eﬃciently and comprehensively identify these substrates. Mostly, E3s speciﬁcally
recognize substrates via their protein interaction domains.
We developed a novel integrated strategy to identify substrates
of E3s containing protein interaction domains on a proteomic
scale. The binding properties of the protein interaction
domains were characterized by screening a random peptide
library using a yeast two-hybrid system. Artiﬁcial degrons,
consisting of a preferential ubiquitination sequence and
particular interaction domain-binding motifs, were tested as
potential substrates by in vitro ubiquitination assays. Using this
strategy, not only substrates but also nonsubstrate regulators
can be discovered. The detailed substrate recognition
mechanisms, which are useful for drug discovery, can also be
characterized. We used the Ligand of Numb protein X (LNX)
family of E3s, a group of PDZ domain-containing RING-type
E3 ubiquitin ligases, to demonstrate the feasibility of this
strategy. Many potential substrates of LNX E3s were
identiﬁed. Eight of the nine selected candidates were
ubiquitinated in vitro, and two novel endogenous substrates,
PDZ-binding kinase (PBK) and breakpoint cluster region
protein (BCR), were conﬁrmed in vivo. We further revealed
that the LNX1-mediated ubiquitination and degradation of
PBK inhibited cell proliferation and enhanced sensitivity to
doxorubicin-induced apoptosis. The substrate recognition
mechanism of LNX E3s was also characterized; this process
involves the recognition of substrates via their speciﬁc PDZ domains by binding to the C-termini of the target proteins. This
strategy can potentially be extended to a variety of E3s that contain protein interaction domain(s), thereby serving as a powerful
tool for the comprehensive identiﬁcation of their substrates on a proteomic scale.
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■

INTRODUCTION

the attachment of free ubiquitins to a ubiquitin-activating
enzyme (E1). Ubiquitin is then transferred to a ubiquitinconjugating enzyme (E2), which along with a ubiquitin ligase
(E3) ligates the ubiquitin to a speciﬁc substrate protein.3−5 In
this process, E3s confer speciﬁcity to the ubiquitination process

Ubiquitination is one of the most important protein posttranslational modiﬁcations in eukaryotes.1 The attachment of
ubiquitin and ubiquitin-like polypeptides to intracellular proteins
is a key mechanism in regulating many biological processes,
including proteasome degradation, intracellular traﬃcking, DNA
repair, and signal transduction.2 The ubiquitination process is
achieved through a multiple enzymatic cascade. The ﬁrst step is
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by recognizing target substrates.2,6−8 Impaired E3s and/or their
substrates can lead to a variety of human disorders such as
neurodegenerative diseases and cancer.2,8 The identiﬁcation of
this group of proteins is essential not only to reveal their
functions and mechanisms but also to understand the processes
in which they participate. In many instances, E3s that are
involved in speciﬁc processes can be identiﬁed through
functional screenings; however, most of their substrates are
largely unknown.2 Better, faster, and cheaper proteome-wide
methods are needed to eﬃciently and comprehensively identify
the substrates of E3s and to assign functions to known and
orphan E3s.2
Recently, several powerful methods, including in vitro protein
microarrays1,9,10 and in vivo label-free quantitative mass
spectrometry,11 have been employed to identify the substrates
of E3s. In vitro protein microarrays have been successfully used to
explore the substrates of the Nedd4 family of E3s and their
interaction mechanisms.1,9,10 Thousands of candidate proteins
were individually expressed, puriﬁed, and spotted onto arrays.
Then, the candidate proteins were incubated with a reaction
mixture containing the E3 of interest and FITC-labeled ubiquitin
under speciﬁc conditions. This method is powerful for its highthroughput and capability of being applied to low amounts of
substrates, but it is limited by the quantity and variety of
candidate proteins that are covered by the arrays.1,9,10 As an in
vivo method, the label-free quantitative mass spectrometry
strategy enables the identiﬁcation of native substrates in
physiologically relevant settings,11 and it has no limitations on
the quantity and variety of candidates. However, low-abundant
substrates in cells are diﬃcult to detect, due to abundance
suppression during the mass spectrometry analysis.12 Also, this
method cannot exclude the possibility that a decrease in the
levels of a candidate protein following the expression of a
functional E3 is not caused by its ubiquitination.11
Numerous E3s exhibit at least one protein interaction domain
or motif, such as PDZ, SH2, SH3, FHA, ankyrin repeats, and
ubiquitin-like domain.13,14 In most cases, E3s speciﬁcally
recognize substrates via their protein interaction domains or
motifs by recruiting substrates or interactors.13,14 Accordingly, it
is valuable to explore the substrates of E3s by screening the
binding partners of their protein interaction domains. On the
basis of this principle, we developed an integrated strategy to
identify the substrates of E3s that contain protein interaction
domains on a proteomic scale.
The Ligand of Numb protein X (LNX) family of E3s was used
as an example to explain and evaluate our strategy. The human
LNX family has four members,13 (http://www.hprd.org/), and
each consists of an N-terminal RING domain and several PDZ
domains that are specialized for binding the extreme carboxyl
termini of its target proteins.15,16 Ligand of Numb protein X1
(LNX1) was originally isolated as a binding partner of the
phosphotyrosine-binding domain of the cell fate determinant
Numb.17 It was then identiﬁed as a RING-type E3 ubiquitin
ligase for the ubiquitination and degradation of Numb.18 After
that, one or more PDZ domains of LNX1 were reported to
interact with several proteins, including CAR,19 ErbB2,20 SKIP,21
JAM4,22 CAST,23 c-Src,24 Claudins,25 RhoC,26 KCNA4,27
PAK6,27 PLEKHG5,27 PKC-alpha1,27 TYK2,27 PDZ-binding
kinase (PBK),27 LNX2,28 and itself.28 Almost all of these proteins
have PDZ-binding motifs at their C-termini. A total of 107
interactors of LNX1 have been identiﬁed by several highthroughput screens using a yeast two-hybrid (Y2H) system or
protein microarrays in 3 diﬀerent laboratories.27,29,30 Among

them, only Claudin25 and c-Src24 were also shown to be
ubiquitination substrates of LNX1. The PDZ domains of LNX1
were further suggested to be necessary for the substrate-binding
modules.25,31 The other three LNX family proteins have not
been studied extensively. All of the known LNX substrates had
been identiﬁed individually by distinct approaches. To the best of
our knowledge, no systematic work has been reported for the
identiﬁcation of LNX family substrates on a proteomic scale.

■

EXPERIMENTAL PROCEDURES

Preparation of Plasmids and Mutagenesis

For the Y2H screenings, the bait plasmids of 11 human LNX
PDZ domains were constructed; detailed clone information is
summarized in Supplementary Table 1 (Supporting Information). For the in vitro ubiquitination assay, the full-length human
LNX1, LNX1ΔPDZ4 (1−600), LNX1ΔPDZ34 (1−497),
LNX1ΔPDZ234 (1−377), and LNX1ΔPDZ1234 (1−273)
were ampliﬁed by PCR from IMAGE: 4995278 (Proteintech
Group, Inc.) and subcloned into the BamH I/EcoR I sites of the
PGEX-4T-1 vector. The individual artiﬁcial degron expressing
the yeast Rpn4172−211 and the C-terminal 8−10 amino acid
residues of the selected candidate ligand was generated by the
synthesis of oligonucleotides and ligation into the BamH I/Xho I
sites of the pET 41a+ vector as previously described.32 For the in
vivo ubiquitination assay, the LNX1WT construct was made by
subcloning wild-type full-length human LNX1 cDNA into the
BamH I/Xba I sites of the pcDNA4/Myc-His vector
(Invitrogen) and fused with a Myc tag downstream of the Cterminus of LNX1. The LNX1Mut construct, in which ﬁve
conserved cysteine residues (C41, C44, C56, C61 and C64) were
simultaneously mutated to alanines, was generated using PCRdirected mutagenesis. The human PBK was obtained by PCR
from IMAGE: 4082846 (Proteintech Group, Inc.), constructed
into the BamH I/Xho I sites of the pcDNA6/V5-His vector, and
fused with the N-terminal FLAG tag. The HA-tagged ubiquitin
plasmid and the His-Myc-tagged ubiquitin plasmid were kindly
provided by Dr. Huihua Li (Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences).
Antibodies

All of the antibodies that were used in this study were purchased
from commercial sources: anti-Myc tag (MBL, M047−3), antiFLAG tag (DYKDDDDK) (Abmart, M20008), anti-S tag
(Abcam, ab18616), anti-HA tag (Imagen BioSciences, IMA
1008 L), anti-PBK (Abcam, ab75987), anti-BCR (Abcam,
ab40779), antiubiquitin (Sigma, GW10073F), anti-β-tubulin
(Abmart, M20005), anti-LNX1 (Abcam, ab76716), and anti-βactin (Sigma, A1978).
Screenings

The high-diversity random peptide library used in this study,
which was constructed for use in our previous work, contained
1.5 × 108 transformed clones.32 This number of clones is
suﬃcient to cover all the possibilities of C-terminal random six
amino acids (6.4 × 107, 206). Each LNX PDZ domain was used
individually as bait to screen this library using the Y2H approach
as previously described.32,33 The specialized PDZ ligand library
used in this study consisted of 424 nonredundant PDZ ligand
clones, including 232 (54.72%), 81 (19.10%), 19 (4.48%), 2
(0.47%), 23 (5.42%), and 67 (15.80%) for class I, class II, class
III, class IV, PDZ domain, and other ligands, respectively. A oneto-one Y2H assay was used for validation screening of this library
to identify positive and negative binding clones.32
4848
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Characterization of the Binding Properties and
Identiﬁcation of the Candidate Ligand Proteins

Cell Growth Studies

The MTS (3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H -tetrazolium, inner salt) cell
proliferation assay was used to analyze the proliferation of
MCF-7 cells following the manufacturer’s instructions (Promega, USA). MCF-7 cells and HEK293T cells were cultured under
conventional conditions (http://www.atcc.org/). LNX1WTpcDNA4 and pcDNA4 (vector control) were transfected into
MCF-7 cells with poly-Fector II (Beijing Viewsolid Biotechnology Co., Ltd., VS1001B), respectively. Twelve hours after
transfection, 200 μg/mL Zeocin (Invitrogen) was added to the
cell culture medium to select the transfected cells. Twenty-four
hours after transfection, the 96-well microtiter plates were seeded
with 1 × 104 cells per well. A total of 40 μL MTS was added to
200 μL of the cell culture medium, and the mixtures were
incubated at 37 °C for 1 h prior to measurement. The
absorbances of the transfected cells and the control DMEM
medium at 492 nm were measured using Synergy4Multi-Mode
Microplate Readers (BioTek, USA) at 0, 12, 24, 36 and 60 h. For
RNAi assay, the siLNX1 and siNEG.2 (negative control) were
transfected into HEK293T cells, respectively. Twenty-four hours
after transfection, the 96-well microtiter plates were seeded with
5 × 103 cells per well. Cell growth was monitored using the MTS
method at 0, 12, 24, 36 and 48 h. The data were analyzed by oneway ANOVA analysis with SPSS 13.0. The averaged results were
presented as the mean value ± SEM of the indicated experiments.
Statistical signiﬁcance was evaluated using Student’s t-test.
Asterisks were used to denote statistical signiﬁcance compared
to the control, indicating p-values of less than 0.05 (*), 0.01 (**),
and 0.001 (***).

WebLogo, a sequence logo generator,34 was used to analyze and
graphically display the binding properties of each LNX PDZ
domain that recognized the C-terminal binding motifs.
Consensus binding sequences were deduced from the sequence
alignment of the positive clones and from the comparative
analysis of both the positive and negative sequences. The
prediction and conﬁrmation of candidate ligand proteins were
performed as previously described.32
Protein Expression and Puriﬁcation

The pGEX constructs were expressed in the E. coli BL21 strain.
The expression of the GST-fused proteins was induced with 0.1
mM IPTG at 16−25 °C overnight. The bacterial pellets were
sonicated, and the GST-fused proteins in the cleared bacterial
lysates were puriﬁed by GSTrap FF (GE Healthcare, 17−5130−
01). The pET 41a+ constructs were expressed in the E. coli BL21
(DE3) strain. In this case, the expression of the His-fused
proteins was induced with 0.2 mM IPTG at 30 °C for 4−6 h. The
recombinant proteins were enriched by MagExtractor (His tag)
(TOYOBO, NPK-701). The puriﬁed proteins were analyzed by
SDS-PAGE, stained with Coomassie Blue, and quantiﬁed by the
Bradford method.
In vitro Ubiquitination Assay

The in vitro ubiquitination assays were performed using 0.1 μg E1
(Calbiochem, 662070), 0.5 μg E2 (UbcH5b, recombinant)
(UpState, 14−871), 1 μg E3 (LNX truncations), 2 mM ATP, 3
μg ubiquitin (Sigma-Aldrich,U5507), 50 mM Tris-HCl (pH 7.4),
2.5 mM MgCl2, 1 mM DTT, and 50−100 ng substrates. The
mixture was incubated at 30 °C for 90 min, and the reaction was
stopped by adding 5 × SDS loading buﬀer (GenStar
Biosolutions, E153−01). The reaction mixture was resolved by
SDS-PAGE and immunoblotted with an anti-S tag antibody.

Gene Ontology (GO) Term Enrichment Analysis

The PANTHER (Protein ANalysis THrough Evolutionary
Relationships) classiﬁcation system35 was used for GO category
enrichment analysis. The LNX1 ligand genes were classiﬁed into
three functional categories: molecular function, biological
process, and protein class. The enrichments or overrepresentations of these categories for the LNX1 ligand genes were
compared to their representation in the entire human genome.
Genes for which no annotations could be assigned were excluded
from the analysis for both the ligands and the genome set.
Categories with at least three genes were displayed in the bar
charts.

In vivo Ubiquitination and Degradation Assays

HEK293ET cells and HeLa cells were used for the in vivo assays.
They were cultured under conventional conditions (http://
www.atcc.org/). The plasmid transfection was performed with
the MegaTran 1.0 Transfection Reagent (OriGene, TT200003).
The harvested cells were lysed with RIPA lysis buﬀer (Applygen,
P1053) containing 2 mM PMSF, and the cleared cell lysates were
incubated with appropriate antibodies at 4 °C overnight. The
immunocomplexes were bound to protein G agarose beads
(Beyotime, P2009) for 1−3 h, washed three times with cold PBS
buﬀer, and eluted by boiling in 5× SDS loading buﬀer. The
proteins were separated by SDS-PAGE and immunoblotted with
appropriate antibodies. For the detection of protein degradation,
the cleared cell lysates were directly separated by SDS-PAGE and
immunoblotted with appropriate antibodies. In an experiment
that used a proteasome inhibitor, the transfected cells were
incubated with 10−20 μM MG132 (Beyotime, S1748) for 10−
24 h before they were harvested.

■

RESULTS

1. Proteomics Strategy to Identify Substrates of LNX Family
of E3s

The newly developed strategy involved the following steps, as
illustrated in Figure 1. Step 1: Screening random peptide
libraries with LNX PDZ domains. Individual screenings of
random peptide libraries and/or validation screenings of a
specialized PDZ ligand library, using each LNX PDZ domain as
bait, were performed to isolate a series of positive PDZ-binding
clones. Step 2: Characterizing the binding properties and
identifying candidate ligand proteins. The precise binding
properties of each PDZ were characterized by comparative
analysis of both positive and negative binding sequences that
were isolated from the screenings. The ligand proteins were
predicted by protein database searches with consensus binding
sequences. The candidate ligands were further conﬁrmed by oneto-one Y2H assays. Step 3: Validating the eﬀect of the Cterminal PDZ-binding motif of candidate ligands using an in
vitro ubiquitination assay. Artiﬁcial degron proteins, used as

RNAi Assay

The siRNAs, including siLNX1 (Trilencer-27, OriGene,
SR313643) and siNEG.2 (negative control, Trilencer-27,
OriGene, SR30004), were purchased from OriGene (Rockville,
MD). The siRNA was transfected using siTran 1.0 transfection
reagent (OriGene, TT300001). Three days after transfection, the
cells were harvested and lysed with RIPA lysis buﬀer (Applygen,
P1053) containing 2 mM PMSF. The cleared cell lysates were
separated by SDS-PAGE and immunoblotted with appropriate
antibodies.
4849
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ligands could promote ubiquitination. Step 4: Conﬁrming the
LNX substrates in mammalian cells using an in vivo
ubiquitination assay. Candidate substrates and LNX E3 were
cotransfected into mammalian cells to conﬁrm whether LNX
could induce the ubiquitination and degradation of the candidate
substrates.
In step 1 of this strategy, any screening methods for
characterizing the binding properties of the protein interaction
domains can be adopted, including oriented peptide library,15,37,38 SPOT synthesis,39 phage display,40 and conventional Y2H.41 Additionally, both the native ligand proteins that
were retrieved from the screenings in step 1 and the candidate
ligand proteins that were identiﬁed in step 2 can be directly
conﬁrmed in mammalian cells, thus bypassing step 3.
2. Characterization of the Binding Properties of the LNX PDZ
Domains

We employed our previously developed validation screening
strategy32 for the comprehensive analysis of PDZ domains in the
LNX family. The binding properties of all 11 LNX PDZs were
individually characterized by Y2H screenings of random peptide
libraries and/or high-throughput validation screenings of the
specialized PDZ ligand library. LNX1 PDZ1, LNX1 PDZ2,
LNX1 PDZ3, LNX2 PDZ2, and LNX4 PDZ showed strong
consensus binding properties located at the C-terminal 3 to 5
amino acid residues of positive binding ligands that were isolated
from the screenings (Supplementary Table 2−6, Supporting
Information). LNX2 PDZ1 and LNX2 PDZ3 showed no
consensus among the positive binding sequences (Supplementary Tables 7 and 8, Supporting Information). LNX1 PDZ4 and
LNX2 PDZ4 retrieved no positive binding ligands from
screenings of either random peptide libraries or the PDZ ligand
library. LNX3 PDZ1 and PDZ2 exhibited variable levels of selfactivation in the Y2H system and thus could not be used to
screen the libraries.
The detailed binding speciﬁcities of each LNX PDZ domain
are summarized in Table 1 and illustrated in Figure 2. PDZbinding motifs have conventionally been grouped into four
classes, based on the last four residues: Class I, -[S/T]-x-Φ*;
Class II, -Φ-x-Φ*; Class III, -[D/E/K/R]-x-Φ* and Class IV, -xψ-[D/E]*, where x is any amino acid, Φ is a hydrophobic residue,
and ψ is an aromatic residue.42 LNX1 PDZ1 predominantly
preferred Ser and Thr at P2− (−2 position of PDZ-binding
motif), and thus belonged to the typical Class I PDZ. LNX1

Figure 1. Schematic of the newly developed proteomics strategy to
identify substrates of E3s containing protein interaction domains. LNX
E3 was used as an example to illustrate our strategy. The detailed
description was presented in the part 1 of the Results section. CT
denotes the C-terminus of a protein.

potential substrates, expressing a preferential ubiquitination
sequence (Rpn4172−211, including one lysine residue)36 and the
C-terminal PDZ-binding motifs of candidate ligand proteins,
were individually constructed, expressed, and puriﬁed. The
respective LNX protein forms, expressing the RING domain and
the corresponding PDZ domains, were also prepared. The in vitro
ubiquitination assays were individually conducted with the
respective artiﬁcial degrons and the LNX forms to conﬁrm
whether the C-terminal PDZ-binding motif of the candidate
Table 1. Binding Properties of Human LNX PDZ Domainsa

amino acid preference at each position of C termini of PDZ binding
ligands
LNX PDZ domain

−5

−4

−3

LNX1

x
x
x

x
x
ψ

x
x
x

LNX2

LNX3
LNX4

PDZ1
PDZ2
PDZ3
PDZ4
PDZ1
PDZ2
PDZ3
PDZ4
PDZ1
PDZ2
PDZ

x

x

ψ

x

−2
S/T
x
x

−1
x
ψ
x−ψ

N/A
No consensus at the C termini
Φ
V/I/L/S/T
V/I/L
No consensus at the C termini
N/A
Bait self-activation
Bait self-activation
ψ/x
F/x
K/R/H

0

PDZ domain type

V/I/L/C
V/I/L/C
V/I/L/C

I, PDZ
I, II, III
I, II, III
PDZ
PDZ
I, II
Atypical
PDZ
N/A
N/A
II

V/I/L

V/I/L

characterization methods
Validation screening of PDZ ligand library
Screening of random peptide library and
Validation screening of PDZ ligand library

x denotes any amino acid; Φ denotes hydrophobic amino acids; ψ denotes aromatic amino acids; x−ψ denotes any amino acid excluding aromatic
amino acids; ψ/x denotes any amino acid can be recognized while ψ is preferred, the same as others; N/A denotes not available.
a
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Figure 2. Binding properties of LNX PDZ domains. (A) LNX1 PDZ1, (B) LNX1 PDZ2, (C) LNX1 PDZ3, (D) LNX2 PDZ2, and (E) LNX4 PDZ
showed strong consensus binding properties at the C-termini of the respective positive binding sequences isolated from Y2H screenings of random
peptide libraries and/or validation screenings. The preference of each amino acid at each position was graphically displayed as logos. The positions were
numbered from the carboxyl terminus (position 0). (F) PDZ-PDZ interactions of the LNX family. Two pairs of the PDZ-PDZ interactions were
discovered and conﬁrmed, namely LNX1 PDZ1 and LNX1 PDZ4 and LNX2 PDZ1 and LNX2 PDZ4. Both of these two interactions were determined
in both the forward Y2H assay (BD→AD, e.g., the bait BD-LNX1 PDZ1 bound to the prey AD-LNX1 PDZ4) and the reverse Y2H assay (AD→BD, e.g.,
the prey AD-LNX1 PDZ1 bound to the bait BD-LNX1 PDZ4), as shown by the arrows.

PDZ2 showed no selectivity at P2− but preferred ψ at P1−. LNX1
PDZ3 did not select ψ at P1− (derived from negative binding
sequences), but it preferred ψ at P4−. LNX2 PDZ2 recognized
both Class I and II binding motifs and showed a slight preference
for Φ at P3−. LNX4 exhibited a predominant preference of basic
amino acids at P1− and strongly preferred ψ at P5−. All of these
ﬁve PDZs recognized more than one conventional class of
ligands as well as unclassiﬁed PDZ ligands. As increasing novel
types of PDZ-ligand interactions being reported,32,43−45 the
traditional classiﬁcation system is no longer capable of
diﬀerentiating all of the PDZ domains, and it needs to be revised.
Because the clones of PDZ domains were included in the
specialized PDZ ligand library,32 we also systematically
characterized the PDZ-PDZ interactions of the LNX family.
Three pairs of PDZ-PDZ interactions were discovered, namely
LNX1 PDZ1 and LNX1 PDZ4, LNX1 PDZ1 and LNX2 PDZ4,
and LNX2 PDZ1 and LNX2 PDZ4. All of these interactions were

determined in both the forward (BD→AD) and reverse (AD→
BD) Y2H assays. The LNX1/LNX2 PDZ4 constructs used in our
Y2H assays included the natural carboxy-terminal PDZ motifs.
For clarifying the three interactions, including LNX1 PDZ1 and
LNX1 PDZ4, LNX1 PDZ1 and LNX2 PDZ4, and LNX2 PDZ1
and LNX2 PDZ4 were whether PDZ:PDZ interaction or
PDZ:C-terminal binding motif interaction, we tested the
interaction between LNX1/LNX2 PDZ1 and the C-termini of
LNX1/LNX2 in one-to-one Y2H assays, respectively. The clones
expressing the C-terminal 10 amino acids of LNX1/LNX2 were
individually constructed by the synthesis of oligonucleotides and
were cotransformed into yeast cells with LNX1/LNX2 PDZ1
bait, respectively. The results showed that LNX1 PDZ1-LNX1
PDZ4 interaction and LNX2 PDZ1-LNX2 PDZ4 interaction
were true PDZ:PDZ interactions because neither LNX1 PDZ1
nor LNX2 PDZ1 interacted with their own C-termini (Figure
2F). Interaction between LNX1 PDZ1 and C-termini of LNX2
4851
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Table 2. Identiﬁed LNX Ligand Proteinsa
identified LNX1 ligands
LNX

binding
PDZ

LNX1

PDZ1

consensus sequence
-[S/T]-ψ-V*

-[S/T]-[S/T]−V-V*

-[S/T]-L-V*
-[K/R/H]-x-[S/T]-Y-L*
-E-[S/T]-D-[V/I/L]*

PDZ2

-A-[S/T]-[K/R/H]-V*
-[S/T]-x-C*

-D−S−W-V*

-[S/T/D/E]-ψ-V*

-[G/I/L]-ψ-V*

-[V/F]-[F/Y]-[V/I/L]*

-E-T-[D/E]-V*

PDZ3

-[P/L]-[G/S]−W-S-A-[M/V]-V*
-[K/R/H]-V*

-[W/F]-x-x-[D/E]-V*

LNX2

PDZ2

-V-S-Y-V*
-Φ-[V/I/L/T]-[V/I/L/T]-V*

Swiss-Prot ID

C-terminus

protein description

Q7Z5N4−1
Q1MX18−1
Q92823−1
Q5VX33
O60229
P56750
Q8NGB0
Q8IYI6
Q9BZ29−4
Q96PB8
Q5VSF5
O43182−1
Q8N448
P32745
P25100
Q9H2J7
Q96KB5
Q9HBX8
Q06418
Q99966
Q9P2M7
P43119
Q9Y345
P57058
P48546
O00192
Q9UQB3
Q99569−2
P56750
O60229
Q8NHY3
O95832
P49815
Q8N2R7
Q9Y5U5
P57739
Q12906−5
P43234
Q86Y07
Q9H1J5
O43815
P15385
Q99434
P03409
O60828−9
Q9H3Q1
Q9P0R7
Q9NP55
Q304Z4
Q12979
Q15040
Q8NFH4
P11274
Q9BZT2
P41595
P78310−2
Q9NTG1
Q9UPQ7
Q6ZMN7

LTGFSSFV
SNMEESFV
VNAMNSFV
EKVKESYV
GDPFSTYV
SKTSTSYV
MDGNSSWV
PESTTSVV
MTSSSSVV
PDDISTVV
DPSVSTVV
DALPETLV
ICWPGSLV
STMRISYL
SNLRETDI
PDMPESDL
VEALETDV
GLAFASHV
GLLPHSSC
TADFPSSC
SNLQTSSC
ASVACSLC
DLELGTQC
ADGVKTQC
SRELESYC
PQPVDSWV
PASPDSWV
PGSPDSWV
SKTSTSYV
GDPFSTYV
PPEEESWV
PSSGKDYV
VEDFTEFV
RARKSEWV
GRLGDLWV
SYSLTGYV
TAGYTGFV
DSVSSIFV
VFLALFFL
RVWFGVYI
DALAKVFV
AKAVETDV
RLRVETDV
KHFRETEV
CPGWSAMV
EEEDEIRV
LKIFLSKV
GLQFVIKV
DRFKAEHV
TLYFSTDV
HQSWRTDV
LLFWVTEV
SILFSTEV
DTAWSREV
TEEQVSYV
KTDGITVV
KKMVYLVV
SFLSVTTV
AFLSVTTV

Isoform 1 of Protein sidekick-1 precursor
Isoform 1 of Protein inscuteable homologue
Splice isoform 1 OF Neuronal cell adhesion molecule precursor
ATP-binding cassette, subfamily A member 1
Huntingtin-associated protein-interacting protein (Duo protein)
Claudin-17
Seven transmembrane helix receptor
Exocyst complex component 8
Isoform 4 of Dedicator of cytokinesis protein 9
Leucine-rich repeat-containing protein 3B precursor
Glutamate receptor, ionotropic, N-methyl D-aspartate 1
Isoform 3 of Rho-GTPase-activating protein 6
Ligand of Numb protein X 2
Somatostatin receptor type 3 (SS3R) (SSR-28)
Alpha-1D adrenergic receptor
Orphan transporter v7−3
spermatogenesis-related protein kinase (PDZ-binding kinase)
Leucine-rich repeat-containing G protein-coupled receptor 6
Tyrosine-protein kinase receptor TYRO3
Cbp/p300-interacting transactivator 1
Cingulin
Prostacyclin receptor
Sodium- and chloride-dependent glycine transporter 2
Hormonally upregulated neu tumor-associated kinase
Gastric inhibitory polypeptide receptor
ARVCF
Catenin delta-2
p0071(plakophilin-4)
Claudin-17
Huntingtin-associated protein-interacting protein
GAS2-related protein isoform beta
Claudin-1
Tuberin
Connexin40.1
Tumor necrosis factor receptor superfamily member 18
Claudin-2
Interleukin enhancer binding factor 3 isoform c
Cathepsin O
Serine/threonine-protein kinase VRK2
Wnt-8a protein
Striatin
Potassium channel Kv1.4
ARHGEF16 protein
TAX_HTLV-1
Isoform 9 of Polyglutamine-binding protein 1
Cdc42 effector protein 4
HSPC209
Protein Plunc precursor
Envelope polyprotein
Isoform Long of ABR protein
Josephin-1
Nucleoporin Nup37
Breakpoint cluster region protein
PNAS-32
5-hydroxytryptamine 2B receptor
Isoform 2 of CAR precursor
PKD and REJ homologue
LNX 3
LNX 4
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Table 2. continued
identified LNX1 ligands
LNX

LNX4
a

binding
PDZ

PDZ

consensus sequence

-ψ-x-x-x-[K/R/H]-V*

Swiss-Prot ID

C-terminus

Q5T3H7
Q8NFP4−2
O00257−1
Q6UWI4
Q6ZW25

ESGICTIV
GNHVALTV
TFKEYVTV
KMYPAVTV
NKYKLYKV

protein description
similar to TPR repeat-containing protein KIAA1043
MAM domain-containing protein 3
chromobox homologue 4
Transmembrane protein 46 precursor
CDNA FLJ41726 fis, clone HLUNG2014449

Bold text denotes known ligand proteins, x denotes any amino acid, Φ denotes hydrophobic amino acids, and ψ denotes aromatic amino acids.

depicted in Figure 3A. Rpn4172−211 possesses one lysine (K)
amino acid residue that is a preferential ubiquitination site

was detected (data not shown), indicating that LNX1 PDZ1
could recognize LNX2 via the C-terminal PDZ motif.
3. Identiﬁcation of Candidate LNX Ligand Proteins

For each of the ﬁve PDZ domains that recognized the C-terminal
binding motifs, the consensus binding sequences (Table 2) were
deduced from the sequence alignment of positive clones and/or
the comparative analysis of positive and negative binding
sequences. The Tailﬁt software46 was used to search the SwissProt and/or IPI human databases to retrieve potential ligand
proteins whose C-termini matched the consensus binding
sequences. The candidate ligand proteins (Supplementary
Tables 9−13, Supporting Information) were further selected
based on their subcellular localizations and molecular functions.
The selected ligand proteins were conﬁrmed in subsequent oneto-one Y2H assays. The clones expressing the C-termini of the
selected PDZ ligands were individually constructed by the
synthesis of oligonucleotides and were cotransformed into yeast
cells with the corresponding PDZ bait.
As shown in Table 2, 64 ligands were conﬁrmed, and of these,
6 ligand proteins had been previously determined to be the
physiological substrates or interactors of LNX by other
independent laboratories. Claudin-1 and Claudin-2 had been
demonstrated to be polyubiquitinated by LNX1 in mammalian
cells, followed by endocytosis and degradation in lysosomes, and
their ubiquitination regulated the turnover of tight junctions.25
LNX2 had been shown to interact with LNX1 to form oligomers
via their PDZ domain-recognizing PDZ-binding motifs located
at the C-termini; therefore, LNX proteins may form large
networks that serve as molecular scaﬀolds to localize unrelated,
interacting proteins, such as Numb, to speciﬁc subcellular sites in
cells.28 CAR-2 had been shown to bind LNX2 both in vitro and in
vivo, and also colocalize with LNX2 in mammalian cells.19,47 PBK
and Potassium channel Kv1.4 (KCNA4) had been demonstrated
to coimmunoprecipitate with LNX1.27

Figure 3. (A) Schematic representation of the artiﬁcial degrons and
LNX1 truncations. An artiﬁcial degron consisted of an N-terminal a
tandem His and S tag for puriﬁcation and detection, Rpn4172−211 (which
possesses one lysine (K) amino acid residue as a ubiquitination acceptor
site), and the C-terminal PDZ binding motif of the LNX ligand protein.
The LNX1 truncations consisted of an N-terminal GST tag for
puriﬁcation, a RING domain, and of either no, one or more PDZ
domains. (B) Puriﬁcation of the LNX1 truncations for the in vitro
ubiquitination assays. GST-LNX1 truncation proteins were expressed in
the E. coli. BL21 strain and puriﬁed by GSTrap FF.

4. LNX Substrate Recognition Requires the C-Terminal
PDZ-Binding Motif of the Ligand Proteins

The substrate proteins that are speciﬁcally recognized by E3
ubiquitin ligases require a ubiquitination signal (degron), which
is a minimal element within a protein that is suﬃcient for the
recognition and ubiquitination by the proteolytic apparatus.48 A
degron is composed of a ubiquitination acceptor site and a
ubiquitination signal.48 We hypothesized that the C-terminal
PDZ-binding motif of ligand proteins might function as the
ubiquitination signal that is recognized by the corresponding
LNX PDZs to promote the subsequent ubiquitination.
To test this idea, we designed an in vitro ubiquitination system.
We ﬁrst constructed and puriﬁed artiﬁcial degron proteins to
serve as potential substrates. They consisted of an ubiquitination
site sequence, Rpn4172−211 (residues 172−211 of Rpn4
protein),36 and diﬀerent C-termini of LNX ligand proteins, as

selected from a group of lysines susceptible for ubiquitination in
the substrate.36 Nine C-terminal PDZ-binding motifs of the
LNX1 ligand proteins were selected and individually constructed
to the C-terminus of Rpn4172−211. The non-PDZ-binding vector
sequence -PPPPPLID* was used as a negative control. Each
artiﬁcial degron was fused with a tandem His and S tag at the Nterminus for puriﬁcation and detection. A series of GST-tagged
LNX1 truncations (depicted in Figure 3A) were constructed and
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Figure 4. Validating the eﬀect of the C-terminal PDZ-binding motifs of candidate ligands by the in vitro ubiquitination assay. Nine His/S-tagged artiﬁcial
degrons terminated with the C-termini of the nine selected LNX1 ligand proteins, GST-LNX1 E3 forms, E1, E2 (UbcH5b), and ubiquitin were
incubated with the ubiquitination reaction buﬀer at 30 °C for 90 min. They were then separated by SDS-PAGE and immunoblotted with an anti-S tag
antibody. In the ﬁrst row, three artiﬁcial degrons were terminated with the C-termini of LNX1 PDZ1 ligand proteins. In the second row, three artiﬁcial
degrons were terminated with the C-termini of LNX1 PDZ2 ligand proteins and Claudin 17 artiﬁcial degrons was terminated with both the C-termini of
LNX1 PDZ2 and LNX1 PDZ1 ligand proteins. In the third row, three artiﬁcial degrons were terminated with the C-termini of LNX1 PDZ3 ligand
proteins and the non-PDZ-binding vector sequence -PPPPPLID*. Eight of the nine artiﬁcial degrons, all except the PQBP-1−9 artiﬁcial degron, were
ubiquitinated by the corresponding LNX1 E3 forms.

summarized in Table 3. The C-terminal LNX1 PDZ1-binding
motifs of the ATP-binding cassette, subfamily A member 1
(ABC-1), PBK, glutamate receptor, ionotropic, N-methyl Daspartate 1 (GRIN1), and Claudin-17 signiﬁcantly promoted the
ubiquitination of the corresponding artiﬁcial degrons by
LNX1ΔPDZ234. The C-terminal LNX1 PDZ2-binding motifs
of the potassium channel Kv1.4, TAX_HTLV-1, Claudin-17, and
gastric inhibitory polypeptide receptor (GIP-R) promoted
ubiquitination by LNX1ΔPDZ34; however, these four artiﬁcial

puriﬁed to act as E3 ligases (Figure 3B). To determine whether
the C-terminal PDZ-binding motif could promote ubiquitination, the artiﬁcial degron and the corresponding GST-LNX1 E3
form were added into the in vitro ubiquitination reaction and
incubated with ubiquitin, E1, and E2 (UbcH5B). The
ubiquitination of the artiﬁcial degrons was measured by detection
with an anti-S tag antibody.
As shown in Figure 4, eight of the nine artiﬁcial degrons were
ubiquitinated by the corresponding LNX1 E3 forms, as
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Table 3. Results of in vitro Ubiquitination Assay
C termini of artiﬁcial degrons
LNX1 forms

candidate substrates

sequence

binding PDZ

ubiquitination results

LNX1 ΔPDZ234

ATP-binding cassette, subfamily A member 1 (ABC-1)
PDZ-binding kinase (PBK)
Glutamate receptor, ionotropic, N-methyl D-aspartate 1 (GRIN1)
Claudin-17
Potassium channel Kv1.4 (Kv1.4)
TAX_HTLV1
Claudin-17
Gastric inhibitory polypeptide receptor (GIP-R)
5-hydroxytryptamine 2B receptor (5-HT2B)
Isoform 9 of Polyglutamine-binding protein 1 (PQBP-1−9)

EKVKESYV*
VEALETDV*
DPSVSTVV*
SKTSTSYV*
AKAVETDV*
KHFRETEV*
SKTSTSYV*
SRELESYC*
TEEQVSYV*
CPGWSAMV*

LNX1 PDZ1

+
+
+
+
+
+
+
+
+
−

LNX1 ΔPDZ34

LNX1 ΔPDZ4

LNX1 PDZ2

LNX1 PDZ3

LNX1WT and LNX1Mut were transfected into HeLa cells,
respectively. Cell lysates were separated and immunoblotted
using anti-PBK or anti-BCR antibodies. As shown in Figure 5C
and D, both endogenous PBK and BCR were signiﬁcantly
degraded in the presence of LNX1WT, whereas only partial
degradation was observed with LNX1Mut. When transfected cells
were treated overnight with MG132, the degradations were
remarkably blocked. To quantify the degradation of endogenous
PBK and BCR induced by LNX1WT, we performed the
experiments in triplicate followed by densitometry of the
immunoreactive bands. As shown in Figure 5E, 50% reduction
of PBK was observed in the presence of LNX1WT, and MG132
partially blocked the decrease (the raw data was shown in
Supplementary Table 14). Further validation (shown in
Supplementary Figure 2) indicated that PBK was not degraded
via the lysosome pathway. The fact that MG132 only partially
blocks the degradation of PBK implied that PBK may be
degraded also via other unknown ways. As shown in Figure 5F,
approximately 40% reduction of BCR was observed, and MG132
signiﬁcantly blocked the decrease to the basal level (the raw data
was shown in Supplementary Table 15). These results indicated
that LNX1 promoted the degradation of PBK and BCR mainly in
a proteasome-dependent manner.

degrons showed various degrees of cross-ubiquitination with
LNX1ΔPDZ234. This could have resulted from the similar
binding properties of PDZ1 and PDZ2, so that the C-termini of
these four proteins could also be recognized by LNX1 PDZ1 in
diﬀerent degree. The C-terminal LNX1 PDZ3-binding motifs of
the 5-hydroxytryptamine 2B receptor (5-HT2B) promoted
ubiquitination by LNX1ΔPDZ4. However, the ubiquitination
of the artiﬁcial degron that was terminated with isoform 9 of
polyglutamine-binding protein 1 (PQBP-1−9) was not detected.
The artiﬁcial degron that was used as a negative control was not
ubiquitinated by any of the LNX1 E3 forms. Therefore, our in
vitro ubiquitination results indicated that these eight ligand
proteins were potentially physiological substrates of LNX1 in
vivo.
5. Conﬁrmation of the Substrates of LNX1 in Mammalian
Cells

Because artiﬁcial degrons have only C-terminal PDZ-binding
motifs of the ligand proteins, they may not accurately reﬂect the
behavior of native full-length proteins. Endogenous proteins
were further validated to determine whether they were the actual
substrates of LNX1 E3 in mammalian cells.
First, PBK and breakpoint cluster region protein (BCR) were
tested by in vivo ubiquitination assays. Myc-tagged LNX1WT and
LNX1Mut were transfected into HEK293ET cells with HA-tagged
ubiquitin, respectively. LNX1Mut is the LNX1 RING domain
mutant form, within which ﬁve of seven key Cys residues of the
RING domain2 are mutated to Ala residues and which is
supposed to abolish the LNX1 E3 ligase activity. The
endogenous PBK or BCR were immunoprecipitated from cell
lysates with the corresponding antibodies and immunoblotted
with the anti-HA or anti-ubiquitin antibodies to detect their
ubiquitination. As shown in Figure 5A and B, in the presence of
LNX1WT, both PBK and BCR were signiﬁcantly modiﬁed by
ubiquitin as indicated by the high-molecular-weight discrete
bands and smear, whereas very faint ubiquitination bands were
observed when LNX1Mut was expressed. The results distinctly
indicate that LNX1 promoted the ubiquitination of endogenous
PBK and BCR in mammalian cells.
The ubiquitination of cellular proteins often leads to their
degradation by the proteasome.18 Next, we estimated whether
LNX1-induced ubiquitination of PBK and BCR causes their
degradation. The eﬀect of LNX1 on overexpressed recombinant
PBK was ﬁrst assessed. As shown in Supplementary Figure 1
(Supporting Information), the dramatic degradation of FLAGtagged PBK was observed in the presence of LNX1WT, whereas
only partial degradation was observed with LNX1Mut. Endogenous PBK and BCR were further assessed in mammalian cells.

6. Physiological Signiﬁcance of the PBK-LNX1 E3
Partnership

PBK is a serine/threonine kinase49 and contributes to tumor
development and growth.50−53 Park et al. and Ayllon et al.
demonstrated that the siRNA-mediated reduction of PBK
expression suppressed breast cancer cell growth.50,51 Hu et al.
reported that stable PBK knockdown cell lines (derived from
MCF-7 cells) showed increased apoptosis and slower growth,
and they suggested that PBK overexpression might promote
tumor cell survival and resistance to chemotherapy-induced
apoptosis.54 To conﬁrm that PBK is in fact the physiological
substrate of LNX1 E3 under normal circumstances, we used
LNX1-speciﬁc siRNA (siLNX1) to reduce its expression and
assessed the expression of PBK. As shown in Figure 6A, 85%
knockdown of endogenous LNX1 was detected in HEK293T
cells by siLNX1, while the expression of endogenous PBK was
elevated signiﬁcantly (p < 0.05 for 3 independent experiments).
(all the raw data were quantiﬁed using ImageJ and were shown in
Supplementary Table 16, Supporting Information). The
endogenous LNX1 band detected by anti-LNX1 antibody had
the same molecular weight as Myc-LNX1 p80 detected by antiMyc antibody (shown in Supplementary Figure 3). The result
indicated that the endogenous LNX1 expressed in HEK cells is
the p80 form.
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Figure 5. Conﬁrmation of the LNX1 substrates in mammalian cells by the in vivo ubiquitination and degradation assay. (A) Myc-tagged LNX1WT and
LNX1Mut were transfected into HEK293ET cells with HA-tagged ubiquitin respectively. The endogenous PBK was immunoprecipitated from the cell
lysates with the anti-PBK antibody and immunoblotted with the anti-HA antibody to detect its ubiquitination. The signiﬁcant ubiquitination bands of
PBK were observed in the LNX1WT lane, whereas only very faint ubiquitination bands were observed in the LNX1Mut lane. (B) Myc-tagged LNX1WT and
LNX1Mut were transfected into HEK293ET cells with HA-tagged ubiquitin respectively. Endogenous BCR was immunoprecipitated with the anti-BCR
antibody and immunoblotted with the anti-ubiquitin antibody. The endogenous BCR was ubiquitinated when LNX1WT was expressed, whereas faint
ubiquitination bands were observed when LNX1Mut was expressed. (C) Myc-tagged LNX1WT and LNX1Mut were transfected into HeLa cells,
respectively. Protein lysates of the transfected cells were separated by SDS-PAGE and immunoblotted with the anti-PBK antibody. The expression of
LNX1WT induced the signiﬁcant degradation of endogenous PBK, whereas only partial degradation was observed with LNX1Mut. When transfected cells
were treated overnight with 10 μM or 20 μM MG132, the degradation of PBK was remarkably blocked. (D) HeLa cells were transfected with Myctagged LNX1WT and LNX1Mut, respectively. The transfected cell lysates were separated by SDS-PAGE and immunoblotted with the anti-BCR antibody.
Two bands of endogenous BCR with molecular weights of 170 kDa and 120 kDa were detected. Both BCR bands were signiﬁcantly decreased when
LNX1WT was expressed, whereas only partial degradation was observed with LNX1Mut. When transfected cells were incubated overnight with 10 μM
MG132, the degradation of endogenous BCR was remarkably blocked. To calculate the relative extent of endogenous PBK and BCR, the signal of (E)
PBK and (F) BCR was quantiﬁed using ImageJ software, divided by the corresponding loading control signal and normalized to 1.0. The averages and
S.E.M.s from three independent experiments are shown.

the LNX1WT overexpressed or knockdown cells after treatment
with the genotoxin doxorubicin or dimethyl sulfoxide (DMSO).
As shown in Figure 6E, LNX1 depletion prompted a signiﬁcantly
decrease in cell death after exposure to doxorubicin. In LNX1WToverexpressed cells, cell apoptosis was signiﬁcantly increased
after exposure to doxorubicin, whereas there was no signiﬁcant
diﬀerence in cell apoptosis after exposure to DMSO (Figure 6F).
This is also consistent with the phenotypic changes of the stable
PBK knockdown cell lines.50 These results suggest that LNX1mediated ubiquitination and degradation of PBK inhibited cell
proliferation and enhanced sensitivity to doxorubicin-induced
apoptosis.

To study the physiological signiﬁcance of LNX1-mediated
ubiquitination and degradation of PBK, we studied the
phenotypic changes regarding proliferation and sensitivity to
apoptosis in LNX1 overexpressed or knockdown cells. First, we
compared the cell growth curve of the LNX1WT overexpressed or
knockdown cells to that of control cells. As shown in Figure 6C,
LNX1 suppression by siLNX1 correlated with signiﬁcantly faster
growth rate, while the LNX1WT-overexpressed cells, in which the
endogenous PBK was signiﬁcantly reduced (Figure 6 B) (p <
0.05 for 3 independent experiments) (all the raw data was shown
in Supplementary Table 17), were signiﬁcantly less viable than
the control cells (Figure 6D), consistent with the elongated
population doubling time and slower growth of the stable PBK
knockdown cell lines.50 Second, we examined cell apoptosis of
4856
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Figure 6. Physiological signiﬁcance of the PBK-LNX1 E3 partnership. (A) siLNX1 (LNX1-speciﬁc siRNA) and siNEG.2 (negative control) were
transfected into HEK293T cells. The cell lysates were separated by SDS-PAGE and immunoblotted with anti-LNX1 and anti-PBK antibodies. Beta-actin
was used as the loading control. Two bands from endogenous LNX1 were detected. Both LNX1 bands were eﬃciently decreased when siLNX1 was
transfected, while the expression of endogenous PBK was enhanced. (B) Western blot analysis of LNX1WT-pcDNA4-overexpressed MCF-7 cells and
pcDNA4 vector-transfected control MCF-7 cells with anti-PBK and anti-Myc antibodies. Beta-actin was used as the loading control. Overexpressed
Myc-tagged LNX1 E3 promoted the down-regulation of endogenous PBK. (C) siLNX1 and siNEG.2 (negative control) were transfected into
HEK293T cells, Twenty-four hours after transfection, the 96-well microtiter plates were seeded with 5 × 103 cells per well. Next, cell growth was
monitored using the MTS method at 0 h, 12 h, 24 h, 36 and 48 h. The averages and S.E.M.s from nine independent wells are shown. (D) LNX1WTpcDNA4 and pcDNA4 (vector control) were transfected into MCF-7 cells, respectively. Twelve hours after transfection, 200 μg/mL Zeocin was added
to select the transfected cells. Twenty-four hours after transfection, the 96-well microtiter plates were seeded with 1 × 104 cells per well. Next, cell growth
was monitored using the MTS method at 0 h, 12 h, 24 h, 36 and 60 h. The averages and S.E.M.s from nine independent wells are shown. (E) HEK293T
cells or (F) MCF-7 cells treated with 1 μM doxorubicin or solvent DMSO were collected and stained with Trypan blue. The number of living cells and
dead cells were counted using a hemocytometer. The averages and S.E.M.s from six independent experiments are shown.

7. Gene Ontology (GO) Term Enrichment Analysis of LNX1
Ligand Proteins

are provided in Supplementary Table 18, Supporting Information). In the molecular function category, LNX1 ligands showed
an enrichment of receptor activity and ion channel activity
whereas an underrepresentation of transcription regulator
activity relative to the entire human genome. In the biological
process category, the reproduction term was overrepresented in
the LNX1 ligands, whereas the response to stimulus term was
underrepresented. In the protein class category, four GO terms
(cell junction protein, kinase, isomerase, and transferase) were
overrepresented, whereas two terms (transcription factor and
hydrolase) were underrepresented. These results suggest that
LNX1 is more likely to function in the cytoplasm than in the
nucleus. Apparently, LNX1 tend to interact with the membrane
or cytosolic proteins, such as receptors, ion channels, cell

The possible functions of LNX1 were further explored by
analyzing the major functions of its ligands. The PANTHER
classiﬁcation system35 was used to search for statistical
enrichment of the GO terms in 172 LNX1 ligand genes
(Supplementary Table 18, Supporting Information), including
50 newly discovered genes, 15 known genes, and 107 potential
genes identiﬁed from high-throughput interaction screens,
comparing to the entire human genome.
One-hundred ﬁfty-seven of the 172 LNX1 ligand genes were
classiﬁed into molecular function, biological process, and protein
class categories for human genes (Figure 7; all the original data
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Figure 7. GO term enrichment analysis of LNX1 ligand proteins. One hundred and ﬁfty-seven of the 172 LNX1 ligand genes were classiﬁed into (A)
molecular function, (B) biological process, and (C) protein class categories for human genes, comparing to the entire human genome. Genes for which
no annotations could be assigned were excluded from the analysis for both the ligands and the genome set. Categories with at least three genes are
displayed in the bar charts.

■

junction proteins, kinases, isomerases, and transferases, and act as

DISCUSSION

We developed a proteomics strategy to identify the substrates of
E3 ubiquitin ligases that contain protein interaction domains.
This strategy is notably diﬀerent from other approaches in the
following respects. First, comprehensive potential ligands,
including transient, weak, low-abundant, and even unnatural
ligands, can all be identiﬁed on a proteomic scale in theory
without being restricted to a particular state or cell type. This is
because the candidate ligand proteins were predicted by protein

an E3 ligase or a molecular scaﬀold in regulating the activity,
stability, or subcellular localization of its interactors. This
proposal is partially supported by previous ﬁndings22 and by
our immunoﬂuorescence results (Supplementary Figure 4),
which demonstrated that LNX1 was localized in the cytoplasm
and was absent in the nucleus.
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interactions of 7194 proteins from the human ORFeome
collection in a high-throughput Y2H study.29 Stiﬄer et al.
identiﬁed four interactors for LNX1 PDZ2 in a protein
microarray screen of 157 mouse PDZ domains against 217
peptides based on the carboxy termini of mouse proteins.30
Wolting et al. also used a human protein array to identify LNX1
PDZs binding partners, and 53 potential targets were isolated
from 8000 human proteins and 6 novel LNX1 interactors were
further conﬁrmed.27 However, among the 107 potential LNX1
interactors, only PBK and Potassium channel Kv1.4 were
identiﬁed again in our results. The low overlap between our
results and the high-throughput interaction screens might be
caused by the diﬀerent screen methods, including the diﬀerent
binding conditions and the diﬀerent libraries screened against.
We used Y2H method to screen against a random peptide library,
whereas Stiﬄer and Wolting used a protein array screen and Rual
et al. screened against a traditional cDNA library in Y2H screen.
Additionally, we notice that more than 60% of these 107
potential LNX1 interactors do not have the typical C-terminal
PDZ-binding motifs.
LNX1 has previously been reported to function as an E3
ligase18 or as a molecular scaﬀold28 and is involved in several
diﬀerent biological processes, including Notch signaling,18,57
neuregulin-1/ErbB signaling,20 cell junction reorganization,22,25
and human tumorigenesis.21,24,57 A global genomic study
demonstrated that the down-regulation of LNX1 resulted in
cell cycle arrest in the G0/G1 phase.58 PBK encodes a serine/
threonine kinase, belonging to the dual speciﬁc mitogenactivated protein kinase kinase (MAPKK) family,49 and it
regulates cell mitosis and DNA repair, resulting in the promotion
of cell growth and the prevention of apoptosis.54 PBK has been
linked to the control of many cellular processes, including JNK
signaling,52 ERK signaling,53,59 p38 signaling51,60 and p53
signaling pathways,54,61 and it has been shown to be up-regulated
in a variety of tumors, such as hematologic malignancies,62,63
breast cancer,50,64 and colorectal cancer.53 In this work, we found
that LNX1 mediated-ubiquitination and degradation of PBK
inhibited cell proliferation (Figure 6C and D) and enhanced cell
sensitivity to doxorubicin-induced apoptosis (Figure 6E and F).
This ﬁnding demonstrates that LNX1 regulates cell growth and
apoptosis and suggests that it may act as a tumor suppressor.
Additionally, several previous studies have reported the similar
results. LNX1 mutations were found in a subset of human
gliomas,65 and LNX1 was down-regulated in 100% of gliomas.21
It is also associated with proto-oncogene Np957 and c-Src,24
thereby contributing to tumorigenesis. Therefore, LNX1 should
be considered as a previously unappreciated tumor suppressor
gene. In addition to PBK, there are another 58 novel LNX
binding partners that were identiﬁed in this work, and the
functions of their interactions with LNX E3 are also worth
investigating in the future.
Some PDZ domains have been reported to create functional
diversity through the formation of PDZ−PDZ dimerization66,67
or recognition of internal sequences.68,69 In this study, LNX1
PDZ4, LNX2 PDZ4 (which retrieved no positive binding ligands
in the screenings), and LNX2 PDZ1 (which exhibited no
consensus among the positive binding sequences) were revealed
to be capable of interacting with other LNX PDZ domains
(Figure 2F). Two pairs of LNX PDZ−PDZ interactions, among
four PDZ domains, were clearly identiﬁed. These interactions
potentially act in the following two ways: (1) intramolecular
interactions, between PDZ1 and PDZ4 in LNX1 or LNX2; (2)
homodimer of LNX1 or LNX2. The PDZ−PDZ interactions

database searches with consensus binding sequences, which were
characterized by screenings of random peptide libraries. Second,
not only the substrates but also the detailed substrate recognition
mechanisms can be characterized. In particular, the domains that
are responsible for recognition in E3s and the target sites in the
substrates can be speciﬁed. Third, not only the substrates but also
the nonsubstrate interactors, which are potential regulators of
E3s, can be discovered. It is possible that not all of the identiﬁed
binding partners of LNX PDZ domains act as substrates of LNXs,
and nonsubstrate interactors may participate in regulating the
ligase activity and subcellular localization of LNXs. Fourth, the
whole strategy is simple and eﬃcient. The expression and
puriﬁcation of numerous candidate proteins were unnecessary;
thus, the membrane proteins and unstable substrates were more
likely to be captured. Because the C-termini of the artiﬁcial
degrons can be conveniently replaced with diﬀerent C-terminal
sequences of candidate ligands for the in vitro ubiquitination
assays, the labor and cost for cloning, expressing and purifying
full-length candidate substrates can be greatly reduced, thus
extending the in vitro assay to a larger scale.
This strategy also has several limitations. First, substrates that
are independent of interaction with E3s cannot be detected.
Second, due to the limitations of the Y2H system, substrates that
require their post-translational modiﬁcations to be recognized by
E3s cannot be discovered, for example, some cullin-RING ligase
substrates that typically must be modiﬁed, often by phosphorylation.2 Similarly, substrates that require adapter(s) or
cofactor(s) to be recognized by E3s cannot be detected either.
The latter two limitations may be overcome by applying the yeast
three-hybrid system, in which an exogenous kinase can be used to
phosphorylate the Tyr residues on the targets55 or an exogenous
adapter can be introduced to bridge indirect interactions.56
In this study, we demonstrated the feasibility of the strategy by
employing it to investigate the substrates of the LNX family of
E3s. A series of novel interactors of each LNX PDZ domain was
identiﬁed (Table 2). Among them, six candidates (highlighted in
Table 2) had previously been determined to be physiological
substrates or interactors of LNX by other independent
laboratories,19,25,27,28,47 and two candidates, PBK and BCR,
were validated to be endogenous substrates of LNX1 in
mammalian cells in this study. These results not only indicate
that other candidates listed in Table 2 have the potential to be
physiological substrates or regulators of LNX E3s but also
demonstrate the eﬀectiveness of our strategy. However, not all of
the known LNX1 interactors were identiﬁed in our screen. This
likely occurred for several reasons. First, some ligands, such as cSrc, CAST, and RhoC, may be missed in the prediction process
because the screening may not be comprehensive and the
deduction may not be accurate. Second, the substrates that are
recognized by LNX1 but do not interact with just the PDZ
domains cannot be identiﬁed; Numb, for instance, also requires
the PTB-binding motif in LNX1 for recognition.18 Third, the
substrates that are recognized by LNX PDZs via internal peptides
but not the C-terminal binding motifs cannot be identiﬁed; one
example is SKIP, which possesses an unlikely PDZ-binding Cterminal motif, -EGKKRRKE*.21 Fourth, some reported ligands,
such as the LNX1 self-interaction,28 were not conﬁrmed in our
system. Even the interaction between the full-length LNX1 and
its C-terminus was not conﬁrmed in the one-to-one Y2H assay.
LNX1 has been included in several high-throughput
interaction screens using diﬀerent methods, and 107 potential
binding proteins were identiﬁed27,29,30 (Supplementary Table
19, Supporting Information). Rual et al. tested all pair wise
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gene; SPOT synthesis, synthesis of peptides on cellulose
membranes; Ub, ubiquitin; Y2H, yeast two-hybrid.

may regulate substrate recognition and the strength of substrate
ubiquitination. This speculation can be supported by a previous
report in which Numb was shown to be more strongly
ubiquitinated by LNX1 without PDZ4 than by the full-length
LNX1.18 The same phenomenon was also referenced for another
LNX1 substrate, c-Src.24 The PDZ−PDZ interactions may also
promote the formation of a LNX multimolecular oligomer that
serves as a molecular scaﬀold.
This strategy can be potentially extended to a variety of E3s
that contain protein interaction domain(s), as long as the ligands
of the interaction domains can be identiﬁed by screening a
random peptide library, such as SH3,70−77 WW,78 and GYF,79
whose binding properties have been successfully characterized by
screening a phage-displayed random peptide library. In fact, at
least three-quarters of RING-type2 and numerous HECT-type
single-subunit E3s, which have PDZ, WW, SH3 or other
interaction domains,2,13,80 can be analyzed using our strategy.
For the multisubunit E3 complexes in which the ubiquitin ligase
domain and substrate recognition domain are separated into
discrete subunits, our strategy can also be used by screening with
the recognition domain as the bait to identify the candidates.
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