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Mouse homologue of yeast Prp19 interacts with mouse SUG1,
the regulatory subunit of 26S proteasome
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Abstract

Yeast Prp19 has been shown to involve in pre-mRNA splicing and DNA repair as well as being an ubiquitin ligase. Mammalian
homologue of yeast Prp19 also plays on similar functional activities in cells. In the present study, we isolated mouse SUG1 (mSUG1)
as binding partner of mouse Prp19 (mPrp19) by the yeast two-hybrid system. We confirmed the interaction of mPrp9 with mSUG1
by GST pull-down assay and co-immunoprecipitation assay. The N-terminus of mPrp19 including U-box domain was associated with
the C-terminus of mSUG1. Although, mSUG1 is a regulatory subunit of 26S proteasome, mPrp19 was not degraded in the proteasome-
dependent pathway. Interestingly, GFP-mPrp19 fusion protein was co-localized with mSUG1 protein in cytoplasm as the formation of
the speckle-like structures in the presence of a proteasome inhibitor MG132. In addition, the activity of proteasome was increased in cells
transfected with mPrp19. Taken together, these results suggest that mPrp19 involves the regulation of protein turnover and may trans-
port its substrates to 26S proteasome through mSUG1 protein.
� 2007 Elsevier Inc. All rights reserved.
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The 26S proteasome is the major non-lysosomal ATP-
dependent proteolytic machinery to degrade polyubiquiti-
nated proteins [1]. The proteasome is assembled from two
large macromolecule complexes; a core 20S proteolytic par-
ticle and a 19S regulatory complex. The 19S complex is
located at the end of the 20S core and provides the compo-
nents necessary for unfolding and translocation of the
ubiquitinated substrates into the 20S particle and regula-
tion of the assembly of the 26S proteasome [2,3]. SUG1
is a component of the 19S regulatory particle of the protea-
some [4,5]. In yeast, a mutant SUG1 accumulates ubiquiti-
nated proteins normally degraded by the 26S proteasome
[6]. In addition, SUG1 has also been shown to interact
directly with various nuclear receptors in ligand-dependent
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fashion for the gene regulation by proteasome degradation
[7,8].

Prp19 has been isolated from two independent groups
by genetic screening to identify novel genes involved in
DNA repair and pre-mRNA splicing, respectively [9,10].
Prp19 has conserved domain called the U-box as the active
site of a novel classified E3 ubiquitin ligase [11] and coiled-
coil domain as an oligomerization for the function of pre-
mRNA splicing factor [12–14]. Mammalian Prp19 plays
diverse roles in animal cells such as the lipid droplet bio-
genesis in adipocytes and the anti-aging activity in neuro-
nal/astroglial cells as well as DNA repair and RNA
splicing [15–17]. Mammalian homologue of yeast Prp19
interacts with terminal deoxynucleotidyl transferase and
WRN for DNA repair [18,19].

In the present study, we report that mouse SUG1
(mSUG1), a component of the 19S regulatory complex of
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the 26S proteasome, interacts with the N-terminal region of
mouse Prp19 (mPrp19) to recruit their target proteins to
proteasome.

Materials and methods

Cell culture and transfection. Human osteosarcoma U2OS cells were
cultured with Dulbecco’s modified medium supplemented with 10% fetal
bovine serum. U2OS cells were grown to approximately 70–80% conflu-
ence on 35 mm dishes with coverslip for microscopy or on 100 mm dishes
for other applications such as Western blot and co-immunoprecipitation.
Cells were transfected by using ExGen500 reagent (MBI Fermentas,
Hanover, USA) following the manufacturer’s instructions. At 24 h post-
transfection, cells were harvested. To block proteasome activity, cells were
treated with 25 lM MG132 (Calbiochem, Darmstadt, Germany) for 6 h.

Plasmid construction. Mouse Prp19 cDNA was cloned as described
before [15]. Mouse SUG1 cDNA was isolated from yeast colonies selected
from yeast two-hybrid assay. Both cDNAs amplified by PCR were
digested by restriction enzymes to insert suitable vectors such as pGBKT7,
pcDNA3.1(+) myc (Invitrogen, Inc., USA), pGEX2T (Amersham Bio-
sciences, Uppsala, Sweden), and pEGFPC1 (BD Biosciences, USA).
Constructed plasmids were verified by sequence analysis.

Co-immunoprecipitation assay. U2OS cells co-expressing GFP-mPrp19
and mSUG1-myc, or each deletion mutants were lysed in RIPA buffer
[50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1% NP-40, 50 mM NaF,
200 lM Na3VO4, 1 mM EDTA, 0.5% sodium deoxicolated, 0.1% SDS,
and protease inhibitor cocktail tablets (Roche, Meylan, France)]. After
pre-clearing with protein A–Sepharose beads (Roche Diagnostics, Vienna,
Austria), equal amounts of protein lysate were immunoprecipitated with
anti-mPrp19 antibody for 2 h at 4 �C. Immune complexes were washed
four times with RIPA buffer and were processed by Western blotting as
described below.

Western blots. Immunoprecipitated proteins or proteins from whole
cell extracts were separated by SDS–PAGE and blotted onto nitrocellulose
filters. Blocking was performed at room temperature for 2 h in TBS with
5% nonfat milk, followed by incubation with anti-Prp19 (1:500 dilutions),
anti-SUG1 (1:250 dilutions), anti-GFP (1:400 dilutions), anti-p53 (1:1000
dilutions) or anti-b-actin (1:1000 dilutions) antibodies in TBS. After
washing with PBS, the membranes were incubated with horseradish-per-
oxidase conjugated secondary antibodies. Proteins were visualized using
an enhanced chemiluminescence kit (Santa Cruz Inc., USA).

GST pull-down assay. GST fusion constructs of full-length mPrp19
were expressed in Escherichia coli and the fusion proteins were isolated
with glutathione–Sepharose beads (Peptron Inc., Korea). U2OS cells were
transiently transfected with pcDNA3-mSUG1-myc vector or pcDNA3-
myc vector and were lysed in RIPA buffer at 48 h later. For GST pull-
down, cell extracts were incubated with GST fusion proteins for 30 min.
GST alone was used as control. After sedimentation by centrifugation,
samples were washed with NETN buffer (150 mM NaCl, 1 mM EDTA,
0.5% Nonidet P-40, 20 mM Tris, pH 7.9, 15% glycerol) and resuspended in
SDS–PAGE sample buffer. Samples were processed by Western blotting as
described above.

Immunofluorescence assay. U2OS cells expressing GFP-mPrp19 and
mSUG1-myc proteins were fixed with 4% paraformaldehyde for 15 min
and washed with PBS. After blocking with 10% horse serum, coverslips
were incubated with anti-myc antibody (1:150 dilution) for 1 h, followed
by reacting with TRITC conjugated antibody at a 1:500 dilution in a
humidified chamber for 45 min. After washing with PBS containing 0.1%
NP-40, cells were stained by DAPI (0.1 lg/ml) for 5 min to detect nuclei.
Samples were visualized using a LSM 510 microscope (Carl Zeiss,
Oberkochen, Germany).

Analysis of proteasome activity. The activity of 26S proteasome was
estimated in U2OS cells transfected with the pZsProSensor-1 proteasome
sensor vector (Clontech Lab. Inc., USA). The pZsProSensor-1 vector
encodes a destabilized GFP (ZsGreen) fused to the degradation domain of
mouse ornithine decarboxylase, a specific substrate for 26S proteasome.
This fusion protein is rapidly degraded by the proteasome. For normali-
zation, pcDNA-LacZ vector was also transfected into cells. As a negative
control, cells were cultured in the presence MG132 (25 lM) for 6 h. After
harvesting cells, the fluorescence intensity of ZsGreen was measured by
fluorophotometer with excitation at 496 nm and emission at 505 nm.
Results

The interaction of mPrp19 protein with mSUG1 protein

Initially, mSUG1 was isolated from yeast two-hybrid
assay to determine the interacting proteins with mouse
ortholog of yeast Prp19 (mPrp19). In order to confirm
the interaction of both proteins, in vitro and in vivo binding
assay were conducted. For GST pull-down assay, bacterial
expressed GST-mPrp19 fusion protein or GST alone
immobilized on glutathione–Sepharose beads was incu-
bated with cell lysates from U2OS overexpressing the
myc-tagged mSUG1 protein. The mSUG1 protein was
detected in GST-mPrp19 protein-binding extracts, but
not in GST alone (Fig. 1A). Next, U2OS cells were co-
transfected with GFP-mPrp19 fusion protein and myc-
tagged mSUG1 vectors to determine their interactions by
co-immunoprecipitation. By immunoblotting with anti-
GFP antibody, we confirmed that the myc-tagged mSUG1
protein was interacted with the GFP-mPrp19 fusion pro-
tein (Fig. 1B). In addition, endogenous mPrp19 was also
associated with mSUG1 in cells expressing a myc-tagged
mSUG1 protein (Fig. 1C). These results indicate that
mPrp19 protein associates with mSUG1 protein directly.

The binding region of both mPrp19 protein and mSUG1

protein

We then attempted to locate the key fragment that medi-
ates the interaction between mPrp19 and mSUG1. The N-
terminus (1–186) and the C-terminus (186–406) of mSUG1
protein were tagged to the myc peptide, respectively
(Fig. 2A). GST pull-down assay was performed to delin-
eate the regions of mSUG1 required for interaction with
mPrp19. As shown in Fig. 2B, GST fusion protein encod-
ing mPrp19 was associated with the C-terminus of mSUG1
(mSUGB), suggesting that the AAA domain of mSUG1 is
required for interacting with mPrp19. To determine the
region of mPrp19 binding to mSUG1, several deletion
mutants were constructed in pEGFP vector (Fig. 2A).
U2OS cells expressing myc-tagged mSUG1 protein were
transfected with either pEGFP-mPrp19 vector or a control
pEGFP vector. The mPrp19 mutant containing only U box
(2–68) was not interacted with mSUG1 protein. Deletion of
the 223–503 amino acid fragment in mPrp19 (mPrp19C)
had also weak-binding affinity with mSUG1 (Fig. 2C),
whereas a construct containing the fragment of mPrp19
(1–223 aa) (mPrp19B) was sufficient for mSUG1 binding.
These results clearly demonstrate that the C-terminus of
mSUG1 protein including AAA domain and the N-termi-
nus (68–223 aa) of mPrp19 protein are crucial for the inter-
action between both proteins.



Fig. 1. The interaction of mPrp19 with mSUG1. (A) Purified GST-mPrp19 protein or GST protein was pull-downed with cell lysates from U2OS cells
overexpressing mSUG1-myc. The myc-tagged mSUG1 protein was detected by immunoblotting with anti-myc antibody. (B) U2OS cells were co-
transfected with both GFP fused mPrp19 vector and mSUG1-myc vector as indicated. Cell lysates were immunoprecipitated (IP) with anti-myc antibody
and the signal of both proteins was detected by immunoblotting. (C) Lysates from U2OS cells transfected with mSUG1-myc vector were
immunoprecipitated with anti-Prp19 antibody. Precipitates were detected by anti-myc and anti-Prp19 antibodies. *Indicates background signal.

Fig. 2. Determination of binding region within mPrp19 and mSUG1 proteins. (A) Deletion constructs were designed by district domains of mPrp19 and
mSUG1 as shown above. (B) For GST pull-down assay, purified GST-mPrp19 was mixed with cell lysates expressing deletion mutants of mSUG1.
Samples were analysed by SDS–PAGE and were immunoblotted by using anti-myc antibody. (C) Cells were transfected with mSUG1-myc vector and
truncated GFP-mPrp19 vectors. Immunocomplex was precipitated with anti-myc antibody and loaded at SDS–PAGE for immunoblotting.
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The stability of mPrp19 protein and its proteasomal activity

The ubiquitin-proteasome pathway is the major system
for degradation of short lived proteins. Therefore, in the
present study, the possible involvement of this pathway
was evaluated with the proteasome inhibitor MG132.
U2OS cells were incubated with MG132 for 6 h after trans-
fection with mSUG1 vector. Analysis by Western blotting
revealed that MG132 had no significant effect on the
mPrp19 protein level (Fig. 3A). In cells overexpressing
mPrp19, the endogenous level of mPrp19 was also not
affected by MG132 treatment, whereas the expression of
p53 as a positive control was strongly induced in U2OS
cells exposed to MG132. In addition, since mPrp19 has
U-box domain as an ubiquitin ligase, mPrp19 may stimu-
late the ubiquitination of mSUG1. However, the stability
of mSUG1 was not affected by mPrp19 (Fig. 3A). We
could not also observe polyubiquitination pattern of
mSUG1 protein by in vivo ubiquitination assay (data not
shown). Taken together, these data imply that mPrp19 is
not a substrate for mSUG1-mediated proteasome complex.

We next analysed the subcellular localization of both
mPrp19 and mSUG1 in mammalian cells. The mammalian
expression vectors encoding a GFP fused mPrp19 protein
and a myc-tagged mSUG1 protein were transfected
into cells. In U2OS cells, GFP-mPrp19 protein was



Fig. 3. The functional relationship between both mPrp19 and mSUG proteins. (A) Stability of mPrp19 and mSUG1 proteins in cells. The vectors
consisting of GFP-mPrp19 and mSUG1-myc was transfected into U2OS cells. Endogenous and exogenous expressions of both proteins were detected by
immunoblotting. Cells were exposed to MG-132, a proteasome inhibitor for 6 h. Arrows show exogenous and endogenous proteins indicated. (B) Co-
localization of GFP-mPrp19 with mSUG1. U2OS cells co-expressed GFP-mPrp19 and mSUG1-myc proteins were immunostained by TRITC conjugated-
myc antibody to observe the signal of mSUG1 protein. Prp19 was detected by the fluorescence intensity of GFP. MG132 was administered into U2OS
cells. (C) U2OS cells expressing mPrp19 or mPrp19 shRNA were transiently transfected with pZsProSensor-1 vector (a reporter for proteasome activity).
The mPrp19 shRNA vector was used to knock down its RNA expression in cells. 26S proteasome activity was measured by fluorescence photometer (ex,
496 nm; em, 505 nm). The data were normalized by b-galactosidase activity.
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ubiquitously localized at the cytoplasm, whereas mSUG1-
myc protein was distributed throughout a cell (Fig. 3B).
The co-localization of both proteins was rare in cells. How-
ever, in the MG132-treated cells mPrp19 protein was
clearly co-localized with mSUG1 protein. Both proteins
were formed the speckle-like foci in the cytoplasm in the
presence of MG132. The co-localization of mSUG1 with
mPrp19 led to the suggestion that mSUG1 and mPrp19
might play a role in the regulation of protein turnover.

Finally, to assess the impact of mPrp19 on proteasome
activity, a proteasome reporter construct, pZsProSensor-1,
was transiently co-transfected with mPrp19 vector or
mPrp19 shRNA vector into U2OS cells. As shown in
Fig. 3C, the overexpression of mPrp19 in cells caused the
enhancement of 26S proteasome activity, while the knock-
down of mPrp19 by using shRNA expressing vector leaded
to decrease proteasome activity. These results indicate that
mPrp19 play a role on protein degradation process and
may transport its substrate to the proteasome complex for
quick protein turnover.

Discussion

Most of proteins isolated as binding partner of Prp19 pro-
tein have been known to involve the process of DNA repair,
chromatin assembly, and RNA splicing [20–22]. In the present
study, we isolated mSUG1 through a yeast two-hybrid screen-
ing with mPrp19 as bait. SUG1 is one of six ATPase in the 19S
regulatory particle of the 26S proteasome which plays a role in
proteasome-mediated degradation of transcription factor and
nuclear receptor such as Sp1, estrogen receptors, vitamin D
receptor or thyroid hormone receptor [8,23].

Based on previous studies, the 19S regulatory particle of
the proteasome has been known to bind components of the
ubiquitin system to regulate the ubiqutin-proteasome deg-
radation pathway [24,25]. The human RNF2, an E3 ubiq-
uitin ligase, associates with S6 ATPase, a subunit of the
19S proteasomal complex leading to increase the ATP
hydrolysis activity [25]. In the present study, mPrp19 and
mSUG1 proteins were not served as substrates for their
enzymatic activity. However, in the presence of MG132,
a proteasome inhibitor, both proteins were concentrated
into clastosome foci as a typical pattern for proteasome
[26]. In particular, cells transfected with mPrp19 were
induced to increase the 26S proteasomal activity. These
results together with our results suggest that mPrp19 plays
a role in the SUG1-mediated substrate degradation for the
26S proteasome and it may recruit ubiquitinated substrates
into proteasome.

Interestingly, there is a report to show that SNEV, an
another term of Prp19, interacts with PSMB4, the b7 sub-
unit of the 20S proteasome, accumulating as speckle-like
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structures within cells [27]. The report insists that N-termi-
nus of SNEV lacking WD40 domain is essential for binding
to PSMB4. In the present study, the same region of
mPrp19 having coiled-coil domain was also required for
mSUG1 interaction. The N-terminal coiled-coils region is
known to be responsible for the interaction of proteasome
subunits [28,29]. Since coiled-coils are built from a-helices
which mediate the oligomerization of various proteins
[30], Prp19 forms a tetramer via its N-terminal coiled-coil
domain [14]. Thus, the N-terminus of mPrp19 containing
coiled-coil domain is important for the association with
proteasome complex directly, which might be coupled for
degradation of their substrates.

In most cases, targeting to the 26S proteasome is depen-
dent on tagging of the substrate with a polyubiquitin chain
which is mediated by E3 ligase [31]. Therefore, polyubiqui-
tinated proteins by mPrp19 could be targeted to the protea-
some through the interaction of both 19S particle and 20S
core. However, although Prp19 has an E3 ubiquitin ligase
activity to conjugate ubiquitin in vitro [32], its substrates
are not identified yet. Once specific substrates of Prp19
would be identified, the accurate mechanism of E3 ligase
with proteasome complex will get closer to be solved. In
conclusion, these findings shed new light on our under-
standing of Prp19 function related to proteasome activity
and it may be putative anchor protein to recruit the sub-
strate of proteasome.
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