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Abstract
Infection with mycobacterium tuberculosis (MTB) can cause different outcomes in hosts with
variant genetic backgrounds. Previously, we identified an intracellular pathogen resistance 1 (Ipr1)
gene with the role of resistance of MTB infection in mice model. However, until now, its binding
proteins have been little known even for its human homology, SP110. In this study, the homology
for mouse Ipr1 in canines was found to have an extra domain structure, h.1.5.1. And 30 potential
candidate proteins were predicted to bind canine Ipr1, which were characterized of the interacting
structure with the h.1.5.1. Among them, MYBBP1A was verified to bind with both Ipr1 and
eGFP-Ipr1 in mouse macrophage J774A.1 clone 21 cells using co-immunoprecipitation method.
And with the constructed high-confidence Ipr1-involved network, we suggested that Ipr1 might be
involved in apoptosis pathway via MYBBP1A.
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Introduction
Tuberculosis remains a major cause of death in the world, although most countries have
made great efforts to control this infectious disease. Hosts with variant genetic backgrounds
have dramatically different outcomes following infection with mycobacterium tuberculosis
(MTB). This holds true in both humans and experimental animal models [1]. By studying
C3HeB/FeJ(C3H) mice and C57BL/6J(B6) mice, whose susceptibility to MTB infection
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varies, we previously identified a candidate gene, termed intracellular pathogen resistance 1
(Ipr1), within the sst1 locus of B6 mice [2, 3]. The observation that expression of the Ipr1
transgene in the Ipr1 negative macrophages limits the multiplication of Mycobacterium
tuberculosis and switches the cell death pathway of the infected macrophages from necrosis
to apoptosis confirms the role of Ipr1 in host resistance to MTB [2]. The homology of the
Ipr1 protein in humans is SP110 (41% identity). Both proteins contain a putative SP100-like
protein–protein interaction domain, chromatin binding SAND domain, nuclear localization
signal (NLS), and a LXXLL nuclear receptor co-activator motif. Although there are many
annotations about the Ipr1 protein, most of them are predicted from its sequence analysis.
Furthermore, its binding proteins and mediated pathway are not sufficiently understood. A
protein's binding partners and its involved networks are keys to describing its mediated
pathway and to understanding the complex cellular biological processes involved [4-7].

There are many ways to predict PPIs. Homologous interaction, which means close protein
homology could have similar binding protein partners, is a common in-silico method used to
predict the PPI from other species [8]. Structure-based prediction is another method used to
look for protein physical binding partner candidates [9]. The genomic threading database
(GTD) contains structural assignments for the proteins encoded within the genomes of nine
eukaryotes and 101 prokaryotes [10]. Also, the structural classification of protein–protein
interfaces (SCOPPI) is a database containing all domain–domain interactions [11].

In the GTD, we attempted to find the special domain structures assigned to mouse Ipr1's
homology in other species. With the structure-based prediction method, the candidate
binding proteins for Ipr1's homology were collected. Based on the homologous interaction,
in mice, Ipr1 might have similar binding candidates. Among those candidates, MYBBP1A
was verified as a new Ipr1's binding protein with co-immunoprecipitation method in mouse
macrophage J774A.1 clone 21 cells [12]. MYBBP1A, also known as P160, is first identified
to bind with c-Myb, which is a transcription factor critical for hemopoietic cell proliferation
and differentiation. Using protein interaction network analysis (PINA) platform [13], we
built a high-confidence, Ipr1 and MYBBP1A involved PPI network in the mouse model,
which is helpful for delineating the Ipr1 mediated pathway.

Materials and methods
Candidate proteins for IPR1 binding

Based on that two proteins with interacting domain structures might bind with each other [9,
14] and mouse Ipr1 might have similar binding partners as its homologies in other species,
we blasted the mouse Ipr1 protein sequence in the GTD to collect its homologies' domain
structures assigned by the GTD. SCOPPI was then used to identify the interacting domain
pairs. The corresponding interacting domain name was then used as the keyword to search
proteins characterized of query domain in the GTD. The search results might be the Ipr1's
binding protein candidates. In order to identify more potential Ipr1 binding candidate
partners, we processed the primary search results with the following steps: first, we
discarded those with repeated gene names; second, we kept the candidate which has the
structure assignment with certain confidence by GTD and has an alignment score of >85;
third, according to the mouse Ipr1's cellular location and its role in biological processes, we
kept the candidate whose associated GO (Gene Ontology) annotation terms were nucleus/its
child term and were transcript/regulation of transcription/apoptosis/their child terms [15].
Finally, 30 more confident candidate Ipr1 binding proteins were obtained.
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Construction of lentiviral vectors, preparation and transduction of lentivirus
Based on our previous construction of dual-promoter lentiviral vectors method [12], the
pHAGE-CMV.Flag-MYBBP1A.UBC.dLNGFR.W was constructed. And the MYBBP1A
cDNA was cloned by PCR from the J774A.1 macrophage cell line using the following
primers: ATG GCG GAG ATG AAG AGC and TCA AGG TGT CTG CAC TCT C.
Recombinant lentiviruses were produced through a five-plasmid transfection step, as
previously reported [12]. The cell model J774A.1 clone 21, which could be induced to
express the Ipr1 and/or the eGFP-Ipr, was described in Hui's paper [12]. Before transducing
J774A.1 clone 21 cells, western blot analysis was used to test cells for expression of Ipr1
and eGFP-Ipr1 under the stimulation of 1 μg/ml Doxycycline (Dox) for 24 h and/or 100 U/
ml IFN-g for 16 h. Immunoblotting was performed with anti-Ipr1 specific rabbit antiserum
(Covance Research Products, Inc). The transduction method is also described in Hui's paper.

Nuclear extraction, co-immunoprecipitation, and immunoblotting
Before harvesting cells, we stimulated the transduced J774A.1 clone 21 with Dox (final con.
1 μg/ml) and/or IFN-g (final con. 100 U/ml) for 24 and 16 h, respectively. 2 × 107 cells were
washed twice with PBS and then scraped in 2 ml of hypotonic buffer (containing 10 mM
HEPES with pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.2% NP40). The cells were then kept on
ice for 15 min with occasional vortexing, transferred to microfuge tubes and spun at 4°C,
14,000 rpm for 3 min. The pellet was washed with 500 μl of hypotonic buffer, and 400 μl of
the prepared nuclear extraction buffer (containing 20 mM HEPES with pH 7.9, 420 mM
NaCl, 1.5 mM MgCl2, 25% glycerol) was then added to suspend the pellet completely. The
mixture was mixed for 2 h at 4°C and then spun at 4°C, 14,000 rpm for 10 min to remove
debris. The supernatant was then nuclear extract. The concentration of total protein in the
nuclear extract was determined with BAC protein assay kit (Pierce Biotechnology,
Rockford, IL, USA). Co-immunoprecipitation was operated using an uMACS protein G kit
(Miltenyi Biotec). Briefly, 50 μl of protein G Microbeads were incubated with an equal
volume of 1% BSA IP buffer (150 mM NaCl, 1% Triton X-100, 50 mM Tris–HCl (pH 8.0)),
containing 2 μg IgG or anti-flag monoclonal antibody (Sigma, St. Louis, MO), at 4°C
overnight. A volume of 200 μg nuclear extract was diluted with nine volumes of the IP
Buffer and immunoprecipitated with the above beads according to the manufacturer's
manual. All buffers contained 1% protease inhibitors cocktail and 1% phosphatase inhibitor
cocktail 1 and 2 (Sigma-Aldrich). The final elute was separated with 10% SDS-PAGE.
Proteins were then transferred to PVDF membranes (Bio-Rad, Hercules, CA, USA) and
immunoblotted with anti-Ipr1 specific rabbit antiserum (Covance Research Products, Inc,
Denver, CO, USA). The membrane was developed with SuperSignal chemiluminescent
substrate (Pierce Biotechnology).

Construction of PPI network
The PINA platform is a currently developed network construction tool that integrates PPI
data from six databases: InAct, MINT, BioGRID, DIP, HPRD and MPact. Until now, Ipr1
has been verified to bind with two proteins, MYBBP1A and Hsc70 [12]. Using these three
proteins in one PINA query, in mice model, Ipr1 had no interactors, MYBBP1A had only
one and Hsc70 had 669 interactors. In order to construct high-confidence network, those
PPIs without any evidence support or with wrong references were filtered out in the PINA
platform. Thus, 651 Hsc70's interactors were discarded, which were examined to be from
two wrong cited references [16, 17]. Additionally, protein interactions supported by
experiment evidences from PUBMED were added to the network. In order to get more
information from the network, both MYBBP1A's partners and their binding partners were
listed in the network. According to the publications from PUBMED and our findings, AhR,
Myb, PGC-1(Ppargc1a) and Ipr1 were added as the interactors of MYBBP1A [18-20], Aip,
Nfr2 (Nfe212) and Sp1 were added as AhR's [21-23], Bcl2, Gata3 and Ski were added as
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Myb's [24-26], Pbx4 was added as Pknox1's [27] and Creb, Foxo1, Ppara and Sox9 were
added as PGC-1's [28-31]. Since Hsc70 was a chaperone protein, which was involved in
folding and trafficking of most proteins, only its binding partners were listed in the network.
And E2f1, Chl1, Ndrg1 and Ipr1 were added as the interactors of Hsc70 based on the
references from PUBMED [12, 32-34]. With the PINA, the function of network was
analyzed with the cutoff P-value as 0.005.

Results and discussion
Candidates of the Ipr1's binding proteins

The GTD provides the predicted proteins' structure information in nine eukaryotes and 101
prokaryotes based on GenTHREADER method [6]. Using the mouse Ipr1 protein sequence
for a BLAST search in the GTD, we found that the homology of Ipr1 in canines (gene:
ENSCAFG0000 0010682) with the P-value of 2e-59 has an extra structure domain h.1.5.1,
except for the common domains in other species. This domain was assigned to the middle of
the canine Ipr1 sequence according to the alignment result, between the SP110 domain and
the SAND domain. This sequence region of Ipr1 has never been annotated before, which
attracted us to look for proteins that could bind with this domain structure. In the SCOPPI
database, we found proteins with an h.1.5.1 domain could bind with other proteins with the
same domain structure. Therefore, we used the domain of h.1.5.1 as the keyword to search
for Ipr1's binding candidates in the GTD within the species of canis familiaris. We set the
search results to list 2000 entries, and to arrange result sequences according to the alignment
score. A higher alignment score means a more significant relationship between the query
protein and template. The search results with an alignment score of >85 and with the certain
confidence level totaled 1000 entries (listed in supplementary file 1). In order to identify
more potential canine Ipr1 binding partners, we discarded those with repeated gene names.
Since two domains are more likely to have similar GO terms if they are interacting [35],
each candidate proteins' GO annotation terms were checked based on the Ipr1's cellular
location and its role in biological processes. Those with a GO annotation term of nuclear and
terms of transcription/regulation of transcription/apoptosis or child terms of these
annotations were kept. Finally, based on the h.1.5.1 domain structure information, we
identified 30 potential candidate proteins (listed in supplementary file 2), including the
MYBBP1A (gene: ENSCAFG00000015266), which could bind with Ipr1 in canines. Since
mouse Ipr1 was the homology of canine Ipr1, we predicted those 30 potential candidates
might bind with Ipr1 in the mice.

Verification of the Ipr1 binding protein
Among 30 Ipr1's potential binding candidates, only MYBBP1A has been verified with co-
immunoprecipitation so far. To verify the mouse Ipr1's binding protein, the J774A.1 clone
21 cells were first tested with Western blot (Fig. 1). In the J774A.1 clone 21 cells,
endogeneous Ipr1 was mainly expressed under IFN-g stimulation; eGFP-Ipr1 could be
induced to express with DOX; when stimulated with IFN-g and DOX simultaneously, cells
could express both Ipr1 and eGFP-Ipr1. We then transduced the J774A.1 clone 21 cells with
lentivirus containing pHAGE-CMV.Flag-MYBBP1A. UBC.dLNGFR.W vector. After cells
were stimulated with IFN-g and/or Dox, nuclear extracts were isolated from those cells and
immunoprecipitated with anti-flag monoclonal antibody. The final eluted proteins were
analyzed with Western blot, using anti-Ipr1-specific antiserum (Fig. 2). Both endogeneous
Ipr1 and extrogenous eGFP-Ipr1 were found to bind with Flag-MYBBP1A. It was noted that
eGFP was a protein with 238 Aa which might affect Ipr1's binding on its N-terminus in
eGFP-Ipr1 fusion proteins. Thus, it seemed that MYBBP1A might bind with Ipr1 on its
middle part, since Ipr1's C-terminus was the SAND domain responsible for chromatin
binding. This inference was consistent with that the h.1.5.1 structure domain was assigned to
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the canine Ipr1's middle part by GTD. And it needed further experiments of mapping the
interaction sites of Ipr1 and MYBBP1A, like [36, 37].

Construction of protein–protein interaction network
Despite there are 10 GO annotation terms associated with mouse Ipr1, however, its mediated
pathway is still not clear. With the Ipr1 involved network, we could not only know Ipr1's
detailed function also its mediated pathway. Till now, it has been verified that Ipr1 has two
binding proteins: MYBBP1A and Hsc70. Interestedly, both proteins could translocate
between cytoplasm and nuclear, but had different functions. With these proteins, we
constructed Ipr1 involved network in mouse model. And only the interactions supported by
experimental evidences in PINA or from PUBMED were used to construct high-confidence
network. Finally, a network with 46 protein nodes and 45 interacting edges was built in mice
model (Fig. 3). Using the network function analysis tool, we found that Ipr1 might have the
detailed functions (listed in the supplementary file 3), such as: sequence-specific DNA
binding. And interestedly, both positive transcription regulation and negative transcription
regulation were found in network function analysis result. It suggested that Ipr1 might
regulate some genes' transcription with positive effects while regulate other genes with
negative effects.

Since Hsc70 is a cytoplasmic chaperone protein and oxidative stress but not apoptosis
induces its translocation into the nucleus [38, 39], it is more likely that Ipr1 tends to bind
with MYBBP1A in the nuclear. And furthermore, MYBBP1A could promote the apoptosis
through regulation of its interacting proteins: Ahr and Myb, which were reported to mediate
cells apoptosis [40, 41]. Therefore, it suggested that Ipr1 might be involved in apoptosis
pathway via MYBBP1A. This needs further biochemical analysis results to support.

In the end, MYBBP1A was found to be a new Ipr1's binding protein in mice for the first
time. And it was suggested that Ipr1 might be involved in apoptosis pathway via
MYBBP1A, which needs the support of evidences.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Ipr1's expression in mouse J774A.1 clone 21 cells. Nuclear extracts and cytoplasm were
separated from J774A.1 clone 21 cells stimulated with Dox and/or IFN-g. Anti-Ipr1 specific
rabbit antiserum was used for Western blot
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Fig. 2.
Binding of MYBBP1A with Ipr1 and eGFP-Ipr1. Mouse J774A.1 clone 21 cells were
transduced with lentivirus containing the vector of pHAGE-CMV.Flag-
MYBBP1A.UBC.dLNGFR.W. After stimulated with IFN-g and/or DOX, transduced cells
were processed into cytoplasm and nuclei. Nuclear extracts were incubated with either anti-
Flag antibody or IgG isotype-matched control, and then precipitated with Protein G
Microbeads. Eluate from immunoprecipitation and 1:10 amount of nuclear extract (input)
were separated on 10% SDS-PAGE and then immunoblotted using anti-Ipr1 specific rabbit
antiserum
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Fig. 3.
PINA-generated visualization of the high-confidence network for Ipr1 in mice. There were
46 interaction nodes and 45 interaction edges. Bold lines indicated the added interaction
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