Research

© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Sequential Elution Interactome Analysis of the
Mind Bomb 1 Ubiquitin Ligase Reveals a Novel
Role in Dendritic Spine Outgrowth*s

Joseph Mertzt, Haiyan Tan§, Vishwajeeth Pagala§, Bing Bait, Ping-Chung Chent,
Yuxin Lit, Ji-Hoon Cho§, Timothy Shaw§7], Xusheng Wang§, and Junmin Pengt§||

The mind bomb 1 (Mib1) ubiquitin ligase is essential for
controlling metazoan development by Notch signaling
and possibly the Wnt pathway. It is also expressed in
postmitotic neurons and regulates neuronal morphogen-
esis and synaptic activity by mechanisms that are largely
unknown. We sought to comprehensively characterize the
Mib1 interactome and study its potential function in neu-
ron development utilizing a novel sequential elution strat-
egy for affinity purification, in which Mib1 binding proteins
were eluted under different stringency and then quantified
by the isobaric labeling method. The strategy identified
the Mib1 interactome with both deep coverage and the
ability to distinguish high-affinity partners from low-affin-
ity partners. A total of 817 proteins were identified during
the Mib1 affinity purification, including 56 high-affinity
partners and 335 low-affinity partners, whereas the re-
maining 426 proteins are likely copurified contaminants or
extremely weak binding proteins. The analysis detected
all previously known Mib1-interacting proteins and re-
vealed a large number of novel components involved in
Notch and Wnt pathways, endocytosis and vesicle trans-
port, the ubiquitin-proteasome system, cellular morpho-
genesis, and synaptic activities. Immunofluorescence
studies further showed colocalization of Mib1 with five
selected proteins: the Usp9x (FAM) deubiquitinating en-
zyme, alpha-, beta-, and delta-catenins, and CDKL5. Mu-
tations of CDKLS5 are associated with early infantile epi-
leptic encephalopathy-2 (EIEE2), a severe form of mental
retardation. We found that the expression of Mib1 down-
regulated the protein level of CDKL5 by ubiquitination,
and antagonized CDKL5 function during the formation of
dendritic spines. Thus, the sequential elution strategy en-
ables biochemical characterization of protein interac-
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tomes; and Mib1 analysis provides a comprehensive in-
teractome for investigating its role in signaling networks
and neuronal development. Molecular & Cellular Pro-
teomics 14: 10.1074/mcp.M114.045898, 1898-1910, 2015.

Mind bomb 1 (Mib1)?, an E3 ubiquitin ligase, is a critical
regulator of metazoan development with a large, and ever
expanding, number of functions through interactions with a
variety of protein partners. Mib1 mutants were first found in
zebrafish mutagenesis screens (1), in which the mutants had
neurogenic defects, most notably supernumerary primary
neurons, and additional deficits in the development of somites
(2), ear (3), and vasculature (4). These phenotypes are pre-
dominantly the consequences of impaired Notch signaling, as
Mib1 is an essential activator of Notch Delta/Serrate/lag-2
(DSL) ligands (1). Mib1 also controls the development of sev-
eral other organ and tissue systems, including gastrointestinal
tract (5), limb bud (6), and the immune system (7). Mib1 is
highly conserved across species. For instance, zebrafish Mib1
protein is 68%, 94%, and 94% identical to its fly, mouse, and
human orthologs, respectively (8). Moreover, Mib1 has a para-
log (Mib2) that shares 38% identical protein sequence with
Mib1 in mouse (9). Mib2 is only abundantly expressed in adult
tissue, however, and thus does not function in early develop-
ment. Consistently, Mib1 knockout in mice results in embry-
onic mortality (10), whereas Mib2 deletion has no obvious
effect on mouse development (6).

In addition to its role in cell fate determination during early
development, Mib1 is also abundantly expressed in the adult
brain (11) and plays an important role in neuronal morphogen-
esis (12). Neurons usually have two basic polarized structures,
a single extended axon for sending signals and multiple
branched dendrites (or more precisely, the somatodendritic
compartment) for receiving signals. Many principle neurons in
mammals further grow dendritic spines that are tiny protru-

" The abbreviations used are: Mib1, Mind bomb 1; DSL, Delta/
Serrate/lag-2; PSD, post-synaptic density; LTP, long-term potentia-
tion; LC-MS/MS, liquid chromatography tandem mass spectrometry;
AP-MS, affinity purification mass spectrometry; GST, glutathione S-
transferase; TMT, tandem mass tag; FDR, false discovery rate; ppm,
parts per million.
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sions extended from dendritic branches, creating local post-
synaptic compartments for the formation of excitatory syn-
apses. In these synapses, the postsynaptic density (PSD) is
an electron-dense membrane thickening aligned with the pre-
synaptic active zone at synaptic junctions. During neuronal
morphogenesis, axonal growth and path finding (13), dendrite
formation (14), dendritic spine assembly (15), and synapto-
genesis (16) are independent but highly related processes
controlled by genetic elements and environmental cues. Al-
though dramatic progress has been made in identifying the
signaling cascades responsible for these processes, large
gaps still remain in the connection of individual signaling
components as well as in the coordination of multiple path-
ways. Our previous proteomics analysis identified that Mib1 is
highly enriched in the PSD fraction, and regulates neurite
outgrowth in postmitotic neurons (12). Mib1 conditional
knockout mouse studies suggest a role in long-term potenti-
ation (LTP) and synaptic plasticity (11), and further intriguing
actions of Mib1 continue to be discovered. Mib1 was found to
mediate the degradation of survival motor neuron 1 (SMN1),
which contributes to spinal muscular atrophy (17). Mib1 was
reported to be essential for Wnt3A activation of beta-catenin
signaling through the receptor RYK (18), and a recent yeast
two-hybrid screen indicated that Mib1 interacts with 81 can-
didate proteins beyond the canonical Notch pathway (19). The
ongoing identification of new Mib1 interaction partners and
functions underscores the need to characterize the Mib1 in-
teractome en masse with high confidence.

The combination of affinity purification and liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) has
emerged as a powerful method for analyzing protein interac-
tion networks. Technological advances in LC-MS/MS have
continually increased the sensitivity of protein detection (20,
21), allowing for the analysis of complex samples (22). The
primary advantage of this technique, however, has also
proven to be its greatest weakness: without stringent washes
and data filtering, a vast number of false positives are in-
cluded in the resulting data sets (23). Methods such as tan-
deme-affinity purification (24) have been developed to remove
nonspecific contaminants, but two-step purification requires
large quantities of starting materials and reduces sensitivity to
loosely bound proteins. Removing contaminants by buffers
containing high concentrations of salt and detergents can
help limit false positives, but a delicate balance lies between
rinsing contaminants and losing weakly bound but true inter-
action partners, and thus inflating false negative results. In
addition, in vivo crosslinking and quantitative analysis are
used to enhance the capture of transient interacting proteins
(25, 26).

To this end, we attempted to characterize the Mib1 inter-
actome by combining glutathione S-transferase (GST) protein
affinity purification and advanced quantitative mass spec-
trometry. In our sequential elution strategy, Mib1 interaction
partners were bound to affinity resins coated with GST-Mib1

domains, then eluted in three sequential buffers of increasing
stringency. Proteins in these three eluents were identified and
quantified by an isobaric labeling Tandem Mass Tag (TMT)
method (15). The elution profile of each protein reflected its
binding affinity to the GST-Mib1 resins. The strategy not only
provides high sensitivity to recover weakly bound partners,
but also allows for the affinity-based classification of the
interactome and the removal of contaminants. By this ap-
proach, we were able to recover 817 putative Mib1 binding
partners in adult rat brain and accepted about half of the
proteins with high confidence. This study also uncovered that
Mib1 interacts with CDKL5, a protein kinase implicated in
early infantile epileptic encephalopathy-2 (EIEE2), a severe
form of epilepsy and mental retardation in females (28). We
then found that Mib1 acts to down-regulate CDKL5 and in-
hibits its promotion of dendritic spine outgrowth.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—For affinity purification analysis, GST-
Mib1 domains containing residues 1-401 or residues 384-801 from
Mib1 were cloned onto the 3’ end of the GST tag within the pET21a
bacterial expression vectors. For immunocytochemistry, Western blot
analysis, and dendritic spine morphology analysis, full length and
C985S point mutant Mib1 were cloned onto the 3’ ends of the HA tag
in pcDNAB3.1 vector and the GFP tag in peGFP vector. CDKL5 was
cloned into the 3’ end of the HA tag in pcDNAS3.1. The Usp9x and
alpha-, beta-, and delta-catenin constructs were gifts from Drs. Y.
Zheng (Johns Hopkins University) and A.P. Kowalczyk (Emory Uni-
versity). The antibodies used included HA rabbit polyclonal and
mouse monoclonal antibodies (Abgent Inc, San Diego, CA), mouse
monoclonal GFP Ab and FITC-conjugated GFP Ab (Abcam, Cam-
bridge, MA), Streptavidin-HRP (Life Technologies, Carlsbad, CA),
Usp9x, and catenin antibodies (Santa Cruz Biotechnology, Dallas,
TX).

Affinity Purification and Sequential Elution—GST-Mib1 domain fu-
sion proteins were expressed in E. coli and isolated by Glutathione-
Sepharose resins (Amersham Biosciences/GE, Piscataway, NJ). The
resins coated with GST fusion proteins were directly utilized to pre-
pare affinity columns (1V = 1 bed volume, with 1 ml resin containing
at least 1 mg of protein). Highly concentrated rat brain lysate (20V,
~10 mg/ml protein, in buffer A: 20 mm Hepes, pH 7.2, 0.1 m NaCl,
0.1% Triton X-100, 1 mm DTT, 1 mm EDTA, 1 mm EGTA, 15% glycerol,
and protease inhibitors) was prepared, precleared by ultracentrifuga-
tion (~200,000 g for 1 h), and loaded on the columns. The columns
were extensively washed with buffer A (40V, 20V per fraction), then
sequentially eluted with buffer B (the same as buffer A except 0.3 m
NaCl, 4V, ~0.5V per fraction), buffer C (the same as buffer A except
0.6 m NaCl and 0.5% Triton X-100, 4V, ~0.5V per fraction), buffer D
(the same as buffer A except 2 m NaCl and 2% Triton X-100, 4V,
~0.5V per fraction), and finally cleaned with 2% SDS (4V). The frac-
tions were analyzed by an SDS gel followed by silver staining.

TMT Labeling of Digested Peptides—Equal volumes of the eluents
from each buffer condition were pooled to form two duplicated sam-
ples: 3 buffers X 2 replicates = 6 total samples. The samples were
mixed with 5x loading buffer (20% Ficoll, 10% SDS, 50 mm Tris-HCl,
pH 6.8, 0.1% bromphenol blue) and fresh DTT to 2 mwm, heated at
90 °C for 5 min, and then cooled to room temperature. Fresh iodo-
acetamide was added to 20 mm for 15 min alkylation at room tem-
perature in the dark. The samples were run on an SDS gel until the dye
front was 3 mm past the stacking gel border to ensure complete
stacking but little separation (29). After visualization via GelCode Blue
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(Pierce/ThermoFisher, Waltham, MA) staining, protein bands were
excised and cut into 1 mm?® pieces for standard in-gel digestion,
except that 5 mm HEPES buffer (pH 8.5) was used to replace 50 mm
ammonium bicarbonate to avoid amine group reactions with TMT
reagents downstream. The digested peptides were extracted from the
gel pieces, dried and resuspended in 20 ul 50 mm HEPES (pH 8.5) for
labeling with the 6-plex TMT labeling kit (ThermoFisher Scientific,
Waltham, MA). Briefly, six peptide samples were labeled with isobaric
TMT tags: TMT 126 and 129 for Low Stringency Elution (buffer B),
TMT 127 and 130 for Medium Stringency Elution (buffer C), and TMT
128 and 131 for High Stringency Elution (buffer D). Labeling efficiency
of each sample was verified by MS analysis. The labeling reaction was
quenched by 5% hydroxylamine, pooled and dried down by Speed-
Vac. Finally, the sample was desalted using a Ziptip (EMD Millipore,
Billerica, MA), then dried and dissolved in 5% formic acid for LC-
MS/MS analysis.

Long Gradient LC-MS/MS Analysis of TMT Labeled Peptides—The
analysis was based on an optimized long gradient LC-MS/MS system
(80). TMT labeled peptides were loaded on a long C18 column (~1
m X 75 um) packed with 1.9 um resin (Dr. Amish GmbH, Germany),
and eluted during a 9 h gradient (~0.15 ul/min; 20-55%; buffer A:
0.2% formic acid, 5% DMSO; buffer B: 0.2% formic acid, 5% DMSO,
and 65% ACN). The column was heated to 65 °C by a butterfly
portfolio heater (Phoenix S&T, Chester, PA) to reduce backpressure.
The eluted peptides were analyzed on an Orbitrap Elite MS (Thermo
Fisher Scientific, Waltham, MA) with one MS scan (30,000 resolution,
1 X 10° automatic gain control, and 100 ms maximal ion time) and top
10 high resolution MS/MS scans (HCD, 5 X 10* automatic gain
control, 200 ms maximal ion time, 2 m/z isolation window, 37 nor-
malized collision energy, and 30 s dynamic exclusion). The long
gradient LC-MS/MS run was repeated once for the sample.

Acquired MS/MS raw files were converted into mzXML format and
searched by Sequest algorithm (version 28 revision 13) against a
composite target/decoy database (31, 32) to estimate false discovery
rate (FDR). The target protein database was downloaded from the
Uniprot rat database (28,863 protein entries) and the decoy protein
database was generated by reversing all target protein sequences.
Spectra were searched with = 20 ppm for precursor ion and product
ion mass tolerance, fully tryptic restriction, static mass shift for alky-
lated cysteine (+57.02146) and TMT-tagged N terminus and lysine
(+229.162932), two maximal missed cleavages, and three maximal
modification sites. Only a, b, and y ions were considered during the
search. Assigned peptide spectra matches were first filtered by MS
mass accuracy (=4 standard deviations, ~2 ppm, which was deter-
mined by all empirical good matches of doubly charged peptides with
Xcorr at least 2.5). These good matches were also used for global
mass recalibration prior to the filtering. The survived matches were
grouped by precursor ion charge state and further filtered by Xcorr
and ACn values. The cutoff values for XCorr and ACn were adjusted
until a protein FDR lower than 1% was achieved. If one peptide was
matched to multiple proteins, the peptide was represented by the
protein with the highest peptide-spectrum matches (PSM) according
to the rule of parsimony. Similar results were obtained using the
JUMP program, a recently developed tag-based hybrid search
engine (33). Raw data are available via the PRIDE database (www.
proteomexchange.org, project accession: PXD001255).

Protein Quantification by TMT Labeled Peptides —Quantification of
TMT labeled peptides was carried out by an in-house program in the
following steps. (1) TMT reporter ion intensities of each identified PSM
were extracted and recorded. (2) The raw intensities were corrected
according to isotopic distribution of each labeling reagent. For in-
stance, the TMT126 reagent produced 91.8% 126 m/z reporter ion,
7.9% 127 m/z reporter ion, and 0.3% of 128 m/z reporter ion. (3) The
average of all six reporter ion signals was used as a reference to

compute a relative intensity between each sample and the average.
(4) The relative intensities of PSMs were averaged for identified pro-
teins. (5) The average reporter ion intensities for Low, Medium, or
High Stringency eluents were compared with derive the log, ratios. (6)
To analyze experimental variations, the intra-sample comparisons
between technical duplicates were viewed as null experiments, show-
ing an average standard deviation of 0.32. 5) Finally, we selected a
log, ratio cutoff of 0.8 (~2.5 fold of the null standard deviation) for
comparing different samples. The eluted proteins were compared in a
sequential fashion (L—M and M—H), resulting in the values of
log,M/L, (Medium versus Low Stringency), and log,H/M, (High versus
Medium Stringency).

Interaction Network Analysis—Enrichment of Kyoto Encyclopedia
of Genes and Genomes pathways (KEGG) (34), and Gene Ontology
terms was determined by analyzing the data set using DAVID Bioin-
formatics Resources 6.7 Functional Annotation Clustering tool (21,
22). STRING-DB (37) was used to evaluate interconnectivity between
members of the pathways and processes determined to be enriched
by DAVID.

Protein Preparation and Western blot Analysis— For preparation of
protein extract from HEK298 cell culture, cells were rinsed, dislodged,
and transferred to chilled centrifuge tubes with ice-cold PBS. Cells
were centrifuged at 21,000 X g for 30 s at 4 °C and lysed in 1X LDS
sample buffer (Life Technologies, Carlsbad, CA) with cOmplete pro-
tease inhibitor mixture (Roche Applied Science, Indianapolis, IN) and
10 mm DTT. The lysates were subsequently sonicated 6 X 3 s at 25%
amplitude at 4 °C. An aliquot of the total cell lysate was used for
SDS-PAGE and Western blotting.

In vitro Ubiquitination Assay—Recombinant GST-Mib1 was ex-
pressed and purified from E. coli as previously reported (12); and
HA-CDKLS5 was expressed and purified from HEK293 by immunopre-
cipitation with magnetic antiHA beads (Pierce/ThermoFisher, Wal-
tham, MA). Ubiquitination was performed according to manufactur-
er's specifications using an in vitro Ubiquitinylation kit (Enzo Life
Sciences, Farmingdale, NY). Briefly, HA-CDKL5-bound beads were
incubated with biotinylated ubiquitin in ubiquitination buffer contain-
ing DTT and ATP, with the addition of different combinations of the
UBA1 E1, the UBCH5B E2, and the GST-Mib1 E3 in a total reaction
volume of 20 ul at 37 °C for 1 h. The reaction was then quenched by
EDTA (5 mm) and proteins were extracted and resolved by SDS-PAGE
followed by Western blot or LC-MS/MS analysis.

Primary Hippocampal Neuron Culture and Transfection—Embry-
onic rat brains were harvested from E21 pups, rinsed in ice-cold
DPBS, and placed in ice-cold complete Hibernate E media (BrainBits
LLC, Springfield, IL). Hippocampi were dissected, rinsed, and resus-
pended in 30 °C Papain enzymatic solution (Worthington Biochemi-
cal, Lakewood, NJ) for 5 min. The tissue was spun briefly, rinsed, and
triturated using a fire-polished Pasteur pipette into Hibernate E. Fi-
nally, the cells were collected by centrifugation, resuspended in
NBActiv4 (BrainBits LLC, Springfield, IL), plated at 1 X 10° cells per
well on glass coverslips in 24-well plates and maintained at 37 °C and
5% CO,. At day in vitro (DIV) 7, the neurons were transfected via
CaPO, precipitation for morphological analysis (38), with 2 ug plas-
mid DNA per well, including 0.5 ug of EGFP plasmid, 0.75 ug of each
experimental plasmid as indicated, and empty pcDNA3.1+ plasmid
to equalize total DNA to 2 ug.

Immunocytochemistry—At DIV 14, 7 days post transfection, pri-
mary neuron cultures on glass coverslips were prepared for immuno-
cytochemistry, confocal microscopic imaging, and subsequent mor-
phological analysis of dendritic spines. All cells were harvested, fixed
in ice-cold 4% paraformaldehyde in phosphate buffered saline (PBS)
for 25 min, permeabilized with 0.05% Triton X-100 in PBS for 5 min,
incubated with blocking solution (3% normal goat serum in PBS) for
40 min at room temperature, and then incubated with FITC-conju-
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gated antiGFP antibody (Abcam, Cambridge, MA) in 3% blocking
solution for 1 h. The glass coverslips were washed, mounted, and
sealed using ProLong Gold mounting media (Life Technologies) for
confocal imaging. The transfection and staining analyses in other cells
(e.9. HEK293) were performed by similar methods.

Dendritic Spine Morphological Analysis of Primary Hippocampal
Neurons—Neurons were imaged on a Nikon (Tokyo, Japan) TE2000
C2 laser scanning confocal microscope. Images were acquired using
a 60X 1.45 NA oil-immersion objective at 2048 X 2048 pixel (0.105
nm/pixel) resolution, and z-stacks were collected at 0.25 um inter-
vals. For analysis of dendritic spine morphology, secondary dendrites
were traced manually in Imaged (National Institutes of Health, version
1.44p 64-bit) and spines were counted and assigned into morpho-
logical categories: stubby/mushroom-shaped, thin-headed, and filo-
podia-like. Stubby/mushroom-shaped spines were defined as having
a head width much greater than spine neck width and spine width
approximately equal to spine length. Thin-headed spines exhibited a
head width greater than spine neck width and spine length much
greater than spine width. Filopodia-like spines were defined as those
with spine length much greater than spine width and showing no
prominent head. All analyses were performed in a blind manner.
Totals for each category along traced lengths of dendrites were
combined to calculate the overall number of spines per 10 um for
spine density analysis. Statistical significance was tested using Stu-
dent’s t test for unpaired samples and p values <0.05 were consid-
ered significant.

RESULTS

Mib1 Affinity Purification from Rat Brain and Sequential
Elution—To achieve a comprehensive Mib1 interactome in the
brain, we combined Glutathione S-transferase (GST) fusion
protein affinity purification with quantitative mass spectrom-
etry. The Mib1 protein can be divided into three main domains
(Fig. 1A): the N-terminal domain that contains five kelch re-
peats and one ZZ zinc finger and mediates substrate binding,

Affinity Purification

Sequential Elutions:
Low (L), Medium (M), High (H)

6-plex TMT Labeling

LC-MS/MS

’

L

1

the middle domain composed of 12 structural ankyrin repeats,
and the C-terminal domain that possesses three RING finger
motifs for ubiquitin E3 ligase catalytic activity (12). Our previ-
ous small scale study showed that only the N-terminal domain
binds a large number of proteins (12). We further confirmed
this result in a test affinity purification analysis, in which the
N-terminal domain yielded a large array of proteins, whereas
the middle domain isolated only one visible band shown on a
stained SDS gel (Fig. 1B). Thus, we determined to focus on
the interactome analysis of the N-terminal domain of Mib1.
Instead of using one-step elution used in the majority of
AP-MS experiments, we sequentially eluted Mib1 binding pro-
teins with increasing buffer stringency to differentiate strong
and weak binding partners from copurified contaminants (Fig.
1C). Nonspecific binding to either bait proteins or columns
produces false positives in affinity purification experiments,
and proteins that are more strongly bound—and therefore
resistant to elution by buffers of low salt and detergent con-
centrations—are more likely to be genuine interaction part-
ners. Despite this, simply using more stringent washes to
remove weakly bound proteins without detection may result in
a misleading number of false negatives. To solve this issue,
we designed three sequential elution steps and analyzed all
eluted proteins quantitatively by mass spectrometry, which
allowed the evaluation of protein binding affinity. As visualized
in the gel image (Fig. 1D), distinct subsets of proteins, both in
identity and abundance, were eluted in the Low and Medium
stringency buffers, and a remaining few proteins were recov-
ered primarily in the final elution by the High stringency buffer.
Moreover, protein patterns in all three eluents were vastly
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Fic. 2. Grouping proteins by their sequential elution profiles. A, Intra-elution null comparison and inter-elution experimental comparisons.
Null comparison of protein abundances from Medium stringency buffer technical replicates shows a tight distribution around a log, value of
zero approaching a normal distribution. Meanwhile experimental comparisons between Medium and Low stringency buffers and between
Medium and High stringency buffers display widely varied distributions, shifted toward positive values suggesting increased overall abun-
dances in the Medium stringency elution. B, Heat map showing log, values for each protein from Low to Medium elutions and Medium to High
elutions. Using a log2 value of 0.8 as a threshold, proteins exhibiting increases, decreases, and no change from the Low stringency elution to
the Medium stringency elution as well as Medium to High were determined. C, Detailed elution profiles of representative proteins from each

group.

different from that in the onput (i.e. rat brain lysate), indicating
the enrichment of a subset of proteins by the Mib1 N-terminal
domain.

Sequential Elution Profiling of Mib1 Affinity-Purified Pro-
teins by Isobaric Labeling—We then profiled the Low, Me-
dium, and High stringency eluents by the 6-plex isobaric TMT
strategy with replicates. The six samples were matched by
equal volumes rather than protein amounts, allowing compar-
ison of relative protein abundances eluted in each fraction.
Briefly, the six samples were run on a short SDS gel to remove
detergents and salt, followed by in gel digestion that was
modified to remove all amine-reactive buffers. The resulting
peptides were fully labeled by TMT reagents, pooled and
analyzed twice on long gradient LC-MS/MS (~1 m x 75 um,
9 h gradient). After database search, a total of 817 unique
proteins were identified with a false discovery rate of ~1%,
and their protein abundances were further obtained by the
corresponding TMT tag-derived reporter ions. Nearly all pro-
teins show variable levels among the three elution conditions
(supplemental Table S1).

Global histogram analysis of the three conditions also indi-
cated large differences (Fig. 2A). For example, the intra-group
replicate comparison (e.g. M:M) of log, ratios displayed a
normal distribution centered at zero. In contrast, the inter-
group comparisons (e.g. M:L or M:H) had small overlap with
the M:M comparison, reflecting large differences in protein

composition of the three samples. To assess the experimental
variations, we treated the intra-group comparisons as null
experiments and found that the averaged standard deviation
(S.D.) of log,-ratios was 0.32. We then selected a log,-ratio
cutoff of 0.8 (i.e. 2.5-fold of the null S.D.) that was outside a
99% confidence interval from the mean of the normal distri-
bution. The eluted proteins were compared in a sequential
fashion (L—M and M—H). As each interelution comparison
resulted three possibilities: up, no change, and down, we
delineated nine elution group profiles in the two comparisons
(M:L and H:M, Fig. 2B).

Proteins in group 1 (n 6) and group 4 (n = 2) were
primarily eluted by the High stringency buffer (Fig. 2C), indi-
cating that these proteins were firmly bound to the column
and had the highest likelihood of interaction. Because of the
stringency of the sequential elution profiling, only eight pro-
teins (1% of identified proteins) were classified into these two
groups, including DIl4, a Notch ligand previously known to
interact with Mib1 (10); Scyl2, an endocytotic protein that
induces internalization of the Wnt receptor Fzd5 (39); Gbas, a
possible regulator of vesicular transport (40); and Usp9x, a
deubiquitinating enzyme that stabilizes Smn1 (41) and func-
tions in neuron migration and axon growth (42).

Proteins in group 2 (n = 48) were recovered equally by the
Medium and High stringency buffers, whereas proteins in
group 3 (n = 335) were eluted predominantly by the Medium
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stringency buffer, showing slightly weaker affinity than those
in group 2. Group 2 includes Nips1, a paralog of Gbas (also
termed Nips2), Pde4d, an enzyme that mediates memory
through cAMP degradation (43) and Syngap1, a major com-
ponent of the PSD involved in dendritic spine formation (44).
Group 3 includes Cdk5, a regulator of Mib1 level and neuronal
morphogenesis; and Smn1 (41), an mRNA processing protein
contributing to spinal muscle atrophy (Fig. 2C).

Proteins in group 5 (n = 110) were eluted at almost equal
levels by all three buffers, whereas proteins in group 6 (n =
263) eluted at similar levels in the Low and Medium stringency
buffer but decreased significantly in the High stringency elu-
tion. Groups 8 (n = 19) and 9 (n = 34) components were
eluted largely by the first, Low stringency buffer. Collectively,
these proteins are unlikely to be direct interaction partners,
and the majority was simply background contaminants that
would be false positives if all purified proteins were eluted
together by a single buffer. Nonetheless, some proteins in
these four groups might exhibit functional, but very weak
affinity to Mib1, or bind Mib1 indirectly through strongly
bound partners. For example, Snx5 in group 5 colocalizes
with the zebrafish ortholog mind bomb in early endosomal
compartments. Another group 5 protein, Beta-catenin (i.e.
Ctnnb1), is a component of the Wnt pathway. Group 6 in-
cludes Ctnnd2, another member of the catenin family, and
Synapsin Il, which associates with synaptic vesicles. Group 8
contains Notch signaling component Numb1; and group 9
contains Ap2m1, which is a component of clathrin-mediated
endocytosis.

Theoretically, proteins in group 7 (n = 0) would have been
bound very weakly to be eluted by the Low stringency buffer,
resistant to the Medium stringency buffer, and then also
eluted at high levels by the High stringency buffer. This is
unlikely, if not impossible in theory. Consistently, we found
that no proteins fit this theoretical profile, which supports our
assumption that proteins would elute reliably based on buffer
salt and detergent concentrations in our sequential elution
strategy.

In summary, the affinity of Mib1-interacting candidates can
be estimated from the above eight possible elution profiles:
group4 >1>2>3>5>6>8>9 (Fig. 2C). Groups 4, 1,
and 2 were accepted as high affinity binding partners, group
3 were assigned as low affinity binding partners, and the
remaining four groups were likely false positives (e.g. copuri-
fied background proteins) or extremely weak binding proteins.
Therefore, we accepted proteins identified in group 1-4 as
candidates in the Mib1 interactome for subsequent studies.

To better understand Mib1 function in the brain, pathway
and molecular function analysis by DAVID functional analysis
software (35) revealed that Mib1-interacting proteins partici-
pate in a wide variety of biological processes: KEGG path-
ways (34) enriched included Spliceosome (p < 0.001), RNA
degradation (p < 0.001), Gap junction (p = 0.02), LTP (p =
0.03), Neurotrophin signaling (p = 0.05), and Adherens junc-

tion (p = 0.05, supplemental Table S2) . GO terms enriched in
Groups 1 through 4 included several related to RNA process-
ing, chromatin assembly, cellular respiration, cellular morpho-
genesis and development, cell migration, cell adhesion, syn-
aptic transmission and plasticity, and protein catabolism
processes. We emphasized 5 key processes enriched in the
Mib1 interactome, divided by groups 1 to 4 that showed
relative binding affinity to Mib1 (Fig. 3), including Notch and
Whnt pathways, endocytosis and vesicle transport, ubiquitin-
proteasome system, morphogenesis, and synaptic activities.
Further elaboration of these pathways using STRING-DB and
including members of groups 5 to 9 shows high degrees of
interconnectivity (Fig. 4, supplemental Fig. S1-S4), and pos-
sible means of indirect binding for many group 5 to 9
members.

Mib1 Interacts with Usp9x and Catenin Family Members—
One of the most strongly bound and highly abundant proteins
in our proteomics analysis, Usp9x, is a deubiquitinating en-
zyme that regulates embryonic development (45). The data
set also included several members of the Catenin family,
which participate in the Wnt signaling pathway and regulate
cell adhesion (46). We analyzed these interactions with Mib1
via immunocytochemistry. When recombinant Mib1 was ex-
pressed in HEK293 cells, Mib1 colocalized almost entirely
with endogenous Usp9x in puncta throughout the cytoplasm
(Fig. 5A-5C). When Mib1 was co-expressed with alpha-
catenin (a member of group 3), the two proteins also colocal-
ized strongly throughout the cytoplasm (Fig. 5D-5F). Interest-
ingly, Mib1 staining pattern was drastically altered (comparing
Fig. 5A-5D), showing the dispersal of Mib1 from puncta.
Similar results were obtained with beta-catenin (in group 5)
and delta-catenin (i.e. p120, also in group 3, Fig. 5G-5L), but
beta-catenin appeared to have less influence on the Mib1
staining pattern (comparing Fig. 5A-5G). The apparent dis-
tinction in the strength of Mib1 pattern alterations seen in
conjunction with alpha- and delta-catenin expression versus
beta-catenin expression may be because of the strength of
their interaction, as suggested by our sequential elution strat-
egy: alpha- and delta-catenin in group 3 have higher Mib1
affinity than beta-catenin in group 5.

Mib1 Ubiquitinates CDKL5 and Alters Its Localization,
Abundance, and Functional Effects on Neuron Morphogene-
sis—Our Mib1 interactome analysis also revealed CDKL5 in
group 3 (Fig. 6A), which is known to regulate neuronal mor-
phogenesis (47) and its genetic mutations cause early infantile
epileptic encephalopathy-2, a severe form of mental retarda-
tion with defects in neurodevelopment (48). When expressed
in HEK293 cells, CDKLS5 exhibited primarily nuclear localiza-
tion (Fig. 6B, 6C). In contrast, simultaneous expression of
Mib1 caused a drastic shift of CDKL5 out of the nucleus
toward large cytoplasmic puncta, where the two proteins
colocalized strongly (Fig. 6D-6F). Moreover, Mib1 coexpres-
sion also led to strong down-regulation of CDKLS5 in a dose-
dependent manner (Fig. 6G). This down-regulation was abol-
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Fic. 3. Mib1 interaction partners participate in several important signaling pathways. Highlight of several important pathways and
biological functions enriched in groups 1 through 4 in our data set. Notch signaling showed a modest enrichment, with an isoform of canonical
Mib1 interaction partner delta, DLL4, exhibiting strong binding affinity and appearing in group 4. The Wnt pathway, however, was strongly
enriched, with several Catenin and Casein kinase family members appearing in group 3. Proteins involved in Endocytosis and Vesicle Transport
and Morphogenesis were very strongly enriched across all four elution profile groups, with clathrin-mediated endocytosis regulator Scyl2 and
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profile groups and the Usp9x deubiquitinase displayed one of the strongest elution profiles in addition to high abundance in our analysis.
Although many proteins located at Synapses and regulating LTP were recovered in our analysis, none exhibited extremely high binding affinity.

ished, and indeed may have been reversed by a point
mutation (C985S) that renders the Mib1 ligase domain inac-
tive (12) (Fig. 6H). These data suggest that the Mib1 ligase
activity is required for the induced change in CDKL5 abun-
dance, likely through ubiquitination and proteasomal degra-
dation. Equal loading was determined by Ponceau S staining
of membranes (supplemental supplemental Fig. S5). We also
tested if Mib1 can directly ubiquitinate CDKL5 by in vitro
ubiquitination assay. Recombinant CDKL5 and Mib1, mixed
with E1, E2 enzymes, and Ub, formed a distinct Ub-positive
smear with molecular size larger than CDKL5 (110 kDa). With-
out the addition of either E1/E2 enzymes or the Mib1 ligase,
no Ub-positive smear was detected. MS analysis of the smear
indicated the ubiquitination of CDKLS5, and self-modification
of Mib1 and E1 enzymes (Fig. 6/). In addition, a slight increase
in the CDKLS5 level was observed with the overexpression of
the Mib1 C985S mutant (Fig. 6H), suggesting a potential
dominant negative effect of C985S. Following this clue, affin-
ity pull-down and immunocytochemical analysis showed that
Mib1 binds to and colocalizes with its own C-terminal domain

(Fig. 6J-6K). Therefore, Mib1 may self-associate via this do-
main and over-expressed C985S may form a complex with
endogenous Mib1 to disrupt its activity. The data provide
additional evidence for the down-regulation of CDKL5 by
Mib1.

We further tested functional interaction of Mib1 and CDKL5
during neuronal morphogenesis (Fig. 7). The two proteins
were reported to have opposing effects on neurite outgrowth
(12, 49). The literature is somewhat conflicting in regards to
the effects of CDKL5 on overall dendritic spine density -
Ricciardi et al. reported that shRNA knockdown of CDKL5
results in increased dendritic spine density (50), whereas Zhu
et al. reported the opposite effect of RNAi knockdown of
CDKLS5 (51). However, both groups agree that CDKL5 pro-
motes dendritic spine maturation in terms of spine shape. The
function of Mib1 has not been examined in this developmental
process. When individually expressed in cultured hippocam-
pal neurons, Mib1 decreased spine density by 1.19 spines/10
pwm versus negative control (p = 0.046), whereas CDKL5
caused an increase of 1.43 spines/10 um (p = 0.049). When
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Fic. 4. Interconnectivity in Mib1 Ubiquitin Proteasome System interactome. Potential Mib1 interaction partners in the UPS pathway
show high levels of interconnectivity. Several constituents of the Proteasome itself are included, with Proteasome Subunit Beta 5 showing
highest affinity. The deubiquitinating enzyme USP9x is shown to interact with several proteins of interest as well. Edge thickness represents

“combined score” from STRING-DB analysis.

co-expressed, the spine-promoting effect of CDKL5 was
eliminated. These neurons exhibited 0.68 fewer spines per 10
pm than control neurons (p = 0.252), and far fewer (2.11/10
um) than CDKL5 alone (p = 0.0004) (Fig. 7F). Moreover, the
effects of Mib1 alone and on CDKL5 are abolished by the
C985S point mutation, suggesting that the role of Mib1 is
dependent on its ligase activity (Fig. 7G). Moreover, CDKL5
itself caused stark changes in spine morphology, shifting
strongly away from immature filopodia (p = 0.004) toward
more mature thin-headed and stubby/mushroom shaped
spines (p = 0.002). Mib1 caused no significant effect on spine
shape when compared with control, though it did limit the

effect of CDKL5 when overexpressed: Mib1/CDKL5 coex-
pressing neurons showed a minor shift away from filopodia
and thin-headed shaped spines toward stubby/mushroom
shape - the effect barely reached statistical significance for
the proportion of stubby/mushroom spines when compared
with control (p = 0.046). Statistical significance was not
reached for the coexpressing neurons compared with neu-
rons expressing only Mib1 (p = 0.614, 0.129, and 0.104, re-
spectively) or CDKL5 alone (p = 0.092, 0.297, and 0.448,
respectively) (Fig. 7H). Together, our results also suggest that
elevated CDKL5 increases spine width and maturity, and our
data are consistent with the paper of Zhu et al. in regards to
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B. Native Usp9x

E. Alpha Catenin

H. Beta Catenin

K. Delta Catenin

Fic. 5. Mib1 colocalizes with Usp9x (FAM) and 3 members of
the catenin family. HEK 293 cells were transfected with HA tagged
Mib1, and/or other catenin proteins, followed by immunofluorescence
staining. A-C, Immunostaining of recombinant Mib1 and native
Usp9x. D-L, Coexpression of HA-Mib1 and different catenin family
members and subsequent immunostaining.

overall spine density. Importantly, we found that Mib1 inter-
acts with and down-regulates CDKL5, and thus restricts the
effects of CDKL5 on dendritic development.

DISCUSSION

Affinity purification coupled with mass spectrometry is a
common and robust method for mining protein—protein inter-
action networks. The basic technique has evolved (24) and
been elaborated upon (52) because its inception well over a
decade ago (53), but important drawbacks remain. The chal-
lenge of nonspecific binding partners is significant. With tech-
nological advances in LC-MS/MS that improve sensitivity, the
detected level of nonspecific background increases as well.
The method we employed is based on a well-established
concept that proteins can be eluted sequentially by buffers of
increasing stringency. To our knowledge, the sequential elu-
tion strategy has not, however, been used to evaluate binding
partners in a quantitative manner. Using this strategy, our
data set of 817 proteins was pared down to a small subset of
56 extremely high confidence and 335 high confidence inter-
action partners, whereas lower confidence potential interac-

tion partners and possible indirect binding partners were also
recovered in the remaining list. Purifying and detecting large
arrays of potential binding partners and distinguishing them
by binding strength rather than reproducibility during biolog-
ical replicates is particularly suitable for detecting low-copy
number interaction partners—an ongoing technical frontier in
the proteomics field (54).

We have expanded the Mib1 signaling network in breadth
and functional importance. lts critical regulation of Notch-
Delta signaling alone incorporates it into almost every aspect
of nervous system development (6, 10, 55-60). More recently,
an interactome study revealed that it also plays a role in the
equally vital Wnt signaling pathway (18). Furthermore, several
other potent developmental modulators beyond these key
pathways have also been revealed to interact with Mib1, such
as SMN1 (17) and the CDK5/p35 complex (12). In our previous
study (12), Choe et al. presented evidence for Mib1 interaction
with several other kinases in addition to proteins involved in
membrane trafficking, the UPS, the cytoskeleton, and cell
adhesion. These categories of Mib1 protein interaction were
reiterated and elaborated upon by a yeast two-hybrid screen,
revealing 81 putative binding partners for Mib1 and Mib2 (19).
The present study reports an even larger list of potential Mib1
binding partners from adult rat brain, further expanding the
Mib1 interaction network, reinforcing several pathways men-
tioned above, and introducing more components. As ex-
pected, the UPS, notch pathway, morphogenesis/cytoskele-
ton regulation, and endocytosis/vesicle transport pathways
were strongly enriched in this data set. One somewhat unex-
pected result is the number of Wnt pathway members that
may interact with Mib1. As mentioned previously, Mib1 had
been shown to interact with one Wnt pathway member, RYK
(18). Our study enlarged on this, producing a range of pow-
erful Wnt pathway interaction partners that includes several
members of the Catenin family (alpha, beta, deltal, and
delta2), several MAP/microtubule affinity-regulating kinases
(Mark1, 3, and 4), and Casein kinase family members.

A potential linking factor between the role of Mib1 in both
Notch signaling (its canonical role), and Wnt signaling is the
endocytic pathway. It is well established that Mib1 plays a
critical role in Notch signaling via DSL ligand ubiquitination
and endocytosis, though this molecular mechanism is still not
completely clear. What is known about the process is that it is
clathrin mediated, requires actin and epsin adaptors, and it
may generate a mechanical pulling force on the juxtaposed
Notch extracellular domain to activate signaling (61). Mean-
while, the Wnt pathway also requires clathrin mediated recep-
tor endocytosis for successful signaling (62). Among the most
highly abundant and strongest elution profiles in our data set,
Scyl2 (aka CVAK104) is a relatively unstudied clathrin coated
vesicle-associated kinase that binds with both the Wnt ligand
receptor Frizzled 5 and the Wnt scaffold protein Dishevelled
(89). This may be a common effector for Mib1 activity in these
pathways, and warrants further investigation.
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Fic. 6. Mib1 colocalizes with and down-regulates CDKL5. A, Representative MS2 spectrum depicting peptide 826-837 from CDKL5
protein and TMT reporter ion intensities (inset). B-C, Typical HA-CDKLS5 localization in HEK293 cells is largely nuclear when expressed alone.
D-F, Coexpression of HA-CDKL5 along with GFP-Mib1 led to redistribution of CDKL5 from the nucleus to puncta in cytoplasm. G-H, Western

blot analysis of HA-CDLK5 and GFP-Mib1 cotransfected HEK293 cells,

dependent on Mib1 ligase activity. C985S is a mutated form of Mib1

with abolished ligase activity. /, Western blot and LC-MS/MS analysis of ubiquitination of CDLK5 by Mib1. J-K, Western blot and immuno-
fluorescence staining analysis show self-association of Mib1 through its C-terminal domain.

The synaptic Mib1 binding partners revealed in our study
included the Ca®"/calmodulin-dependent kinase family
(Camk2b, d, and g), the Neurexin family (Nrxn1, 2, and 3), and
the Signal-induced proliferation-associated 1 like family
(Sipa1l1, 2, and 3). These span functions from dendritic spine
morphology (63), plasticity at glutamatergic synapses (64),
and structural connection at the synaptic cleft (65). These
functions are not unlike the known Mib1 functional roles:
structural changes through cytoskeletal remodeling and cell-
to-cell connections, suggesting that Mib1 is a central agent to
bridge these processes. Indeed there is significant overlap
between synaptic modulators and proteins that promote cel-
lular and neuronal morphogenesis. Proteins regulating mor-
phogenic activity were even more strongly enriched in our
data than synaptic proteins, supporting the role of Mib1 in
regulating neurite outgrowth (12), cell polarity (60), and syn-
aptic plasticity (11). Moreover, our data show Mib1 sup-
presses dendritic spine outgrowth and acts as an opposing

force to CDKL5 and its spine outgrowth and maturation
effects.

Regulation of CDKL5 by Mib1 suggests Mib1 controls mul-
tiple stages of neuronal and synaptic morphogenesis. CDKL5
has been shown to promote neuronal survival (66), neurite
outgrowth (49), dendritic spine formation (50, 51), and is an
excellent example of a Mib1 interaction partner that regulates
both cytoskeleton morphology and synaptic activity—bridg-
ing these two interrelated processes. Mutations in CDKL5
cause extreme variants of Rett Syndrome (67), and EIEE2 (68)
which are severe and progressive forms of mental retardation.
Our experiments show that when Mib1 is in abundance rela-
tive to CDKL5, dendritic spine outgrowth is impaired. This
may be an important consequence of the mutations seen in
CDKL5-associated diseases. Removal of CDKLS5 via deletions
or mutations resulting in a nonfunctional protein may tip the
balance away from signaling pathways that lead to cytoskel-
etal outgrowth and neuronal maturation, resigning developing
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Fic. 7. Mib1 inhibits dendritic spine outgrowth and limits pro-outgrowth effects of CDKL5 in neuronal culture. A, Representative rat
hippocampal neuron transfected at DIV7 with EGFP and stained for EGFP at DIV14. B-E, Higher magnification representative images of
dendritic spines in control (Ctl, GFP only), Mib1, CDKL5, and Mib1 + CDKLS5 transfected neurons, showing decreased outgrowth phenotype
with Mib1 and Mib1 + CDKL5, and increased with CDKL5 and C985S + CDKL5. F-G, Quantitative analysis of dendritic spine density from
these neurons. Analysis of the spine density showing mean = S.E. per 10 um, n = 12 for Ctl, n = 16 for Mib1, n = 14 for CDKL5, n = 11 for
Mib1 + CDKLS5 in experiment one; n = 11 for Ctl, n = 34 for C985S, n = 27 for CDKL5, n = 12 for C985S + CDKL5 in experiment two (* p
= 0.05 from Ctl, ™ p = 0.001 from Ctl, # p =< 0.05 from CDKLS5, t test). H, Classification and analysis of dendritic spine shapes in these neurons.
Shape proportion analysis of the same neurons delineated between filopodia-, thinheaded-, and stubby/mushroom-shaped protrusions order

of maturation. * p = 0.05 from Ctl, # p = 0.05 from CDKL5, t test). Scale bars, 10 um.

neurons to an outcome with shorter processes and fewer
synapses.

In summary, using our novel and widely applicable im-
provement to affinity purification proteomics, we uncovered
the most comprehensive view of the Mib1 interactome to date
and partitioned it by binding strength and confidence of in-
teraction. Our experimental design utilized several recent ad-
vances in MS-based proteomics, TMT isobaric tags, and high
resolution/high sensitivity mass spectrometry to attain this
deep and distinguishing analysis. Our data reinforce the piv-
otal role of Mib1 in neuronal development and identify a large
number of novel interaction partners. These interaction part-
ners spread across such varied and critical signaling networks
suggesting Mib1 may act as a hub to link these networks and
perform a widely powerful governing role for cell, tissue, and
organ development. Further work on this critical protein is
certainly warranted as interactions with many well- and

lesser-known molecules are highly likely to have functional
ramifications.
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