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CIP75 is a member of the UbL(ubiquitin-like)-UBA (ubiquitin-associated) domain containing protein family,
which has a variety of functions. One specific role described for several members of the UbL-UBA family is the
involvement in the proteasomal degradation of target proteins. We have reported that CIP75 interacts with the
gap junction protein, connexin43 (Cx43), and that CIP75 may modulate the proteasomal degradation of Cx43.
Thus, CIP75 may have a critical role in regulating Cx43 levels, and thus intercellular gap junctional commu-
nication. This study reports the development of monoclonal antibodies (MAbs) against CIP75 and the charac-
terization of these antibodies through immunoblotting, immunoprecipitation, and immunofluorescence
microscopy analyses. These MAbs will be useful tools in future studies to elucidate the role of CIP75 in Cx43
proteasomal degradation as well as other potential activities.

Introduction

R egulation of connexins is critical in maintaining
normal cell function. Connexins compose gap junctions,

plasma membrane channels that mediate the direct cell-to-cell
exchange of small molecules such as ions, second messengers,
and small metabolites.(1) Cx43 is the most widely expressed
connexin and is critical in various physiological events, such
as cell growth, differentiation, and certain developmental
processes.(2–4) Therefore, proper regulation of Cx43 levels,
and thus Cx43 gap junction channels, is essential in main-
taining normal cellular functions.

Cx43 has been demonstrated to have a high turnover rate
for a plasma membrane protein with a half-life of 1.5–5 h.(5–7)

While it has been shown that Cx43 degradation occurs via the
lysosomal and proteasomal proteolytic pathways,(8–12) how
this happens and what controls the degradation is not clear.
We have previously demonstrated a novel interaction be-
tween Cx43 and CIP75, which is dependent upon the UBA
domain of CIP75.(13) Our initial studies have indicated that
CIP75 affects Cx43 turnover, and that this occurs through
proteasomal degradation. Further studies are required to elu-
cidate the mechanism by which CIP75 is involved in Cx43
proteasomal degradation.

Members of the UbL-UBA protein family have been im-
plicated in the proteasomal degradation pathway. Rad23 and
PLIC2 have been reported to interact with subunits of the

proteasome, specifically the S2 and S5a proteins of the 19S
subunit, through their UbL domain.(14–16) We have reported
that CIP75 is also able to interact with Rpn1=S2 and Rpn10=
S5a through its UbL domain.(13) The UBA domain has been
shown by other groups to interact with ubiquitin and ubi-
quitinated proteins,(16–21) suggesting a role for UbL-UBA
proteins as adaptors or shuttles to bring proteins marked for
degradation to the proteasome.

In this study, we have generated and characterized a series
of MAbs to the various regions (UBA and UbL domains) of
CIP75 that can function in immunoblotting, immunoprecipi-
tation, and immunofluorescence microscopy experiments.
These MAbs will be invaluable to further elucidate the nature
of the CIP75 interaction with Cx43 and perhaps lead to a more
general characterization of the role of CIP75 in proteasomal
degradation as well as the identification of other CIP75 in-
teraction partners. In doing so, this may allow a better un-
derstanding of how Cx43 and gap junction communication is
regulated, as well as how proteins may be transported to the
proteasome for degradation.

Methods

Protein expression in bacteria and purification

Full-length CIP75 was subcloned into the pTrcHis vector
and expressed as a His-tagged fusion protein in BL21
Escherichia coli following induction with 0.1 mM IPTG for 2 h
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at 378C. Bacteria were harvested, washed once with PBS, and
lysed by sonication. Cell lysates were incubated with
Niþ Sepharose Fast Flow (GE Healthcare, Piscataway, NJ) for
3 h at 48C to bind His proteins. The Sepharose was washed
with 2 column volumes of PBS and then eluted with 500 mM
imidazole. Purified CIP75 was concentrated to 300mg=mL in
Centricon columns (Millipore, Billerica, MA) and imidazole
was diluted down to 150 mM with PBS. CIP75 with a dele-
tion of the UbL domain at the N-terminus (CIP75DUbL)
or the UBA domain at the C-terminus (CIP75DUBA) and the
Src tyrosine kinase negative control proteins were also ex-
pressed as His-tagged fusion proteins and purified as de-
scribed above.

The UBA and UbL domains were subcloned into the pGEX-
6P2 vector and expressed as a glutathione S-transferase (GST)
fusion protein in BL21 E. coli following induction with 0.1 mM
IPTG for 2 h at 378C. Bacteria were harvested, washed once
with PBS, and lysed by sonication. Cell lysates were incubated
with glutathione agarose (Sigma, St. Louis, MO) for 1 h at 48C
to bind GST proteins. The glutathione agarose was washed
with 2 column volumes of PBS and then eluted with 20 mM
glutathione in 50 mM Tris-HCl (pH 9.5). The GST only protein
was expressed in, and purified from, bacteria in a similar
manner.

Immunization of mice and generation
of CIP75 hybridomas

BALB=c mice were immunized with 10–15 mg of purified
CIP75 protein in either Freund’s complete or alum adjuvants.
Booster immunizations were given at 3-week intervals in ei-
ther Freund’s incomplete or alum adjuvants. Test bleeds were
assayed for positive reactions to CIP75 by indirect enzyme-
linked immunoabsorbant assay (ELISA). Spleen cells from
each immunized group of mice were fused to P3x63Ag8.653
mouse myeloma cells in the presence of polyethylene glycol
(PEG) to produce monoclonal antibodies according to estab-
lished techniques.(22,23) Hybridomas were then selected with
hypoxanthine, aminopterin, and thymidine (HAT) supple-
mented medium and allowed to grow on macrophage plates
in preparation for ELISA. Positive wells were subcloned
two to three times and tested by indirect ELISA. Selected
hybridoma lines were later grown in BD serum-free cell me-
dium, and concentrated monoclonal antibody supernatants
were generated using the CELLine flask system (BD Bio-
science, San Jose, CA).

Monoclonal antibody screening by ELISA

Round-bottom 96-well plates (Corning, Lowell, MA) were
coated with 1mg of antigen diluted in PBS overnight at 48C.
Plates were washed with PBS thrice and then blocked with 5%
nonfat milk in borate buffer (167 mM boric acid, 134 mM NaCl
[pH 8.0]). Supernatants from hybridoma cultures were added
and incubated for 1 h. Plates were washed with 0.5x borate
buffer thrice before incubation with secondary goat anti-
mouse IgG antibody conjugated to alkaline phosphatase
(Southern Biotech, Birmingham, AL) for 1 h. Plates were wa-
shed with 0.5x borate buffer thrice, then incubated with p-
nitrophenyl phosphate (PnPP, Thermo Scientific, Waltham,
MA) diluted to 1 mg=mL in diethanolamine substrate (DEA)
buffer (Thermo Scientific) for 30 min. The OD at 405 nm was

detected on a Victor3 plate reader (Perkin Elmer, Waltham,
MA).

Isotypes of the monoclonal antibodies were determined
using the Mouse Mono-Ab-ID kit (Invitrogen, Carlsbad, CA)
through the capture assay.

Cell line and culture conditions

Human cervical carcinoma cells (HeLa) lacking endogenous
Cx43 expression were cultured in high glucose Dulbecco’s
modified Eagle’s medium (Invitrogen), supplemented with
10% fetal bovine serum, 20 mM L-glutamine, 100 U=mL pen-
icillin, and 100mg=mL streptomycin.

Western blot and immunoprecipitation

Purified proteins were separated by 10% SDS-PAGE,
transferred to PVDF membranes, and immunoblotted for
CIP75 using monoclonal supernatants. Antibody binding was
detected using ECL. For immunoprecipitation experiments,
cells were lysed in 0.2% NP-40 lysis buffer (0.2% NP-40,
150 mM NaCl, 20 mM Tris-HCl [pH 8.0], 10 mg=mL leupeptin,
10 mg=mL aprotinin, 1 mM benzamidine, and 2 mM PMSF)
and lysates were clarified by centrifugation at 14,000 rpm for
30 min at 48C. The BCA assay reagent kit (Biorad, Hercules,
CA) was used to determine protein concentrations. Clarified
lysates were incubated with monoclonal CIP75 antibodies
bound to protein G agarose (Thermo Scientific) for 1 h at 48C.
The agarose was washed five times with lysis buffer and then
proteins were released from the agarose by boiling for 5 min in
SDS-PAGE sample buffer. The proteins were analyzed by
immunoblotting as described above.

Immunofluorescence microscopy

HeLa cells were transiently transfected with pcDNA-
Flag-CIP75 using Lipofectamine 2000 (Invitrogen). Twenty-
four hours after transfection, cells were labeled with either
mouse anti-Flag M2 antibody (Sigma) or different CIP75
monoclonal antibodies, as previously described.(13) The cells
were co-labeled with rabbit anti-calnexin (Stressgen, Ann
Arbor, MI). Secondary antibodies used were anti-mouse
Alexa 488 and anti-rabbit Alexa 594 (Molecular Probes, Eu-
gene, OR). Subcellular localization of CIP75 and calnexin was
examined using a TCS SP5 AOBS confocal microscope (Leica,
Wetzlar, Germany).

Results

Preparation of mouse monoclonal antibodies to CIP75

Recombinant CIP75 was expressed as a His fusion protein
in bacteria, purified, and used as the antigen to immunize
mice. Initial ELISA assays were conducted on test bleeds and
showed a positive immune reaction. Hybridomas were gen-
erated from these mice and clones were tested for reactivity to
different regions of the CIP75 protein through ELISA. As
negative controls, a GST only and His-Src fusion proteins
were used to screen against His-reactive clones. Full-length
CIP75, CIP75DUbL (deleted for the N-terminal region in-
cluding the UbL domain), CIP75DUBA (deleted for the
C-terminal region including the UBA domain), and the UbL
or UBA domains alone were used to establish the domain
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specificity for each antibody. Clones were generated that
demonstrated reactivity specifically to the N-terminal UbL
domain (clones 64F10C6 and 68B7D11E8), the C-terminal
UBA domain (clone 333D7B6B11), or to the middle region of
CIP75 (clone 398A12A11).

Recognition of monoclonal antibodies to CIP75 in
Western blot and immunoprecipitation analysis

Monoclonal antibodies were further tested for CIP75 reac-
tivity by immunoblotting (Fig. 1). Purified full-length CIP75,
CIP75 deletion mutants, and UbL or UBA domains alone were
used to confirm MAb specificities. Similar to the ELISA re-
sults, clones 64F10C6 (L64, Fig. 1B) and 68B7D11E8 (L68,
data not shown) recognized full-length CIP75 (lane 1), the C-
terminal deletion mutant (lane 3), and the UbL only domain
(lane 4), but not the N-terminal deletion mutant (lane 2) or the
UBA only domain (lane 5), indicating that these antibodies
specifically recognized the UbL domain. Clone 333D7B6B11
(A333, Fig. 1D) recognized full-length CIP75 (lane 1), the N-
terminal deletion mutant (lane 2), and the UBA only domain
(lane 5), but not the C-terminal deletion mutant (lane 3) or the
UbL only domain (lane 4), indicating specificity to the UBA
domain. Clone 398A12A11 (M398, Fig. 1E) recognized full-
length CIP75 (lane 1), and the N- and C-terminal deletion

mutants (lanes 2 and 3), but neither of the individual domains
(lanes 4 and 5), indicating that this clone is specific to the
middle region of the protein. These results confirm the initial
ELISA data. The specificity of the immunoblotting recognition
of CIP75 was confirmed in protein-blocking experiments. Pre-
incubation of clone 64F10C6 (L64) supernatant with the pu-
rified UbL domain prior to immunoblotting resulted in the
markedly decreased recognition of the CIP75 proteins (Fig.
1C). For future use, the MAb nomenclature will be L64 for
64F10C6; L68 for 68B7D11E8; A333 for 333D7B6B11; and
M398 for 398A12A11.

To further assess the functional capabilities of these MAbs,
endogenously expressed CIP75 immunoprecipitated from
HeLa cell lysates was resolved by SDS-PAGE and detected by
immunoblotting (Fig. 2). All four MAbs were able to immu-
noprecipitate endogenous CIP75 from the cell lysates (Fig. 2A,
lanes 1 and 3, and Fig. 2B, lanes 1 and 3). As in the immu-
noblot assays, purified domains were used to block interac-
tion between the MAbs and endogenously expressed CIP75 in
the HeLa cell lysate during the immunoprecipitation. Pre-
blocking the antibodies resulted in little or no immunopre-
cipitated CIP75 (Fig. 2A, lanes 2 and 4, and Fig. 2B, lanes 2 and
4). Additionally, since purified CIP75 domains were used in
the blocking experiments (UbL domain for L64 and L68, UBA
domain for A333, and the C-terminal deletion mutant for

FIG. 1. Detection of purified CIP75 proteins by immunoblot. Purified full-length CIP75, CIP75 mutants lacking the UbL or
UBA domains, and UbL or UBA only domains were used to test MAb specificity. (A) Schematic of full-length CIP75, the
CIP75DUbL or CIP75DUBA deletion mutants, and the UbL and UBA only domains. Purified full-length CIP75, CIP75DUbL,
CIP75DUBA, and either the UbL- or UBA-only domains were immunoblotted with: (B) L64 MAb; (C) L64 MAb preblocked
with the UbL domain; (D) A333 MAb; and (E) M398 MAb. Migration positions of the molecular mass markers are indicated
at left (B–E), and migration positions of the purified proteins are indicated at right (B–E).
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M398), the regional specificity of each antibody was also
confirmed.

Recognition of monoclonal antibodies to CIP75
in immunofluorescence microscopy analysis

Lastly, MAbs were tested for their ability to recognize
CIP75 cells by immunofluorescence microscopy. HeLa cells
were transiently transfected with Flag-tagged CIP75 and
labeled with the various MAbs (Fig. 3). The HeLa cells were co-
labeled with calnexin, a marker for the ER, as we have previ-
ously shown that CIP75 co-localizes to the ER.(13) The cells
were also labeled with the Flag antibody as a positive control.
All CIP75 MAbs showed a similar staining pattern as the Flag
antibody (Fig. 3A–E, top panels). In addition, all CIP75 MAbs
demonstrated a similar pattern of staining as calnexin (Fig. 3,
bottom panels), supporting our previously published results.

These combined results, along with isotyping data, are
summarized in Table 1.

Discussion

The proper regulation of gap junctional communication
between neighboring cells is essential for normal physiologi-
cal functions. Changes in the levels of Cx43 can lead to sig-
nificant changes of Cx43 at the plasma membrane in gap
junction channels, and thus the level of gap junctional inter-
cellular communication.(24) Therefore, understanding how
Cx43 levels are regulated can aid in understanding the
mechanisms that control the communication between neigh-
boring cells. One mechanism that regulates the intracellular
levels of Cx43 is protein turnover, through either the lyso-
somal or proteasomal degradation pathways. It has been
demonstrated previously by a number of investigators that
both pathways play a role in Cx43 turnover,(8–12) and we have
shown that CIP75 is one Cx43-interacting partner that affects
Cx43 proteasomal degradation.(13) However, the precise
mechanism by which CIP75 acts to facilitate the proteasomal
turnover of Cx43 is still unclear.

FIG. 2. Detection of
endogenous CIP75 by immu-
noprecipitation. CIP75 en-
dogenously expressed in
HeLa cells was immuno-
precipitated with: L64 MAb
(A, lane 1); L64 MAb pre-
blocked with the UbL domain
(A, lane 2); L68 MAb (A, lane
3); L68 MAb preblocked with
UbL (A, lane 4), A333 MAb
(B, lane 1); A333 MAb pre-
blocked with UBA (B, lane 2);
M398 MAb (B, lane 3); and M398 MAb preblocked with the CIP75DUBA mutant (B, lane 4). The immunoprecipitated
proteins were detected by immunoblotting using the L64 MAb (A) or A333 MAb (B). Molecular mass markers are indicated
at the right of each panel.

FIG. 3. Immunofluorescence confocal microscopy analysis of Flag-CIP75-transfected HeLa cells. The subcellular localization
of CIP75 (green) with the ER marker calnexin (red) was visualized by laser confocal microscopy. Top row, CIP75 localized by
Flag antibody (A), L64 MAb (B), L68 MAb (C), A333 MAb (D), and M398 MAb (E). Bottom row, Flag or CIP75 MAb images
merged with the calnexin antibody images.
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In this study, we have successfully generated a panel of
mouse MAbs to the CIP75 protein. Most importantly, we have
generated MAbs with specificities to three different do-
mains=regions of CIP75: UbL at the N-terminus, UBA at the
C-terminus, and the middle region (Table 1). In addition,
these CIP75 MAbs were found to be useful in immunoblot-
ting, immunoprecipitation, and immunofluorescence mi-
croscopy experiments, and they consisted of IgG1 or IgG2a
heavy chain and kappa light chain isotypes (Table 1). As we
have previously demonstrated that the CIP75 UbL domain
binds to the S2 and S5a components of the 19S proteasomal
subunit and the UBA domain binds to Cx43,(13) MAbs that
bind to different regions of CIP75 will allow us to investigate
the importance of CIP75 and its domains in the proteasome-
mediated degradation of Cx43 and hence its ability to estab-
lish gap junctional communication.
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