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ABSTRACT

The E1 helicase from anogenital human papillomavirus (HPV) types interacts with the cellular WD repeat-containing protein
UAF1 in complex with the deubiquitinating enzyme USP1, USP12, or USP46. This interaction stimulates viral DNA replication
and is required for maintenance of the viral episome in keratinocytes. E1 associates with UAF1 through a short UAF1-binding
site (UBS) located within the N-terminal 40 residues of the protein. Here, we investigated if the E1 UBS could be replaced by the
analogous domain from an unrelated protein, the pleckstrin homology domain and leucine-rich repeat protein phosphatase 1
(PHLPP1). We found that PHLPP1 and E1 interact with UAF1 in a mutually exclusive manner and mapped the minimal PHLPP1
UBS (PUBS) to a 100-amino-acid region sufficient for assembly into UAF1-USP complexes. Similarly to the E1 UBS, overexpres-
sion of PUBS in trans inhibited HPV DNA replication, albeit less efficiently. Characterization of a PHLPP1-E1 chimeric helicase
revealed that PUBS could partially substitute for the E1 UBS in enhancing viral DNA replication and that the stimulatory effect
of PUBS likely involves recruitment of UAF1-USP complexes, as it was abolished by mutations that weaken UAF1-binding and
by overexpression of catalytically inactive USPs. Although functionally similar to the E1 UBS, PUBS is larger in size and requires
both the WD repeat region and C-terminal ubiquitin-like domain of UAF1 for interaction, in contrast to E1, which does not con-
tact the latter. Overall, this comparison of two heterologous UBSs indicates that these domains function as transferable protein
interaction modules and provide further evidence that the association of E1 with UAF1-containing deubiquitinating complexes
stimulates HPV DNA replication.

IMPORTANCE

The E1 protein from anogenital HPV types interacts with the UAF1-associated deubiquitinating enzymes USP1, USP12, and
USP46 to stimulate replication of the viral genome. Little is known about the molecular nature of the E1-UAF1 interaction and,
more generally, how UAF1-USP complexes recognize their substrate proteins. To address this question, we characterized the
UAF1-binding site (UBS) of PHLPP1, a protein unrelated to E1. Using a PHLPP1-E1 chimeric helicase, we show that the PHLPP1
UBS (PUBS) can partially substitute for the E1 UBS in stimulating HPV DNA replication. This stimulation required conserved
sequences in PUBS that meditate its interaction with UAF1, including a motif common to the E1 UBS. These results indicate that
UAF1-binding sequences function as transferable protein interaction modules and provide further evidence that UAF1-USP
complexes stimulate HPV DNA replication.

Human papillomaviruses (HPVs) are small DNA tumor vi-
ruses that infect squamous epithelia of the skin and mucosa.

Infections by these viruses can lead to the development of benign
and malignant tumors, depending on the viral types. Several HPV
types are sexually transmitted and the causative agents of cervical
cancer, the second most common cancer in women worldwide.
These so-called “high-risk” types predominate in high-grade pre-
cancerous and cancerous lesions of the cervix and sustain their
proliferation (1). In recent years, these oncogenic viral types have
also been linked to other malignancies of the anogenital area as
well as a growing proportion of oropharyngeal cancers (1).

The genome of HPV is a circular double-stranded DNA mol-
ecule that is present in multiple copies in the nucleus of infected
cells. Replication of the viral episomes during S phase requires the
viral proteins E1 and E2, which act in concert with the host DNA
replication machinery (reviewed in reference 2). E1 is a DNA he-
licase that assembles as a double hexamer at the viral origin of
replication to unwind DNA and nucleate the formation of a bidi-
rectional replication fork. E1 can be subdivided into three main
functional regions (reviewed in references 3 and 4). Two of these,
the central DNA-binding domain and the C-terminal helicase do-

main, mediate the assembly of E1 at the origin and are sufficient to
support viral DNA replication in vitro. The N-terminal region, in
contrast, is dispensable for replication in cell-free systems but es-
sential in vivo (5, 6). Several regulatory motifs have been identified
in this region, including a bipartite nuclear localization signal
(NLS) and, for most HPV types, a nuclear export signal (NES) and
a cyclin-binding motif (CBM) that promote the nucleocytoplas-
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mic shuttling of E1 in a Cdk2 phosphorylation-dependent man-
ner (4). We previously reported that the first 40 amino acids of E1
from anogenital HPV types contain a binding site for the USP1-
associated factor 1 (UAF1) cellular protein that is required for
efficient viral DNA replication and for episomal maintenance of
the viral genome in immortalized keratinocytes (7, 8). In nonin-
fected cells, UAF1 forms separate complexes with the three deu-
biquitinating enzymes USP1, USP12, and USP46 and stimulates
their activity (9–12). Accordingly, we recently determined that E1
assembles with UAF1 and either USP1, USP12, or USP46 into
ternary complexes that are recruited to the origin of replication
and whose deubiquitinase activity stimulates viral DNA replica-
tion in transient assays (13).

Little is known about the molecular determinants of E1 that
mediate its interaction with UAF1, other than our previous obser-
vations that a peptide spanning the E1 UAF1-binding site (UBS;
amino acids [aa] 1 to 40) is intrinsically disordered in solution and
that mutations of conserved residues within this region abrogate
binding (7, 8). Our understanding of the E1-binding surface on
UAF1 is also limited. Previous studies have suggested that UAF1
contains an N-terminal region comprised of 8 WD repeats and
a C-terminal ring-finger and WD40-associated ubiquitin-like
(RAWUL) domain (14, 15). RAWUL domains were first identi-
fied computationally as ubiquitin-like regions present in UAF1
and in ring-finger proteins of the PRC1 family of polycomb group
complexes (14). A subsequent study proposed that the C terminus
of UAF1 contains two tandemly repeated domains of the small
ubiquitin-like modifier (SUMO) family, named SLD1 and SLD2,
with the latter corresponding to the RAWUL domain (16). How-
ever, because SLD1 shows only weak sequence similarity to other
ubiquitin-like domains, additional evidence is needed to ascertain
its function. We previously reported that a fragment of UAF1
encompassing both the WD repeat region and SLD1, but lacking
SLD2, is sufficient for interaction with HPV E1, thus raising the
possibility that the two SLDs may function independently (8).
Clearly, additional studies are needed to elucidate how E1 inter-
acts with UAF1-USP complexes and, more generally, how UAF1-
containing deubiquitinating enzymes recognize their substrates.

To help address these questions and to validate the stimulatory
function of UAF1-USP complexes in HPV DNA replication, we
set out to characterize the UBS from another protein, unrelated to
E1, and test if it could replace the E1 UBS in functional assays. We
selected to characterize the UBS from the cellular pleckstrin ho-
mology domain and leucine-rich repeat protein phosphatase 1
(PHLPP1), because this protein was found to interact with UAF1
in previous proteomic studies (including our own [13]) (data not
shown) and to be a substrate of either USP1, USP12, or USP46,
depending on the report (17–21). PHLPP1, and its close homo-
logue PHLPP2, have been shown to regulate the proliferation and
survival of normal and cancer cells through their ability to de-
phosphorylate a common set of substrates, which include the ki-
nases Akt and PKC (22, 23). Thus, PHLPP1 and PHLPP2 are not
functionally linked to HPV DNA replication in any way, and their
only resemblance to E1 is in their ability to bind UAF1 and asso-
ciated USPs.

In this study, we report our characterization of the minimal
PHLPP1 UAF1-binding site (PUBS) and provide evidence that it
is functionally similar to the E1 UBS. Specifically, we show that
PUBS is sufficient for assembly into UAF1-USP complexes and
that it can impede HPV DNA replication when overexpressed as a

transdominant inhibitory domain. We also show that PUBS can
function in cis within the context of a PUBS-E1 chimeric helicase,
as it can partially substitute for the E1 UBS in enhancing HPV
DNA replication. Although functionally related to the E1 UBS,
PUBS is significantly larger than the latter (100 compared to 40
amino acids), suggesting that it may engage in additional contacts
with UAF1. This is supported by the finding that the interaction of
either PHLPP1 or PUBS-E1 with UAF1 requires both the WD
repeat region of UAF1 and the C-terminal SUMO-like domain
(SLD), in contrast to wild-type (WT) E1, which does not require
this SLD. Collectively, these results bring novel insights into the
molecular nature of UAF1-binding sites and how these domains
interact with UAF1-USP complexes. Importantly, they also pro-
vide further evidence that the primary function of the E1 N termi-
nus is to recruit UAF1-containing deubiquitinase complexes to
stimulate viral DNA replication.

MATERIALS AND METHODS
Plasmids used in this study. The plasmids used to express UAF1 and its
truncated derivatives tagged at their N terminus with a triple-Flag epitope
(3F) were previously described (8). The vector expressing UAF1 fused to
green fluorescent protein (GFP) was constructed by inserting the UAF1
open reading frame (ORF) between the EcoRV and KpnI sites of plasmid
pGFP2-C2 (BioSignal Packard-Perkin-Elmer). The plasmids encoding
GFP-E1 and yellow fluorescent protein (YFP)-E1 from HPV31 were
previously described (7, 24). Those expressing codon-optimized 3F-E1
(p31E1), 3F-E2 (p31E2), and red fluorescent protein (RFP)-E2 were also
described earlier (8, 25). The plasmid used to express PHLPP1 fused to
GFP was constructed by inserting the PHLPP1 ORF (obtained from Life
Technologies; Mammalian Gene Collection clone 3916044) between the
SacI and BamHI sites of plasmid pGFP2-N1 (BioSignal Packard-Perkin-
Elmer). Plasmids encoding PHLPP1 and truncated derivatives fused to
hemagglutinin (HA) were constructed by inserting the appropriate PCR
fragments between the EcoRV and SalI sites of the HA plasmid AB-1896.
This HA vector was constructed by substituting the 3F epitope of pCMV-
3Tag-1a (Stratagene) by an HA epitope. Expression vectors for RFP-
USP1, USP12, and USP46 and their catalytically inactive versions were
described previously (13). The plasmid used to express the HPV31 E1
UAF1-binding site (UBS) fused to YFP was previously described (referred
to as N40-YFP in reference 8). An identical cloning strategy was used to
construct the plasmid expressing the PHLPP1 UBS fused to YFP (PUBS-
YFP). The 3F-E1� expression plasmid was previously described (E1 C40
truncation) (26). The plasmid encoding the 3F-PUBS-E1� chimeric he-
licase was generated by inserting the PHLPP1 UBS coding region between
the BamHI and XmaI sites of the 3F-E1� plasmid. Site-directed mutagen-
esis was performed with the QuikChange site-directed mutagenesis kit
(Stratagene). All DNA constructs were verified by sequencing. Sequences
of primers and additional details on the construction of these plasmids
will be made available upon request.

Antibodies and Western blotting. Commercially available antibodies
were used to detect �-tubulin (monoclonal antibody; Sigma-Aldrich; cat-
alog no. T4026) and fusion proteins fused to either a 3F epitope (M2
monoclonal antibody; Sigma-Aldrich; catalog no. F1804), GFP (mixture
of two mouse monoclonal antibodies; Roche; catalog no. 11814460001),
RFP (monoclonal antibody; Abcam; catalog no. AB65856), or an HA
epitope (HA.11 antibody; Covance; catalog no. MMS-101P). Rabbit poly-
clonal antibodies against UAF1 were raised by injecting rabbits (Open
Biosystems) with a purified C-terminal fragment of UAF1, as described
elsewhere (8). PHLPP1 and USP46 antibodies were purchased from
Bethyl Laboratories (catalog no. AB65856 A300-660A) and Sigma-Al-
drich (catalog no. SAB1407903), respectively. For Western blot analysis,
proteins were transferred onto polyvinylidene difluoride membranes and
detected using horseradish peroxidase-conjugated secondary antibodies
from GE Healthcare, either sheep anti-mouse IgG (catalog no. NA931) or
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donkey anti-rabbit IgG (NA934V), with an enhanced chemiluminescence
detection kit (GE Healthcare).

Cell culture and transfections. The human cervical carcinoma cell
line C33A was grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 50
IU/ml of penicillin, and 50 �g/ml streptomycin (Wisent Bioproducts).
Transfections were performed using the Lipofectamine 2000 reagent (Life
Technologies) according to the manufacturer’s protocol.

Coimmunoprecipitation assays. C33A cells were grown on 100-mm
plates and transfected with the indicated plasmid DNA. Cells were har-
vested 48 h posttransfection in lysis buffer (50 mM Tris-HCl [pH 7.4], 150
mM NaCl, 5 mM EDTA, 1% Triton X-100, 10 �g/ml antipain, 2 �g/ml
leupeptin, 2 �g/ml aprotinin, 1 �g/ml pepstatin A, and 1 mM phenyl-
methylsulfonyl fluoride). Cleared cellular extracts were then immunopre-
cipitated for 3 h with 40 �l of protein G Sepharose (GE Healthcare) con-
jugated to 1 �g of anti-Flag or anti-GFP antibodies. The resin was washed
3 times with TBS (50 mM Tris-HCl [pH 7.4], 150 mM NaCl), and the
bound proteins were eluted in 5� Laemmli buffer prior to Western blot-
ting.

Luciferase-based HPV31 DNA replication assays. The HPV31 DNA
replication assay was performed as described previously (25, 27). Briefly,
C33A cells were seeded at a density of 25,000 cells/well in white, flat-
bottom, 96-well plates and transfected 24 h later with a mix of four plas-
mids: an origin-containing plasmid with a firefly luciferase reporter in cis
(pFLORI31), a Renilla luciferase plasmid as an internal control (pRL), and
the indicated quantities of E1 and E2 expression vectors. For all experi-
ments, the total quantity of plasmid DNA transfected was adjusted to
100 ng with the YFP or RFP vector as carrier DNA. Firefly and Renilla
luciferase activities were measured using the Dual-Glo luciferase assay
system (Promega) 48 h posttransfection unless indicated otherwise. The
GraphPad Prism 6 software was used to fit the DNA replication data to a
sigmoidal dose-response curve described by the following equation: Y �
Bottom � (Top � Bottom)/[1 � 10(LogEC50 � X) � HillSlope], where Y is the
DNA replication value, Bottom is the DNA replication value obtained in
the absence of E2, Top is the maximal level of DNA replication, X is the
amount of E2 expression plasmid (in grams), and EC50 is the 50% effec-
tive concentration. The DNA replication inhibitor aphidicolin was pur-
chased from EMD Millipore (catalog no. 178273), while ara-C, hy-
droxyurea, and mimosine were obtained from Sigma-Aldrich (catalog no.
C3350000, H8627, and M0253, respectively).

Confocal fluorescence microscopy. C33A cells were plated at a den-
sity of 6 � 105 cells/well on coverslips and were transfected 24 h later with
the indicated plasmids. Twenty-four hours posttransfection, cells were
fixed with 4% formaldehyde and permeabilized with 0.2% Triton X-100,
and their DNA was stained with 1 �g/ml 4,6-diamidino-2-phenylindole
(DAPI; Life Technologies; catalog no. D1306). Slides were mounted using
Vectashield mounting medium (Vector Laboratories). Images were col-
lected with a Zeiss LSM710 laser scanning confocal microscope and ana-
lyzed using the Zen 2009 LE software.

Cell cycle analysis. Cell cycle profiles were obtained by staining live
cells 48 h posttransfection with 6.3 �g/ml Hoechst and 50 �M verapamil.
Acquisitions were done using a BD LSR flow cytometer, gated on the
GFP-positive population. Data analysis was performed using the FlowJo
(v.8.1) software.

Colony formation assay. C33A cells (	1.2 � 106) were transfected
with 1.5 �g of the indicated plasmids in a 6-well plate. Twenty-four hours
posttransfection, cells were trypsinized and seeded on a new plate at a 1/15
dilution in fresh medium. Twenty-four hours later, medium containing
G418 (500 �g/ml) or puromycin (2 �g/ml) was added and changed every
3 to 4 days for a period of about 3 weeks or until fully resistant cells were
selected. Colonies were fixed in cold methanol for 10 min and stained for
2 min at room temperature with methylene blue (1% [wt/vol] in 60%
methanol-H2O).

Bioinformatic tools. Amino acid sequence alignments were generated
with Clustal Omega (28). Sequence logos were generated with WebLogo

(29) using an alignment of the E1 UBS from 50 different anogenital HPV
types or with an alignment of PUBS from 32 PHLPP1 and PHLPP2 se-
quences from diverse organisms. The structural model of human UAF1
SLD2 was generated using the Phyre2 server (30) and refined with the Mo-
dRefiner algorithm (31). A similar model was obtained with the RaptorX
server (not shown) (32). Structure representations were generated with the
PyMOL Molecular Graphics System, Schrödinger, LLC.

RESULTS
PHLPP1 and HPV E1 interact with UAF1 in a mutually exclusive
manner. It was previously reported that the cellular PHLPP1
phosphatase interacts with UAF1 and is a substrate of either USP1,
USP12, or USP46, depending on the study (17–21). To confirm
that PHLPP1 interacts with UAF1, coimmunoprecipitation experi-
ments were performed in transfected C33A cells transiently express-
ing UAF1 fused to a triple-Flag epitope (3F-UAF1) and PHLPP1
tagged with GFP (PHLPP1-GFP), essentially as described previously
(13). These experiments confirmed that PHLPP1, and its close ho-
molog PHLPP2, do interact with UAF1 in vivo (Fig. 1A). We then set
out to determine if PHLPP1 competes with HPV E1 for binding to
UAF1 or, alternatively, if all three proteins can assemble into a ternary
complex. To begin with, we tested if PHLPP1 and E1 could interact
with each other in coimmunoprecipitation experiments but found
no evidence of their association (data not shown). This result sug-
gested that E1 and PHLPP1 may compete with each other for binding
to UAF1 rather than being part of the same complex. This prompted
us to test if overexpression of E1 (tagged with YFP [E1-YFP]) could
antagonize the interaction of endogenous PHLPP1 with 3F-UAF1.
The results presented in Fig. 1B showed that overexpression of
E1-YFP, but not of YFP alone, could indeed reduce the amount of
PHLPP1 coprecipitated with UAF1 (Fig. 1B). Although this find-
ing is consistent with the notion that E1 competes with PHLPP1
for binding to UAF1, its interpretation has been complicated by
the observation that E1 also downregulates the expression of en-
dogenous PHLPP1 (see Western blot of input cell extracts in Fig.
1B). It was previously reported that UAF1, in complex with
USP12, increases the stability of PHLPP1 by promoting its deu-
biquitination (18). This led us to hypothesize that the decrease in
PHLPP1 levels caused by overexpression of E1 might be related to
its ability to bind UAF1 and, as a result, to compete the interaction
of PHLPP1 with UAF1-containing deubiquitinase complexes. To
address this possibility, we repeated the coimmunoprecipitation
studies presented above using the E1 UBS only, instead of the
full-length protein. We previously found that the E1 UBS is con-
tained within the first 40 amino acids of the protein and that this
domain, when overexpressed in trans, efficiently competes the in-
teraction of full-length E1 with UAF1 (7, 8). The results presented
in Fig. 1C revealed that overexpression of the E1 UBS (fused to
YFP as done previously [8]) can also reduce the interaction of
endogenous PHLPP1 with UAF1. The E1 UBS was also sufficient
to lower the steady-state levels of PHLPP1 in the input cell extracts
(Fig. 1C). These results argued that the binding of E1 to UAF1
underlies its ability to reduce the interaction of PHLPP1 with UAF1
and to lower the steady-state levels of PHLPP1. As such, these find-
ings provided the first indication that PHLPP1 and E1 interact with
UAF1 in a mutually exclusive manner, a notion that is substantiated
by additional experiments presented below.

PHLPP1 interacts with UAF1 through a short UBS located in
the C-terminal portion of the protein. PHLPP1 can be subdi-
vided into four main regions: a pleckstrin homology (PH) do-
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main, a leucine-rich repeat (LRR) region, a PP2C phosphatase
domain, and a short PDZ-binding domain at its C terminus (22).
To determine which region of PHLPP1 is required for UAF1 in-
teraction, we tested the truncated proteins shown in Fig. 2A for
their capacity to associate with UAF1 in coimmunoprecipitation
experiments. These studies, which were performed with the 1,205-
amino-acid-long isoform of PHLPP1 (GenBank accession num-
ber AAI26278.1), indicated that the UBS of PHLPP1 was con-
tained within residues 1007 to 1156, outside the known functional
domains of the protein (summarized in Fig. 2A). Smaller dele-
tions, in 10-amino-acid increments, were then used to precisely
map the boundaries of the UBS (Fig. 2B). Truncations lacking
amino acids downstream of residue 1027, or upstream of residue
1126, showed reduced binding to UAF1 (Fig. 2B). These results
suggested that the minimal UBS is encoded within amino acids
1027 to 1126 of PHLPP1. This was confirmed using a fusion of this
100-amino-acid-long domain to YFP; for simplicity, we will refer
to this short PHLPP1 UBS as PUBS. As expected, coimmunopre-
cipitation experiments confirmed that YFP-PUBS could interact
with endogenous UAF1, while YFP alone was unable to do so (Fig.
2C). To determine if PUBS could form a ternary complex with
UAF1 and its associated USPs, we analyzed the YFP-PUBS immu-
noprecipitate with an antibody that recognizes both USP12 and
USP46. The positive signal shown in Fig. 2C revealed that PUBS
assembles into a ternary complex with endogenous UAF12/46.
Thus, like the E1 UBS, PUBS can bind to UAF1-associated deu-
biquitinase complexes.

A prediction from the findings presented above is that over-
production of PUBS should prevent the interaction of E1 with
UAF1. This was tested by coimmunoprecipitation experiments
similar to those presented in Fig. 1. The results presented in Fig.
2D showed that overexpression of PUBS-YFP could, indeed, in-
hibit the interaction of 3F-E1 with endogenous UAF1, in a dose-
dependent manner. As expected, this inhibition was accompanied
by a reduction in the levels of USP46 coprecipitated with E1. Thus,
conversely to the E1 UBS, which competes with PHLPP1 for bind-
ing to UAF1, PUBS competes with E1 for binding to UAF1. These
results confirm that the mutually exclusive binding of PHLPP1
and E1 to UAF1 is mediated by their respective UBS.

Overexpression of PUBS inhibits HPV DNA replication. We
previously reported that overexpression of the E1 UBS, fused to
YFP, inhibits HPV DNA replication by competing with full-length
E1 for binding to UAF1 (6). This prompted us to test if PUBS
could also inhibit viral DNA replication, as measured using our
luciferase-based assay (25, 27). Results presented in Fig. 3A show
that PUBS-YFP could reduce HPV DNA replication only weakly,
by approximately 20%. This is in contrast to the E1 UBS-YFP
protein which inhibited DNA replication by about 50% at the
largest amount of expression vector tested (Fig. 3A). We reasoned
that the effect of PUBS-YFP might become more apparent at lower
concentrations of wild-type E1, if indeed PUBS-YFP competes
with full-length E1 for binding to UAF1. To test this possibility, we
determined the effect of PUBS in DNA replication assays per-
formed with 4-fold less E1 expression vector (1.25 ng instead of 5
ng as normally used). Under these conditions, the inhibitory ac-
tivity of PUBS became more obvious (Fig. 3A). As expected, the
effect of the E1 UBS was stronger than that of PUBS in these assays.
Thus, PUBS-YFP can inhibit HPV DNA replication, although less
efficiently than the E1 UBS-YFP. The weaker effect of PUBS might
be due, at least in part, to the fact that it is expressed at approxi-

FIG 1 PHLPP1 and PHLPP2 interact with UAF1 in a mutually exclusive
manner with E1. (A) Coimmunoprecipitation of GFP-tagged PHLPP1 and
PHLPP2 with 3F-UAF1. C33A cells were cotransfected with a 3F-UAF1 ex-
pression plasmid together with an expression vector for either PHLPP1-GFP
or PHLPP2-GFP. UAF1-containing protein complexes were immunoprecipi-
tated with an anti-Flag antibody, and the presence of PHLPP1 and PHLPP12 in
the immunoprecipitates (IP) and input cell extracts (IN) was determined by
Western blotting with anti-GFP antibodies. (B and C) Inhibitory effect of
full-length E1 and of the E1 UBS on the interaction of UAF1 with endogenous
PHLPP1. C33A cells were transfected with a 3F-UAF1 expression vector and
increasing amounts of E1 expression plasmid encoding either the full-length
protein (B) or the UBS alone (C), fused to YFP. UAF1-containing protein
complexes were immunoprecipitated with an anti-Flag antibody and the pres-
ence of endogenous PHLPP1 in the immunoprecipitates determined by West-
ern blotting with an anti-PHLPP1 antibody.
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mately 3-fold lower levels than the E1 UBS, as determined from
the Western blot presented in Fig. 3C.

To provide additional evidence that the inhibitory action of
PUBS involves a competition with full-length E1 for binding to
UAF1, we repeated the experiments presented above using a trun-
cated E1 protein that lacks the first 40 amino acids comprising the
UBS (E1� protein). We previously reported that the DNA repli-
cation activity of the E1� protein is approximately 25% that of
wild-type E1 and, importantly, that this residual activity is inde-
pendent of UAF1 and associated USPs. As expected, overexpres-
sion of PUBS did not affect the levels of DNA replication catalyzed
by the E1� protein, similarly to what was observed with the E1
UBS (Fig. 3B). These results provide further support that PUBS
inhibits wild-type HPV DNA replication by targeting UAF1. They
also suggest, albeit indirectly, that overexpression of PUBS does
not significantly alter cell cycle progression, as any delay outside S
phase would have resulted in an inhibition of viral DNA replica-
tion. To further validate this point, we confirmed that the cell cycle
distribution of C33A cells transiently overexpressing PUBS-YFP
was similar to that of cells expressing YFP alone (Fig. 3D). We
further verified that PUBS-YFP had no effect on the proliferation
of C33A cells in a colony formation assay (Fig. 3E). These control
experiments indicated that overexpression of PUBS does not af-
fect cellular proliferation, cell cycle progression, or host DNA syn-
thesis. Collectively, the results presented in this section indicate
that PUBS inhibits HPV DNA replication by specifically targeting
UAF1.

Characterization of a PUBS-E1� chimeric helicase. The re-
sults presented above suggest that PUBS engages in interactions
with UAF1 and its associated USPs similar to interactions with the
E1 UBS. This prompted us to test if PUBS could functionally sub-
stitute for the E1 UBS in viral DNA replication assays. To do so, we
constructed a chimeric helicase in which PUBS was fused to the
truncated E1 fragment lacking the N-terminal 40-aa UBS (E1�
protein, diagrammed in Fig. 4A). The resulting PUBS-E1 chimeric
protein was then characterized, first for its ability to interact with
UAF1 in coimmunoprecipitation experiments. To do so, the
PUBS-E1� protein, WT E1, and the E1� protein, all tagged with a
triple-Flag epitope, were transiently expressed in C33A cells and
immunoprecipitated using an anti-Flag antibody. The immuno-
precipitates were then probed for the presence of UAF1 and
USP46. The results presented in Fig. 4B confirmed that WT E1
interacts with endogenous UAF1 and USP46 but that the trun-
cated E1� protein is unable to do so. More importantly, they
indicated that the PUBS-E1� protein was capable of interacting
with both UAF1 and USP46, as anticipated. Similar coimmuno-
precipitation experiments were conducted to show that the PUBS-
E1� protein was as competent as WT E1 and the E1� protein at
forming a complex with RFP-tagged E2 (RFP-E2) (Fig. 4C). These
results confirmed that the fusion of PUBS with the E1� protein
did not grossly alter the structure or function of either protein
fragment.

When expressed in transfected cells, E1 and E2 accumulate in
nuclear foci that are thought to be the precursors of viral DNA
replication centers (33). We previously demonstrated that E1,
through its UBS, can relocalize UAF1 from the cytoplasm to these
foci (8). Thus, as an additional measure of the functionality of the
PUBS-E1� chimera, we investigated if it could relocalize UAF1-
GFP to nuclear foci containing RFP-E2, using fluorescence con-
focal microscopy. These experiments revealed that the PUBS-E1�

FIG 2 Mapping of the UAF1-binding site of PHLPP1. (A) Schematic repre-
sentation of PHLPP1 and truncated derivatives. Functional regions of the pro-
tein are indicated: pleckstrin homology domain (PH), leucine-rich region
(LRR), PP2C phosphatase domain (PP2C), and C-terminal PDZ protein-
binding domain (P). The position of the PHLPP1 UBS (PUBS; amino acids
1027 to 1126) is indicated by a black box. Amino acid boundaries are indicated
on the left. Results from coimmunoprecipitation experiments are summarized
on the right (�, binding; �, no binding). (B) Fine mapping of PUBS. C33A
cells were cotransfected with an expression vector for 3F-UAF1 together with a
plasmid encoding one of the indicated PHLPP1 fragments fused to YFP. YFP-
PHLPP1 proteins were immunoprecipitated with anti-GFP antibodies and the
presence of 3F-UAF1 in the immunoprecipitates (IP) and input cell extracts
(IN) tested by Western blotting using an anti-Flag antibody. (C) Coimmuno-
precipitation of endogenous UAF1 and USP12/46 with PUBS. C33A cells were
transfected with a plasmid encoding PUBS-YFP or YFP alone (�) as a negative
control. YFP proteins were immunoprecipitated as described above, and the
immunoprecipitates were probed for the presence of UAF1 and USP12/46 by
Western blotting using antibodies against these proteins. (D) Inhibitory effect
of PUBS-YFP on the interaction of 3F-E1 with endogenous UAF1 and USP12/
46. C33A cells were transfected with 4 �g of 3F-E1 expression vector and
increasing amounts of PUBS-YFP expression plasmid (1, 2, and 4 �g). 3F-E1
was immunoprecipitated with an anti-Flag antibody and the presence of co-
precipitated UAF1 and USP12/46 analyzed by Western blotting using antibod-
ies against these proteins.
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protein was almost as efficient as WT E1 at recruiting UAF1 to
E2-containing foci (Fig. 4D). The E1� protein, which was used as
a control, was unable to do so. All together, these results provided
additional evidence that the PUBS-E1� chimeric helicase has the
ability to interact with UAF1 and E2, a prerequisite for testing its
activity in viral DNA replication assays.

Fusion of PUBS to the E1� protein enhances its DNA repli-
cation activity. The DNA replication activity of the PUBS-E1�
protein was then compared to that of WT E1 and of the E1�
protein, using increasing amounts of E1 expression vector in our
luciferase-based HPV31 DNA replication assay. As we observed
previously, the levels of replication obtained with the E1� protein
increased in a dose-dependent manner and reached a plateau at
approximately 25% of those achieved with wild-type E1 (Fig. 5A).
The replication levels measured for the PUBS-E1� protein were
intermediary, reaching about 45% those of wild-type E1. The
quality of each dose-response curve was confirmed by the good-
ness-of-fit value obtained by fitting the data to a sigmoid: R2 �
0.94 for WT E1, R2 � 0.92 for PUBS-E1� protein, and R2 � 0.92
for E1� protein. Thus, the fusion of PUBS to the E1� protein
enhances the replication activity of the protein, although not up to
the levels measured with wild-type E1. This stimulatory effect of
PUBS was observed at different E1 concentrations (Fig. 5A) and
irrespective of the length of the assay (24, 48, 72 h; Fig. 5B). Next,
we tested the activity of E1, E1� protein, and PUBS-E1� protein
under conditions of DNA replication stress to investigate if PUBS
and/or the E1 UBS modulates the capacity of E1 to deal with such
an impediment. To do so, we titrated the known DNA replication
inhibitors aphidicolin, ara-C, and hydroxyurea into the luciferase
assay. Mimosine, which inhibits HPV DNA replication indirectly
by blocking cell cycle progression at the G1-S boundary, was used
as a control inhibitor, as its potency should be unaffected by the E1
protein used in the assay. As shown in Table 1, the potency of each
inhibitor (EC50) was not markedly changed by the type of E1 used
in the DNA replication assay, indicating that neither PUBS nor the
E1 UBS has a significant influence on the ability of E1 to cope with
DNA replication stress. Finally, we began to investigate if the stim-
ulatory effect of PUBS was indeed due to its ability to interact with
UAF1-USP complexes. As a first experiment, we tested if the DNA
replication levels measured with the PUBS-E1� protein could be
reduced by competition with the E1 UBS peptide (E1 UBS-YFP).
Results, presented in Fig. 5C, showed that the E1 UBS reduced
PUBS-E1� DNA replication by approximately 50% at the largest
amount tested, in contrast to the UAF1-binding-defective UBS
(WF mutant) (8), which was used as a negative control. Therefore,
these results demonstrate that PUBS can partially replace the E1
UBS in enhancing HPV DNA replication and suggest that this
effect is mediated through the interaction of PUBS with UAF1.

Conserved sequences in PUBS are needed for interaction
with UAF1 and to stimulate HPV DNA replication. To gain ad-
ditional evidence that the stimulatory effect of PUBS described
above was due to the recruitment of UAF1-USP complexes, we set
out to create mutations in the PUBS-E1� protein that disrupt its
interaction with UAF1. Alignment of the amino acid sequences of
PUBS from PHLPP1 and PHLPP2 of diverse species revealed that
the N and C termini of PUBS are the most highly conserved (data
not shown). Based on this analysis, we created one mutation
within the N-terminal region that deletes a conserved VEVEV
motif (MutN; Fig. 6A). We focused on this motif because of its
similarity to a portion of the E1 UBS, as discussed below and

FIG 3 Overexpression of PUBS inhibits HPV DNA replication. (A) HPV DNA
replication levels in C33A cells transfected with increasing amounts of PUBS-YFP
or E1 UBS-YFP expression vector (25, 50, and 75 ng). The empty YFP vector (75
ng) was used as a negative control (�). Assays were performed with two different
amounts of E1 expression vector (5 ng and 1.25 ng), as indicated, and without E1
as a baseline (i.e., no DNA replication) control (�). DNA replication activity is
reported as a percentage of the signal obtained with the YFP-negative control. Each
value represents the average from two independent experiments, each performed
in triplicates, with the standard deviation indicated by an error bar. (B) Same as
panel A but using the E1� protein instead of wild-type E1. (C) Western blot
showing the relative expression of PUBS-YFP and E1 UBS-YFP in transfected
C33A cells. Proteins were detected with anti-GFP antibodies. (D) Cell cycle anal-
ysis. C33A cells were transfected with a plasmid encoding PUBS-YFP or YFP alone
as a control, and their DNA was stained with Hoechst 48 h posttransfection. The
cell cycle distribution of the YFP-positive cell population was analyzed by flow
cytometry. (E) Colony formation assay. C33A cells were either mock transfected or
transfected with an expression vector for PUBS-YFP or E1 UBS-YFP and selected
for approximately 3 weeks in bleomycin-containing medium. Drug-resistant col-
onies were fixed in methanol and stained with methylene blue.
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shown in Fig. 9B. We also created a mutation in the C-terminal
region of PUBS that deletes a conserved NGSVA motif that has the
potential to be part of a �-turn and hence may be important for
the structure and/or function of PUBS (MutC; Fig. 6A). As can be
seen in Fig. 6B, both MutN and MutC reduced the interaction of
the PUBS-E1� protein in coimmunoprecipitation experiments.
Importantly, these two mutations also significantly reduced the
ability of PUBS to stimulate HPV DNA replication, as the two
mutant PUBS-E1� enzymes displayed activity similar to that of
the E1� protein (Fig. 6C). All together, these results indicate that
conserved regions in PUBS mediate its interaction with UAF1 and
its ability to enhance HPV DNA replication.

The stimulatory effect of PUBS on DNA replication is depen-
dent on USP activity. To test if the stimulatory effect of PUBS de-
scribed above was dependent on the enzymatic activity of UAF1-
containing deubiquitinase complexes, we tested if it could be
abrogated by overexpression of catalytically inactive USP1 (USP1ci),
USP12ci, and USP46ci. We previously reported that these USPci en-
zymes inhibit the ability of wild-type E1 to support viral DNA repli-
cation by 40 to 70%, while having much less of an effect on the E1�
protein (13). The results presented in Fig. 7A to C and quantified in
Table 2 confirmed these findings. Importantly, they also revealed that
the activity of the PUBS-E1� chimera was sensitive to dominant neg-
ative inhibition by USP1ci, USP12ci, and USP46ci or by a triple com-
bination of these inactive enzymes. From these results, we conclude
that the stimulatory effect of PUBS is dependent on the enzymatic
activity of USP1, USP12, and/or USP46.

PUBS-E1 requires both the WD repeat region and C-termi-
nal SUMO-like domain of UAF1 for interaction. Although the
studies presented so far indicate that PUBS is functionally similar
to the E1 UBS, it shows very limited sequence similarity to the E1
UBS and is larger in size (100 compared to 40 aa). This prompted
us to investigate if PHLPP1 interacts with UAF1 in a different
manner than E1. As mentioned in the introduction, UAF1 con-
tains eight WD repeats at its N terminus and two SUMO-like
domains (SLD1 and SLD2) at its C terminus (Fig. 8B) (14–16). We
previously reported that the interaction of E1 with UAF1 requires
the first 573 amino acids of the protein, which encompass both the
WD repeat region and SLD1 (8). To determine if these two do-
mains are also sufficient for interaction with PHLPP1, we per-
formed coimmunoprecipitation experiments using HA-tagged
PHLPP1 and the same set of truncated 3F-UAF1 proteins that we
previously used to map the E1-binding region (8). Interestingly,
we found that the interaction of UAF1 with PHLPP1 requires not
only the WD repeat region and SLD1, as E1 does, but also SLD2
(Fig. 8A). Similar results were obtained for PHLPP2 (data not
shown).

The aforementioned finding raised the possibility that the in-
teraction of the PUBS-E1 chimeric helicase with UAF1-USP com-
plexes also requires SLD2. To test this possibility, we wished to
create a mutation in SLD2 that would affect its interaction with
target proteins. To do so, we generated a homology model of SLD2
using the Phyre2 server (30), which predicted a high degree of
structural similarity between SLD2 and the RAWUL domain of
PCGF1 (34) and RING1B (35). Although the sequence similarity
between SLD2 and these two proteins was noted previously (14),
their structures were not available at the time for homology mod-
eling. The ubiquitin fold of PCGF1 and RING1B is characterized
by a specific arrangement of secondary structure elements, includ-
ing the presence of an 
-helix and of a �-sheet that becomes ex-

FIG 4 The chimeric PUBS-E1� helicase interacts with UAF1 and HPV E2 in
nuclear foci. (A) Schematic representation of the different E1 proteins. The wild-
type protein (WT E1) is represented by a gray bar with its N-terminal UBS indi-
cated by a white box. The E1� protein lacks the first 40 amino acids encompassing
the E1 UBS. In the PUBS-E1� chimeric helicase, the E1 UBS has been replaced by
the analogous domain from PHLPP1 (PUBS, black box). Amino acid boundaries
of each protein fragment are indicated. All three E1 proteins are tagged with a 3F
epitope at their N terminus (not shown). (B) Coimmunoprecipitation of endog-
enous UAF1 and USP46 with the PUBS-E1� protein. C33A cells were transfected
with an expression plasmid for 3F-tagged PUBS-E1� protein or with 3F-WT E1 as
a positive control or 3F-E1� protein as a negative control. E1 proteins were im-
munoprecipitated with an anti-Flag antibody, and the presence of UAF1 and
USP12/46 in the immunoprecipitates (IP) and input cell extracts (IN) was ana-
lyzed by Western blotting with antibodies against these two proteins. (C) Coim-
munoprecipitation of HPV E2. Coimmunoprecipitation experiments were per-
formed as described above but using C33A cells cotransfected with an RFP-E2
expression vector. The ability of the indicated E1 proteins to interact with E2 was
determined by probing the immunoprecipitates with an anti-RFP antibody. (D)
Fluorescence confocal microscopy showing the intracellular localization of UAF1-
GFP and RFP-E2 in cells expressing one of the indicated E1 proteins. Nuclei were
stained with DAPI. For each condition, the percentage of cells in which UAF1-GFP
is present within E2-containing nuclear foci is indicated on the left. The total
number of transfected cells analyzed (n�) is specified underneath the percentage.
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tended by one or two additional �-strands from an interacting
protein partner (34, 35). The 
-helix and �-strand are colored in
red in the structures of PCGF1, RING1B, and the UAF1 SLD2
model shown in Fig. 8C, and their sequences are aligned with the
corresponding regions of SUMO1 to SUMO3 in Fig. 8D. Based on
this model of SLD2, we chose to mutate the 3 amino acids RLS in
the �-strand by changing them to three alanines (Fig. 8D). When
tested in coimmunoprecipitation experiments, the UAF1 RLS
mutant protein showed reduced binding to the PUBS-E1� pro-
tein but not to wild-type E1 (Fig. 8E). As anticipated, no interac-
tion was detected between UAF1 and the E1� protein, which was
used as a negative control. These results confirmed that the SLD2
domain of UAF1 is needed for optimal interaction with the PUBS-
E1� protein but not with wild-type E1 and suggest that PUBS and
the E1 UBS interact with UAF1 in slightly different manners.

DISCUSSION

In this study, we have shown that the cellular phosphatase
PHLPP1 contains a UAF1-binding site (UBS) that is functionally
similar to the one present at the N terminus of E1. These two UBSs
are both sufficient for complex formation with UAF1 and its as-
sociated deubiquitinating enzymes USP1, USP12, and USP46
(Fig. 2C and data not shown). As a result, both UBSs can inhibit
HPV DNA replication when overexpressed in trans as competitive
inhibitors (Fig. 3A and B). The similarities between the PHLPP1
and E1 UBS also extend to the fact that both are sufficient to
compete the interaction of UAF1 with full-length E1 (Fig. 2D) (8),
a finding which likely explains the mutually exclusive binding of
PHLPP1 and E1 to UAF1 (Fig. 1). These results raise the possibil-
ity that both UBSs interact with a common surface, or with over-
lapping regions, on UAF1 (Fig. 9A), although we cannot rule out
an allosteric mechanism of competition at the moment. In sup-
port of the notion that these UBSs interact with a common surface
on UAF1, we note that the N-terminal portion of PUBS resembles
the E1 UBS in its amino acid composition and sequence and, in
particular, by the presence of a similar sequence motif flanked by
a region rich in acid residues (Fig. 9B). Satisfyingly, deletion of this
motif (�VEVEV; MutN in Fig. 6) in the context of the PUBS-E1
helicase reduced its interaction with UAF1, similarly to what we
observed previously with mutations in the VEA(I/V)V motif of
HPV11 and HPV31 E1 (7, 8). Thus, it is tempting to speculate thatFIG 5 PUBS stimulates the DNA replication activity of the E1� protein. (A) DNA

replication activities of the indicated E1 proteins measured in cells transfected with
increasing amounts of E1 expression vector (2.5, 5, 20, 25, and 50 ng). DNA rep-
lication activity is reported as a percentage of the maximal signal obtained with WT
E1, which was set at 100%. Each value represents the average from two indepen-
dent experiments, each performed in triplicates, with the standard deviation indi-
cated by an error bar. (B) DNA replication activities of the indicated E1 proteins
measured at different times posttransfection (24, 48, and 72 h). (C) Overexpres-
sion of the E1 UBS inhibits DNA replication supported by the PUBS-E1� protein.
Levels of DNA replication, catalyzed by the PUBS-E1� protein, in C33A cells

transfected with increasing amounts of E1 UBS-YFP expression vector (1.6 to
50 ng in 2-fold increments). A mutant UBS defective for UAF1 binding (WF
mutant) was used as a specificity control. DNA replication activity is reported
as a percentage of the signal obtained with YFP alone as a negative control.
Each value is the average from two independent experiments, each performed
in triplicates, with the standard deviation indicated by an error bar.

TABLE 1 EC50 of pharmacological inhibitors in HPV31 DNA
replication assays supported by different E1 proteins

Inhibitor

EC50

WT E1 E1� protein
PUBS-E1�
protein

Aphidicolin 760 � 86 nM 1,368 � 380 nM 1,105 � 23 nM
Ara-C 380 � 81 nM 558 � 165 nM 651 � 18 nM
Hydroxyurea 312 � 33 �M 466 � 106 �M 302 � 17 �M
Mimosine 193 � 5 �M 144 � 19 �M 177 � 5 �M
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this common motif in E1 and PHLPP1 is a critical determinant of
their interaction with UAF1-USP complexes. PUBS, however,
clearly requires additional sequences for interaction with UAF1, as
shown by the fact that deletion of 10 residues at its C terminus
(Fig. 2B), or deletion of the NGSVA sequence (MutC in Fig. 6),
reduced binding to UAF1. These sequences could be needed for

FIG 6 Conserved regions in PUBS mediate its interaction with UAF1 and its
DNA replication stimulatory activity. (A) Schematic representation of the
PUBS-E1� chimeric helicase with the PUBS region enlarged underneath. The
highly conserved N- and C-terminal regions of PUBS are diagrammed as black
boxes labeled N and C, respectively. Amino acid boundaries are indicated. Also
shown is the amino acid sequence of the N and C regions in which the motifs
that were deleted to create the MutN and MutC mutations are underlined. (B)
Coimmunoprecipitation of endogenous UAF1 with the WT and mutant
PUBS-E1� proteins. C33A cells were transfected with the indicated 3F-E1
expression plasmids, and the encoded protein was immunoprecipitated with
an anti-Flag antibody. The presence of UAF1 in the immunoprecipitates (IP)
and input cell extracts (IN) was determined by Western blotting with an anti-
UAF1 antibody. Wild-type E1 and the E1� protein were used as a positive and
negative control, respectively. (C) DNA replication activities of wild-type and
mutant PUBS-E1� proteins. DNA replication activities, presented as RLuc/
FLuc ratios, were measured in cells transfected with increasing amounts of the
indicated E1 expression vector (2.5, 5, 10, and 25 ng). The E1� protein was
used as a negative control. Each value represents the average from two inde-
pendent experiments, each performed in triplicates, with the standard devia-
tion indicated by an error bar.

FIG 7 The DNA replication stimulatory effect of PUBS is antagonized by
catalytically inactive USPs. (A to C) Levels of HPV DNA replication in cells
expressing the indicated E1 proteins and increasing amounts of RFP-tagged
USP1ci (A), USP12ci (B), or USP46ci (C). Cells cotransfected with the empty
RFP vector were used as a negative control (�). DNA replication activity is
reported as a percentage of the signal obtained with the negative control, which
was set at 100%. Assays performed in the absence of E1 were used as baseline
(i.e., no DNA replication) controls (�). Each value represents the average
from three independent experiments, each performed in triplicates, with the
standard deviation indicated by an error bar.
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the proper three-dimensional structure of PUBS and/or to make
additional contacts with UAF1. In support of the latter possibility,
we found that PHLPP1 and the PUBS-E1� chimeric helicase re-
quire SLD2 for interaction with UAF1 (Fig. 8), in contrast to E1,
which relies on the WD repeat region and SLD1 only (8). To
ascertain this difference, we created a homology model of SLD2

(Fig. 8C) and mutated a conserved �-strand that forms part of the
protein interaction surface in PCGF1, RING1B, and SUMO1 to
SUMO3 (Fig. 8D). This mutation (RLS changed to AAA) reduced
the interaction of UAF1 with the PUBS-E1� protein but not with
wild-type E1 in coimmunoprecipitation assays, thus confirming
that SLD2 is specifically needed for interaction with PUBS (Fig.
8D). A previous study of FANCI and ELG1 revealed that both
proteins interact with UAF1 via its SLD2 domain (16). FANCI and
ELG1 bind to FANCD2 and PCNA, respectively, and mediate
their deubiquitination by UAF1-USP complexes (10, 16, 36). In-
terestingly, mutagenesis of putative SUMO interaction motifs
(SIMs) in FANCI and ELG1 abolished their interaction with
UAF1, suggesting that UAF1-associated deubiquitinating en-
zymes are brought to their substrates through SIM-SLD2 interac-
tions (16). This prompted us to analyze the amino acid sequence
of PUBS for the presence of putative SIMs. Of the two motifs
identified using the GPS-SUMO server (37), one corresponds to
the VEVEV motif described above and needed for interaction with
UAF1. The second putative SIM, IVISA, is located between the
two conserved regions of PUBS, but mutagenesis of this motif did

TABLE 2 EC50 of catalytically inactive USPs in HPV31 DNA replication
assays supported by different E1 proteinsa

USP1ci

WT E1 E1� protein
PUBS-E1�
protein

EC50

(ng)
Imax

(%)
EC50

(ng)
Imax

(%)
EC50

(ng)
Imax

(%)

1 11 87 32 19 11 73
12 34 72 NA NA 27 40
46 38 70 NA NA 75 50
1 � 12 � 46 20 75 NA NA 15 58
a EC50, amount of USPci plasmid needed to inhibit HPV DNA replication by 50%; Imax,
maximal level of inhibition achievable with high amounts of USPci; NA, not applicable.

FIG 8 The WD repeat region and C-terminal SUMO-like domain of UAF1 are required for interaction with PHLPP1 and PUBS-E1� proteins. (A) Mapping of
the UAF1 domain required for interaction with PHLPP1, by coimmunoprecipitation. C33A cells were cotransfected with an expression vector for HA-tagged
PHLPP1 together with a plasmid encoding 3F-UAF1 or the indicated truncated derivative. The amino acid boundaries of each UAF1 fragment are indicated.
UAF1 proteins were immunoprecipitated with an anti-Flag antibody and the presence of HA-PHLPP1 in each immunoprecipitate (IP) and input cell extract (IN)
tested by Western blotting with an anti-HA antibody. Only the full-length UAF1 protein could interact with PHLPP1 in this assay. (B) Schematic representation
of UAF1 showing the location of the WD40 repeat region and of the two SUMO-like domains (SLD1 and SLD2). The regions of UAF1 needed for interaction with
PHLPP1 (aa 1 to 677) and with E1 (aa 1 to 573) (8) are summarized above. (C) Homology model of SLD2 from human UAF1 based on the RAWUL domains of
PCGF1 (34), RING1B (35), and related proteins. The structures of PCGF1 (PDB 4HPM) and RING1B (PDB 3GS2) are shown for comparison. The �-strand and

-helix that make up part of the interaction surface on PCGF1 and other SUMO-like domains are colored in red, and their sequences are aligned below. (D)
Amino acid sequence alignment of the �-strand and 
-helix of SUMO1 to SUMO3, PCGF1, and RING1B with UAF1 SLD2. RLS MUT refers to the mutation
introduced in the �-strand of UAF1 that changes the RLS sequence to three alanines. (E) Coimmunoprecipitation of wild-type and RLS-mutated UAF1 with
either wild-type E1 (WT), PUBS-E1�, or E1� protein. C33A cells were cotransfected with an expression vector for the indicated 3F-E1 protein together with a
plasmid encoding either wild-type or RLS mutant GFP-UAF1. Following the immunoprecipitation of E1 with an anti-Flag antibody, the presence of GFP-UAF1
in each immunoprecipitate (IP) and input cell extract (IP) was tested by Western blotting with anti-GFP antibodies.
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not significantly affect UAF1 binding (not shown). Thus, it re-
mains a possibility that SLD2 interacts with the SIM-like VEVEV
motif in PUBS, although we feel this is unlikely given that SLD2 is
dispensable for interaction with the analogous VEA(I/V)V motif
in E1. Clearly, detailed structural and mutagenesis studies will be
needed to pinpoint the exact contacts that the PHLPP1 and E1
UBS make with UAF1 and the role of the WD repeat �-propeller
region and of the two SUMO-like domains in these interactions.
Although our results indicate that PHLPP1 and E1 compete with
each other for binding to UAF1, we emphasize that this finding
was derived from experiments in which one of the two proteins
was overexpressed in order to make the amount of UAF1 limiting

for interaction. It is currently unknown if E1 accumulates to suf-
ficiently high levels in HPV-infected cells to overcome the binding
capacity of UAF1 and sequester UAF1-containing deubiquitinase
complexes away from PHLPP1 and/or other UAF1-binding pro-
teins. The low levels of E1 in undifferentiated cells make this sce-
nario unlikely. E1 expression is expected to be much higher in
differentiated cells undergoing viral DNA amplification than in
undifferentiated cells. However, as the E1 UBS is likely removed
from the rest of the protein by caspase-3/7 cleavage to promote
genome amplification (38), it is unclear if the free UBS has any
function in these differentiated cells. Given these uncertainties, we
have refrained from suggesting that E1 reduces the interaction of
PHLPP1 with UAF1 under physiological conditions and chose to
limit our interpretation of their mutually exclusive binding as an
indication that both proteins contact UAF1 in a similar manner.

A major impetus for characterizing the PHLPP1 UBS was to
test if it could replace the E1 UBS in stimulating HPV DNA
replication. Characterization of a PHLPP1-E1 chimeric helicase
(PUBS-E1�) showed that PUBS could substitute for the E1 UBS in
recruiting UAF1 and its associated USPs, while having little to no
effect on E2 binding (Fig. 4B). Accordingly, the PUBS-E1� pro-
tein induced a relocalization of UAF1 into E1-E2-containing nu-
clear foci, similarly to wild-type E1 (Fig. 4C). Furthermore, the
activity of the PUBS-E1� enzyme in HPV DNA replication assays
was approximately twice that of the E1� protein, but not as high as
that of wild-type E1 (Fig. 5). The fact that PUBS could partially
substitute for the E1 UBS in stimulating the replication activity of
the E1� protein provided further evidence that both domains are
functionally related and strengthened our hypothesis that the
main role of the E1 N-terminal region is to function as a UAF1-
USP-recruiting module (summarized in Fig. 9C). This is further
supported by the observation that the stimulatory effect of PUBS
could be abrogated by overexpression of catalytically inactive
USP, thus confirming that a deubiquitinase activity is necessary
for increased HPV DNA replication (Fig. 6). As encouraging as
these results may be, it is also noteworthy that the fusion of PUBS
to the E1� protein did not stimulate HPV DNA replication up to
wild-type levels, despite the fact that the chimeric helicase inter-
acts efficiently with UAF1-USP complexes. An obvious explana-
tion for this mitigated rescue might be the need of the PUBS-E1�
protein to engage SLD2 for interaction with UAF1, in contrast to
wild-type E1. In addition, we do not exclude the possibility that
the N-terminal 40 amino acids of E1 play a structural role and/or
contribute to another, UAF1-independent function of the heli-
case, which would not be restored in the PUBS-E1� chimeric
enzyme. Along this line, we note that the N-terminal region of E1,
although generally more divergent than the rest of the protein,
nevertheless contains a few residues that are highly conserved be-
tween HPV types, including types whose encoded E1 does not
interact with UAF1.

It was previously reported that UAF1, in complex with USP12,
can increase the stability of PHLPP1 by promoting its deubiquiti-
nation (18). Consistent with this report, we observed that the
steady-state levels of PHLPP1 decreased slightly when its interac-
tion with UAF1 was outcompeted by overexpression of E1 or of
the E1 UBS (see input cell extracts in Fig. 1B and C). However, we
did not observe any significant differences in the steady-state ac-
cumulation of the PUBS-E1� protein relative to that of the E1�
protein or compared to mutant versions of this chimeric enzyme
that are defective for interaction with UAF1 (MutN and MutC)

FIG 9 Proposed interactions between HPV E1, PHLPP1, and UAF1-contain-
ing deubiquitinating enzymes. (A) Schematic representation of UAF1 showing
the WD repeat region and two SUMO-like domains (SLD1 and SLD2). A
structural model of the WD repeat region of human UAF1 obtained from the
WDSP database (40) is presented underneath (colored in red), together with
the model of SLD2 generated in this study (colored in blue). (B) Sequence
logos of the PHLPP1 UBS (PUBS) and E1 UBS. Only the conserved N- and
C-terminal regions of PUBS are shown. A sequence motif conserved between
the N-terminal region of PUBS and the E1 UBS is boxed. A stretch of negatively
charged amino acids found in both UBSs is also indicated (acidic). (C) Car-
toon representation of the proposed complexes formed by E1 and PHLPP1
with UAF1-containing deubiquitinating enzymes. UAF1 is represented as a
tripartite protein (blue) comprised of a WD40 repeat region and of two
SUMO-like domains, SLD1 (S1) and SLD2 (S2). USP1, USP12, and USP46,
which form mutually exclusive complexes with the WD repeat region of UAF1,
are represented by a yellow oval. HPV E1 is diagrammed as a bipartite protein
(green) comprised of a helicase domain linked to the E1 UBS, which contacts
UAF1 independently of SLD2. This UBS is missing in the E1� protein and
replaced by the PHLPP1 UBS in the PUBS-E1� chimeric enzyme. PHLPP1 is
also shown as a bipartite protein (gray) made of a phosphatase domain (PPase)
attached to PUBS, which requires all three subdomains of UAF1 for interac-
tion. The relative levels of HPV DNA replication supported by the proposed
E1-containing complexes are indicated by plus signs.
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(Fig. 6B). These results are similar to what we have observed with
mutations in the E1 UBS, which affect the steady state of E1 by less
than 2-fold (D. Gagnon and M. Archambault, unpublished data).
We do not believe that these observations necessarily rule out a
role for PUBS and the E1 UBS in controlling the stability of the
PUBS-E1� protein and wild-type E1, respectively. Rather, we be-
lieve that these results simply reflect the fact that E1, the PUBS-
E1� protein, and the E1� protein are stable enzymes when ex-
pressed in transfected C33A cells, perhaps because E1-expressing
cells are blocked in S phase and undergo a DNA damage response
(24, 39). We are currently investigating if E1 becomes destabilized
under certain conditions, such as at the end of viral DNA replica-
tion, during a specific phase of the cell cycle, or in the absence of a
DNA damage response. Thus, a definitive answer as to the role of
the E1 UBS in modulating the ubiquitination state of E1 awaits the
identification of conditions under which E1 is unstable.

In summary, the results presented in this study demonstrate
that artificial recruitment of UAF1-USP complexes through the
fusion of E1 with a heterologous UBS is sufficient to facilitate HPV
DNA replication. As such, these findings provide further evidence
that a main function of the E1 N-terminal region from anogenital
HPV types is to recruit UAF1-associated USP1, USP12, or USP46,
whose catalytic activity is required for optimal replication of the
viral episome.
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