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The E6 protein of both mucosal high-risk human papilloma-
viruses (HPVs) such as HPV-16, which have been causally asso-
ciated with malignant tumors, and low-risk HPVs such as HPV-
11, which cause the development of benign tumors, interacts
with the cellular E3 ubiquitin ligase E6-associated protein
(E6AP). This indicates that both HPV types employ E6AP to
organize the cellular proteome to viral needs. However, whereas
several substrate proteins of the high-risk E6-E6AP complex are
known, e.g. the tumor suppressor p53, potential substrates of
the low-risk E6-E6AP complex remain largely elusive. Here, we
report on an affinity-based enrichment approach that enables
the targeted identification of potential substrate proteins of the
different E6-E6AP complexes by a combination of E3-selective
ubiquitination in whole-cell extracts and high-resolution MS.
The basis for the selectivity of this approach is the use of a ubig-
uitin variant that is efficiently used by the E6-E6AP complexes
for ubiquitination but not by E6AP alone. By this approach, we
identified ~190 potential substrate proteins for low-risk HPV-
11 E6 and high-risk HPV-16 E6. Moreover, subsequent valida-
tion experiments in vitro and within cells with selected sub-
strate proteins demonstrate the potential of our approach. In
conclusion, our data represent a reliable repository for potential
substrates of the HPV-16 and HPV-11 E6 proteins in complex
with E6AP.

Because the coding capacity of viral genomes is rather lim-
ited, it is essential for viruses to reprogram the host cell metab-
olism according to viral need. This type of adaption can be
achieved by various means, including modulation of host cell
gene expression and exploitation of host cell regulatory pro-
teins. Thus, in-depth analysis of viral regulatory proteins and
their effect on host cell metabolism provides an attractive op-
portunity to obtain insight into mechanisms and processes gov-
erning cellular proteostasis. A prominent example is provided
by papillomaviruses that contain a genome of ~8 kb harboring
only ~10 genes (1-4). Thus, for viral propagation papillomavi-
ruses largely depend on the host cell machinery.

Human papillomaviruses (HPVs) have been classified into
different genera, with «-papillomaviruses comprising HPV
types that infect mucosal and cutaneous epithelia (1-4). Based
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on molecular biological and clinical data, a-papillomaviruses
with a tropism for mucosal epithelia can be roughly subdivided
into “low-risk” and “high-risk” types. Whereas infection with
low-risk HPVs (e.¢ HPV-6 and HPV-11) induces the formation
of benign lesions with no or only little risk to progress to cancer,
women infected with high-risk HPVs (e.g HPV-16 and HPV-
18) have a significantly increased risk to develop malignant
lesions, most notably cervical cancer (5, 6). This differential
association with clinical lesions is also reflected in different bio-
chemical properties of the major HPV oncoproteins, E6 and E7.
For example, the high-risk E6 proteins utilize the cellular E3
ubiquitin ligase E6-associated protein (E6AP) to target the tu-
mor suppressor p53 for ubiquitination and degradation (sum-
marized in (7-9)), whereas low-risk E6 proteins bind to E6GAP
but do not target p53 (10, 11).

Because of their carcinogenic potential, many studies have
focused on the characterization of the high-risk E6 proteins.
Accordingly, a still-increasing number of potential interaction
partners of high-risk E6 proteins has been reported, though the
physiological relevance of many of these interactions remains
unclear, with the exception of p53 and some PDZ domain-con-
taining proteins (for reviews, see (12, 13)). Furthermore, most
of the proteins reported to bind to high-risk E6 proteins do not
appear to interact with low-risk E6s (12, 13). A remarkable
exception is E6AP. E6AP is encoded by the L/BE3A gene (14,
15) and has been causally implicated in the development of
three human disorders. Loss of a functional E6AP protein and
amplification of the UBE3A allele (“gain of function”) result in
the neurodevelopmental disorders Angelman syndrome and
Dupl5q syndrome, respectively (16—22). Redirecting of E6AP
by high-risk E6 proteins to substrates that in the absence of E6
are not targeted by E6AP, such as p53, is assumed to contribute
to HPV-induced cervical carcinogenesis (8, 9). Indeed, the pres-
ence of E6AP is essential for HPV-induced cervical carcinogen-
esis in a transgenic mouse model (23).

High-risk and low-risk E6 proteins share significant similar-
ity at the amino acid sequence level (~50%) and, thus, are likely
to play similar roles during the viral life cycle (3, 24). Because
both interact with E6AP (10, 11), it is tempting to speculate
that E6AP is a critical interaction partner of low-risk and high-
risk E6 proteins and is utilized by these to target an overlapping
spectrum of host proteins for ubiquitination. Yet, in particular,
the potential targets of the low-risk E6-E6AP ubiquitin ligase
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Identification of substrates of the E6-E6AP ubiquitin ligase

complex remain largely elusive (13). In principle, there are at
least two main possibilities to identify substrate proteins of
ubiquitin ligases at the proteome level (summarized in (25)).
Substrates can be identified by manipulating the expression
levels of the respective ubiquitin ligase or of a subunit of a ubiq-
uitin ligase complex, in this case E6 proteins, in cells (e.g. (26—
28)). Although subsequent affinity-based purification proce-
dures allow the identification of proteins whose ubiquitination
status is affected by the presence or absence of the E6 proteins,
it remains unclear whether the proteins identified represent
direct substrates of the E6 proteins or whether their ubiquitina-
tion status is indirectly affected. Alternatively, potential sub-
strate proteins can be identified in vitro (25), for instance by
using whole-cell extracts. The advantage of a whole-cell extract
system is that the ubiquitin machinery can be manipulated
such that ubiquitination mainly depends on the activity of the
ubiquitin ligase of interest, thereby minimizing the possibility
that the ubiquitination status of a protein is indirectly af-
fected. In any case, results obtained in any system have to be
validated in vitro using recombinant proteins and in cell cul-
ture experiments.

To identify potential substrate proteins of both low-risk and
high-risk E6 proteins, we established an affinity-based enrich-
ment approach using whole-cell extracts and a dedicated bio-
tin-tagged ubiquitin variant that in the absence of the E6 pro-
teins is only poorly used by E6AP for ubiquitination. Enriched
proteins were subsequently identified by high-resolution MS
(LC-MS/MS) and label-free quantification. We further vali-
dated E6-mediated ubiquitination/degradation of some of the
proteins identified both in vitro by using recombinant proteins
and within cells by transient transfection experiments, demon-
strating the potential of this approach.

Results

Establishment of an in vitro ubiquitin variant-based affinity
enrichment approach

To enable purification and identification of potential sub-
strates of the E6 proteins with high specificity (for a scheme of
the general workflow, see Fig. 14), we envisioned that a ubiqui-
tin-based affinity approach should fulfill the following criteria.
First, ubiquitin needs to be equipped with an affinity tag that
does not interfere with E6-E6AP—mediated ubiquitination and
allows enrichment of ubiquitinated proteins under harsh con-
ditions to minimize the possibility of (co)purifying nonubiquiti-
nated proteins. Second, EGAP was reported to catalyze mainly
the formation of Lys-48-linked ubiquitin chains (poly-ubiquiti-
nation) (29, 30). Furthermore, poly-ubiquitination itself can
render the identification of the respective protein by LC-MS/
MS difficult, because the high number of ubiquitin-derived
peptides poses a challenge to detect less-prominent peptides.
Thus, a ubiquitin variant that is not or only poorly used by
E6AP for poly-ubiquitination should prove helpful in circum-
venting this drawback. Third, the approach should depend on
the presence of E6 proteins to increase the likelihood that the
proteins identified are indeed substrates of the E6-E6AP com-
plex rather than E6AP alone. A possibility to achieve this is the
use of ubiquitin variants that are efficiently used by the E6-
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E6AP complex but not by E6AP alone, such as defined hydro-
phobic patch mutants (31).

To address the first criterion, we adapted a published proce-
dure that results in site-specific modification of ubiquitin at
Lys-6, presumably because of the catalytic microenvironment
of the e-amino group of K6 (32, 33). To biotinylate ubiquitin,
we employed sulfo-N-hydroxysuccinimide long-chain biotin
(Fig. S1B), and MS analysis of the resulting product revealed
that ubiquitin was indeed primarily biotinylated at Lys-6 (Fig.
S1, C and D). Because E6AP mainly catalyzes the formation of
Lys-48-linked ubiquitin chains (29, 30), we expected that bioti-
nylation of ubiquitin at Lys-6 should not, or only moderately,
interfere with E6AP activity. To determine whether this is the
case, we performed E6AP auto-ubiquitination assays (34) and
ubiquitination assays with whole-cell extracts derived from
HEK293T cells (35) that express high levels of WT p53. Indeed,
E6AP was efficiently auto-ubiquitinated in the presence of bio-
tinylated ubiquitin (Fig. S24). Similarly, addition of HPV-16 E6
and E6AP to HEK293T cell extracts resulted in quantitative
poly-ubiquitination of p53 under the conditions used. The
ubiquitinated forms of p53 were enriched by incubation with
streptavidin beads and subjected to Western blotting analysis
using a p53-specific antibody (Fig. S2B). However, LC-MS/MS
analysis of the eluates did not result in the identification of a
significant number of p53-derived peptides (not shown).

To address the second criterion, we resorted to a ubiquitin
variant in which lysine residues 48 and 63 are replaced by argi-
nine (Ub-K48/63R), because this variant should only be poorly
used by E6AP for poly-ubiquitination. Surprisingly, it turned
out that Ub-K48/63R is not only poorly used by E6AP for poly-
ubiquitination (Fig. 1B) but for ubiquitination in general (Fig.
S3, A-C). Moreover, Ub-K48/63R is efficiently used by the E6-
E6AP complex (Fig. 1D and Fig. S3). In a simplified view, E6AP-
mediated ubiquitination is a two-step process. In the first step,
E6AP forms a thioester complex with ubiquitin, and in the sec-
ond step, E6AP catalyzes the covalent attachment of ubiquitin
to substrate proteins by isopeptide bond formation. Thioester
complex formation assays with WT ubiquitin and with Ub-
K48/63R clearly showed that E6AP can readily form thioester
complexes with either of these and that the efficiency is not
affected by E6 (Fig. S3D). This strongly indicates that the E6
proteins rescue the inability of EGAP to transfer Ub-K48/63R to
substrate proteins, which is reminiscent of the results we previ-
ously obtained with hydrophobic patch mutants of ubiquitin
(31). Because E6 also does not affect the lysine residues of ubiq-
uitin used by E6AP for poly-ubiquitination (Fig. 1C), Ub-K48/
63R fulfills not only the second but also the third criterion.
Thus, Lys-6-biotinylated Ub-K48/63R is ideally suited to iden-
tify proteins that are targeted by the E6-E6AP complex, but not
by E6AP alone.

Identification of potential substrate proteins of HPV E6
proteins

To identify substrate proteins of HPV-16 E6 (high risk) and
HPV-11 E6 (low risk), we employed whole-cell extracts derived
from HaCaT cells (36). HaCaT cells are spontaneously immor-
talized keratinocytes, and because keratinocytes constitute the
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Figure 1. Biotinylated ubiquitin as a tool to identify substrates of the E6-E6AP ubiquitin ligase complex using cell extracts. A, schematic of the proce-
dure. bio-Ub, biotinylated ubiquitin. B and C, determination of the lysine residues used for ubiquitin chain formation by E6AP and the E6-E6AP complex by
TMT-based quantification of diGly-modified ubiquitin-derived peptides. B, relative distribution of all identified lysine residues harboring diGly modifications.
C, bar charts showing the TMT-based quantification of all peptides identified with diGly modifications. Abundances are shown as grouped abundance over all
peptide-spectrum matches for a respective peptide. Standard errors could not be calculated for the peptide modified at Lys-27 by diGly because of the low
number of identified peptide-spectrum matches. Ub, WT ubiquitin; KR, Ub-K48/63R. D, HEK293T cell extract was incubated with a biotinylated ubiquitin variant
(Ub-K48/63R; for details, see text) in the presence and absence of recombinant E6AP and a GST fusion protein of HPV-16 E6 as indicated. Ubiquitinated pro-
teins were enriched via streptavidin-affinity purification and analyzed by Western blotting analysis using an anti-p53 antibody. Note that HEK293T cells
express endogenous E6AP at levels that are sufficient to facilitate E6-mediated ubiquitination of p53; however, the efficiency is improved by addition of
recombinant E6AP, as witnessed by the decrease in levels of nonmodified p53. The running positions of molecular mass markers, nonmodified p53 (arrow),
and ubiquitinated forms of p53 (asterisk) are indicated. in, cell extract used for affinity purification after ubiquitination reaction; ft, proteins not bound to strep-
tavidin beads; elu, proteins bound to streptavidin beads. Note that in the presence of both E6 and E6AP, p53 is almost quantitatively ubiquitinated, resulting
in various ubiquitinated forms of p53 that differ in their migration behavior; i.e. the different p53 forms appear as a ladder. Because Ub-K48/63R is only poorly
used by the E6-E6AP complex for poly-ubiquitination, each band of the ladder is likely to represent p53 forms that carry single ubiquitin moieties at a distinct
number of lysine residues.

host cells of HPVs, they represent an appropriate means to free quantification. In total, 1509 proteins were identified in at
obtain first insights into the substrate pattern of HPV E6 pro- least two of three biological replicates (HPV-16 E6, HPV-11 E6,
teins. HaCaT cell extracts were incubated in the presence and control reaction in the absence of any E6), and the corre-
of recombinant ubiquitin-like modifier—activating enzyme 1 sponding intensities are shown as a heat map in Fig. 2B. Of
(UBA1), ubiquitin-conjugating enzyme UbcH7, biotinylated these, 199 and 179 proteins were significantly enriched by (false
Ub-K48/63R, and E6AP in the absence and presence of GST  discovery rate (FDR) = 0.001, so = 2, n = 3, two-sample ¢ test)
fusion proteins of HPV-16 E6 or HPV-11 E6. Ubiquitinated and, thus, identified as potential substrate proteins of HPV-16
proteins were enriched by affinity chromatography using strep- E6 and HPV-11 E6, respectively, with 109 of these shared by
tavidin beads and upon elution separated by SDS-PAGE (Fig. both E6 proteins (Fig. 3C and Supporting data 1; a gene ontol-
2A). After cutting the gel in slices and in-gel tryptic digestion, —ogy annotation analysis is shown in Fig. S4). The corresponding
the samples were analyzed by LC-MS/MS followed by label-  volcano plots are shown in Fig. 3, A and B.
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Figure 2. Identification of potential substrate proteins of HPV-16 E6
and HPV-11 E6. A, HaCaT cell extract was incubated with recombinant E1,
UbcH7, E6AP, and biotinylated Ub-K48/63R in the absence (-) and presence
of HPV-16 (76) or HPV-11 (77) E6. Ubiquitinated proteins were enriched by
streptavidin-affinity chromatography, eluted under denaturing conditions,
separated by SDS-PAGE, and visualized by Coomassie Blue staining. The gel
shown is representative of three independent biological replicate experi-
ments. Running positions of molecular mass markers are indicated. B, the
individual lanes of the gel were cut into slices. Note that the region of the gel
corresponding to proteins with an apparent molecular mass below 30 kDa
was not analyzed, because it mainly contains free Ub-K48/63R and streptavi-
din. Upon tryptic digestion, proteins were identified and quantified by LC-
MS/MS. In total, 1509 proteins were identified and are shown with their corre-
sponding intensities in a heat map. Columns show the three biological repli-
cates (I, /I, ll), with each replicate being measured as a technical duplicate (a,
b). Each row corresponds to one protein, with its abundance increasing from
light blue to dark blue.

Closer inspection of the results obtained by LC-MS/MS
showed that for 67 (HPV-16 E6) and 44 (HPV-11 E6) of the
enriched proteins at least one peptide harboring a diGly motif
was identified (Supporting data 1), strongly indicating that the
lysine residue within the respective peptide was ubiquitinated
(37). Furthermore, streptavidin beads were stringently washed
upon incubation with the ubiquitination reaction mixtures
under conditions (6 M urea and 6 M guanidinium chloride) that
in general result in protein denaturation but do not interfere
with the biotin-streptavidin interaction (38). Taken together,
our data strongly indicate that the vast majority of the enriched
proteins identified were indeed ubiquitinated. Notably, several
proteins, including p53, zonula occludens-1 protein Zo-1
(DLG1), SCRIBBLE, Paxillin, protein arginine N-methyltrans-
ferase 1 (PRMT1), sorting nexin-27 (SNX27), and Na+/H+
exchange regulatory cofactor NHE-RF1 (NHERF1), that were
previously reported to interact with or represent substrate pro-
teins of, HPV-16 E6 or for both E6 proteins (39-46) were iden-
tified (Fig. 3, A and B and Supporting data 1). In conclusion, the
results obtained indicate that our approach enables the identifi-
cation of substrates of the ubiquitin system in an E6-specific
manner.

Validation of substrate proteins

To obtain further evidence for the robustness and “E6-speci-
ficity” of the ubiquitin-based affinity enrichment approach, we
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selected a few proteins for which a cDNA was readily available
(XRCC4, MRE11, OTU deubiquitinase 5 (OTUD5), nuclear in-
hibitor of protein phosphatase 1 (NIPP1), DDX3X, and micro-
tubule-associated protein RP/EB 1 (MAPREL)) to determine
their ability to serve as substrates for the E6-E6AP complex in
vitro and in transient transfection experiments in cells. To do
so, the respective cDNAs were cloned into an expression vector
that allows the expression of the respective proteins both in a
combined in vitro transcription/translation system and upon
transfection within cells. Furthermore, the expressed proteins
harbor an HA-tag at their N terminus, enabling their detec-
tion by Western blotting analysis. With the exception of the
microtubule-associated protein MAPRE1 (alias EB1; data not
shown) (47), the results obtained by the affinity-enrichment
approach could be validated in vitro and within cells. The
results for XRCC4 and OTUDS5 are presented in the following
paragraphs; the results obtained for MRE11, a component of
DNA damage repair pathways (48); NIPP1, an inhibitor of
protein phosphatase PP1 (49); and DDX3X, a member of the
DEAD box family of RNA helicases (50), are provided in Fig.
S7, Fig. S8, and Fig. S9, respectively.

XRCC4 is an intrinsic component of the nonhomologous
end-joining pathway for the repair of DNA double-strand
breaks (DSBs) (51). To confirm that XRCC4 represents a
potential substrate of the E6 proteins, we first performed in
vitro ubiquitination assays. I[n vitro translated radiolabeled
XRCC4 was incubated in the absence or presence of various
combinations of E6AP and the E6 proteins under standard
ubiquitination conditions (“Experimental procedures”). As
shown in Fig. 44, XRCC4 is efficiently ubiquitinated by HPV-
16 E6 and somewhat less efficiently by HPV-11 E6 in the pres-
ence of E6AP. Notably, XRCC4 was also ubiquitinated by E6AP
alone. However, subsequent time course experiments revealed
that E6AP alone is significantly less active in XRCC4 ubiquiti-
nation than the E6-E6AP complex (Fig. S54). We also per-
formed GST pulldown experiments to determine whether a
stable complex is formed between the E6 proteins and XRCC4.
However, the data obtained suggest that the interaction is
rather weak (i.e. of low affinity) and is not, or barely, detectable
under the conditions used (Fig. S5B). Finally, the effect of the
E6 proteins on XRCC4 levels in cells was determined in tran-
sient transfection experiments. For this, we used H1299-K3
cells in which endogenous E6AP expression is stably down-
regulated by RNAi to ~10-15% of the levels in parental H1299
cells (11). This showed that in the presence of HPV-16 E6 or
HPV-11 E6, levels of ectopically expressed XRCC4 are
decreased (Fig. 4B). Importantly, this decrease was significantly
enhanced in the presence of ectopically expressed WT E6AP,
whereas in the presence of a catalytically inactive EGAP mutant
(E6AP-C820A), levels of XRCC4 were similar to those in the
absence of E6 proteins. Although we were not able to detect
ubiquitinated forms of XRCC4 (see “Discussion”), the finding
that the presence of catalytically active E6AP is required to
reduce XRCC4 levels strongly indicates that the E6 proteins
target XRCC4 for ubiquitination and subsequent degradation.

OTUDS5 is a member of the OTU family of deubiquitinating
enzymes and has been implicated in the regulation of p53
stability and, like XRCC4, in DSB repair (52, 53). Similar to
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Figure 3. Analysis of potential substrate proteins of HPV-16 E6 and HPV-11 E6. A and B, volcano plots of proteins that were significantly enriched in the
presence of the E6 proteins and thus represent potential substrate proteins of HPV-16 E6 and HPV-11 E6, respectively. Significant enrichment was determined
relative to proteins identified in the reactions in the absence of E6 proteins (Supporting data 1). Plotted is the log, fold change versus the negative logarithm
of the p-values. Black dots indicate significant enrichment (FDR = 0.001, So = 2, n = 3, two-sample t test). Blue dots/protein names indicate significant enrichment
of previously reported substrate proteins or interaction partners of the E6 proteins or of E6AP (i.e. RAD23A). Red dots/protein names indicate proteins that were
not reported previously to represent substrates of the E6 proteins and were selected for validation. C, heat map of proteins significantly enriched for both

HPV-16 and HPV-11 E6 and HPV-16 E6 or HPV-11 E6.

XRCC4, E6AP alone was able to ubiquitinate OTUD5 in vitro
to some extent, and this ubiquitination was stimulated by the
E6 proteins (Fig. 5A and Fig. S6). Furthermore, in transient
transfection experiments, coexpression of the E6 proteins
resulted in a significant decrease in OTUD5 levels in the pres-
ence of WT E6AP but not in the presence of E6GAP-C820A
(Fig. 5B). Unlike XRCC4, an interaction of OTUD5 with the
E6 proteins, in particular with HPV-16 E6, was readily
observed in GST pulldown experiments, indicating that the
E6 proteins have a higher affinity for OTUD5 than for
XRCC4. In any case, the data obtained in in vitro ubiquitina-
tion experiments and in the cotransfection experiments
clearly indicate that at least under the conditions used, both
XRCC4 and OTUDS5 represent substrate proteins for the
HPV E6 proteins.

15074 J Biol. Chem. (2020) 295(44) 15070-15082

In conclusion, our validation experiments iz vitro and in cell
culture confirm both the selectivity and the robustness of our
cell extract-based affinity enrichment approach in detecting
bona fide substrates of the HPV-11 E6 and HPV E6 proteins in
complex with E6AP.

Discussion

Because E3 ubiquitin ligases mediate the recognition of sub-
strate proteins and thereby the specificity of the ubiquitin-con-
jugation system (54), there is considerable interest to identify
the substrate spectrum of ubiquitin ligases, in particular of
those involved in human disease. Over the years, a number of
approaches for the identification of substrates of ubiquitin
ligases have been reported, ranging from in vitro assays with
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Figure 4. Validation of XRCC4 as a potential substrate protein of the
HPV E6 proteins. A, in vitro translated, radiolabeled XRCC4 was incubated
with E1 and UbcH7 in the absence and presence of ubiquitin (Ub), baculovi-
rus-expressed E6AP, and GST fusion proteins of HPV-16 E6 or HPV-11 E6 as
indicated. Upon 90 min at 30°C, reactions were stopped and analyzed by
SDS-PAGE followed by fluorography. Running positions of the nonmodified
form and ubiquitinated forms of XRCC4 are indicated by an arrow and an as-
terisk, respectively. B, H1299 cells, in which endogenous E6AP expression is
stably down-regulated by RNAi, were transfected with expression constructs
encoding HA-tagged forms of XRCC4, E6AP, a catalytically inactive EGAP mu-
tant (C820A), HPV-16 E6, and HPV-11 E6 as indicated. 24 h after transfection,
protein extracts were prepared and the levels of the various proteins were
determined by Western blotting analysis using an anti-HA antibody. Note
that prior to SDS-PAGE, the relative transfection efficiency of each transfec-
tion was determined (see “Experimental procedures”) to adjust the amounts
of the extracts used for analysis. Relative levels of HA-XRCC4 are indicated.
The analysis shown is representative of three independent experiments. Run-
ning positions of molecular mass markers are indicated. Of note, XRCC4 lev-
els are significantly decreased in the presence of HPV-11 E6 alone, which is
likely explained by the notion that H1299-K3 express residual levels of en-
dogenous E6AP. Importantly, XRCC4 levels are further decreased in the pres-
ence of ectopically expressed E6AP and increased in the presence of a
catalytically inactive mutant (C820A), strongly indicating that HPV-11 E6 tar-
gets XRCC4 for degradation in an E6AP-dependent manner.

phage display libraries, protein microarrays, or cell extracts to
modulation of expression/activity of the ubiquitin ligase of in-
terest within cells with subsequent analysis of changes in pro-
tein expression levels in general or in the pattern of ubiquiti-
nated proteins at the proteomic scale (summarized in (25)).
Each of these approaches has its advantages but also its pitfalls
and limitations (25). Here, we employed a biotin-tagged ubiqui-
tin variant in combination with cell extracts to identify poten-
tial substrate proteins of the ubiquitin ligase E6GAP in complex
with the E6 protein of HPV-16 or HPV-11. Compared with pro-
tein microarrays or phage display libraries, the use of cell
extracts has the advantages that potential substrate proteins are
posttranslationally modified, which may be required for spe-
cific recognition by the E3 ligase of interest, and that ubiquiti-
nation is performed in the context of the entire proteome,
reducing the risk that proteins are ubiquitinated in a nonspe-
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Figure 5. Validation of OTUDS5 as a potential substrate protein of the
HPV E6 proteins. A, in vitro translated, radiolabeled OTUD5 was incubated
with E1 and UbcH7 in the absence and presence of ubiquitin (Ub), baculovi-
rus-expressed E6AP, and GST fusion proteins of HPV-16 or HPV-11 E6 as indi-
cated. Upon 90 min at 30 °C, reactions were stopped and analyzed by SDS-
PAGE, followed by fluorography. Running positions of the nonmodified form
and ubiquitinated forms of OTUD5 are indicated by an arrow and an asterisk,
respectively. B, H1299 cells, in which endogenous E6AP expression is stably
down-regulated by RNAi, were transfected with expression constructs
encoding HA-tagged forms of OTUD5, E6AP, a catalytically inactive E6GAP mu-
tant (C820A), HPV-16, and HPV-11 E6 as indicated. 24 h after transfection,
protein extracts were prepared and the levels of the various proteins were
determined by Western blotting analysis using an anti-HA antibody. Note
that prior to SDS-PAGE, the relative transfection efficiency of each transfec-
tion was determined (see “Experimental procedures”) to adjust the amounts
of the extracts used for analysis. Relative levels of HA-OTUDS5 are indicated.
The analysis shown is representative of three independent experiments. Run-
ning positions of molecular mass markers are indicated. C, GST fusion pro-
teins of HPV-16 E6 and HPV-11 E6 or GST alone bound to GSH Sepharose
beads were mixed with in vitro translated, radiolabeled OTUDS. Upper panel,
upon incubation for 90 min at 4 °C, beads were washed and eluates were an-
alyzed by SDS-PAGE, followed by fluorography. input, 10% of OTUD5 used in
the binding reactions. Lower panel, amount of GST proteins used in the bind-
ing reactions as determined by SDS-PAGE and Coomassie Blue staining.
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cific manner. Because cell extracts can be spiked with high
amounts of the ubiquitin ligase of interest, it is likely that the
proteins identified as ubiquitination substrates indeed repre-
sent direct targets of the ubiquitin ligase and that their ubiquiti-
nation status is not indirectly affected, as can happen by modu-
lating the activity of ubiquitin ligases within cells.

As shown in Fig. S3, Ub-K48/63R is not, or only poorly, used
for ubiquitination by E6AP alone, whereas it is efficiently used
by E6AP in the presence of the HPV E6 proteins. This unex-
pected observation warrants a note of caution when lysine-defi-
cient ubiquitin mutants are employed to determine the actual
lysine residues that are used by a given E3 ubiquitin ligase for
ubiquitin chain formation. To come to a sound conclusion, it
needs to be shown that the E3 ubiquitin ligase in question can
use the respective ubiquitin mutant for ubiquitination at all.
Regardless, with respect to the identification of substrates of
the E6-E6AP ubiquitin ligase complex rather than substrates of
E6AP alone, the use of Ub-K48/63R represents the main
advantage of our approach, because it enables the selective
identification of substrates of the E6-E6AP complex. Indeed,
we identified several proteins that were previously reported to
be substrates of the E6-E6AP complex, including p53 and sev-
eral PDZ domain—containing proteins that are not recognized
by E6AP in the absence of E6 (39-46). The selectivity and
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robustness of our cell extract—based affinity enrichment
approach is further demonstrated by the results obtained in val-
idation experiments for previously unknown substrate proteins
of the E6 proteins. In five of six cases tested (XRCC4, OTUDS5,
MRE11, NIPP1, and DDX3X), E6AP-mediated ubiquitination
in vitro was either dependent on or significantly stimulated by
the presence of the E6 proteins. Moreover, in transient trans-
fection experiments, a decrease in levels of the respective pro-
teins was observed only in the presence of the E6 proteins and
catalytically active E6GAP. However, efforts to detect ubiquiti-
nated forms of the substrate proteins in cotransfection experi-
ments in cells, for example by coexpression of His-tagged ubiq-
uitin, failed. However, we were also not able to detect
ubiquitinated forms of p53 in such assays (55). Although the
reason for this remains to be determined, the finding that the
decrease was not observed in the presence of a catalytically
inactive EGAP mutant (E6AP-C820A) strongly indicates that
the E6-E6AP complex targets the respective proteins for ubiq-
uitination and subsequent degradation.

In contrast to previously reported substrates of the HPV-16
E6 protein (e.g p53 and PDZ domain-containing proteins) (39—
46), we were not able to detect an interaction of the E6 protein
with in vitro translated XRCC4 and NIPP1 under the condi-
tions of a coprecipitation experiment. This may indicate that
the interactions are mediated by additional proteins not pres-
ent in the rabbit reticulocyte extract used for in vitro transla-
tion. This appears to be unlikely, however, because an interac-
tion was also not observed when extracts derived from cells
ectopically expressing XRCC4 or NIPP1 were employed (data
not shown). Alternatively and more likely, E6 or the E6-E6AP
complex binds to these proteins with an affinity too low to be
detectable under the conditions of a coprecipitation experi-
ment (note that because XRCC4 and NIPP1 are ubiquitinated
in vitro by the E6-E6AP complex, they have to bind to this enzy-
matic complex). Such low-affinity enzyme-substrate interac-
tions can also be observed by proximity-labeling approaches,
which have been employed to identify substrates of E3 ubiqui-
tin ligases in cells (e.g. (27, 56, 57)). In this context, it should be
noted that not all proteins identified by our approach are neces-
sarily physiologically relevant substrates of the E6-E6AP com-
plex. For instance, in some cases proteins that interact with but
are not ubiquitinated by the E6-E6AP complex within cells may
also be ubiquitinated ix vitro because of the conditions used.

Because the E6 proteins of both low-risk and high-risk HPVs
interact with E6AP and because little is known about potential
substrates of the low-risk E6-E6AP complex, we originally set
out to identify proteins that serve as potential substrates for
HPV-16 E6 and/or HPV-11 E6. We speculate that proteins
such as XRCC4, MRE11, OTUD5, and NIPP1 that are recog-
nized by both E6 proteins are important for common aspects of
the viral life cycles, whereas those that are recognized by either
HPV-16 E6 or HPV-11 E6 have type-specific functions. These
functions are likely related to peculiarities of the respective life
cycle, which in the case of HPV-16 E6 may also be important
for HPV-induced carcinogenesis. p53 represents a prime exam-
ple for the latter (5, 8, 9, 23); however, its role for the life cycle
of high-risk HPVs and the reason that it is not targeted by low-
risk HPVs remain enigmatic. Intriguingly, OTUDS5 has been
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reported to be involved in p53 stability regulation (52). Thus,
one could envision that HPV-11 E6 indirectly affects p53 stabil-
ity and function by targeting OTUDS5. Unfortunately, it will be
difficult to prove this possibility because HPV's go through a pe-
culiar life cycle. In a simplified view, initial infection occurs in
primary keratinocytes of a stratified epithelium, whereas viral
replication and production take place in the differentiated
layers (3, 4). In consequence, it is still difficult to propagate
HPVs under cell culture conditions and, moreover, we do not
know at which stage of the viral life cycle interference with p53
function may be of importance. Similarly, we identified XRCC4
and MREL11 as potential substrate proteins of HPV-11 E6 and
HPV-16 E6. Both XRCC4 and MRE11 are involved in DSB
repair, though in different pathways (48, 51). Whereas degrada-
tion of these proteins may contribute to the mutagenic, and
thus oncogenic, potential of HPV-16 E6, the potential signifi-
cance of these interactions for the viral life cycle is more diffi-
cult to explain because viral replication appears to depend on
functional DSB repair pathways (58, 59). Again, however, E6-
mediated degradation of XRCC4 and/or MRE11 may, for
instance, play a role in the early stages of viral infection but not
in later ones. In conclusion, our data represent a reliable reposi-
tory for potential substrates of the HPV-16 and HPV-11 E6
proteins, but additional studies will be required to eventually
obtain insight into the physiological functions of E6-mediated
ubiquitination/degradation of the respective proteins.

We previously reported that the E6 proteins do not only
affect the substrate spectrum of E6AP but also act as potent
activators of E6AP (31, 60). This notion is further supported by
the finding that E6AP can employ Ub-K48/63R for ubiquitina-
tion in the presence of E6 but not, or only poorly, in its absence.
Intriguingly, we identified RAD23 in our study, which was pre-
viously reported to be an E6-independent substrate of E6AP
(61). Thus, it seems possible, if not likely, that in the list of iden-
tified substrates, additional proteins are present that also serve
as substrates for E6AP in the absence of E6 proteins. Notably,
the substrate(s) of E6GAP, whose deregulation contributes to the
development of the Angelman syndrome and/or the Dupl5q
syndrome, are still not known. We therefore propose that the
E6 proteins can serve as potent tools to identify such proteins,
in particular by designing and employing E6 variants that can
still activate E6AP but have lost the ability to interact with their
own substrates such as p53 and PDZ domain-containing pro-
teins. Eventually, identification of the “normal” (i.e. E6-inde-
pendent) substrate spectrum of E6AP may not only provide
insight into the normal and pathophysiological cellular func-
tions of E6AP but also into why the HPV E6 proteins utilize
E6AP and not another E3 ubiquitin ligase for viral purposes.

Experimental procedures
Plasmids and antibodies

Bacterial expression constructs for the ubiquitin-conjugating
enzyme UbcH?7, ubiquitin, and GST fusion proteins of HPV-16
E6 (GST-16 E6) and HPV-11 E6 (GST-11 E6), and expression
constructs (in vitro translation, transient transfection experi-
ments) encoding HA-tagged WT E6AP (isoform 1), the HA-
tagged catalytically inactive mutant EGAP-C820A (substitution

SASBMB



Identification of substrates of the E6-E6AP ubiquitin ligase

of Cys-820 by Ala; numbering according to isoform 1 (15)), and
HA-tagged HPV-16 E6 and HPV-11 E6, were described previ-
ously (11, 31, 62). cDNAs encoding the ubiquitin mutant Ub-
K48/63R (substitution of Lys-48 and Lys-63 by Arg) and HA-
tagged forms of XRCC4, OTUD5, MREL11, NIPP1, and DDX3X
were generated by PCR-based approaches and cloned into
pET3a and pcDNA3, respectively.

Where indicated, HA-tagged proteins were detected by the
mouse mAb HA.11 (Covance) and p53 was detected with the
mouse mAb DO-1 (Calbiochem).

Protein expression and purification

UBA1 and E6AP were expressed in the baculovirus system.
High Five insect cells were plated on a 10-cm dish to 60% con-
fluency. After 90 min, the medium was exchanged, and the cells
were infected with the respective baculovirus. After 44 h incu-
bation at 27 °C, the cells were harvested, washed with PBS, and
resuspended in lysis buffer (100 mm Tris-HCI, pH 8.0, 100 mm
NaCl, 1% Nonidet-P40, 1 ug/ml aprotinin, 1 ug/ml leupeptin,
100 um Pefabloc, and 1 mm DTT). Upon incubation on ice for
90 min, the lysate was cleared by centrifugation and the super-
natant was loaded onto Q-Sepharose beads packed in a gravity-
flow column (GE Healthcare). For lysate derived from one 10-
cm plate, 100-pl beads pre-equilibrated with 20 ml of wash
buffer (25 mMm Tris-HCI, pH 7.4, and 125 mm NaCl) were used.
Upon loading of the lysate, the beads were washed with 25 ml
of wash buffer (25 mm Tris-HCI, pH 7.4, and 200 mm NaCl). E1
and E6AP were eluted in 1-ml fractions with 300 mm NaCl and
350 mm NaCl, respectively, in elution buffer (25 mm Tris-HCl,
pH 7.4, 1 ug/ml aprotinin, 1 ug/ml leupeptin, 100 um Pefabloc,
and 1 mm DTT). Fractions containing the respective protein
were pooled.

C-terminally His-tagged UbcH7 was expressed in E. coli
BL21 (DE3) cells. Cells from 500 ml of bacterial culture were
pelleted by centrifugation and resuspended in 10 ml of lysis
buffer (PBS, 1% Triton X-100, 10 mm imidazole, 1 mm DTT, 1
pg/ml aprotinin, 1 ug/ml leupeptin, and 100 um Pefabloc). Af-
ter 10 min of incubation on ice, the cells were sonicated and
centrifuged. The supernatant was incubated with 1 ml of
nickel-nitrilotriacetic acid beads pre-equilibrated in lysis buffer.
After 1 h of incubation at 4°C, the beads were spun down,
washed with 15 ml of wash buffer 1 (PBS and 0.1% Triton X-
100), then washed with 20 ml of wash buffer 2 (PBS, 0.1% Tri-
ton X-100, 1 mm DTT, and 50 mMm imidazole), then washed
with 10 ml of wash buffer 3 (25 mm Tris-HCI, 300 mm NaCl,
0.1% Triton X-100, 1 mM DTT, and 50 mm imidazole, pH 7.5),
and finally loaded onto a gravity-flow column. The beads were
washed with 10 ml of wash buffer 3 and UbcH7 was eluted
with 6X 1 ml of elution buffer (25 mm Tris-HCI, pH 7.5, 300
mM NaCl, 1 mm DTT, 250 mm imidazole, 1 ug/ml aprotinin,
1 pg/ml leupeptin, and 100 um Pefabloc). UbcH7-contain-
ing fractions were pooled and dialyzed against 2 liters of
dialysis buffer (25 mm Tris-HCl, pH 7.5, 300 mm NacCl,
0.2 mMm DTT, and 5% glycerol).

GST fusion proteins of HPV-16 and HPV-11 E6 were
expressed in E. coli BL21 (DE3) cells. Cell pellets derived from
1 liter of bacterial culture were resuspended in 30 ml of lysis
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buffer (PBS, 1% Triton X-100, 1 mm DTT, 1 ug/ml aprotinin, 1
ug/ml leupeptin, and 100 um Pefabloc), sonicated, and centri-
fuged. The supernatant was added to 150 ul of GSH Sepharose
beads (GE Healthcare) pre-equilibrated in lysis buffer. Upon
incubation for 90 min at 4°C, the beads were spun down and
washed with 3X 1 ml of washing buffer (PBS, 0.1% Triton X-
100, and 1 mm DTT), and the GST fusion proteins were eluted
with 5X 150 ul of elution buffer (25 mm Tris-HCI, pH 8.0,
25 mMm GSH, and 1 mm DTT).

Ubiquitin and the ubiquitin mutant Ub-K48/63R were
expressed in E. coli BL21 (DE3) cells. Upon lysis in 25 mM so-
dium acetate (NaOAc), pH 4.0, and 1 mm DTT, extracts were
heated to 70 °C for 20 min, centrifuged, and loaded onto a 1-ml
HiTrap SP Sepharose High Performance column (GE Health-
care). The proteins were eluted by a linear gradient of NaCl
from 25 mm to 500 mm in 25 mm NaOAc, pH 4.0, and 1 mm
DTT. Ubiquitin-containing fractions were pooled and applied
to size exclusion chromatography (Superdex 75 Hi Load 20/60;
GE Healthcare). Ubiquitin-containing fractions were pooled
and dialyzed against H,O (Milli-Q). Purified ubiquitin was
lyophilized and stored at 4 °C.

Generation of biotinylated ubiquitin and biotinylated Ub-
K48/63R

For biotinylation of ubiquitin, sulfo-N-hydrosuccinimide
long-chain biotin (Fig. S1) (sulfo-NHS-LC-biotin; Thermo
Fisher Scientific) was used. 3 mg of ubiquitin or Ub-K48/63R
were mixed with sulfo-NHS-LC-biotin in a 1:3 molar ratio in 1
ml of 50 mm NaAc (pH 6.5). Upon overnight incubation at 4 °C,
the reaction was stopped by addition of 40 mm glycine and
incubation for 40 min at 30 °C. The mixture was passed through
a Minsart RC4 filter (Sartorius) and subjected to size exclusion
chromatography (Superdex 75 10/300GL; GE Healthcare).
Ubiquitin was eluted with 25 mm Tris-HCI, pH 7.5, 50 mMm
NaCl, and 1 mm DTT, and fractions were analyzed by SDS-
PAGE followed by Coomassie Blue staining. Ubiquitin-contain-
ing fractions were pooled and analyzed by MS (for further
details, see Fig. S1).

Generation of TAMRA-labeled ubiquitin and TAMRA-labeled
Ub-K48/63R

To attach the fluorescent dye 5(6)-carboxytetramethylr-
hodamine (TAMRA), ubiquitin or Ub-K48/63R was dissolved
in 50 mMm NaOAc (pH 7.2) and incubated for 30 min at 4 °C.
TAMRA-NHS (Invitrogen) was freshly dissolved in DMSO
and added to ubiquitin or Ub-K48/63R in a molar ratio of 1:3.
The final reaction concentrations were 3 mg/ml ubiquitin or
Ub-K48/63R, 0.55 mg/ml TAMRA-NHS, and 10% DMSO
(v/v). Upon overnight incubation at 4°C, the reaction was
quenched with 50 mm Tris-HCI, pH 8.0, for 30 min at 30 °C.
30 ml of 25 mM NaOAc, pH 4.0, were added, pH was adjusted
to 4.0, and the solution was passed through a 0.22-um syringe
filter. Ub-T (ubiquitin labeled with TAMRA) was further
purified via ion exchange chromatography using a 1-ml
HiTrap SP HP column (GE Healthcare) with a gradient of 20
column volumes from 0% buffer B to 100% buffer B (buffer A:
25 mM NaOAc, pH 4.0; buffer B: 25 mM NaOAc and 1 M NaCl,
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pH 4.0). 4-ml Amicon filter devices with a cutoff of 10 kDa
(Millipore) were used for further purification and buffer
exchange to storage buffer (25 mm Tris-HCl, 50 mm NaCl,
and 1 mm DTT, pH 7.5).

Ubiquitin thioester complex formation assay

To determine the ability of E6AP to form thioester com-
plexes with Ub-K48/63R compared with WT ubiquitin, 0.4 um
UBAL, 2 um UbcH?7, and 0.5 um E6AP were incubated with
0.3 wM ubiquitin and 0.3 um Ub-T or 0.3 um Ub-K48/63 and
0.3 wm Ub-K48/63-T for various times at 30°C in 20-ul vol-
umes. In addition, reactions contained 25 mm Tris-HCI, pH
7.5, 50 mm NaCl, 0.1 mm DTT, 2 mm ATP, and 10 mm MgCl,.
Reactions were stopped by incubating the mixtures for 15 min
at 30°C in urea loading buffer (2X urea loading buffer: 8 m
urea, 0.1 M Tris-HCI, pH 6.8, 10% glycerol, 4% SDS, and 0.001%
bromphenol blue) or urea loading buffer containing 25 mm
DTT (reducing conditions). The samples were separated on
7.5-15% SDS-PAGE gradient gels at 4 °C and analyzed by fluo-
rescence scan at 532 nm.

Tandem mass tag-based quantification of diGly-modified
ubiquitin-derived peptides

E6AP auto-ubiquitination assays (34) were performed with
either WT ubiquitin or Ub-K48/63R in the presence or absence
of GST-16 E6 in biological triplicates and analyzed via SDS-
PAGE, followed by staining with colloidal Coomassie Blue. The
part of the gel containing E6AP and the ubiquitinated forms
thereof (>100 kDa) were excised and processed essentially as
described (63). In short, Coomassie Blue—stained bands were
destained with 100 mm ammonium bicarbonate/acetonitrile
(1:1, v/v), reduced with 10 mm DTT in 100 mM ammonium bi-
carbonate for 30 min at 56 °C, and alkylated with 55 mm iodo-
acetamide in 100 mm ammonium bicarbonate for 30 min at
room temperature in the dark. After buffer exchange to 100
mm HEPES, pH 7.8, the peptides were digested with trypsin (13
ng/ul, Promega, V5111; cleavage after Lys and Arg but not
before Pro) at 37°C overnight. The digested peptides were
extracted twice with acetonitrile/5% formic acid (2:1, v/v) and
vacuum concentrated. Peptides were resuspended in 50 pul 100
mwm HEPES, pH 8, before being labeled with tandem mass tag
(TMT) 6-plex according to the manufacturer’s protocol
(Thermo Fisher Scientific). TMT labels (126, 127, 129, and 130)
were thoroughly dissolved in 41 ul of anhydrous acetonitrile
before 20 ul were added to each sample which contained ~12
g peptides. Labeling was performed for 60 min at 28 °C before
the reaction was quenched with 4 ul of 5% hydroxylamine for
15 min. Then, all four conditions were pooled for each of the
three replicates and vacuum concentrated. Prior to MS analy-
sis, the peptides were desalted via C18 spin tips (Thermo Fisher
Scientific), dried, and resuspended in 50 ul of 5% acetonitrile/
0.1% formic acid for MS analysis.

TMT-labeled peptides were analyzed on an Orbitrap Fusion
Tribrid mass spectrometer coupled to an EASY-nLC 1200 sys-
tem (Thermo Fisher Scientific). The peptides were separated
on an Acclaim PepMap C18 column (50 um X 150 mm, 2 M,
100 A) at a flow rate of 300 nl/min using a 90-min gradient
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(4 min 0.1% formic acid, 75 min linear gradient from 0-35%
acetonitrile/0.1% formic acid, 1 min linear gradient from 35—
80% acetonitrile/0.1% formic acid, 10 min 80% acetonitrile/
0.1% formic acid). TMT-labeled peptides were measured using
a synchronous precursor selection-MS3 method (64) with a full
cycle time of 3 s. Full scan mass spectrum was acquired at a re-
solution of 120K (at 200 m/z) with a maximum injection time
of 50 ms, an automatic gain control (AGC) target of 4e5 and a
scan range 375-1500 m/z. For MS2 scans, only ions with an in-
tensity threshold of 5e3 were isolated, fragmented with 35%
collision-induced dissociation and measured in the Ion Trap in
rapid scan mode with an isolation window of 0.7 m/z, a maxi-
mum injection time of 50 ms and an AGC target of 1e4. For the
MS3 scan precursor ion exclusion (low 18, high 5), TMT as iso-
baric tag loss exclusion and synchronous precursor selection
set to 10 precursor ions were selected. The MS3 scan was
acquired at a resolution of 60K with an MS isolation window of
2 ml/z, higher-energy collisional dissociation fragmentation
with normalized collision energy of 65%, a scan range of 100—
500 m/z, a maximum injection time of 118 ms, and an AGC tar-
get of 1e5.

Raw data files were processed using the Proteome Discov-
erer v 2.2.0.388 (Thermo Fisher Scientific). MS/MS data were
searched via the SEQUEST search node with the following
parameter settings: trypsin digestion allowing for up to 2
missed cleavages, minimum peptide length of 5 amino acids,
10 ppm precursor mass tolerance, and 0.6 ppm fragment
mass tolerance. Fixed modifications were set to carbamido-
methylation at cysteine residues and the TMT label at pep-
tide N termini, and dynamic modifications were set to oxi-
dation of methionine residues, diGly modification at lysine
residues and TMT label at lysine residues. Reporter ions
were quantified via the Reporter Ions Quantifier node from
MS3 spectra based on their S/N ratio with a co-isolation
threshold < 30 and average reporter S/N threshold > 50.
Quantification results were visualized as grouped abundan-
ces of the summed abundances of all replicates for the re-
spective channel.

In vitro ubiquitination with whole-cell extracts or in vitro
translated proteins

For ubiquitination of in vitro translated proteins, 1 ul of rab-
bit reticulocyte lysate-translated >*S-labeled substrate (XRCC4,
OTUDS5, MRE11, NIPP1, and DDX3X) was incubated with 100
ng of UBA1, 50 ng of UbcH7, varying amounts of baculovirus-
expressed E6AP, and 10 ug of ubiquitin in the absence or pres-
ence of GST-16 E6 or GST-11 E6 (200 ng) in 20-ul volumes. In
addition, the reactions contained 25 mm Tris-HCl, pH 7.5, 50
mM NaCl, 1 mm DTT, 2 mm ATP, and 4 mm MgCl,. After incu-
bation at 30 °C for 90 min, total reaction mixtures were electro-
phoresed in 10% or 12.5% SDS-polyacrylamide gels, and **S-la-
beled proteins were detected by fluorography.

For ubiquitination assays with cell extracts, HEK293T or
HaCaT cells were lysed in 0.1 m Tris-HCI, pH 8.0, 0.1 m NaCl,
1% IGEPAL (MP Biomedicals), 1 mm Pefabloc, 1 pg/ml apro-
tinin, 1 ug/ml leupeptin, and 1 mm DTT for 30 min at 4°C.
Upon clearance by centrifugation, protein concentration was
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determined by the BCA protein assay kit according to the
manufacturer’s instructions (Thermo Fisher Scientific). In
vitro ubiquitination was performed with 30 ug of cell extract,
75 ng of E1, 75 ng of UbcH?7, indicated amounts of baculovi-
rus-expressed E6AP, 200 ng of GST-16 E6 or GST-11 E6, and
6 ug of biotinylated ubiquitin or Ub-K48/63R in 30-ul vol-
umes. In addition, the reaction mixtures contained 25 mm
Tris-HCI, pH 7.5, 50 mMm NaCl, 1 mm DTT, 2 mm ATP, and 4
mM MgCl,. For determination of potential substrates of the
E6 proteins, 5 mg of HaCaT cell extract were employed and
the reaction mixture was up-scaled accordingly. Reactions
were incubated at 30 °C for 90 min.

Affinity purification of ubiquitinated proteins

To isolate proteins modified by biotinylated ubiquitin or bio-
tinylated Ub-K48/63R, total reaction mixtures were mixed with
High Capacity Streptavidin beads (Thermo Fisher Scientific) in
a ratio of 1.3 ug of biotinylated ubiquitin to 2 ul of beads pre-
equilibrated in 25 mwm Tris-HCI, pH 7.5, and 50 mMm NaCl.
Upon incubation for 60 min at room temperature, the mixtures
were transferred into columns (empty laboratory columns,
5-ml column volume, 35-um filter pore size; Mobitec). The
beads were washed in a sequential manner with 5 column vol-
umes each of 1) 6 M urea, 25 mm Tris-HCI, pH 7.5, and 0.5%
SDS; 2) 6 M guanidinium chloride and 25 mm Tris-HC], pH 8.5;
3) 6 M urea, 1 M NaCl, and 25 mm Tris-HCI, pH 7.5; 4) 25 mm
Tris-HCl, pH 7.5, and 500 mm NaCl; 5) 25 mm Tris-HCI, pH
7.5, and 250 mMm NaCl; 6) 5 mm NH,OAc, pH 5; and 7) 25 mm
Tris-HCI, pH 7.5. In addition, washing buffers contained 1 mm
DTT, and the beads were washed after each washing step with
5 column volumes of H,O (Milli-Q) supplemented with 1 mm
DTT. Finally, proteins bound to streptavidin beads were eluted
by boiling in 125 mm Tris-HCI, pH 6.8, 20% (v/v) glycerol, 4%
(w/v) SDS, 0.001% (w/v) bromphenol blue, and 200 mm DTT at
95 °C for 5 min. Eluates were separated by SDS-PAGE followed
by Western blotting analysis using an anti-p53 antibody
(experiments with HEK293T cell extracts) or by staining with
colloidal Coomassie Blue (HaCaT cell extracts). To identify
potential substrates of the E6 proteins, ubiquitination reactions
with HaCaT cell extracts were performed in three independent
experiments (“biological replicates”).

Protein identification by LC-MS/MS

In-gel digestion was performed essentially as described (63).
The individual lanes (see Fig. 2) were sliced into seven pieces
and washed at 37 °C with 50 mm ammonium bicarbonate/ace-
tonitrile (1:1, v/v) until gel pieces appeared colorless. After
washing with 50 mM ammonium bicarbonate, proteins were
reduced by addition of 10 mm DTT in 50 mM ammonium bicar-
bonate for 60 min at 56 °C. Then, proteins were alkylated with
50 mM iodoacetamide in 50 mM ammonium bicarbonate. After
60 min at room temperature, gel pieces were washed with 50
mM ammonium bicarbonate/acetonitrile (1:1, v/v) and dried in
100% acetonitrile. For digestion, gel pieces were fully covered
with trypsin solution (13 ng/ul; Promega, V5111; cleavage after
Lys and Arg but not before Pro) and incubated overnight at
37 °C. Finally, peptides were extracted twice from the gel pieces
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in 5% formic acid/acetonitrile (1:2, v/v), freeze-dried, and
desalted using U-C18 ZipTips (Millipore). Peptides were eluted
in 2 ul of 0.1% TFA/75% acetonitrile and diluted with 21 ul of
0.1% formic acid.

Tryptic peptides were separated on an EASY-nLC 1200 sys-
tem (Thermo Fisher Scientific) at a flow rate of 300 nl/min
using a 45-min gradient from 5% acetonitrile, 0.1% formic acid
to 35% acetonitrile, 0.1% formic acid. This was followed by a 6-
min gradient from 35% acetonitrile, 0.1% formic acid to 45%
acetonitrile, 0.1% formic acid and subsequently by a 1-min gra-
dient from 45% acetonitrile, 0.1% formic acid to 80% acetoni-
trile and a washing step with 80% acetonitrile for 8 min. Mass
spectra were collected on an Orbitrap Fusion Tribrid mass
spectrometer (Thermo Fisher Scientific) operated in data-de-
pendent mode with dynamic exclusion set at 45 s and a total
cycle time of 3 s. A resolution of 120,000 (at 71/z 200) with an
automatic gain control ion target value of 4e5 and a maximum
injection time of 50 ms was chosen to acquire full scan MS
spectra in the Orbitrap. Most intense precursors with charge
states of 2—7 and intensities greater than 5e3 were selected for
MS/MS experiments using collision-induced dissociation with
35% collision energy. In the quadrupole, isolation was carried
out with an isolation window of 1.6 m/z. The automatic gain
control ion target was set to 2e3 with a maximum injection
time of 300 ms. MS/MS spectra were acquired in the ion trap at
a rapid scan rate. For MS/MS selection, monoisotopic peak
determination was set to peptide. The biological replicates
of each affinity purification were measured as technical
duplicates.

Raw files from LC-MS/MS measurements were evaluated
using MaxQuant (version 1.5.4.1) using the andromeda search
engine (65, 66) with default settings and match between runs
and label-free quantification (LFQ) (minimum ratio count 2)
enabled. For the analysis, the digestion mode was set to “spe-
cific” using “Trypsin/P” as protease, which also cleaves after the
amino acids lysine and arginine if a proline follows in the amino
acid sequence, and a maximum of two missed cleavage sites
were allowed. Carbamidomethyl was considered as a fixed
modification, and oxidation of methionine and acetylation of
protein N termini were considered as variable modifications.
Mass tolerances were set to 4.5 ppm for precursor ions meas-
ured in the Orbitrap and to 0.5 Da for fragment ions measured
in the ion trap. The complete search parameters are deposited
with the raw files at PRIDE PXDO017335 (see below). The
human reference proteome downloaded from the UniProt
database (download date 2018-02-06; 71,804 entries) and an
integrated database of common contaminants (containing 245
protein entries) were used to identify protein identities.

The Perseus software (version 1.5.4.1) (67) was used to fur-
ther process acquired data. Identified proteins were filtered for
reverse hits, for proteins that were only identified by site, and
for common contaminants. LFQ intensities were log2 trans-
formed. Proteins detected in at least four replicates (of six repli-
cate experiments per experimental group) were selected, and
missing values were imputed for the total matrix from a normal
distribution (width = 0.3 and shift = 1.8), based on the assump-
tion that these proteins were below the detection limit. The
LFQ values of the 1509 identified proteins were visualized as a
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heat map (Fig. 2B and Supporting data 1). A two-sample ¢ test
(FDR = 0.001, Sy = 2) in combination with a permutation-based
FDR estimation was used to identify significantly enriched pro-
teins, comparing LFQ intensities of each experiment group
(HPV-16 E6 and HPV-11 E6) with the respective control group
without E6. The data were visualized in volcano plots showing
the log2 fold change versus the negative logarithmized p-values
(Fig. 3, A and B). The log2-transformed LFQ values of the 269
proteins that were significantly enriched with HPV-16 E6,
HPV-11 E6, or both are listed in Supporting data 1; the Z-score
normalized LFQ values (per row) are visualized as a heat map
with hierarchical cluster analysis (Euclidian distance) of the col-
umns in Fig. 3C. To determine potential ubiquitination sites,
significant hits were further analyzed with Proteome Discov-
erer (version 2.2.0.3.88), allowing diGly as dynamic modifica-
tion on lysine residues and N termini (Supporting data 1).

Gene Ontology annotation analysis

To find classes of molecular functions that are overrepre-
sented among the 199 proteins enriched with HPV-16 E6 or
the 179 proteins enriched with HPV-11 E6 relative to the
human reference genome, the Gene Ontology (GO) annota-
tions for “molecular function complete” (released 2019-12-09)
were mapped and an overrepresentation test (released 2019-
07-11) was applied using PANTHER (68). Of the 199 proteins
enriched with HPV-16 E6 and the 179 proteins enriched with
HPV-11 E6, 193 and 176 proteins, respectively, could be
mapped to GO annotations. The Homo sapiens genome with
20,851 IDs was used as reference. For the overrepresentation
test, a Fisher’s exact test with an FDR correction (<0.05) was
applied. The fold enrichment of molecular functions classes
that were over- or under-represented for HPV-16 E6 and HPV-
11 E6 were plotted in % as stacked bar charts (69) with python
(version 3.7.3; RRID:SCR_008394) (Fig. S4). Note that most of
the proteins mapped to more than one GO annotation term.

GST pulldown experiments

For pulldown experiments, 0.5 ug GST-16 E6, GST-11 E6, or
GST bound to 5 ul GSH Sepharose beads were incubated with
10 pl of in vitro translated radiolabeled protein of interest in 0.1
M Tris-HCI, pH 8.0, 0.1 m NaCl, 1% IGEPAL (MP Biomedicals),
1 mM Pefabloc, 1 pg/ml aprotinin, 1 pug/ml leupeptin, and 1 mm
DTT in a total volume of 200 ul for 90 min at 4 °C. Then, the
beads were washed three times with 1 ml of 0.1 m Tris-HCI, pH
8.0, 0.1 m NaCl, 1% IGEPAL (MP Biomedicals), 1 mm Pefabloc,
1 ug/ml aprotinin, 1 ug/ml leupeptin, and 1 mm DTT. Finally,
bound proteins were eluted by boiling in 125 mm Tris-HCL, pH
6.8,20% (v/v) glycerol, 4% (w/v) SDS, 0.001% (w/v) bromphenol
blue, and 200 mM DTT at 95 °C for 5 min. The eluates were sub-
jected to SDS-PAGE and the proteins were visualized by
fluorography.

Transient transfection experiments

H1299-K3 cells (stable knockdown of E6AP expression) (11)
were grown in DMEM supplemented with 10% FBS. For degra-
dation assays, one well (80—90% confluency) of a 6-well culture
plate (Sarstedt) was transfected with expression constructs
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encoding HA-tagged E6AP or the catalytically inactive mutant
E6AP-C820A (1.5 pug), HA-tagged HPV-16 E6 (2.5 ug) or HPV-
11 E6 (0.4 ng), and HA-tagged versions of the protein of interest
(XRCC4, OTUD5, MREL11, NIPP1, and DDX3X) by lipofection
(Lipofectamine 2000; Invitrogen). In addition, a B-galactosidase
expression construct was co-transfected to determine relative
transfection efficiencies, and total DNA amounts in all transfec-
tions were equalized by addition of empty vector (pcDNA3). 24 h
after transfection, the cells were lysed in 0.1 ml of 0.1 M Tris-HCI,
pH 8.0, 0.1 m NaCl, 1% IGEPAL (MP Biomedicals), 1 mm Pefa-
bloc, 1 pg/ml aprotinin, 1 pg/ml leupeptin, and 1 mm DTT. Vol-
umes of cell lysates used for SDS-PAGE and Western blotting
analysis were adjusted based on transfection efficiencies, as deter-
mined by measuring 3-galactosidase activity in duplicates. Levels
of E6AP, the E6 proteins, and the proteins of interest were moni-
tored by an anti-HA antibody followed by quantification of the
intensity of the signals with the Aida 4.08 software package
(Raytest).

Experimental design and statistical rationale

In total, 126 samples were analyzed by LC-MS/MS. For
each condition (i.e. HPV-16 E6 and HPV-11 E6) and for the
control (reaction in the absence of E6 proteins), seven gel
pieces were analyzed from biological triplicates (i.e. sepa-
rately expressed and purified batches of protein). Each of
these 63 samples was measured in technical duplicates. For
the two-sample ¢ test (S = 2) that was used to identify signif-
icantly enriched proteins, a permutation-based FDR estima-
tion was applied (FDR < 0.001). To find classes of molecular
functions that are over- or under-represented among the
proteins significantly enriched with HPV-16 E6 or HPV-11
E6, a Fisher’s exact test with an FDR correction (<0.05) was
applied. No data were excluded.

Data availability

All data generated or analyzed during this study are included
in this article and in the supporting information. The MS raw
files of the affinity-based enrichment of interacting proteins
have been deposited to the Proteome Xchange Consortium via
the PRIDE partner repository (70) with the project accession
number PXD017335. The MS data for the TMT-based quanti-
fication are available via the Proteome Xchange Consortium
with the project accession number PXD020660.
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