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Phosphorylation of the E3 ubiquitin protein ligase ITCH
diminishes binding to its cognate E2 ubiquitin ligase
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Heightened and extended inflammation underlies the patho-
genesis of many disorders, including inflammatory bowel dis-
ease, sepsis, and inflammatory arthritis. Ubiquitin networks
help dictate the strength and duration of inflammatory signal-
ing. In innate immunity, the itchy E3 ubiquitin protein ligase
(ITCH)-A20 ubiquitin—editing complex inhibits receptor-inter-
acting Ser/Thr kinase (RIPK) activation by removing Lys-63—
linked polyubiquitinated chains from key proteins in the nuclear
factor kappa B (NF-kB) signaling pathway. The complex then
attaches polyubiquitinated chains to these proteins to target them
for lysosomal or proteasomal destruction. ITCH is phosphorylated
and thereby inhibited by inhibitor of nuclear factor kappa B kinase
subunit beta (IKKp) to fine-tune the inflammatory response to the
strength of the offending signal. However, the biochemical mech-
anism by which E3 ubiquitination is impaired by IKK-driven phos-
phorylation remains unclear. Here, we report that this phosphory-
lation impedes ITCH binding to its cognate E2 ubiquitin ligase,
UbcH?7. Using CRISPR-Cas9 genetic knockout to mimic the ITCH-
UbcH7-inhibited state, we further show that genetic UbcH7 defi-
ciency phenocopies ITCH phosphorylation in regulating RIPK2
ubiquitination. We conclude that phosphorylation can disrupt the
binding of an E3 ubiquitin ligase to an E2-conjugating enzyme,
leading to prolonged inflammatory signaling. To our knowledge,
this is the first report of E3 ubiquitin ligase phosphorylation inhib-
iting E3 ligase activity by impairing E2—E3 complex formation.

Asimportantas it is to initiate an inflammatory response, it is
equally important to halt this response when it is no longer
needed. A heightened and prolonged inflammatory response is
implicated in the pathogenesis of diseases as diverse as inflam-
matory bowel disease, sepsis, inflammatory arthritis, and many
others (1-5). Given the importance of a well-regulated inflam-
matory response, it is not surprising that the body has evolved
mechanisms designed to maintain inflammatory homeostasis.
For instance, among the first genes transcribed upon nuclear
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factor kappa B (NF-«B)? activation are those designed to limit
NEF-kB activation (6-8). This sort of temporal self-limiting
mechanism is crucial in tailoring the inflammation to the
offending incident.

We have previously described a novel inflammatory feedback
circuit involving a key protein kinase in the NF-«B pathway,
inhibitor of NF-«B kinase subunit beta (IKKp), and the itchy E3
ubiquitin ligase, [TCH, that inhibits many inflammatory signal-
ing cascades, most notably TNF signaling and NOD2 signaling
(9). ITCH acts in concert with the deubiquitinase A20 to per-
form ubiquitin-editing functions. In this complex, A20 deubiq-
uitinates K63 polyubiquitinated proteins, and ITCH then
attaches separate polyubiquitin chains that can subsequently
target that protein for lysosomal or proteasomal degradation
(5). The importance of this complex is manifest in vivo as
A20~'~ mice die within 3 weeks of birth of a massive, unregu-
lated inflammatory response that includes severe colitis, severe
ileitis, and severe hepatitis (10). ITCH /™ mice likewise die of
an inflammatory disease as they develop severe pneumonitis
and severe gastritis (11-13). Patients with [TCH mutations
likewise develop inflammatory disease with lung inflammation,
nephritis, and inflammatory bowel disease (14). Thus, not only
is this pathway important in limiting acute signaling, but also in
maintaining inflammatory homeostasis in vivo.

Our previous work established that IKKf3, a key kinase in the
NE-«kB pathway, phosphorylates both A20 and ITCH. A20 phos-
phorylation limits its ability to function as a deubiquitinase (15),
and ITCH phosphorylation inhibits its E3 ligase activity (9). This
feed-forward inflammatory pathway allows the strength of
IKKp kinase activity to dictate the duration of inflammatory
response, and as such, when TNF signaling is genetically
removed from ITCH mice, the inflammatory phenotype of the
ITCH mouse is diminished (9). Although we understand the
consequences of ITCH phosphorylation at the cell biological
level and on the organismal level, the biochemical mechanism
by which IKKB phosphorylation of ITCH inhibits its E3 ligase
activity is unknown. In this work, we show that phosphoryla-
tion of ITCH causes a static interruption that diminishes its
affinity for the E2 and this manifests in attenuated E3 ubiquitin
ligase activity. Genetically removing the E2, UbcH?7, phenocop-
ies ITCH phosphorylation and therefore provides genetic evi-

2 The abbreviations used are: NF-«B, nuclear factor kappa B; ITCH, itchy E3
ubiquitin protein ligase; RIPK, receptor-interacting Ser/Thr kinase; CRISPR,
clustered regularly interspaced short palindromic repeats; SPR, surface
plasmon resonance; IP, immunoprecipitated.
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Figure 1. Phosphorylation disrupts UbcH7 binding. A, the structure of the EGAP-UbcH7 complex (1C4Z) is shown to the left of the panel series with the EGAP
HECT domain colored cyan and UbcH7 colored yellow. The upper panel highlights the E6AP-UbcH7 interface near E6AP residue Ser-638 at the H7 helix, which
forms a side chain to main chain hydrogen bond with UbcH7 residue Phe-63 at the L1 loop. To model the ITCH-UbcH?7 interface, the structure of the ITCH HECT
domain (3TUG, colored green) is superimposed onto the EGAP HECT domain within the EGAP-UbcH7 complex and shown at the upper right panel. Similar to the
E6AP residue Ser-638, the ITCH residue Ser-687 is predicted to form the same side chain to main chain hydrogen bond with the UbcH7 residue Phe-63. Mutation
of Ser-687 to Asp (lower left) or phosphorylation of Ser-687 (lower right) would lead to loss of the hydrogen bond and significant steric hindrance at the E2-E3
interface, thus severely impairing ITCH-UbcH7 interaction. B, HEK 293T cells were transfected with FLAG-ITCH and FLAG-ITCH S687D alone or with Omni-
UbcH?7 for co-precipitation. FLAG-ITCH was immunoprecipitated (/P) in each sample. After stringent washing of IP samples, lysate and IP samples were ran on
SDS-PAGE, transferred to nitrocellulose, and probed as indicated. Similar results were obtained in three independent experiments. C, HEK 293T cells were
stimulated with 1 wg/ml TNFa for the indicated time points and UbcH7 was immunoprecipitated. After gentle washing, lysate and IP samples were processed
by Western blotting. Membranes were probed as indicated. Similar results were obtained in two independent experiments. D, Biacore SPR sensorgrams for

binding of UbcH7 to wildtype or S687D mutant ITCH.

dence for the mechanism by which ITCH and phosphorylation
by IKKS alters its biochemical activity. To our knowledge, this
is the first instance in which phosphorylation of an E3 ligase
inhibits its ubiquitin ligase activity through impairment of the
formation of an E2—E3 complex.

Results
ITCH phosphorylation impairs UbcH7 binding

We have previously shown that IKKS phosphorylates ITCH
on serine 687 within the HECT domain (9). Given the structural
homology of HECT domains in general, we used the crystal
structure of HECT domain-containing protein, EGAP, com-

plexed with an E2 ubiquitin conjugating enzyme, UbcH7 (PDB
ID: 1C47Z) (16), to model the effects of phosphorylation and
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mutagenesis on ITCH serine 687. Fig. 1 shows the structure of
E6AP-UbcH7 complex and models for the ITCH-UbcH7
complex. The E6AP residue Ser-638 is located at the E2-E3
interface, where it forms a hydrogen bond with the main chain
carbonyl of the UbcH7 residue Phe-63 from its L1 specificity
loop (Fig. 1A, top left panel). Phe-63 in UbcH7 has been
reported to make significant contribution to the E2—E3 inter-
action (16, 17). In the modeled structure of an ITCH-UbcH7
complex, residue Ser-687 of ITCH forms a similar hydrogen
bond with the main chain carbonyl oxygen of Phe-63 from
UbcH?7 (Fig. 1A, top right panel). To examine the effects of
phospho-ITCH and phosphomimetic S687D ITCH, we mod-
eled each structure, which revealed significant clash between
Phe-63 of UbcH7 and Asp-687 or pSer-687 from ITCH (Fig. 14,
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lower panels). Because both models exhibit interruption of a
main chain to side chain hydrogen bond, and significant steric
hindrance at the E2-E3 interface, it is likely that the ITCH-
UbcH?Y interaction would be impaired upon Ser-687 phosphor-
ylation (Fig. 1A4).

To test this prediction, HEK 293T cells were transfected with
FLAG-tagged ITCH and Omni-tagged UbcH7. Immunopre-
cipitation showed that whereas wildtype ITCH strongly bound
UbcH?7, the S687D phosphomimetic did not (Fig. 1B). We
would then predict that upon IKK activation, the endogenous
ITCH-UbcHY interaction would be diminished. To test this,
HEK 293T cells were stimulated with TNFa for the indicated
time points corresponding to IKK activation. TNFa is a potent
activator of IKKs (18), and has been shown to promote ITCH
phosphorylation (9). UbcH7 was immunoprecipitated and ana-
lyzed for co-precipitating endogenous ITCH. We observed
robust activation of IKKa/B, which was accompanied by a
decrease in ITCH-UbcH7 binding (Fig. 1C). To then investi-
gate difference in UbcH7 binding by wildtype or mutant ITCH,
we purified UbcH7 and the recombinant HECT domains of
ITCH and phosphomimetic S687D ITCH (Fig. S1) for surface
plasmon resonance (SPR) experiments. Full-length ITCH and
ITCH" T bind UbcH7 with similar affinity (19). Wildtype
ITCH" T and S687D ITCH" " were immobilized on an SPR
chip and tested for binding to recombinant UbcH7. ITCH" <™
was found to have a stronger binding affinity of 3.69 um,
whereas ITCH S687D™ T had a weaker 18.38 um affinity
(Fig. 1D, right panels). The affinity of the ITCH"*<T-UbcH?7
association was similar to those of EGAPHE<T-UbcH?7 previ-
ously measured by fluorescence polarization and isothermal
titration calorimetry (5.0 um and 2.2 uMm, respectively) (17).
These experiments strongly suggest that unmodified serine
687 in ITCH is required for optimal binding to UbcH7, and
that a phosphomimetic mutation at this site can impair affin-
ity for UbcH7.

The Phe-63 residue of UbcH7 is responsible for phosphorylation-
dependent coupling to ITCH

To then test the biochemistry of the model presented in Fig.
1A we measured the ability of ITCH to ubiquitinate an exoge-
nous ligand, RIPK2. To this end, UbcH7 was genetically deleted
from HEK 293T cells using CRISPR-Cas9 lentiviral transduc-
tion with a puromycin-resistant containing vector. Transduced
cells were puromycin-selected and individual clones were iso-
lated, tested for UbcH7 knockout, and pooled as the UbcH7 '~
cell line. Because the same antibody often detects UbcH7 and
UbcHS, lysates were probed with two antibodies confirmed to
detect human UbcH?7 (labeled as UBE21.3 and UbcH7; see sup-
porting Materials and Methods). Both antibodies showed
depletion of UbcH?7 in the pooled clonal CRISPR cell line (Fig.
24).

We then utilized this cell line by transiently transfecting HA-
tagged ubiquitin, NTAP-RIPK2, and FLAG-ITCH, or FLAG-
ITCH C830A. Streptavidin pulldown of NTAP-RIPK?2 revealed
more ITCH-ubiquitinated RIPK2 in the control cell line as
compared with the UbcH7 '~ cell line (Fig. 2B). In a similar
experiment and to overcome potential CRISPR-mediated off-
target effects, we replaced UbcH?7 within the UbcH7 /™ cell
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line using a CRISPR-resistant Myc-UbcH7 NGX construct to
recover RIPK2 ubiquitination by ITCH (Fig. 2C). We then uti-
lized this replacement strategy to test the requirement of
Phe-63 on UbcH7 to mediate this interaction. In the molecular
model presented in Fig. 14, the carboxyl group of the peptide
bond of Phe-63 mediates hydrogen bonding to ITCH. We know
Phe-63 is critical as previous work using alanine-scanning
mutations showed that mutation of Phe-63 to alanine limits E3
ubiquitin ligase activity (17). Because mutation of Phe-63 to
alanine on UbcH?7 is already known to inhibit E3 ligase activity,
we scanned other, homologous E2 ligase sequences for alterna-
tive amino acids at this position. Many contain asparagine or
serine at this position, and for this reason, Phe-63 was mutated
to asparagine (F63N) or serine (F63S). We then used these
mutants to test the amino acid side chain’s ability to comple-
ment UbcH7 genetic loss. Although WT UbcH7 replacement
into UbcH7 /" cells could clearly recover ITCH E3 ligase activ-
ity, F63N and F63S UbcH7 were significantly impaired in their
ability to do so (Fig. 2D). These findings strongly support the
phosphorylation-dependent UbcH7-ITCH biochemical cou-
pling presented in the molecular model.

Genetic deletion of UbcH7 phenocopies phosphorylation of
ITCH

Given that phosphorylation of ITCH appears to alter UbcH7
binding and given that our previously published work estab-
lished that ITCH phosphorylation prolonged NF-kB activity,
we reasoned that genetic deletion of UbcH7 may mimic the
phosphorylation of ITCH. To first establish functional similarity
between UbcH?7 loss and ITCH phosphorylation, UbcH7 /™ cells
were transfected with NTAP-tagged RIPK2 in the presence of
HA-tagged ubiquitin before standard immunoprecipitated (IP)
Western blotting was performed. Fig. 3A shows that both ITCH
and S687D ITCH were inefficient at causing RIPK2 ubiquitina-
tion in UbcH7 /™ cells. Replacement with CRISPR-resistant
UbcH?7 caused recovery of RIPK2 ubiquitination with WT
ITCH, but not with S687D ITCH. Furthermore, reconstitution
with a form of UbcH7 in which we have mutated the active
cysteine to alanine (C86A UbcH7) does not allow recovery of
ITCH-induced ubiquitination of RIPK2 (Fig. 34). These find-
ings strongly imply that UbcH7 genetic loss phenocopies ITCH
phosphorylation.

Given this biochemical and functional similarity, we antici-
pated that, like genetic loss of ITCH or like ITCH phosphory-
lation, genetic UbcH7 deficiency would lead to prolonged
inflammatory signaling. To test for prolonged inflammatory
signaling, we stimulated both the Neg control cells and the
UbcH7 /™ cells with 10 ng/ml TNFa« for the indicated times
and queried lysates for downstream signaling. In Neg control
cells, there was quick resolution of the phospho p105 signal in
comparison to the prolonged phospho p105 signal in the
UbcH7 /™ cells (Fig. 2B). This signaling defect mimics the pro-
longed signaling in cells with ITCH S687D (9) and the pro-
longed signaling observed by other labs in ITCH /" cells (5, 20,
21). Thus, genetic loss of UbcH7 mimics IKKf3 phosphorylation
of ITCH, and provides independent experimental verification
that phosphorylation-mediated uncoupling of an E2-E3 inter-
action is physiologically relevant.
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Figure 2. Phe-63 mediates the phosphorylation-dependent coupling between UbcH7 and ITCH. A, HEK 293T cells were transduced with lentivirus
containing CRISPR-Cas9 with either a negative control-RNA guide or UbcH7 Guide 1-RNA. Lysate from pooled select UbcH7 /™ clones was run next to controls
on SDS-PAGE and probed for UbcH7 and GAPDH as shown. B, negative control and UbcH7 ~/~ HEK 293T cells were transiently transfected with HA-ubiquitin,
NTAP-RIPK2, and ITCH or ITCH C830A to assess ITCH ubiquitination of RIPK2. Cellular lysates were collected and cleared. Streptavidin beads were used to pull
down RIPK2 via SBP tag within the NTAP tag. Samples were analyzed by Western blotting. C, UbcH7 ™/~ HEK 293T cells were transiently transfected with
HA-ubiquitin, NTAP-RIPK2, FLAG-ITCH, FLAG-ITCH C830A, and Myc-UbcH7. NTAP was precipitated under stringent washing conditions (1% SDS, 2 m NaCl).
Samples were run on SDS-PAGE next to WT samples that were similarly transfected. Samples were subjected to Western blot analysis as indicated. Results

shown are representative of three independent experiments. D, HA-tagged

ubiquitin, NTAP-tagged RIPK2, and FLAG-ITCH were transiently transfected into

UbcH7~/~ HEK 293T cells with CRISPR-resistant UbcH7 WT, F63N, or F63S. RIPK2 was pulled down with streptavidin beads. Samples were washed and subjected

to SDS-PAGE and immunoblotting as indicated.

Discussion

The link between ubiquitination and phosphorylation is well
known (22-24). The NF-«B inhibitor protein, I«Bea, for
instance, is phosphorylated on Ser-32 and Ser-36 such that it
can be ubiquitinated and targeted to the proteasome (24, 25).
Cell cycle re-entry and mitotic advancement proceed through
similar systems (26, 27). Although it is well recognized that
phosphorylation can recruit E3 ligases to a target (18, 27-29), it
has yet to be shown that phosphorylation can alter E2-E3 bind-
ing. Coupled with our prior manuscript (9), our work shows
that IKKB phosphorylation of ITCH uncouples E2-E3 binding
and can prolong inflammatory signaling. This work thus pro-
vides a new mechanism by which signal transduction output
can be tailored to the stimulus.
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Experimental procedures

Cell culture, transient transfection, and
immunoprecipitation/pulldown

HEK 293T (CRL-1573; American Type Culture Collection)
cells were grown in DMEM 10% SCS with 1% penicillin/strep-
tomycin. HEK 293T cells were transfected with respective plas-
mids using a standard calcium phosphate transfection protocol
and lysed 20 —24 h post transfection. Cells were lysed in Triton
lysis buffer (50 mm Tris, pH 7.4, 150 mm NaCl, 1% Triton X-100,
1 mm EDTA, 1 mm EGTA, 2.5 mm sodium pyrophosphate, 1
mM f3-glycerophosphate, 5 mm iodoacetimide, 5 mm N-ethyl-
maleimide) with the following additives: calyculin, protease
inhibitor mixture, 1 mm PMSF, 1 um NazVO,. Streptavidin or
anti-FLAG Affinity gel beads (Sigma-Aldrich) were used in
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Figure 3. UbcH7 deficiency phenocopies ITCH phosphorylation. A, UbcH7 ~/~ HEK 293T cells were transiently transfected with HA-ubiquitin, NTAP-RIPK2,
FLAG-ITCH, FLAG-ITCH S687A, Myc-UbcH7, or Myc-UBCH7 C86A as indicated. NTAP was precipitated under stringent washing conditions (1% SDS, 2 m NaCl).
Western blotting was then performed with the indicated antibodies. Samples were subjected to Western blot analysis as indicated. Results shown are
representative of three independent experiments. B, negative control and UbcH7 ~/~ HEK 293T cells were stimulated with 10 ng/mlI TNFa for the indicated time
points. Lysates were standardized for total protein and analyzed and subjected to SDS-PAGE and Western blot analysis.

pulldown assays and co-immunoprecipitations and incubated
at 4 °C overnight. Precipitated proteins on beads were washed
in lysis buffer, under stringent conditions (1% SDS, 500 mm
NaCl) four times before boiling in a 2X Laemmli sample buffer.
Immunoprecipitation with anti-UBE2L3 (Cell Signaling Tech-
nology) was performed as per the manufacturer’s protocol with
Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology).

Western blotting

Samples were run through SDS-PAGE and transferred to
nitrocellulose (see supporting Materials and Methods for anti-
body resources). Blocking and primary antibody dilution were
performed as per the manufacturer’s instruction.

Protein purification and SPR

The HECT domain of ITCH was Gibson-cloned into a bacterial
expression vector encoding a GST-fusion tag and transformed
into BL21 (DE3) codon plus RIPL cells (Agilent Technologies,
Santa Clara, CA). UbcH7 was cloned into the pTrcHis bacterial
expression vector and transformed into the same BL21 cells. The
transformed BL21 cells were grown at 37 °C and protein expres-
sion was induced at 18 °C overnight with 0.5 mm isopropyl 1-thio-
B-p-galactopyranoside (IPTG). Cells were harvested and lysed by
sonication in a lysis buffer containing 25 mm Tris-HCI (pH 8.0),
150 mm NaCl. The ITCH HECT domains were purified using glu-
tathione agarose and the UbcH?7 was purified using nickel-nitrilo-
triacetic acid (Ni-NTA) beads. Buffer exchange was performed on
the ITCH HECT domains for immobilization compatibility (10
mm HEPES, 150 mm NaCl, pH 7.4). The wildtype or mutant GST-
HECT domain was immobilized through amine coupling using an
Amine Coupling Kit (GE Healthcare Life Sciences), and the puri-
fied UbcH7 protein was flown over the immobilized HECT

1104 J Biol. Chem. (2018) 293(3) 1100-1105

domain. The running buffer contained 25 mm Tris, pH 8.0, 100
mM NaCl, and 1 mm DTT. K, values were determined by kinetic fit
with a heterogeneous ligand-binding model.

Lentiviral transduction, CRISPR-resistant UbcH7 construct

LentiCRISPR V2 (obtained from Addgene, Cambridge, MA)
was customized with Guide 1 targeting UbcH7 (forward,
5'-CCGAAGCGGGTGCTCAGGCT-3'; reverse, 5'-AGCCT-
GAGCACCCGCTTCGG-3'). To make lentivirus, Lenti-
CRISPR V2, psPAX, and pMD.2 were transfected into HEK
293T cells using a standard calcium phosphate transfection
protocol. Media were harvested 2 days post transfection,
cleared, and filtered through a .45-um filter. Polybrene was
added to the media prior to infecting target cells. Puromycin
selection media were added 3 days after target cell infection
with the CRISPR lentivirus and cells were split at a low concen-
tration to facilitate selection of individual colonies. Six clones
were pooled to create the Ubch7 /™ cell line for experiments.
To create a CRISPR-resistant UbcH7 construct (Myc-UbcH7
NGX), primers were designed to silently mutate the -NGG pam
sequence (forward, 5'-GGTGAATGACCCACAGCCTGAG-
CAC-3'; reverse, 5'-GTGCTCAGGCTGTGGGTCATTCACC-
3"). Linear DNA was transformed into Stbl3 cells for colony selec-
tion and sequencing confirmation.
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