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Proteomic Profiling of Potential EGAP Substrates via
Ubiquitin-based Photo-Crosslinking Assisted Affinity

Enrichment

Julian Schuck,™ Christine Bernecker,™ Martin Scheffner,”” and Andreas Marx*!!

The ubiquitin (Ub) ligase E6AP, encoded by the UBE3A gene,
has been causally associated with human diseases including
cervical cancer and Angelman syndrome, a neurodevelopmen-
tal disorder. Yet, our knowledge about disease-relevant sub-
strates of E6AP is still limited, presumably because at least some
of these interactions are rather transient, a phenomenon
observed for many enzyme-substrate interactions. Here, we
introduce a novel approach to trap such potential transient
interactions by combining a stable E6AP-Ub conjugate mimick-
ing the active state of this enzyme with photo-crosslinking

Introduction

E6AP, which is encoded by the UBE3A gene, is the founding
member of the HECT family of E3 ubiquitin (Ub) ligases.” E3
ligases are mainly responsible for the substrate specificity of the
Ub-conjugation system.®’ Thus, elucidation of the respective
substrate pattern provides intimate insights into the cellular
processes and pathways a given E3 is involved in. Remarkably,
dysregulation of E6AP has been causally associated with three
different clinical pictures. In complex with the E6 oncoprotein
of HPVs, it targets the tumor suppressor p53 as well as other
cellular proteins for ubiquitination and subsequent proteasomal
degradation, thereby contributing to cervical carcinogenesis.”
Genetic aberrations of the UBE3A gene resulting in loss of a
functional E6AP protein are the cause of Angelman syndrome
(AS), a neurodevelopmental disorder, while amplification of the
UBE3A gene, potentially resulting in E6AP overexpression,
results in Dupl15q syndrome, another neurodevelopmental
disorder.”’ In addition, there is evidence to suggest that also in
the absence of HPVs, EEGAP may be involved in the development
of solid cancers including breast and prostate cancers.”
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(PCL) followed by affinity enrichment coupled to mass
spectrometry (AE-MS). To enable PCL, we equipped Ub with
diazirine moieties at distinct positions. We validated our PCL
assisted AE-MS approach by identification of known (e.g.
PSMD4, UCHL5) and potential new (e.g. MSH2) substrates of
E6AP. Our findings suggest that PCL assisted AE-MS is indeed
suited to identify substrates of E6AP, thereby providing insights
into E6AP-associated pathologies, and, potentially, of other
enzymes of the Ub-conjugating system.

In contrast to cervical carcinogenesis, only little is known
about the substrates and interaction partners of E6AP that are
relevant for the development of AS and/or the Dupl5q
syndrome.”” Various approaches including proximity-based
approaches such as coprecipitation analysis,® proteomics
analysis of AS mouse models,” and orthogonal ubiquitin-based
approaches to directly identify potential substrates"” have
been employed to elucidate the interactome and ubiquitome,
respectively, of E6AP. Although this resulted in the identification
of a number of interesting candidates including HHR23A,!"
RING1B,™@ HERC2,™® NEURL4,% PMRT5” and TKT1® the
pathophysiological relevance of these interactions remains to
be proven. In addition, the approaches used so far have
limitations. For instance, substrates that transiently or weakly
interact with E6AP, a situation that holds true for many
substrate-enzyme interactions, will not be identified by conven-
tional coprecipitation analyses. Similarly, in comparative proteo-
mics analyses of whole cells or tissues, it is not possible to
distinguish between direct substrates of E6AP and proteins,
whose ubiquitination status is indirectly affected by E6AP.

Unlike RING E3 ligases, which constitute the largest E3
family, HECT E3s as well as RBR E3s are “true” enzymes.”’ An
essential intermediate step in E6AP-mediated ubiquitination is a
transthiolation reaction, in which an activated Ub molecule is
transferred from the cognate E2 enzyme (UbcH5, UbcH7) to the
catalytic cysteine residue of E6AP.*? E6AP itself then catalyzes
the covalent attachment of Ub to substrate proteins via
isopeptide bond formation. Since substrates have to come into
close proximity to the catalytic center of E6AP for isopeptide
bond formation, we reasoned that stable E6AP-Ub conjugates
mimicking the active E6AP-Ub thioester complex should be
most suited for proximity-based identification of substrate
proteins. This proposition is supported by recent structural
studies revealing that E6AP adopts distinct conformational
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states, specifically an “acceptor” state and, more importantly, a
“donor” state, during the Ub transfer process.™ The conforma-
tional plasticity observed between these two states underscores
the dynamic nature of E6AP-substrate interactions and reinfor-
ces the potential of using E6AP-Ub conjugates to capture
substrates that otherwise would not or only transiently interact
with E6AP. To further increase the chances to identify
transiently interacting substrates, we generated stable conju-
gates of E6AP with a Ub variant that harbors photo-reactive
groups at distinct positions to enable covalent trapping of
substrate proteins. Photo-crosslinking assisted affinity enrich-
ment coupled to mass spectrometry (PCL-AE-MS) experiments
with a respective E6AP-Ub conjugate indicate the applicability
of our approach.

Results and Discussion
Generation of Ub Variants for Photo-crosslinking

To equip Ub with a photo-reactive group, we employed Ub
variants that carry Cys residues at distinct positions. The
introduced thiol groups serve as nucleophiles enabling the
modification of Ub by Michael addition (Figure 1A). Based on an
AlphaFold-generated model of Ub bound to the HECT domain
of E6AP (Figure 1B)," we produced a Ub variant, in which S20,
E24, and A46 were replaced by C (Ub-3C), and three variants, in
which either S20, E24 or A46 were replaced by C. The criteria
for selecting these residues were (i) even distribution on Ub
surface, (ii) orientation facing away from the HECT domain to
avoid potential crosslinking with the HECT domain, and (jii) side
chain accessibility.

A)

As photo-reactive probe we used 2-(3-methyl-3H-diazirine-
3-ylethyl acrylate (DEA). For DEA synthesis (Figure S1), the
diazirine moiety was introduced into 4-hydroxy-2-butanone
according to Chou et al."® Subsequently, the acrylic function-
ality was added by EDC-catalyzed ester coupling with acrylic
acid. Finally, the resulting DEA probe was coupled to the
aforementioned Ub variants via Michael addition. Monitoring of
the reaction products by ESI-MS/TOF measurements at different
times demonstrated a rapid reaction with almost quantitative
conversion after 5 min (shown in Figure 1C for Ub-3C). The
reaction was also monitored by fluorescein-5-maleimide label-
ing of unreacted thiol groups,” again showing the high
efficiency of the labeling reaction (Figure S2). With increasing
reaction time, a small fraction of Ub-3C is modified with a forth
DEA moiety (Figure 1C), potentially resulting from unspecific
labelling of nucleophilic amino acid side chains. Thus, we
concluded that a reaction time of 5 min is sufficient for efficient
and site-specific labeling of Ub with the DEA probe.

To determine, if DEA-modified Ub variants can in general be
applied to monitor the interaction of Ub with other proteins,
we resorted to Ub variants carrying a DEA moiety at position 20
(Ub C20), 24 (Ub C24), or 46 (Ub C46) or at all three positions
(Ub C3x). The DEA-modified Ub variants were incubated with
known Ub binding proteins (NDP52, OTUB1)."® After 3 h, PCL
was performed at 365 nm (2.4 J/cm?. In case of successful
crosslinking, the respective Ub binding protein should experi-
ence a molecular mass shift of approximately 10 kDa (Fig-
ure 2A). Indeed, such an increase was observed for both NDP52
and OTUB1 with Ub C46 and Ub-3DEA, but not or with very low
efficiency with Ub C20 and Ub C24 (Figure 2B). This difference
between the different Ub variants is not unexpected. Unlike the
other residues, residue 46 is close to the so-called hydrophobic
144 patch, which plays a prominent role in the interaction of Ub
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Figure 1. A) Schematic of the Michael addition used to attach DEA to genetically engineered Ub variants harboring Cys residues at distinct positions. B)
AlphaFold prediction of the structure of Ub (blue) bound at the active Cys of the HECT domain of E6AP (grey). Residues (520, E24, A46) of Ub replaced by Cys
to allow Michael addition are marked in pink and the Cys side chain is represented as sticks. C) LC-MS analysis of intact Ub monitoring the labeling reaction
with DEA over time. Non-modified Ub and DEA have a calculated molecular mass of 9537.8 Da and 154 Da, respectively. The calculated molecular masses of

single, double, triple, and quadruple modified Ub variants are indicated
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Figure 2. A) Schematic of the proof of principle photo-crosslinking reaction.
DEA (pink triangle)-modified Ub is incubated with known Ub interacting
proteins (UIP) and the mixture irradiated with UV light (365 nm) to induce
photo-crosslinking. B) NDP52 and OTUB1 were incubated with Ub modified
with DEA at position 20 (Ub C20), 24 (Ub C24), 46 (Ub C46) or at all three
positions (Ub C3x) as indicated and either UV irradiated (+) or not (—).
Whole reaction mixtures were separated by SDS-PAGE followed by
Coomassie blue staining. Running positions of NDP52/OTUB1 crosslinked to
Ub C24, Ub C46 or Ub 3DEA are indicated by an asterisk (upper panels).
Lower panels show that similar amounts of Ub variants were used in each
reaction.
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crosslinking efficiency with Ub C46 and Ub-3DEA is in line with
the current literature, indicating that the reactive intermediates
of diazirine tend to undergo reactions with any nearby
molecule and thus, are likely quenched by water molecules.””
Nevertheless, our results show that a diazirine-based Ub-
photoprobe (Ub-DEA) is capable of photo-crosslinking interact-
ing proteins and is thus suited for PCL-AE-MS assays.

Generation of a Stable Conjugate Mimicking the Intermediate
E6AP-Ub Thioester Complex

As abovementioned, the formation of a thioester complex of
E6AP with Ub is an essential intermediate step in E6AP-
mediated ubiquitination.”” However, as thioester bonds are
thermodynamically and kinetically rather unstable, we made
use of an E6AP variant, in which the catalytic Cys residue (C820;
numbering according to E6AP isoform 1) was replaced by a
Lys residue (E6AP K820). The rationale for this is that K820 likely
accepts activated Ub from cognate E2 enzymes by the
formation of a stable isopeptide bond. In other words, Ub is
trapped at the active site of EGAP and cannot be transferred to
potential substrate proteins (Figure 3A). Indeed, as shown in
Figure 3B, incubation of E6AP K820 with the E1 ubiquitin-
activating enzyme, the E2 enzyme UbcH5b, and Ub results in
the ATP-dependent formation of an E6AP molecule that
according to its apparent molecular mass corresponds to
mono-ubiquitinated E6AP (with a ratio of E6AP-Ub to non-
modified E6AP of approximately 1:1). To prove that K820 is the
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Figure 3. A) Schematic of the generation of a stable E6AP-Ub conjugate mimicking the E6AP-Ub thioester complex. EGAP K820 (substitution of the catalytic
Cys residue by Lys) is incubated with the Ub-activating enzyme E1, UbcH5b (E2), and Ub in the presence of ATP. Upon E1-mediated activation of Ub, Ub is
transferred from E1 to E2 via transthiolation and then from E2 to K820 of E6AP by isopeptide bond formation. In consequence, Ub cannot be passed on from
E6AP to potential substrate proteins. B) The ubiquitination reaction was stopped at the indicated times and the reaction products monitored by SDS-PAGE
followed by Coomassie blue staining. Reaction in the absence of ATP (—) served as negative control. Running positions of non-modified EGAP and mono-
ubiquitinated E6AP are indicated by an arrowhead and asterisk, respectively. C) LC-MS/MS measurements of mono-ubiquitinated E6AP reveals K820 as
primary modification site. Shown are the number of peptide spectrum matches (# PSMs) identified for the indicated positions.
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main acceptor for Ub, we performed LC-MS/MS (for details, see
Supporting Information). This showed that the vast majority of
mono-ubiquitinated E6AP is modified at K820. As previously
reported,?"’ K847 was also found to be ubiquitinated, while the
attachment of Ub to other Lys residues of EGAP was negligible
(Figure 3C). In addition, an E6AP variant, in which Lys820 was
substituted by Ala, is only poorly mono-ubiquitinated, under-
lining the notion that K820 represents the primary modification
site (Figure S3, Supplementary Data 1).

Identification of Interaction Partners of the EGAP-Ub-3DEA
Conjugate

In analogy to other enzyme-substrate interactions, it seems
likely that E6AP binds only transiently to at least some of its
target proteins (i.e. the Kj is rather high).*? Thus, to increase
the chances to identify such transient interactions, we gen-
erated conjugates of E6AP with Ub carrying DEA moieties at
positions 20, 24, and 46 (Ub-3DEA; note that the Ub-3DEA was
conjugated to E6AP K820 with an efficiency similar to wild-type
Ub, FigureS4). The respective E6AP-Ub-3DEA conjugate was
employed in PCL-AE-MS experiments with whole cell extracts.
To do so, we equipped E6AP K820 with an N-terminal TwinStrep
for immobilization on StrepTactin XT beads. Furthermore, C-
terminally TwinStrep-tagged Ub-3DEA and non-modified E6AP
K820 were used for comparison and empty beads as control. In
brief (for a schematic workflow, see Figure 4A), the various bait
molecules were incubated with whole cell extracts derived from
HEK293T cells. After 3 h, PCL was performed by UV irradiation
(365 nm, 2.4 J/cm? with the E6AP-Ub-3DEA and Ub-3DEA
samples.

Subsequently, all samples were washed under mild denatur-
ing conditions (for details, see Supporting Information), and
bound proteins were eluted with biotin. The eluates were either
subjected to SDS polyacrylamide gel electrophoresis (SDS-
PAGE) followed by Krypton™ staining (Figure S5) or analysed by
label-free quantitative MS. Significantly enriched proteins were
determined by ANOVA statistics (SO=1; permutation-based
false discovery rate (FDR) <0.05; for further information, see
Supporting Information). After filtering for ANOVA significant
hits, the results were refined by post-hoc testing via Tukey's
Honestly Significant Difference (HSD) test (FDR <0.05). Subse-
quent filtering for significant pairs with E6AP-Ub-3DEA vs. the
other samples (E6AP K820, Ub-3DEA, empty beads) yielded 315
significantly enriched proteins. The results were normalized
over the Z-score and visualized as a heatmap after hierarchical
clustering (Figure 4C). As anticipated - in part because E6AP-Ub-
3DEA represents a mixture of the conjugate and non-modified
E6AP (see above) and in part because many of the interactors
should interact with both the E6AP-Ub conjugate and non-
modified E6AP - a considerable proportion of interactors was
identified with both, EGAP and E6AP-Ub-3DEA (Cluster 1, 201
proteins). A smaller fraction (Cluster 2, 57 proteins) was
identified mainly with E6AP-Ub-3DEA (the full set of proteins
identified is shown in Supplementary Data 2). Since these
proteins were not or less efficiently enriched by Ub or non-
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modified E6AP K820, respectively, the respective interactions
likely depend on interaction sites on both E6AP and Ub or on a
distinct conformation of E6AP induced by the attachment of Ub
to its catalytic site. Additional data analysis was performed by t-
test (S0=1 and FDR=0.05) between respective samples and
are represented as volcano plots in Figure S6.

To contextualize the identified proteins, we performed
functional annotation analysis using DAVID (Database for
Annotation Visualization and Integrated Discovery).”? We
clustered the results with high classification stringency and the
defined default annotation categories. This showed that
proteins in clusters 1 and 2 can be assigned to several
categories (Supplementary Data 3), with the most prominent
ones presented in Figure 4C. The categories identified align well
with known properties/functions of E6AP, indicating the validity
of our approach. Category 1 comprises proteins that like E6AP,
have been associated with neurodevelopmental disorders.?”
The ability of E6AP to interact with the 26S proteasome is well
established®®! and accordingly, various subunits of the
proteasome are represented in category 2. Similarly, it was
previously reported that E6AP interacts with ribosomal proteins
(category 3)® and that it affects the structural stability of
neurons (category 4).*” Finally, category 5 comprises proteins
involved in oxidative phosphorylation. Notably, there is evi-
dence that Dup15q individuals, which overexpress E6AP, suffer
from mitochondrial dysfunction.”® Moreover, results obtained
with mitochondria derived from the brain of AS model mice
indicate that loss of E6AP also correlates with mitochondrial
dysfunction and in addition with impaired morphology of the
mitochondrial inner membrane and reduced oxidative
phosphorylation.”” Finally, E6AP has been found at the
mitochondrial outer membrane,®” and transcriptomic analyses
link E6AP to the regulation of mitochondrial function and the
production of radical oxygen species (ROS).?"

Besides the correlations on the cellular pathway/process
level, we identified several known interactors of E6AP (Fig-
ure 5A). HERC2, a member of the HECT E3 family that has been
causally associated with an AS-related neurodevelopmental
disorder,®? and NEURL4 were previously found together with
E6AP in a high molecular mass complex referred to as the HUN
complex (HERC2, UBE3A and NEURL4).®? Moreover, we pre-
viously identified HERC2 as an activator of EGAP.'® While HERC2
and NEURL4 may not represent substrates of E6AP, MCM7,
which is involved in DNA replication, and the proteasomal
subunit PSMD4, also known as RPN10, have been reported to
be substrates of E6AP.*® HERC2, NEURL4, MCM7, and PSMD4/
RPN10 were enriched with both E6AP-Ub-3DEA and non-
modified E6AP, indicating that their interaction is only mildly
influenced by the Ub-loading status of E6AP (see Figure S6 for a
direct comparison of proteins enriched by E6AP-Ub-3DEA and
non-modified E6AP). MSH2, a key player in DNA mismatch
repair, was also slightly enriched in E6AP-Ub-3DEA samples
compared to E6AP alone (Figure 5A, Figure S6B). As a con-
nection between MSH2 and E6AP has not been reported so far,
we performed an in vitro ubiquitination assay. This showed that
E6AP indeed facilitates ubiquitination of MSH2 (Figure 5B). This
suggests a potential role for E6AP in regulating DNA mismatch

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH
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Figure 4. A) Schematic overview of the of the PCL-AE-MS workflow for the identification of interactors of E6GAP-Ub-3DEA. E6AP-Ub-3DEA (E6AP-Ub), non-
modified E6AP, Ub-3DEA (Ub) were used as bait molecules for affinity enrichment and incubated with HEK293T cell extract. Empty beads were used as
control. B) Hierarchical clustering of statistically significant interactors (rows) of the different bait molecules (columns). Red indicates enrichment, whereas blue
indicates lack of enrichment. Thresholds for ANOVA statistics were set to FDR<0.05 and SO= 1. Cluster numbers are indicated on the left. Note that Cluster 2
contains 57 proteins that are preferentially enriched by E6AP-Ub; only 4 of these (UCHL5, UBR5, UBAC2, WRNIP1) contain known Ub-binding domains. C)

Functional annotation analysis of clusters 1 and 2 using DAVID (Database for Annotation, Visualization and Integrated Discovery).

repair processes, a proposition that needs to be confirmed in
future studies.

In contrast to the abovementioned proteins, DDX3X and
UCHLS5, also known as UCH37, were preferentially enriched with
E6AP-Ub-3DEA (Figure 5A). DDX3X was previously identified by
us as a potential substrate of the HPV E6 oncoprotein in
complex with E6AP.2Y In support of the present data, we also
reported that E6AP ubiquitinates DDX3X in vitro in the absence
of E6, though with reduced efficiency®. UCHL5 was identified
as a potential substrate of Drosophila E6AP®* and of human
E6AP in context of the interaction of E6AP with the 26S

ChemBioChem 2025, 26, e202400831 (5 of 8)

[23]

proteasome.®’™ To confirm that UCHL5 preferentially interacts
with E6AP, when it is loaded with Ub, we performed
coprecipitation experiments with invitro translated radioac-
tively labelled UCHL5 and our TwinStrep-tagged versions of
non-modified E6AP and E6AP-Ub-3DEA (Figure 5B). The results
obtained show that UCHL5 preferentially interacts with E6AP-
Ub-3DEA, indicating the usefulness of our PCL-AE-MS approach.
Finally, UCHL5 is invitro efficiently ubiquitinated by E6AP
(Figure 5D), even in the absence of the HPV E6 oncoprotein,
supporting the notion that UCHL5 is a substrate of E6AP of
potential relevance for E6AP-associated disorders.

© 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH
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Figure 5. A) Selected interactors of EGAP-Ub-3DEA (E6AP-Ub) and non-modified E6AP (E6AP). Red indicates enrichment, whereas blue indicates lack of
enrichment. B) and C) In vitro ubiquitination reactions with in vitro translated radiolabeled MSH2 (B) and UCHL5 (C) were performed as described in
Supporting Information in the presence or absence of E6AP and the HPV E6 oncoprotein at 30°C as indicated. Reaction at 4 °C served as negative control.
After 60 min, reactions were stopped and analyzed by SDS-PAGE followed by fluorography. Running positions of non-modified MSH2/UCHL5 and
ubiquitinated forms of MSH2/UCHLS5 are indicated by an arrowhead and an asterisk, respectively. D) In vitro binding assay using in vitro translated
radiolabelled UCHL5 and Strep-tagged versions of E6GAP-Ub-3DEA (E6AP-Ub), non-modified E6AP (E6AP), Ub-3DEA (Ub), and empty beads as affinity matrices
as indicated. Binding reactions (Elution) were analyzed by SDS-PAGE followed by fluorography to visualize UCHL5 (upper panel, marked by an arrowhead) or
by Coomassie blue staining (lower panel). Input, 10% of the proteins used in the binding assays. Running positions of non-modified E6AP and E6AP-Ub are
marked with one asterisk or two asterisks, respectively.

Conclusions not able to enrich and identify all of the substrates that only

transiently interact with E6AP. Although we deliberately

Dysregulation of the Ub ligase activity of E6AP has been
associated with the development of cervical cancer, AS, and the
Dup15q syndrome. To understand how dysregulation of E6AP
contributes to these disorders and to eventually come up with
new treatment strategies, it is important to elucidate the
cellular pathways/processes that are controlled by E6AP and,
thus, its substrates. Here, we employed a stable E6AP-Ub
conjugate as a surrogate for the kinetically unstable E6AP-Ub
thioester complex, which represents an essential intermediate
in EGAP-mediated ubiquitination™ and, thus, the most suitable
affinity matrix for substrate identification. In addition, since at
least in some cases, the interaction of E6AP with its substrates
may be rather transient, a Ub variant was designed that harbors
a photo-reactive probe (DEA) at distinct positions to allow
covalent trapping of potential substrate proteins. Our proof-of-
principle PCL-AE-MS experiments revealed overlapping, yet
distinct enrichment patterns for E6AP-Ub-3DEA and non-
modified E6AP (Figure 4B, Figure S6B), supporting our proposi-
tion that E6AP-Ub conjugates are the matrix of choice for
identifying substrates of E6AP. Due to the rather low PCL
efficiency of Ub-3DEA (Figure 2), it seems likely that we were

ChemBioChem 2025, 26, 202400831 (6 of 8)

employed Ub-3DEA harboring three DEA moieties at different
positions of Ub, we cannot exclude that the low PCL efficiency
is in part explained by the notion that the positions we chose
for DEA placement, which has been reported to be critical for
PCL efficiency,®® were not ideal. Irrespective of this possibility,
in the future it will be important to develop more efficient PCL
probes. Finally, Ub thioester complexes are essential intermedi-
ates in the final attachment of Ub to any substrate protein,
regardless if the attachment is catalyzed by E3 enzymes, as in
the case of E6AP, or by E2 enzymes, as in the case of RING E3
ligases.”! Based on this shared mechanism, we suggest that
stable enzyme-Ub conjugates mimicking the respective en-
zyme-Ub thioester complex in combination with PCL are
generally suited to identify substrate proteins of distinct E2 and
E3 enzymes. Future studies will show if this proposition holds
true.
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