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The addition of the poly(A) tail to the ends of eukaryotic mRNAs is catalyzed by poly(A) polymerase (PAP).
PAP activity is known to be highly regulated, for example, by alternative splicing and phosphorylation. In this
study we show that the small ubiquitin-like modifier (SUMO) plays multiple roles in regulating PAP function.
Our discovery of SUMO-conjugated PAP began with the observation of a striking pattern of abundant
higher-molecular-weight forms of PAP in certain mouse tissues and cell lines. PAP constitutes an unusual
SUMO substrate in that, despite the absence of any consensus sumoylation sites, PAP interacts very strongly
with the SUMO E2 enzyme ubc9 and can be extensively sumoylated both in vitro and in vivo. Six sites of
sumoylation in PAP were identified, with two overlapping one of two nuclear localization signals (NLS).
Strikingly, mutation of the two lysines at the NLS to arginines, or coexpression of a SUMO protease with
wild-type PAP, caused PAP to be localized to the cytoplasm, demonstrating that sumoylation is required to
facilitate PAP nuclear localization. Sumoylation also contributes to PAP stability, as down-regulation of
sumoylation led to decreases in PAP levels. Finally, the activity of purified PAP was shown to be inhibited by
in vitro sumoylation. Our study thus shows that SUMO regulates PAP in numerous distinct ways and is
integral to normal PAP function.
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Formation of nearly all eukaryotic mRNA 3� ends in-
volves endonucleolytic cleavage followed by the addi-
tion of a poly(A) tail. The poly(A) tail is important for
mRNA stability, transport into the cytoplasm, and effi-
cient translation initiation (Huang and Carmichael 1996;
Preiss et al. 1998). Polyadenylation of mRNA precursors
is carried out in the cell nucleus by a complex set of
factors (for review, see Colgan and Manley 1997; Min-
vielle-Sebastia and Keller 1999; Zhao et al. 1999). These
include cleavage polyadenylation-specific complex
(CPSF), cleavage stimulatory factor complex (CstF),
cleavage factors I and II (CF1, CFII), symplekin, and
poly(A) polymerase (PAP). PAP is a single-subunit, tem-
plate-independent polymerase belonging to the large su-
perfamily of nucleotidyl transferases (Raabe et al. 1991;
Martin and Keller 1996). All eukaryotes were initially
thought to possess a single PAP-encoding gene. While it
is now known that most eukaryotes contain additional
genes encoding PAP-related enzymes (Kashiwabara et al.
2000; Topalian et al. 2001; Kwak et al. 2004), the initially

characterized PAP appears to play the predominant role
in polyadenylation of mRNA precursors.

The functional domains of both mammalian and yeast
PAP have been studied extensively (Raabe et al. 1994;
Zhelkovsky et al. 1995; Martin and Keller 1996). The
N-terminal domain, highly conserved in mammals and
yeast, contains the three aspartate residues essential for
catalytic activity. An RNA-binding domain overlaps one
of two bipartite nuclear localization signals (NLSs). The
C-terminal domain, while dispensable for activity in
vitro, constitutes a regulatory domain in vertebrate PAP
that is absent in yeast PAP. In this domain, the two NLSs
surround a serine/threonine-rich region that contains
multiple cyclin-dependent kinase (cdk) phosphorylation
sites. The extreme C-terminal 20 amino acids are in-
volved in interactions with several proteins, including
U1A, U2AF65, a 14–3–3 protein, and the 25-kDa subunit
of CFI (Vagner et al. 2000; Ko and Gunderson 2002; Kim
and Lee 2001; Kim et al. 2003). Along with other poly-
adenylation factors, PAP is localized almost exclusively
to the nucleus (Raabe et al. 1994; Schul et al. 1998), al-
though minimal cytoplasmic localization has been re-
ported (Thuresson et al. 1994; Kyriakopoulou et al.
2001). Both bipartite NLSs are required for efficient
nuclear localization.
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PAP regulation occurs at both post-transcriptional as
well as post-translational levels. At the post-transcrip-
tional level, PAP is subject to a complex pattern of al-
ternative splicing. Although not well understood, this is
thought to provide both a form of autoregulation and a
mechanism to modulate the properties of the C-terminal
domain (Zhao and Manley 1996). At the post-transla-
tional level, regulation by phosphorylation has been the
subject of extensive study. Phosphorylated forms of PAP
are evident throughout the cell cycle; however, during
mitosis, PAP is hyperphosphorylated by cdc2–cyclinB,
resulting in repression of PAP activity (Colgan et al.
1996, 1998). This regulation is necessary for proper cell
growth, as DT40 cells harboring a cdk site mutant PAP
shows impaired growth features (Zhao and Manley
1998). The HIV-1 Vpr accessory protein inactivates the
cdc2/cyclin B complex and leads to hypophosphorylation
of PAP, which in turn leads to PAP hyperactivity and
contributes to HIV pathogenesis (Mouland et al. 2002).
The 14–3–3� protein interacts with the C-terminal re-
gion of PAP in a phosphorylation-dependent manner, in-
hibiting PAP activity and modulating subcellular local-
ization (Kim et al. 2003). PAP is also subject to acetyla-
tion in its C-terminal region. Acetylation was shown to
inhibit nuclear localization as well as interaction with
the CFIm 25-kDa subunit, which is also subject to acety-
lation (Shimazu et al. 2007). Yeast PAP is also phosphor-
ylated, but unlike mammalian PAP, this occurs prefer-
entially during S phase. A ubiquitinated form has also
been detected, although the significance of both modifi-
cations is not known (Mizrahi and Moore 2000).

Modification of proteins by the small ubiquitin-like
modifier SUMO affects numerous cellular pathways.
Sumoylation occurs in a manner mechanistically similar
to ubiquitination, using a heterodimeric E1 activating
enzyme (SAE1/2 in mammals or uba2/aos1 in yeast), a
single E2 (ubc9), and several E3 ligases. SUMO proteases
function to process SUMO into mature forms and to re-
move SUMO from conjugates (Johnson 2004; Hay 2005).
Of the three characterized SUMO isoforms, SUMO-1
shares 45% similarity with SUMO-2 and SUMO-3,
which are 96% similar and thought to be functionally
equivalent. An important difference between SUMO-1
and SUMO-2/3 is the ability of SUMO-2/3, but not
SUMO-1, to form polymeric chains (Saitoh and Hinchey
2000; Tatham et al. 2001).

SUMO can have varied effects on the function of the
protein it modifies. For example, sumoylation appears to
increase the stability of many substrates. In some cases,
this occurs by competing with and blocking ubiquitina-
tion at the same lysine residue (Desterro et al. 1998; Lin
et al. 2003). Sumoylation can also alter subcellular local-
ization of target proteins (for review, see Pichler and
Melchior 2002; Gill 2004). For example, SP100, Daxx,
and thymine DNA glycosylase are targeted to PML bod-
ies by virtue of sumoylation (Seeler and Dejean 2001).
Sumoylation is also associated with the nucleocytoplas-
mic transport and/or nuclear accumulation of several
proteins (Endter et al. 2001; Huang et al. 2003; Chen et
al. 2006). SUMO has been shown to act both by enhanc-

ing nuclear import and by promoting nuclear retention
through inhibiting nuclear export. SUMO can also local-
ize proteins to the cytoplasm. For example, the cytoplas-
mic localization of RanGAP1 is controlled by SUMO
modification, as SUMO-modified RanGAP1 interacts
with the nucleoporin RanBP2 at the cytoplasmic fibrils
of the NPC (Matunis et al. 1998).

SUMO has been implicated in several cellular pro-
cesses, most prominent of which are transcription, DNA
replication and repair, sister chromatid cohesion, and
signal transduction. This list is growing with the discov-
ery of novel targets through proteomic analysis of sum-
oylated proteins in both yeast and mammalian cells.
Some of these studies have identified sumoylation tar-
gets as possibly involved in RNA processing (Panse et al.
2004; Wohlschlegel et al. 2004), although this has not
been established. Other studies have reported direct
sumoylation of two RNA-binding proteins, hnRNPs C
and M, the RNA-editing enzyme ADAR1, and the poly-
adenylation factors symplekin and CPSF-73 (Li et al.
2004; Vassileva and Matunis 2004; Desterro et al. 2005;
Vethantham et al. 2007). An interaction between yeast
PAP and uba2, the SUMO E1, has also been reported (del
Olmo et al. 1997). Depletion of uba2 caused an increase
in polyadenylation activity, although it is unknown if
PAP was in fact sumoylated.

In this study, we analyzed sumoylation of mammalian
PAP. Unexpectedly, sumoylated PAP was found to be
extremely abundant in certain mouse tissues and cell
lines. SUMO modification of PAP was confirmed by in
vitro assays and cotransfection experiments, and the
sites of modification were mapped principally to the C-
terminal regulatory domain. Sumoylation was found to
have multiple effects on PAP function. Most strikingly,
nuclear localization of PAP was found to be dependent
on sumoylation. Interference with PAP sumoylation also
resulted in protein destabilization, suggesting that
SUMO can affect PAP stability. Finally, in vitro sum-
oylation was found to inhibit the activity of purified
PAP. SUMO is thus a novel post-translational regulator
capable of affecting multiple aspects of PAP function.

Results

Higher-molecular-weight (HMW) forms of PAP
accumulate in various tissues and cell lines

We and others described previously a second PAP gene,
which encodes a PAP called Neo-PAP or PAP-� that is
extremely similar to the well-studied PAP described
above (Kyriakopoulou et al. 2001; Topalian et al. 2001).
In order to begin to study the physiological roles of these
two PAPs, we produced anti-peptide antibodies that dif-
ferentiate between them. As a first experiment, we used
the antibodies to analyze different mouse tissues by
Western blotting. Neo-PAP was expressed in a limited
number of tissues and, consistent with previous results
(Topalian et al. 2001), there was no evidence of post-
translational modification (results not shown). However,
the pattern observed with PAP itself was strikingly dif-
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ferent. PAP typically migrates between 90 and 105 kDa
on SDS gels, reflecting the presence of phosphorylated
forms (Ballantyne et al. 1995; Colgan et al. 1996). How-
ever, an unexpected pattern of HMW species in addition
to those of the expected size was detected in several
mouse tissues. These species were detected at high lev-
els in a striking ladder-like pattern in samples from tis-
sues including spleen, lung, and, most strikingly, bladder
(Fig. 1A). As many as four HMW species were observed
extending to an apparent molecular size of ∼200 kDa. In
tissues such as heart and kidney, where the levels of
100-kDa PAP were low, the HMW species were also pro-
portionately decreased, providing evidence that these
species were PAP related.

We next analyzed lysates prepared from several cell

lines (Fig. 1B). In keeping with previous studies (Thures-
son et al. 1994; Zhao and Manley 1996), HeLa cells
showed predominantly 100-kDa PAP although HMW
species of less intensity at 150 kDa were also observed
(Fig. 1A [lane 11], B [lane 1]). A similar pattern was ob-
served with 293 cells (data not shown). Strikingly, NIH
3T3 cells (Fig. 1B, lane 2) displayed abundant HMW
forms very similar to those observed in bladder tissues.
Given the abundance of HMW forms in bladder, we ana-
lyzed two mouse bladder carcinoma lines, MBT-2 and
MB-49 (Fig. 1B, lanes 3,4). Both of these cell lines dis-
played patterns very similar to bladder (Fig. 1B, lane 5).

We next wished to confirm that the HMW species
were PAP related and not cross-reacting proteins. To this
end, siRNAs directed against PAP were transfected into
both HeLa and NIH 3T3 cells. As expected, not only did
the 100- to 106-kDa bands decrease in intensity in the
knockdown cells as compared with control siRNA-
treated cells (Fig. 1C), but accumulation of the single
150-kDa species in HeLa cells (Fig. 1C, lanes 1,2) and the
HMW species in NIH 3T3 (Fig. 1C, lanes 3,4) diminished
with transfection of PAP siRNA. We therefore conclude
that these proteins are indeed PAP related.

As mentioned above, PAP exists in various phosphor-
ylated states in the cell (Ballantyne et al. 1995; Colgan et
al. 1996, 1998). Although the very low mobility of the
modified forms does not suggest phosphorylation, we
nonetheless tested to determine whether the HMW PAP
isoforms we observed were hyperphosphorylated by
treating cell extracts with phosphatase. The HMW forms
were not affected by phosphatase treatment, although
the 100-kDa band decreased in intensity (data not
shown). Therefore, the HMW isoforms likely result from
a covalent modification other than phosphorylation.

The HMW forms are SUMO-2/3-modified forms
of PAP

We next wished to determine the nature of the PAP
modifications. We observed that the bands in the ladder
shown in Figure 1A increased in steps corresponding to a
size of ∼20 kDa. Significantly, modification by SUMO
also increases the apparent molecular weight of sub-
strates by 20 kDa (Johnson 2004). To determine whether
the HMW PAP isoforms were indeed SUMO modified,
we first prepared extracts from mouse bladder and im-
munoprecipitated them with anti-PAP antibodies (Fig.
2A). Along with the 100-kDa PAP, all the HMW forms
were immunoprecipitated as shown by immunoblotting
with the anti-PAP antibody (Fig. 2A, left-most panel). We
then analyzed the immunoprecipitations (IPs) by West-
ern blotting with anti-ubiquitin (Fig. 2A, right-most
panel), anti-SUMO-1 (Fig. 2A, second panel from the
right), and anti-SUMO-2/3 (Fig. 2A, second panel from
the left) antibodies. Strikingly, the anti-SUMO-2/3 anti-
bodies, but none of the others, recognized the HMW PAP
isoforms. In nuclear extract prepared from HeLa cells, in
which the HMW isoform was more abundant than in the
whole-cell lysate analyzed above, the PAP antibody im-
munoprecipitated the 150-kDa species in addition to

Figure 1. Abundant HMW species of PAP are detected in tis-
sues and cell lines. (A) Anti-PAP immunoblotting of mouse tis-
sue lysates. Equivalent amounts of total protein from various
mouse tissue extracts, HeLa whole-cell lysate, and 50 ng of
purified recombinant PAP protein were analyzed by Western
blotting with anti-PAP and anti-actin antibodies. (B) Anti-PAP
immunoblotting of cell lines. Whole-cell lysates prepared from
the indicated cell lines, recombinant PAP, and bladder tissue
extracts were subject to Western blotting as above. (C) Whole-
cell lysates were prepared from HeLa or NIH 3T3 cells trans-
fected with PAP-specific siRNAs (lanes 2,4, respectively) or con-
trol siRNAs (lanes 1,3, respectively) and subject to Western
blotting with anti-PAP and anti-actin antibodies. The positions
of unmodified PAP and the HMW species are indicated by
closed arrows and open arrows or brackets, respectively. The
positions of molecular size markers are indicated on the right.
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lower-molecular-weight forms of PAP (Fig. 2B, left panel,
lane 3). As with the bladder extracts, the SUMO-2/3 an-
tibody specifically recognized the HMW isoform (Fig. 2B,
right panel, lane 3). These results were confirmed with a
second anti-SUMO-2/3 antibody (Supplemental Fig. 1).
Taken together, these results indicate that PAP can be
extensively modified by SUMO-2/3 in a manner that var-
ies in a tissue- and cell-type-dependent manner.

PAP interacts directly with ubc9 and is a substrate
for in vitro modification by SUMO.

The above data provide strong evidence that PAP is sum-
oylated. However, two observations suggest that PAP
may be an unusual SUMO substrate. First, in some tis-
sues and cell types, a large fraction of total PAP was
detected in sumoylated forms. More typically, only
small proportions of substrate proteins appear to be sum-
oylated (see Discussion). Second, SUMO is frequently
conjugated to lysines present in a consensus motif,
�KXE (Melchior 2000; Yeh et al. 2000). However, nei-
ther mouse nor human PAP contains a match to this
consensus. We therefore next wished to determine
whether PAP is sumoylated in vitro by the characterized
sumoylation pathway.

Most SUMO substrates interact directly with the E2
enzyme ubc9 and can be sumoylated using in vitro as-
says containing recombinant E1, E2, and SUMO (e.g.,
Sampson et al. 2001). In many cases, the interaction of a
protein with ubc9 is itself a strong indication that it is a
substrate for SUMO modification (Melchior 2000). To
determine whether PAP interacts with ubc9, we first car-
ried out IPs with anti-ubc9 antibodies using NIH 3T3
extracts. The ubc9 antibody selectively immunoprecipi-

tated the unmodified PAP isoform from these extracts
(Fig. 3A, top panel). The reverse IP confirmed these re-
sults; PAP antibodies immunoprecipitated ubc9 from
NIH 3T3 extracts (data not shown). To determine wheth-
er the interaction between PAP and ubc9 was direct, we
used an in vitro binding assay with purified his-tagged
PAP and GST-ubc9. The results (Fig. 3B) indeed revealed
a direct interaction between the two proteins.

We next wished to determine whether PAP can be
sumoylated in vitro with purified components. To this
end, we used an in vitro assay with recombinant His-
tagged PAP, GST-E1, GST-E2, and GST-SUMO-1, GST-
SUMO-2, and GST-SUMO-3 in the presence of an ATP
regenerating system (Tatham et al. 2001). HMW forms of
PAP were detected with an anti-his antibody in reactions
containing E1/E2 and GST-SUMO-1, GST-SUMO-2, or
GST-SUMO-3 in the presence of ATP (Fig. 3C, lanes
3,5,7). No HMW bands were detected in the absence of
ATP (Fig. 3C, lanes 4,6,8,10), in control reactions with
GST instead of GST-SUMO-1, GST-SUMO-2, or GST-
SUMO-3 (Fig. 3C, lane 1) or in reactions lacking E1/E2
(Fig. 3C, lane 2), indicating that the bands observed re-
flect SUMO-modified forms of PAP. PAP can thus be
modified by all three SUMO isoforms in vitro. Signifi-
cantly, though, we observed that addition of SUMO-2
and SUMO-3 together resulted in more efficient forma-
tion of HMW species, resembling more closely the in
vivo pattern (Fig. 3C, lane 9).

PAP sumoylation sites are localized in its C-terminal
regulatory domain

We next wished to identify the lysines in PAP that are
modified by SUMO. For this, we developed a cotransfec-

Figure 2. The HMW forms of PAP are modified by
SUMO-2/3. (A) Proteins were precipitated from bladder
extracts with antibodies directed against PAP or actin
as described in Materials and Methods and analyzed on
SDS-PAGE. Lanes 1, 2, and 3 in all panels are the blad-
der lysate input (10%), anti-actin IP, and anti-PAP IP,
respectively. Positions of protein size standards are
marked on the right. Immunoblotting was carried out
with anti-PAP (left panel), anti-SUMO2/3 (left middle
panel), anti-SUMO-1 (right middle panel), or anti-ubiq-
uitin antibodies (right panel). Closed arrow and bracket
indicate unmodified and HMW PAP forms, respec-
tively. (B) Antibodies directed against PAP or nonspe-
cific IgG were used to immunoprecipitate proteins from
HeLa NE prepared in the presence of NEM as described
in Materials and Methods. The immunoprecipitated
proteins (lanes 2,3) along with 10% of the input (lanes 1)
were analyzed by Western blotting with anti-PAP (left
panel) or anti-SUMO-2/3 (right panel) antibodies.
Closed and open arrows indicate unmodified and modi-
fied PAP, respectively.
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tion assay in which HA-tagged mouse PAP is coex-
pressed with His-tagged SUMO-3 in human 293 cells.
However, in initial experiments, we were unable to de-
tect modified forms of HA-PAP in Western blots of
whole-cell lysates, indicating that the exogenous PAP
was poorly modified. In order to enrich the lysates for
SUMO-modified forms of PAP, we carried out the co-
transfection as above and then partially purified SUMO
conjugates under denaturing conditions using Ni-NTA
resin (e.g., Salinas et al. 2004). Western blotting of these

lysates with anti-HA antibodies revealed three distinct
modified PAP forms (Fig. 4A, lane 2; Fig. 4B, lanes 2,6).
Occasionally, more extensively modified forms were
also apparent (Fig. 4B, lane 2).

We next used this assay to map the sites of sumoyla-
tion in PAP. First, regions in PAP containing the poten-
tial lysines were mapped by analyzing truncated versions
of PAP containing specific functional domains (e.g., Mar-
tin et al. 2000). The N-terminal domain containing resi-
dues 1–350 was not modified detectably in the cotrans-
fection assay (data not shown). A single modified species
was detected with PAP 1–500 (Fig. 4A, lane 6), and two
modified forms were detected with PAP 1–660 (Fig. 4A,
lane 4). Based on this, we next systematically mutated
all of the 31 lysines between residues 350 and 730 to

Figure 3. PAP can be sumoylated in vitro and interacts directly
with ubc9. (A) Proteins from NIH 3T3 cell extracts were pre-
cipitated with anti-ubc9 or anti-actin IgG and analyzed by West-
ern blotting with anti-ubc9 (bottom panel) or anti-PAP (top
panel) antibodies as indicated. (Lane 1) Ten percent of the ex-
tracts used in the binding experiments were loaded as input. (B)
His-tagged PAP was incubated with equal amounts of GST or
GST-Ubc9 bound to glutathione Sepharose beads. Bound pro-
teins (lanes 2,3) were eluted by boiling in SDS sample buffer and
resolved on SDS-PAGE along with 10% of the input (lane 1) and
analyzed by Western blotting with anti-His antibodies. (C) Pu-
rified His-tagged PAP was incubated for 2 h at 37°C with GST-
SAE2/1 (E1) GST-hUBC9 (E2), in the presence of GST-SUMO-1,
GST-SUMO-2, or GST-SUMO-3 as indicated, and in the pres-
ence (+) or absence (−) of ATP (shown in lanes 3–10). Lane 1 is a
control reaction carried out in the absence of E1 and E2, and
lane 2 is a control reaction containing GST instead of GST-
SUMO-1, GST-SUMO-2, or GST-SUMO-3. Reactions were ter-
minated by adding SDS sample buffer and were analyzed by
Western blotting with anti-His antibodies. Unmodified PAP and
GST SUMO-PAP are indicated. An ATP-independent species
that appears in the presence of E1 is marked with an asterisk.

Figure 4. The sumoylation sites in PAP are localized in the
C-terminal regulatory region. (A) Plasmids expressing HA-
tagged full-length PAP (lanes 1,2), PAP 1–660 amino acids (lanes
3,4), and PAP 1–500 amino acids (lanes 5,6) were transfected
into 293 cells along with empty vector (−) or SUMO-3 expres-
sion plasmid (+). Cell extracts were prepared under denaturing
conditions and partially purified by binding to Ni-NTA beads as
described in Materials and Methods. The bound fractions were
analyzed by Western blotting with anti-HA antibodies. (B) HA-
PAP expression constructs were transfected into 293 cells in the
presence of empty vector (−), or SUMO-3-expressing (+) plasmid
and processed as above. Bound proteins from cells transfected
with plasmids expressing wild-type PAP (lanes 1,2,5,6), K656–
657R PAP (lanes 3,4), K444–445R PAP (lanes 7,8), �730–734
PAP (lanes 9,10), and 6M-PAP (lanes 11,12) were analyzed by
Western blotting with anti-HA antibodies. Sumoylated PAP
species are indicated by closed arrows and positions of molecu-
lar weight markers are indicated on the right. (C) A ClustalW
alignment of bovine, human, chicken, mouse, and Xenopus PAP
is shown. The SUMO acceptor lysines are boxed.
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arginine. In most of the cases, individual lysines were
mutated; however, closely spaced Lys444–445, Lys506–
507, and Lys656–657 were mutated together, and
Lys730–734 were deleted. PAP containing the mutations
K444–445R, K656–657R, or lacking Lys730 and Lys734
(Fig. 4B, lanes 4,8,10) showed differences in sumoylation
from the wild-type protein (Fig. 4B, lanes 2,6). A PAP
construct containing all these mutations (mutant 6M)
was completely deficient in sumoylation (Fig. 4B, lane
12). The 6M mutant also could not be sumoylated in
vitro, indicating that the same lysines are targeted for
sumoylation in vitro and in vivo (Supplemental Fig. 4).
These six lysines are conserved across several vertebrate
species (Fig. 4C), although they are not conserved in
yeast PAP. Interestingly, they are also not conserved in
Neo-PAP, which appears not to be sumoylated (results
not shown). It is also noteworthy that four of the six
lysines are localized in the C-terminal regulatory region,
with Lys656–657 overlapping the second PAP NLS
(NLS2).

Nuclear localization of PAP is SUMO-dependent

We next wished to investigate the functional conse-
quences of PAP sumoylation. Sumoylation is known to
influence the nucleocytoplasmic transport of several

substrates (e.g., Rangasamy et al. 2000; Lin et al. 2003).
Especially since PAP is sumoylated at lysines overlap-
ping NLS2, we set out to test whether sumoylation af-
fects PAP nuclear localization. We first wished to con-
firm that sumoylated PAP is indeed nuclear. We com-
pared the intensities of the HMW species of PAP in HeLa
whole-cell and nuclear extracts by Western blot analysis.
The intensity of the HMW species was considerably
higher in nuclear compared with whole-cell extracts
(Supplemental Fig. 2A). In addition, immunofluoresence
assays of PAP in NIH 3T3 cells, where PAP HMW spe-
cies are abundant (see Fig. 1), revealed essentially exclu-
sive nuclear staining (Supplemental Fig. 3). These results
indicate that sumoylated PAP is indeed enriched in the
nucleus.

To determine if sumoylation plays a direct role in
nuclear localization, we first expressed HA-tagged wild-
type and 6M mutant PAPs in HeLa cells. Cells were
fixed, stained for PAP using HA antibodies, and visual-
ized by confocal microscopy. Nuclei were visualized by
propidium iodide staining. Wild-type PAP localized to
the nucleoplasm as expected (Fig. 5A; Raabe et al. 1994).
Remarkably, however, the 6M mutant was localized in
the cytoplasm in all transfected cells examined (Fig. 5B).
We next wished to determine whether loss of sumoyla-
tion at Lys656–657 was sufficient to relocalize PAP into

Figure 5. Nuclear localization of PAP is SUMO-dependent. HeLa cells were transfected with HA-tagged wild-type PAP expression
vector (A), 6M PAP expression vector (B), K656–657R PAP expression vector (C), and wild-type PAP and Flag-SENP1 expression vectors
(D). Forty-eight hours after transfections, cells were fixed and subjected to immunofluorescence with anti-HA antibodies and Alexa-
Fluor 488-conjugated anti-mouse secondary antibody as described in Materials and Methods. Nuclei were counterstained with prop-
idium iodide. Anti-HA staining (green) is shown in the left panels, middle panels show propidium iodide staining, and right panels
show a merged image of propidium iodide and antibody staining.
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the cytoplasm. Therefore, we examined localization of
the K656–657R mutant. Strikingly, this mutant behaved
like the 6M mutant and was localized largely if not ex-
clusively to the cytoplasm (Fig. 5C). The K444–445R and
K730–734R mutant PAPs were localized to the nucleus,
indistinguishably from wild-type protein (data not
shown). Similar results were obtained with transfected
NIH 3T3 cells (data not shown).

We next wished to confirm that the effect of the ly-
sine-to-arginine mutations was in fact due to loss of
sumoylation. To this end, localization of wild-type PAP
was examined in HeLa cells coexpressing SENP1 SUMO
protease. The subcellular localization of various SUMO
proteases often determines their substrate specificity.
SENP1 is localized to the nucleoplasm, like PAP (Gong
et al. 2000; Bailey and O’Hare 2002). Following transfec-
tion and analysis as above, we observed that wild-type
PAP was relocalized to the cytoplasm from the nucleus
in cells that coexpressed SENP1 (Fig. 5D). Coexpression
of a catalytically inactive mutant of SENP1 with PAP did
not alter the localization pattern, confirming that the
desumoylation activity of SENP1 was required to relo-
calize PAP (results not shown). These results indicate,
firstly, that SENP1 targets PAP for desumoylation in
vivo, and secondly, that loss of sumoylation is indeed
responsible for the change in PAP localization.

Sumoylation enhances PAP stability

Sumoylation is also known to affect protein stability. For
example, SUMO modification of the NFkB repressor
I��� renders it resistant to degradation, and sumoylation
of the tumor suppressor smad4 enhances the stability
(Desterro et al. 1998; Lin et al. 2003). Therefore, we next
sought to investigate whether SUMO modification af-
fects PAP protein levels by examining the effect of sum-
oylation on the stability of endogenous PAP. In these
experiments we down-regulated the SUMO pathway us-
ing two approaches. In the first approach, NIH 3T3 cells
were transfected with siRNAs targeting ubc9 or with
control siRNAs. After 72–96 h, cells were harvested and
lysates analyzed by Western blotting with anti-ubc9,
anti-PAP, and anti-actin antibodies. The blot confirmed
efficient ubc9 knockdown (Fig. 6A, top panel). Depletion
of ubc9 resulted in loss of the HMW PAP forms. How-
ever, there was no accumulation of unmodified PAP
with the disappearance of modified forms; instead, an
overall reduction in total PAP levels was observed (Fig.
6B, bottom panel). Anti-actin blotting confirmed equal
loading of the lanes (Fig. 6A, middle panel). We also con-
firmed by RT–PCR that PAP mRNA levels were unaf-
fected by ubc9 siRNA transfections (data not shown);
thus, reduction in PAP occurs at the protein level.

We next used a different approach to reduce overall
levels of sumoylation, which was to overexpress SENP1.
NIH 3T3 cells transfected with increasing amounts of a
plasmid expressing Flag-tagged SENP1 were analyzed for
levels of endogenous PAP by Western blotting with anti-
Flag, anti-SUMO-2/3, and anti-PAP antibodies. Increas-
ing amounts of SENP1 expression (Fig. 6B, third panel

from top) resulted in loss of total SUMO-2/3-conjugated
proteins in the transfected cells (Fig. 6B, bottom panel)
and, more significantly, of the HMW forms of PAP (Fig.
6B, top panel, lanes 2–4). As was observed in the ubc9
siRNA-treated cells, there was no accumulation of un-
modified PAP; instead, the levels of PAP were signifi-
cantly reduced. Together, these results suggest that dis-
ruption of the SUMO pathway in NIH 3T3 cells com-
promises PAP.

Sumoylation of PAP attenuates polyadenylation
activity

Hyperphosphorylation of the PAP regulatory domain is
known to repress PAP activity (Colgan et al. 1996, 1998).
We therefore sought to determine whether sumoylation
can also affect the enzymatic activity of PAP. Toward
this end, we examined the effect of sumoylating purified
His-PAP in vitro as described above, except that we re-
placed GST-tagged forms of SUMO with untagged
SUMO to avoid possible artifacts due to the GST tag.
His-tagged PAP was added to reactions containing re-
combinant E1, E2, and an ATP regenerating system, in
the presence or absence of SUMO-2. Western blot analy-
sis revealed the appearance of SUMO-2-modified PAP
(Fig. 7A, left panel). We then examined activity in non-
specific poly(A) synthesis assays (e.g., Ryner et al. 1989),

Figure 6. Sumoylation enhances PAP stability. (A) NIH 3T3
cells were transfected with ubc9 siRNA or control siRNA, and
whole-cell lysates were analyzed by Western blotting with anti-
ubc9, anti-PAP, or anti-actin antibodies. Positions of protein
size standards are indicated. (B) NIH 3T3 cells were transfected
with 0, 1, 2, or 5 µg of Flag-SENP1 expression vector using
AMAXA nucleofector II. Twenty-four hours after transfection,
lysates from equivalent number of cells were analyzed by West-
ern blotting with anti-PAP, anti-actin, anti-Flag, and anti-
SUMO2/3 antibodies.
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in which PAP adds adenosine residues in an AAUAAA-
independent manner to a 32P-labeled substrate RNA in
the presence of Mn2+ ions. Increasing amounts of sum-
oylated and mock-treated PAP were added to polyade-
nylation assays, and RNA was purified and analyzed by
denaturing PAGE. The results (Fig. 7B) show that both
the amount of substrate polyadenylated as well as the
poly(A) tail length were lower in reactions containing
sumoylated PAP versus reactions containing unmodified
PAP, indicating that in vitro sumoylation inhibits poly-
adenylation activity.

To confirm these results, we repeated the above assay
but first repurified the his-tagged PAP from sumoylation
reaction mixtures with nickel agarose beads. A silver-
stained SDS gel (Fig. 7C) revealed several HMW forms of
PAP isolated from the SUMO-2-containing (Fig. 7C, lane
2) but not the control (Fig. 7C, lane 1) reaction lacking
SUMO-2. Addition of increasing amounts of repurified

control or sumoylated PAP to poly(A) synthesis assays
revealed that sumoylated PAP was less active than the
control at all concentrations tested (Fig. 7D). These re-
sults demonstrate that sumoylation inhibits PAP enzy-
matic activity.

Discussion

In this study, we identify sumoylation as a novel regu-
lator of PAP function. The presence of very high levels of
SUMO-2/3-modified PAP in specific tissues and cell
lines was unanticipated and has not been observed pre-
viously with other SUMO substrates. This, in addition
to the absence of consensus sites and the strong interac-
tion with ubc9, suggests that PAP is an unusual SUMO
substrate. SUMO was found to influence PAP function
at multiple levels. Most strikingly, we discovered that
nuclear localization of PAP is SUMO-dependent. SUMO
was also found to enhance PAP stability, particularly in
cell lines with high endogenous levels of modified PAP.
Finally, we observed that SUMO has an inhibitory effect
on PAP enzymatic activity. Below we discuss the under-
lying mechanisms and physiological relevance of this
regulation.

Many SUMO targets can be sumoylated in vitro in the
absence of E3 ligases. In vivo, however, E3 ligases play
important roles in regulating sumoylation (Johnson
2004). In the case of PAP, the direct interaction with
ubc9 does not preclude roles for (an) E3 ligase(s) in vivo.
There are several indications to suggest this is the case.
For one, unlike the striking endogenous ladder-like pat-
tern of modification that we observed in several mouse
tissues, coexpression of exogenous PAP with SUMO
yielded mainly three distinct modified species. In addi-
tion, the level of exogenous PAP modification upon co-
expression with SUMO was much lower than that of the
endogenous protein, suggestive of a limiting factor in the
transfection experiments, perhaps the putative E3 ligase.
E3 ligases not only increase sumoylation of substrates,
but have also been known to catalyze polysumoylation
(e.g., Rosas-Acosta et al. 2005). Secondly, while all three
SUMO paralogs could be conjugated to PAP in vitro, we
only detected SUMO-2/3-modified PAP in vivo. E3 li-
gases have also been shown to confer SUMO paralog
specificity to several substrates such as RanGAP1 and
SP100 (Reverter and Lima 2005; Tatham et al. 2005),
which like PAP can be equally conjugated to all three
isoforms in vitro (Reverter and Lima 2004). Finally, E3
ligases have been shown to play a particularly important
role in SUMO modification of substrates that lack con-
sensus modification sites. For example, CtBP2, which
lacks consensus sites, is only sumoylated when the E3
ligase Pc2 is included in cotransfection experiments
(Kagey et al. 2003). The putative PAP E3 ligase may play
an important role in regulation of PAP sumoylation, per-
haps contributing to the variations in sumoylation levels
that we observed in different tissues.

Our finding that SUMO is capable of influencing not
one but several aspects of PAP function was unexpected.
Perhaps the most profound effect was on PAP localiza-

Figure 7. Sumoylation attenuates enzymatic activity of PAP.
(A) In vitro sumoylation reactions were carried out with his-
tagged PAP, in the absence (−) or presence (+) of untagged
SUMO-2, and analyzed by Western blotting with anti-PAP an-
tibodies. The positions of protein size standards are indicated.
(B) Nonspecific polyadenylation assays. Assays containing 5 ng
(lanes 1,2) or 10 ng (lanes 3,4) of PAP from A were carried out as
described in Materials and Methods. Following incubation,
RNAs were isolated, resolved by denaturing PAGE, and sub-
jected to autoradiography. (C) In vitro sumoylation reactions
were performed as in A with reaction mixtures scaled up 10-
fold, and His-PAP was purified by binding to Ni-NTA beads. A
silver-stained SDS gel of the purified proteins is shown. Un-
modified PAP, SUMO-PAP, and positions of protein size stan-
dards are indicated. The nonspecific band described in Figure 3
is marked with an asterisk. (D) Nonspecific polyadenylation
assays with purified in vitro sumoylated PAP. Reactions were
carried out with 2 ng (lanes 1,2), 4 ng (lanes 3,4), 10 ng (lanes
5,6), and 20 ng (lanes 7,8) of PAP isolated from reactions con-
taining (lanes 2,4,6,8) or lacking (lanes 1,3,5,7) SUMO-2.
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tion. Sumoylation has been found to enhance nuclear
accumulation of several substrates, although in no case
as directly as we showed for PAP. For example, sumoyla-
tion-deficient mutants of the transcription factor CtBP1
and the bovine papillomavirus E1 protein are mislocal-
ized at least partially to the cytoplasm, but the sumoyla-
tion sites are not located near an NLS (Rangasamy et al.
2000; Lin et al. 2003). In the case of the transcription
factor Daxx, sumoylation sites are located adjacent to an
NLS, but coexpression of SUMO with a �NLS mutant of
Daxx still relocalized the protein to the nucleus, indicat-
ing that noncovalent interactions of SUMO may be in-
volved (Chen et al. 2006). The effect of sumoylation on
PAP localization is particularly striking not only because
sumoylation at NLS2 is necessary for correct localiza-
tion, but also because abolishing sumoylation generally,
by overexpression of SENP1, also causes mislocalization.

The mechanism by which PAP sumoylation influ-
ences localization is unclear. PAP does not contain rec-
ognizable nuclear export signals, and experiments with
leptomycin ruled out nuclear export mechanisms influ-
encing PAP localization (V. Vethantham, N. Rao, and J.L.
Manley, unpubl.). A role for SUMO in import therefore
seems more likely. A recent study showed that PAP
acetylation at NLS2 (Lys644) inhibits interactions with
the importin �/� complex, thereby inhibiting nuclear lo-
calization (Shimazu et al. 2007). Sumoylation could
compete with and prevent acetylation at NLS2, thus pro-
moting import. However, we cannot rule out other ex-
planations such as SUMO inducing conformational
changes that expose the NLS and/or promoting interac-
tions with the nuclear import machinery.

Despite the fact that only a small fraction of exog-
enous PAP was detectably modified, loss of sumoylation
had large effects on localization. This behavior is not
unusual among SUMO substrates. For example, the
strong repressive effects of sumoylation on transcription
factors such as p300 and Elk-1 are almost entirely lost
when sumoylation sites are mutated, although only very
small proportions of these proteins are detected in sum-
oylated forms (Girdwood et al. 2003; Salinas et al. 2004;
for review, see Hay 2005). It has been postulated that
once the transcription factor has entered the repressive
environment for which sumoylation is required, the
modification may no longer be necessary to maintain
those interactions. Thus a protein with a past history of
modification behaves differently from a protein that has
never been modified. Similarly, sumoylation of PAP may
be required to initiate interactions that facilitate correct
nuclear localization, such as incorporation into import
complexes (see Melchior et al. 2003), but once this is
achieved, sumoylation is no longer required.

Sumoylation, unlike ubiquitination, is often associ-
ated with increased stability of its targets. The effect of
SUMO in promoting stability can occur by blocking
ubiquitination at the same lysine (Desterro et al. 1998;
Steffan et al. 2004). However, there is currently no evi-
dence that metazoan PAP is ubiquitinated, nor is it cur-
rently known whether instability is a direct consequence
of loss of PAP sumoylation.

Our studies revealed an inhibitory effect of SUMO on
the activity of purified PAP. In this respect, the effect of
sumoylation resembles PAP phosphorylation (Colgan et
al. 1996, 1998). The absence of any other factors in our in
vitro assay suggests that a conformational change in-
duced by SUMO is responsible for the inhibition. Sum-
oylation has been known to reduce the RNA-binding ac-
tivity of hnRNPs C and M (Vassileva and Matunis 2004)
and to reduce the RNA-editing activity of ADAR1 (Des-
terro et al. 2005). The inhibitory effect of sumoylation on
PAP activity is thus in keeping with these previous find-
ings. However, it contrasts with our recent observations
that SUMO plays a positive role in enhancing 3� process-
ing complex assembly and activity. We showed that
CPSF-73 and symplekin are sumoylation targets and that
desumoylation of HeLa nuclear extracts inhibited 3� pro-
cessing by preventing formation of polyadenylation-spe-
cific complexes (Vethantham et al. 2007). These contra-
dictory findings can be reconciled by considering the fact
that PAP enzymatic activity was measured in the ab-
sence of other factors in the complex, under conditions
in which the enzyme behaves in a distributive and not a
processive manner (Ryner et al. 1989; Martin et al. 2004).
Additionally, the levels of sumoylated PAP are low in
HeLa nuclear extracts, and the inhibitory effect of de-
sumoylation on complex assembly may thus over-
shadow the small increase in PAP activity that would be
predicted to arise from its desumoylation. It is likely that
in a cellular context, where polyadenylation is carried
out by a multisubunit complex, several factors come
into play. These include the levels of sumoylated PAP in
the nucleus, how PAP sumoylation modulates its inter-
actions with other factors, and the combined effects of
sumoylation of other factors in the 3� processing com-
plex.

The multiple effects of SUMO on PAP function indi-
cate that SUMO regulates PAP in a complex manner.
Future studies will be instrumental in determining how
these different effects can be integrated into a single
model to better comprehend the impact of SUMO on
PAP function. For example, is the localization of PAP
related to its susceptibility to degradation pathways?
Does PAP undergo cycles of sumoylation and desum-
oylation within the nucleus with respect to its incorpo-
ration into the 3� processing machinery? The presence of
high levels of PAP in certain cell types and tissues is
intriguing, and we speculate that in these tissues, SUMO
may play additional roles in regulating PAP function.

Regulation of PAP by post-translational modifications
is emerging as a complex picture. PAP is now known to
be subject to phosphorylation, acetylation, and sumoyla-
tion. This is consistent with the need to regulate PAP
activity tightly (Zhao and Manley 1998). It is conceivable
that the different modifications interact to control PAP
under various conditions, since sites of phosphorylation,
acetylation, and sumoylation are situated very close to-
gether or even overlap (Fig. 8). The consensus cdk sites of
phosphorylation at Ser654 and Ser648 are close to sum-
oylation sites. Mutation of both of these serines to
alanines did not affect sumoylation (V. Vethantham,
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N. Rao, and J.L. Manley, unpubl.), indicating that sum-
oylation is not dependent on phosphorylation. In addi-
tion, while phosphorylation of PAP is regulated in a cell
cycle-dependent manner (Ballantyne et al. 1995; Colgan
et al. 1996), we did not detect changes in PAP sumoyla-
tion levels during the cell cycle (V. Vethantham, N. Rao,
and J.L. Manley, unpubl.). While phosphorylation of sev-
eral proteins has been shown to positively influence
sumoylation (Hietakangas et al. 2003; Hayakawa and
Privalsky 2004), this appears not to be the case for PAP.
It is possible that under certain physiological conditions,
given the close proximity of sites, the two modifications
may interact. Sumoylation sites at 656–657 and acetyla-
tion sites at 644 both overlap the bipartite NLS (Fig. 8).
Lys730–734 are both sumoylated as well as acetylated,
making it likely that acetylation may interact with sum-
oylation to regulate PAP function.

Our discovery of PAP sumoylation has revealed an im-
portant aspect of gene regulation at the post-transcrip-
tional level. SUMO has a substantial impact on PAP
function, and our data indicate that alterations in PAP
sumoylation have the potential to profoundly affect gene
expression. For example, misregulation of PAP activity
has been associated with disease (for review, see Scorilas
2002). PAP activity is known to reflect the proliferative
capacity of cells, as several neoplastic and leukaemic
cells show increased PAP activity with or without in-
creased PAP expression (Papamichail et al. 1983). Such
increases in PAP activity have been correlated with ma-
lignancy in breast cancer and leukemia (Scorilas et al.
1998). Conversely, reduced PAP activity is correlated
with apoptosis (Atabasides et al. 1998). Sumoylation-me-
diated regulation of PAP thus may have important con-
sequences not only in the normal cellular physiological
context, but also in malignancy and disease.

Materials and methods

Plasmids, siRNAs, and site-directed mutagenesis

pcDNA3-mousePAP and pcDNA3-FlagSENP1 were generated
from RT–PCR products amplified from total RNA of mouse or

human, respectively. Expression vectors were generated from
SAE2/1, SUMO-2, and SUMO-3 constructs obtained from Dr.
R.T. Hay and SUMO-1 and Ubc9 constructs from Dr. D. Wot-
ton. PAP mutations were generated by PCR using appropriate
mutagenic primers, and mutations were verified by sequencing.
siRNA against mouse ubc9 was targeted to the sequence CAAT
GAACCTGATGAACTG. siRNAs against mouse PAP and hu-
man PAP were targeted to the sequences GACATGTTGATC
GAAGT and AAAATCCCGACAAGGAAGAAT, respectively.
All siRNAs were purchased from Dharmacon.

Antibodies

To make anti-PAP antibodies, the N-terminal peptide of PAPII
conjugated to KLH was used for immunization of rabbit. Puri-
fied antibodies were obtained by affinity purification of the
crude serum against purified recombinant bovine PAPII protein
as described earlier (Zhao and Manley 1996). Anti-ubc9, anti-
His, anti-ubiquitin (Santa Cruz Biotechnology), anti-actin, anti-
Flag (Sigma), anti-SUMO-1, anti-SUMO-2/3 (Invitrogen), and
anti-HA (Covance) antibodies were purchased from the indi-
cated companies.

Cell culture and transfections

HeLa and 293T cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), and NIH 3T3 cells maintained in DMEM supple-
mented with 10% bovine calf serum. Plasmid and siRNA trans-
fections in HeLa and 293 cells were carried out with Lipofect-
amine 2000. Transfections of SENP1 expression plasmids in
NIH 3T3 cells were carried out with the Amaxa nucleofector II
kit. siRNA transfections in NIH 3T3 cells were carried out in
six-well plates using RNAifect reagent (Qiagen). Transfection
protocols followed the reagent manufacturer’s instructions.

IPs and Western blotting

Bladder extracts were prepared by homogenizing bladder tissues
in Buffer A (20 mM Tris at pH 7.5, 150 mM NaCl, 2 mM EDTA,
1% NP-40, 20 mM N-ethylmaleimide [NEM] with protease in-
hibitor cocktail purchased from Sigma). The homogenate was
centrifuged at 20,000g for 20 min to remove cell debris, and the
supernatant was diluted four times in binding buffer B (phos-
phate-buffered saline [PBS] containing 0.05% BSA and 0.1%
NP40). NIH 3T3 whole-cell extracts were prepared by lysing
cells in buffer A, and cell debris was removed by centrifugation.
HeLa nuclear extracts were prepared as described earlier
(Kleiman and Manley 2001), but with 20 mM NEM included in
all buffers. Standard IP protocols were as follows: Extracts were
precleared with protein A Sepharose and incubated with protein
A Sepharose prebound to 1 µg of antibodies for 3 h at 4°C.
Washes were carried out in buffer B + 500 mm NaCl for analyz-
ing endogenous sumoylation. For PAP-ubc9 coimmunoprecipi-
tation experiments, washes were carried out in buffer B. The
bound proteins were eluted by boiling in SDS sample buffer,
separated by SDS-PAGE, transferred onto nitrocellulose mem-
brane, and immunoblotted with the indicated antibodies.

In vitro sumoylation assays

Sumoylation reactions (20 µL) were assembled on ice in 50 mM
Tris (pH 7.5); 5 mM MgCl2; with 1 µg of GST-SAE2/SAE1; 2 µg
of GST-Ubc9; 2 µg of GST-SUMO-1, GST-SUMO-2, and GST-
SUMO-3; and 1 µg of recombinant His-PAP. Reactions were
initiated by the addition of an ATP regeneration system (2 mM

Figure 8. PAP modifications cluster in the C-terminal domain.
Amino acid sequence of two regions in the C-terminal domain
showing NLS2 (underlined as NLS2A and NLS2B) and modifi-
cation sites. Sumoylation sites are marked with an open circle,
acetylation sites are denoted by open triangles, and phosphory-
lation sites are indicated by rectangles.
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ATP, 10 mM creatine phosphate, 3.5 U/mL creatine kinase, and
0.6 U/mL inorganic pyrophosphatase), and incubated for 2.0 h at
37°C. Reactions were terminated by addition of SDS sample
buffer and were subjected to SDS-PAGE and Western blotting
with anti-PAP or anti-His antibodies.

Polyadenylation assays with in vitro sumoylated PAP

Sumoylation reactions for poly(A) synthesis assays were as-
sembled as described above, with untagged SUMO-2 protein (+)
or with buffer (−). 32P-labeled SVL precleaved substrate (pre-SVL)
was prepared as described (Ryner et al. 1989). A nonspecific
polyadenylation assay reaction mixture consisted of 2.5% PVA,
1 mM MnCl2, 100–125 ng of BSA, 1 mM ATP, 0.5 U of RNasin,
10 mM HEPES (pH 7.9), 25 mM NH4(SO4)2, 0.2 mM PMSF, 0.2
mM DTT, and the indicated amounts of PAP from both reaction
mixtures. The nonspecific assays were incubated for 30 min at
30°C, and RNAs were resolved by denaturing PAGE and sub-
jected to autoradiography. Large-scale in vitro sumoylation re-
actions were carried out by scaling up the above reactions to 200
µL. For repurification of His-PAP, reactions after incubation
were diluted four times in buffer A (20 mM Tris at pH 7.5, 150
mM NaCl, 0.05% NP40, 5 mM imidazole), bound to Ni-NTA
beads and agitated for 3 h. Washes were carried out in buffer B
(buffer A + 10 mM imidazole + 1 M NaCl). Bound proteins were
eluted in buffer C (buffer B containing 100 mM imidazole) and
quantified by Bradfords assay. The indicated amounts of pro-
teins were used in nonspecific polyadenylation assays.

In vivo sumoylation and denaturing purification

293 cells were transfected with 6 µg of mouse-PAP expression
vector and 6 µg of empty vector or His-SUMO-3 expression
vector using the calcium phosphate method. Forty-eight hours
after transfection, cells were lysed in 6 M guanidine-HCl, 50
mM NaH2PO4 (pH 8.0), 10 mM Tris-HCl (pH 8.0), and 100 mM
NaCl. His-tagged proteins were bound to Ni-NTA beads (Qia-
gen) by rocking for 3 h. Beads were washed several times se-
quentially in 8 M urea, 50 mM NaH2PO4, 100 mM NaCl (pH
8.0) (buffer A), buffer A with 10 mM imidazole, and buffer A
with pH adjusted to 6.3. Bound proteins were eluted by boiling
in SDS sample buffer (1% SDS, 100 mM DTT, 50 mM Tris at pH
6.8, 10% glycerol, 100 mM imidazole).

Immunofluorescence

HeLa cells were grown to 90% confluence in six-well plates and
transfected with wild-type PAP and various mutants using Li-
pofectamine 2000. Twenty-four hours after transfection, the
cells were trypsinized and split into two six-well plates contain-
ing coverslips. Twenty-four hours later, the cells were fixed for
15 min at room temperature with PBS containing 4% paraform-
aldehyde. Subsequently, the cells were permeabilized in PBS
containing 0.2% Triton X-100 and 1% FBS for 10 min on ice.
The coverslips were incubated with anti-HA monoclonal anti-
body (1:500 dilution) and AlexaFluor 488 anti-mouse IgG (1:500
dilution) diluted in PBS containing 1% FBS. All washes were
carried out in the antibody dilution buffer except for the final
four washes, which were carried out in PBS. Prior to mounting,
cell nuclei were counterstained with propidium iodide for 20
min at 37°C. The cells were visualized with the Olympus Fluo-
View FV500 confocal laser scanning microscope.
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