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loop of IPsR1 triggers its ubiquitin-proteasomal degradation
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Long-term activation of inositol 1,4,5-trisphosphate receptors
(IP3Rs) leads to their degradation by the ubiquitin—proteasome
pathway. The first and rate-limiting step in this process is
thought to be the association of conformationally active IP;Rs
with the erlin1/2 complex, an endoplasmic reticulum-located
oligomer of erlinl and erlin2 that recruits the E3 ubiquitin
ligase RNF170, but the molecular determinants of this interac-
tion remain unknown. Here, through mutation of IP3R1, we
show that the erlin1/2 complex interacts with the IP;R1 intra-
lumenal loop 3 (IL3), the loop between transmembrane (TM)
helices 5 and 6, and in particular, with a region close to TM5,
since mutation of amino acids D-2471 and R-2472 can specif-
ically block erlin1/2 complex association. Surprisingly, we found
that additional mutations in IL3 immediately adjacent to TM5
(e.g., D2465N) almost completely abolish IP;R1 Ca>* channel
activity, indicating that the integrity of this region is critical to
IP;R1 function. Finally, we demonstrate that inhibition of the
ubiquitin-activating enzyme UBE1 by the small-molecule in-
hibitor TAK-243 completely blocked IP3R1 ubiquitination and
degradation without altering erlinl/2 complex association,
confirming that association of the erlinl/2 complex is the pri-
mary event that initiates IP3R1 processing and that IP;R1
ubiquitination mediates IP3R1 degradation. Overall, these data
localize the erlin1/2 complex-binding site on IP3R1 to IL3 and
show that the region immediately adjacent to TMS5 is key to the
events that facilitate channel opening.

Inositol 1,4,5-trisphosphate (IP;) receptors (IP3Rs) form
tetrameric calcium ion (Ca®*) channels in the endoplasmic re-
ticulum (ER) membrane of mammalian cells (1). IP3R activation is
initiated by the secondary messenger IP3, which can be generated
via activation of cell surface receptors, such as G-protein—
coupled receptors or receptor tyrosine kinases (1). In response to
activation, IP3Rs undergo a conformational change and release
Ca* from ER stores into the cytosol (1-3). IP;R-mediated cal-
cium signaling is critical to a plethora of cellular processes, such as
fertilization, secretion, and smooth muscle contraction (4, 5). The
mammalian genome encodes three IP3R types (IP3R1, IP3R2, and
IP;R3), which have different tissue distributions and can form
homotetramers or heterotetramers, with IP;R1 being the most
widely expressed and best characterized of the three types (1).
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IP3R1, like IP3R2 and IP3R3, is ~2700 amino acids in length and
contains six transmembrane (TM) domains near the C terminus
(1). The channel pore is created by an assemblage of TM domains
5 and 6 and the intervening intralumenal loop 3 (IL3) (2, 3, 6, 7).

The ER-associated degradation (ERAD) pathway is a facet of
the ubiquitin—proteasome pathway (UPP) and not only targets
misfolded ER proteins for degradation but also regulates native
ER proteins, such as IP3Rs, to maintain cellular homeostasis
(8—11). ERAD usually includes three steps: substrate recogni-
tion, extraction from the ER, and ubiquitin-dependent protea-
somal degradation (8, 10, 11). It appears that the conformational
change in IP3Rs that occurs upon Ca®* channel activation (2, 6)
targets them for the ERAD pathway (9). This reduces cellular
IP,R levels as well as the sensitivity of ER Ca** stores to IP5 (12).
In addition, the ERAD pathway appears to be responsible for
basal IP3R turnover under resting conditions (13, 14).

We have shown previously that the erlinl/2 complex, an
~2 MDa ER membrane complex composed of ~40 erlinl and
erlin2 molecules, binds strongly and rapidly to activated IP3Rs
(15). The erlin1/2 complex recruits RNF170, the critical ubiquitin
ligase in IP3R ERAD (16), and seems to be a recognition factor
specific for IP3R processing by the ERAD pathway (9). Deletion of
the erlin1/2 complex inhibits RNF170 association with activated
IP;Rs and ablates IP;R ubiquitination and IP3R ERAD (14).
However, the molecular mechanism of how the erlin1/2 complex
recognizes activated IP;Rs remains to be resolved.

We hypothesized previously (15) that the erlin1/2 complex
interacts with IP3R IL3, the largest of the three intralumenal
loops, because the vast majority (>90%) of the erlinl and
erlin2 polypeptides are located within the ER lumen (15), and
IL3 undergoes a conformational change upon channel opening
(2). Here, we have tested this idea by subjecting IL3 to
mutagenesis and find that a small region of IL3 close to TM5
(amino acids 2471-2472) is critical for the erlin1/2 complex to
recognize activated IP3R1 and for IP3R1 to undergo ERAD.
Surprisingly, we also discovered that mutations immediately
adjacent to TM5 (e.g., of D-2465) block Ca®* channel activity,
showing that this region is critical for IP3;R function.

Results
Processing of endogenous IP3R1 is blocked by TAK-243

To better define the sequence of events that lead to IP3R1
ERAD, we examined the effects of TAK-243, a first-in-class
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Intralumenal loop 3 of IPsR1 binds to the erlin1/2 complex

inhibitor of UBE1, the mammalian E1 enzyme that charges the
vast majority of E2 ubiquitin-conjugation enzymes with
ubiquitin (17). We utilized aT3 mouse pituitary cells, since
these cells represent an excellent model system to study IP3R1
ERAD in response to gonadotropin-releasing hormone
(GnRH), which robustly stimulates IP3;-dependent signaling
and initiates IP3R processing (15, 18). E2 enzymes receive
activated ubiquitin from UBE1l and form E2-ubiquitin in-
termediates via DTT-sensitive thiolester bonds (19, 20). E2-
ubiquitin intermediates were detected in aT3 cell lysates
prepared without DTT but were dramatically diminished by
pretreatment of cells with TAK-243 for 10 min (Fig. 14, lanes
1 and 2), and as expected, only unmodified E2 enzymes were
seen in presence of DTT (lane 3 and 4). The abundance of
high molecular weight ubiquitinated species in cell lysates was
also greatly diminished by TAK-243 (lanes I and 2, top panel)
but was not markedly altered by DTT (lane 3), since the iso-
peptide bonds via which polyubiquitinated species are formed
are not DTT sensitive (20). Overall, these data show that brief
TAK-243 pretreatment is sufficient to greatly inhibit the
loading of multiple E2 enzymes with ubiquitin as well as the
formation of ubiquitin conjugates in T3 cells, indicating that
UBE1 is efficiently inhibited. This pretreatment also
completely blocked GnRH-induced IP3R1 polyubiquitination,
without substantially altering association of the erlinl/2
complex and RNF170 with activated IP3R1 (Fig. 1B), indicating
that erlin1/2 complex and RNF170 association occurs prior to
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and independently of IP3R1 polyubiquitination. Further, TAK-
243 completely blocked GnRH-induced IP;R1 downregulation
(Fig. 1C), indicating that it is ubiquitination rather than erlin1/
2 complex and RNF170 association that directly mediates
IP3R1 degradation. Overall, these data confirm our previous
assumptions (9) about the sequence of events that lead to the
ERAD of activated IP3Rs: first, the erlinl/2 complex associates,
followed by IP3R ubiquitination, which in turn triggers IP3R
degradation by the proteasome.

Exogenous IP;RTHAY" is processed identically to endogenous
IP3R1

Since we intended to use IP3R1 KO oT3 cell lines (21)
reconstituted with exogenous IP3R1 constructs to define the
molecular determinants of the erlin1/2 complex—IP3R1 inter-
action, we first sought to validate this approach. WT IP3R1-
hemagglutinin (HA) (IP;R1IHAYT) was introduced into
IP3R1KO aT3 cells and was shown by immunoprecipitation
(IP) to bind to endogenous erlinl, erlin2, and RNF170, and
also be polyubiquitinated following GnRH treatment (Fig. 2A)
with kinetics (peaks at 2—5 min, Fig. 2B) very similar to that
seen for endogenous IP;R1 (15, 16). GnRH-induced IP3R1-
HAYT ubiquitination was also blocked by TAK-243 pretreat-
ment without altering erlinl, erlin2, and RNF170 association
(Fig. 2C), indicating that exogenous IP;RIHAYT is processed
by the UPP essentially identically to endogenous IP;R1.
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Figure 1. Effects of TAK-243 on the processing of endogenous IP;R1. aT3 cells were preincubated without (-) or with (+) 3 uM TAK-243 for 10 min and
were then treated with 0.1 uM GnRH for the times as indicated before cell lysates were prepared. A, cell lysates were subjected to SDS-PAGE without (-) or
with (+) DTT and then probed in immunoblots for ubiquitin and different E2s (Ube2s) as indicated. Open arrowheads indicate E2-ubiquitin intermediates
and solid arrows indicate unmodified E2s. B, anti-IP3R1 IPs and input lysates were probed for ubiquitin, IP3R1, erlin1, erlin2, and RNF170. C, cell lysates were
probed for IP3R1, with p97 serving as a loading control. GnRH, gonadotropin-releasing hormone; IP, immunoprecipitation; IP3R, inositol 1,4,5-trisphosphate

receptors.
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Figure 2. Processing of exogenous IP;RTHA"T by the UPP in aT3 IP;R1KO cells. A and B, aT3 IP;R1KO cells were transiently transfected to express
IPsRTHAYT and were incubated with 0.1 UM GnRH for 0, 2, 5, 10, and 30 min as indicated. Anti-HA IPs and input lysates were probed in immunoblots for
ubiquitin, IP3RTHA, erlin1, erlin2, and RNF170. Quantitated immunoreactivity for ubiquitin, erlin1, erlin2, and RNF170 in anti-HA IPs was normalized to

maximal values and graphed (mean + SEM, n = 3). C, aT3 IPsR1KO cells were transiently transfected to express IP;RTHA

WT preincubated without (-) or with

(+) 3 uM TAK-243 for 10 min, treated without (-) or with (+) 0.1 uM GnRH for 5 min, and anti-HA IPs and input lysates were probed in immunoblots as
indicated. D, aT3 cells (lanes1-4) or IPsRTKO aT3 cells transiently transfected to express IP3R1 HAWYT (lanes 5-8) were preincubated for 10 min without (-) or
with 1 pM thapsigargin (TG), followed by exposure to 0.1 uM GnRH for 5 min. Anti-IPsR1 or anti-HA IPs were then probed in immunoblots as indicated.
GnRH, gonadotropin-releasing hormone; HA, hemagglutinin; IP, immunoprecipitation; IP3R, inositol 1,4,5-trisphosphate receptor.

Likewise, inhibition of endogenous IP3;R1 ERAD by acute
pretreatment with the SERCA pump inhibitor, thapsigargin,
which discharges ER Ca** stores (22) (Fig. 2D, lanes 1-4), was
also seen for IPsRIHAYT expressed in IP;RIKO aT3 cells
(lanes 5-8).

IL3 mediates the association between IPsR1 and the erlin1/2
complex

To test the role of IL3, initially large deletions to this region
were made (Fig. 3A4). IP3R1KO aT3 cells reconstituted with
IP3R1HA mutants were stimulated with GnRH for 5 min, and
erlin1/2 complex association was assessed via co-IP (Fig. 3B).
The constructs with largest deletions, IPsRIHA®?*%32%51 and
IP;R1IHAA?463-251° hoth failed to associate with erlinl/2 com-
plex after stimulation with GnRH (Fig. 3B, lanes 3-6), indi-
cating that IL3 is indeed crucial for erlin1/2 complex binding.

SASBMB

Interestingly, for constructs with smaller deletions, IP;R1-
HA®812519 bound to the erlinl/2 complex, while IPsRI-
HAA?1632480 4id not (Fig. 3B, lanes 7—10), suggesting that the
erlinl/2 complex—binding region is close to TM5. Likewise,
IPsRIHA*32%% hound to the erlinl/2 complex, while
IP;RIHA®*932472 did not (Fig. 3B, lanes 11-14). Since some
substantial deletions to IL3 (eg, IP;RIHAA?473-2480 and
IP;RIHA?*81-2519) (o not impair erlin1/2 complex association,
simply shortening length of IL3 does not explain the inability of
IP;R1IHAA63-2472 4 bind. Rather, these results (summarized in
Fig. 3A, right) narrow down the putative erlinl/2 complex—
binding site to the 10 amino acid (aa) region next to TM5.
Additionally, RNF170 association and polyubiquitination par-
alleled erlin1/2 complex association for each IPsRIHA mutant,
indicating that erlin1/2 complex association governs the sub-
sequent processing of IP;RIHA mutants by the UPP.
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Figure 3. Effects of large deletions to IL3 on erlin1/2 complex binding, RNF170 binding, and IP3R ubiquitination. A, diagram of IP;RTHA mutants
(deleted regions are shown as white lines), with (+) indicating strong binding of the erlin1/2 complex and (-) indicating no binding. Also shown are TM5 and
TM6, the sequence of the aa 2463 to 2472 region and the positions of the pore-helix (P-helix) and selectivity filter (SF). Amino acid numbering corresponds
to mouse IPsR1 (UniProtKB accession number: P11881). B, aT3 IP3RT1KO cells were transiently transfected to express IPsRTHA constructs and were incubated
without (-) or with (+) 0.1 uM GnRH for 5 min. Anti-HA IPs and input lysates were probed in immunoblots for ubiquitin, IPsRTHA, erlin1, erlin2, and RNF170.
GnRH, gonadotropin-releasing hormone; HA, hemagglutinin; IL3, intralumenal loop 3; IP, immunoprecipitation; IP3R, inositol 1,4,5-trisphosphate receptor;

TM, transmembrane.

To extend this preliminary characterization, focused de-
letions within the 10 aa region were created and analyzed
(Fig. 4A, IP;RIHAA*63-2464  [p,RIHAA?46>2467  [p,R1-
HAA2468-2470 and IP;R1IHA®?Y12472) However, as compared
to IPsRIHAYT (Fig. 4B, lanes 1 and 2) and IP;R1IHA®?473-2480
(lanes 11 and 12), none of these mutants associated with the
erlinl/2 complex after stimulation with GnRH (lanes 3—10).
While this suggests that the entire aa 2463 to 2472 region may
be required for erlin1/2 complex binding, failure to bind could
also be due to unanticipated effects on the structural integrity
of IP3R1 or the IP;-induced conformational changes to IP;R1
that normally trigger erlin1/2 complex binding. To assess these
parameters, the mutants were introduced into IP3R1-3KO
HEK cells (23), which exhibit high transfection efficiency, and
tetramerization and Ca®* channel activity were assessed using
native PAGE and trypsin-induced Ca** mobilization, respec-
tively. IPsRIHAY T and all of the mutants migrated identically
at ~1.2 MDa during native PAGE (Fig. 4C), indicating that

4 Biol. Chem. (2022) 298(6) 102026

tetramerization and overall structural integrity is normal
Interestingly, however, of the four mutants, only IP3RI1-
HA%?%71-2472 finctioned as an IP;-activatable Ca** channel,
exhibiting ~73% of normal channel activity (Fig. 4D), indi-
cating that only this mutant undergoes normal conformational
changes and that failure of this mutant to bind to the erlin1/2
complex can be attributed to a specific disruption of the
binding interface. In contrast, IP3R1HAA2463’2464, IP;R1-
HAR652467 - and IPsRIHA?*82470 Jacked channel activity
(Fig. 4D) and may be incapable of undergoing normal
conformational changes, which could account for the failure of
erlin1/2 complex binding. Overall, these data (summarized in
Fig. 4A) indicate that the aa 2471 to 2472 region is a compo-
nent of the IP;R1-erlinl/2 complex—binding site.

Analysis of the aa 2471 to 2472 region

To better define the requirements for erlinl/2 complex
binding, IP;R1 mutants with substitutions in the aa 2471 to

SASBMB
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Figure 4. Effects of focused deletions to IL3 on erlin1/2 complex binding, RNF170 binding, and IP;R ubiquitination. A, diagram of IP;R1 deletion
mutants (deleted regions are shown as white lines), with (+) and (-) indicating success or failure in tetrameric assembly, channel activity, and erlin1/2
complex association. B, aT3 IPsR1KO cells were transiently transfected to express IPsRTHAs and were incubated without (-) or with (+) 0.1 uM GnRH for
5 min. Anti-HA IPs and input lysates were probed in immunoblots as indicated. C, native PAGE of IPsRTHAs expressed in IP3R1-3KO HEK cells, probed in
immunoblots as indicated. D, Ca>* mobilizing (channel) activity of IPsR1THAs expressed in IPsR1-3KO HEK cells in response to 0.5 uM trypsin. The immu-
noblot shows the expression levels of IP;R1HAs in IP;R1-3KO HEK cells, with erlin2 serving as a loading control. The peak calcium response of IP;RTHA%247"-
2472 \was 73 + 3% (n = 5) of that seen with IP;RTHAY". GnRH, gonadotropin-releasing hormone; HA, hemagglutinin; IL3, intralumenal loop 3; IP, immu-
noprecipitation; IP3R, inositol 1,4,5-trisphosphate receptor.
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2472 region were created and analyzed (Fig. 5A4). Since D-2471
and R-2472 have negative and positive charges, respectively,
these were replaced by neutral amino acids of similar size to
examine the role of charge (Fig. 5A4). Interestingly, each of the
mutants created (IP;RIHAZY71-2472DQ [p.R1HA2471-2472NR
and IP;RIHAZY1272NQ) bound to the erlinl/2 complex
(Fig. 5B, lanes 3—8) and exhibited Ca®* channel activity very
similar to IP;RIHAY" (Fig. 5C), indicating that the charges of
D-2471 and R-2472 are not required for erlinl/2 complex
binding. To examine the role of size, D-2471 and R-2472 were
also replaced by the much smaller amino acids, alanine and
glycine (Fig. 5A). Remarkably, IPzRIHA*712472AA  and
[P;RIHAZ471-2472GG both  failed to bind to the erlinl/2
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complex (Fig. 5B lanes 11-14) but exhibited channel activity
very similar to IPsRIHAY, in terms of both peak response
and ECs, (Fig. 5D), indicating that these substitutions do not
impair the ability of IP3R1 to undergo IPs;-induced confor-
mational changes that lead to channel opening but greatly
impact the erlinl/2 complex—binding site. To gain additional
insight, the highest resolution cryo-EM structure of IP3R1 was
used to visualize the juxta-TM5 region (Fig. 5E) (7). D-2471
and R-2472, being part of IL3, protrude into the ER lumen and
appear to be at the outer surface of the IP3R1 tetramer, which
should allow for access to the erlin1/2 complex. Further, since
this region of IL3 appears to lack secondary structure, the only
clear difference between IP;R1% " and the nonbinding mutants
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Figure 5. Effects of substitutions to the aa 2471 to 2472 region on erlin1/2 complex binding, RNF170 binding, and IP3R ubiquitination. A, diagram
of IP3R1 mutants, with the red box designating the aa 2471 to 2472 region, and showing the amino acid charges in that region (-, negative; +, positive; or o,
neutral), together with quantitated erlin1/2 complex binding and channel activity for each construct. B-D, protein association and channel activity char-
acteristics of WT and mutant IPsR1s were examined in IP3R1KO aT3 cells and IPsR1-3KO HEK cells, respectively, as in Figure 4. Erlin1/2 complex binding in
the presence of GnRH was quantitated by measuring erlin2 immunoreactivity in anti-HA IPs, relative to that for IPsRTHAYT (mean + SEM, n > 5); this is
appropriate, as erlin2 constitutes the majority of the erlin1/2 complex and is essential for its function (14). Channel activity was quantitated by measuring
the peak calcium response of mutant IP;R1HAS, relative to that of IPsR1HA"T (mean + SEM, n = 3). D, trypsin ECs, values for peak responses are shown and
differences between IP;RTHA"T and the mutants were not significant (mean + SEM, n > 3, p> 0.1 by one-way ANOVA followed by Tukey's post hoc test). E,
structure of the TM region of an IP3R1 tetramer with one subunit highlighted in gold (derived from PDB ID: 7LHE) (7). The zoomed-in region shows the
positions of TM5, TM6, the pore helix (P), and the juxta-TM5 region that forms the first part IL3 and contains the aa 2471 to 2472 region. Structures of IPsR1
mutants were created to illustrate the differences in side chain size, using UCSF chimera. Note: dotted lines indicate unresolved parts of IL3 and the zoomed-
in region was tilted for clarity. GnRH, gonadotropin-releasing hormone; HA, hemagglutinin; IL3, intralumenal loop 3; IP, immunoprecipitation; IP3R, inositol
1,4,5-trisphosphate receptor; PDB, Protein Data Bank; TM, transmembrane.
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is side chain length at positions 2471 and 2472. Overall, these
data suggest that the size of residues in the aa 2471 to 2472
region is a crucial factor for the IP;R1-erlinl/2 complex
interaction.

To confirm the role of the aa 2471 to 2472 region, IP3R1-
HAYT and IP;RIHA?Y12472A% yyere stably expressed in
IP3R1KO aT3 cells. The highest expressing cell lines contained
~10% of the IP3R1 levels seen in unmodified oT3 cells
(Fig. 6A). Ca®*-mobilizing activity was almost fully restored in
these reconstituted IP3R1KO cell lines, with the peak re-
sponses very similar to that seen in unmodified aT3 cells
(Fig. 6B), indicating that both IP;RIHAYT and IP;R1IHA?*"*
2472AA form functional channels and undergo normal confor-
mational changes upon stimulation. Note that the low level of
Ca®* mobilization in IPsR1KO cells is likely due to the pres-
ence of residual IP3R2 and IP;R3 (less than 1% of total IP3R
levels) (21). As expected, stably expressed IP;RIHAYT bound
to the erlinl/2 complex upon GnRH stimulation but
IP;RIHAX712472AA (id not (Fig. 6C), and RNF170 association,

polyubiquitination, and downregulation of IP;R1HAs followed
in parallel (Fig. 6 C and D). These data confirm the importance
of the aa 2471 to 2472 region for erlinl/2 complex association
and for IP3R1 processing by the ERAD pathway.

Role of the juxta-TM5 region in channel activity

Sequence alignment of the N-terminal end of IL3 shows that
the juxta-TM5 region is highly conserved (Fig. 7A), indicating
that it might be indispensable to IP3R function. To gain more
insight into why the deletion mutants in this region (IP3R1-
HAA2463-2464 p R HAA2652467 1 4 [P, RTHAL2468-2470) ol
channel activity (Fig. 4A), substitution mutants were con-
structed and characterized (Fig. 7, B-D). [P;R1HAZ463-2464AA.
with substitutions immediately adjacent to TM5, mobilized
Ca** well (Fig. 7C), showing that the replaced K-2463 and D-
2464 are not critical for channel activity and that the structural
integrity of this mutant is still maintained, despite the loss of
charged residues, which could potentially affect the proper
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Figure 6. Analysis of IP;R1HAs stably expressed in IP;R1KO aT3 cells. A, lysates from unmodified and IPsR1KO aT3 cells and IPsR1KO cell lines stably
expressing IPsRTHAYT or IP;RTHA?*7"2472A% \yere probed in immunoblots for IP;R1, with erlin2 serving as a loading control. B, Ca>* mobilizing activity (top)
and peak Ca** response (bottom) in the different T3 cell lines after stimulation with 0.1 uM GnRH. One-way ANOVA followed by Tukey’s post hoc test was
used for statistical analysis, with ** indicating p < 0.01, *** indicating p < 0.001, and N.S. indicating not significant (p > 0.05). C, protein association
characteristics of IPsR1HAs stably expressed in aT3 IPsR1KO cells. Cells were incubated without (-) or with (+) 0.1 uM GnRH for 5 min and anti-HA IPs
together with input lysates were probed in immunoblots as indicated. D, aT3 IPsR1KO cells stably expressing IPsR1THAs were treated with 0.1 pM GnRH for
the times as indicated. Cell lysates were probed in immunoblots for IPsRTHA, with erlin2 serving as a loading control. GnRH, gonadotropin-releasing
hormone; HA, hemagglutinin; IP, immunoprecipitation; IP3R, inositol 1,4,5-trisphosphate receptor.
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Figure 7. Role of the juxta-TM5 region in channel activity. A, sequence alignment of IPsR1-3 from Mus musculus (m) and IPsR1 from Rattus norvegicus (r),
and Homo sapiens (h) (UniProtKB accession numbers: P11881, Q9Z329, P70227, P29994, and Q14643, respectively), with the red box designating the aa 2463
to 2472 region and black indicating identity between IPsRs. B, diagram of IPsR1 mutants with the red boxes designating the substitution sites, with
quantitated channel activity and erlin1/2 complex binding for each construct. C and D, channel activity and erlin2 association of WT and mutant IP;R1HAs
were examined in IP3R1-3KO HEK cells and IPsR1KO aT3 cells, respectively, as in Figure 4. Channel activity (% of WT) and erlin1/2-binding ability (% of WT)
were quantitated as in Figure 5 (mean + SEM, n > 3). E, structure of IPsR1 channel pore (derived from PDB: 7LHE) (7), with a side view (two subunits shown
for clarity) and a sectional view (indicated by the dashed line box), showing TM5 and TM6 (light blue), D-2465 (red), the selectivity filter (yellow), and the pore

helix (green). HA, hemagglutinin; IP3R, inositol 1,4,5-trisphosphate receptor;

positioning of TM5 in the ER membrane (24). In contrast,
IP;RIHA?65247AAA  completely lacked channel  activity
(Fig. 7C), and IP;R1IHA?*¢*2465NN 4 IP,RIHAP?*N, with
charge neutralizing D to N substitutions, lost either all or the
vast majority of Ca®* channel activity (Fig. 7C), indicating
charges in this region, especially that of D-2465, are essential
to IP3R1 channel activity. A nonspecific effect of these muta-
tions on the positioning of TM5 is unlikely in view of the
ability of IP;RIHA***32%6*AA 4 function normally. Finally,
among the mutants, only IP;RIHA>**3-24*AA a5 able to bind
to the erlinl/2 complex (Fig. 7D), which correlates with its
near normal channel activity.

To better understand the importance of the juxta-TM5 re-
gion and particularly the charge of D-2465, the highest reso-
lution cryo-EM model of IP3R1 was used to visualize the
channel core (Fig. 7E) (7). Relative to the selectivity filter

8 J Biol. Chem. (2022) 298(6) 102026

PDB, Protein Data Bank; TM, transmembrane.

sequences, which help form the narrow ion conduction
pathway, D-2465 is found slightly laterally and toward the ER
lumen but still within ~9 A of the filter. It is, thus, possible
that like the negative charges in the pore of other cation
channels (25-28), D-2465 serves to concentrate Ca>* ions to
facilitate Ca®* ion conduction.

The relationship between IPsR1 channel activity and erlin1/2
complex binding

Of all the IP3R1 mutants examined in Figures. 4—7, those
that lack channel activity also fail to bind to the erlinl/2
complex, suggesting that the IPz-induced conformational
changes that lead to channel activity are necessary for erlinl/2
complex binding. To further test this correlation, we examined
three constructs with inactivating mutations remote from the
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N-terminal of IL3, suppressor domain deletion (ASD), R2596A
and D2550A, all of which have been reported to lack Ca®*
channel activity (29-33). Surprisingly, while IP;RIHA®*” and
IP;R1IHAR??A indeed lacked channel activity, IP;R1HAP?%0A
was still clearly active (~51% of WT, Fig. 8, A and B), showing
that IP;RIHAP?*°A actually possesses residual channel ac-
tivity. A similar result was also seen upon comparison of rat
IP;R1YT and IP;R1P%%° (Fig. 8C). As expected, erlinl/2
complex—binding ability correlated with channel activity, with
IP;RIHAP?°°4 binding the erlin1/2 complex but IP;R1IHA®SP
and IP;RIHAR?**®A not binding. Clearly though, some IP;R1
mutants (e.g, IPsRIHA*712472A% and [P;RIHAY1-2472G6)
have normal channel activity but do not bind to the erlinl/2
complex (Figs. 5 and 6). Therefore, Ca** channel activity seems
to be necessary but not sufficient for erlin1/2 complex binding.

Discussion

It is clear that the erlin1/2 complex interacts with activated
IP5Rs (9, 12, 15), but the molecular determinants of this
interaction have yet to be resolved. Here, we show, using IP3R1
mutants, that the erlinl/2 complex binds to IL3 and, in
particular, to two amino acids (D-2471 and R-2472) in a region
close to TM5. Interestingly, these two amino acids and the
residues immediately adjacent to TMS5 that are critical for Ca**
channel activation are highly conserved between IP3R1-3,
suggesting that this region of IL3 plays an important role in the
normal functioning of IP;Rs.

The key result that locates the erlin1/2 complex—binding site
to the D-2471/R-2472 region is that replacement of these amino
acids with alanine or glycine ablates stimulus-induced erlin1/2
complex binding, without altering Ca** mobilization (which
shows that the mutant IP3Rs can undergo normal conformational
changes). This indicates that the erlinl/2 complex—binding
interface is specifically perturbed in IPsRIHA*712472A% and
IP;RIHA**12472GG High resolution cryo-EM images of IP3R1
tetramers (7) show that D-2471 and R-2472 are within the ER
lumen close to the channel pore and are relatively exposed and
thus could create a binding site for the erlin1/2 complex. It re-
mains a possibility, however, that the binding site is in fact
immediately adjacent to the D-2471/R-2472 region and that the
reduction in side chain size and/or increased flexibility resulting
from the introduction of alanine or glycine at positions 2471/
2472 causes a local structural change that disrupts that adjacent
binding site. Currently, there is no equivalent high-resolution
cryo-EM structure for the erlinl/2 complex, but a recently ob-
tained structure of the bacterial stomatin/prohibitin/flotillin/
HfIK/C (SPFH) domain—containing proteins HfIK and HfIC,
which share homology with erlin1 and 2 (34, 35), provides insight
into how the erlin1/2 complex might interface with IP3R1. HfIK
and HfIC form a cup-shaped, ~1 MDa complex linked to the
bacterial inner membrane by their N-terminal TM regions, with
the junction between their SPFH1 and SPFH2 domains located
close to the membrane and providing the binding site for client
FtsH hexamers, which the HfIK/C complex encircle (34, 35).
Since the erlin1/2 complex forms a similar ~2 MDa structure
linked to the ER membrane (9, 12, 15), models can be constructed
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for how it interacts with activated IP3Rs (Fig. 9). Interestingly, the
SPFH1-SPFH2 domain junction in erlin2 may well contribute to
the binding site, as mutation of the T-65 residue, which is found at
the junction (Fig. 9) (34), prevents the erlin1/2 complex from
interacting with activated IP;Rs (14). Clearly, the binding inter-
face will be better understood when high-resolution structures
are defined for the erlin1/2 complex and, if possible, for active
IP;R1s in association with the erlin1/2 complex.

An additional significant finding from the analysis of IP3R1
mutants is that the region of IL3 immediately adjacent to TM5
is critical for channel activation. This was revealed by deletion
and substitution mutants that dramatically inhibit channel
activity and implicate the negative charges of D-2464 and
particularly D-2465 as being key, since IPsRIHAP****N possess
only residual Ca** channel activity. D-2464 and D-2465 are
found close to the channel pore and selectivity filter, and it is
possible that the negative charges serve to concentrate Ca**
ions, as has been proposed for other negatively charged resi-
dues in IP3R1 (e.g, E-2469) (7) and in other cation channels
(25-28). Alternatively, these residues could contribute to the
putative Ca**-binding regulatory site (1, 3) that may be present
between aa 2463 to 2528 of IL3 (36). To the best of our
knowledge, the importance of this juxta-TM5 region in IP3R1
channel activation has not been previously examined, but
clearly, our data indicate that it warrants further investigation.

It is intriguing that the erlinl/2 complex is not the only
protein that interacts with IL3 (1, 3). Chromogranins A and B
interact with the C-terminal end of IL3 near the selectivity
filter and increase channel open probability (37, 38).
Conversely, ERp44 binds to the N-terminal half of IL3 and
inhibits IP3R1 activity (39), and GRP78 interacts with the same
region and supports channel activity and tetramer assembly
(40), although the exact binding sites have yet to be defined.
All of these interactions were observed with nonactivated
IP3Rs (37-40). In contrast, the erlinl/2 complex interacts with
IL3 only when IP3Rs are activated and targets them for ubig-
uitination and processing by the ERAD pathway (9, 12, 15).
Our data also show that the integrity of the juxta-TMb5 region
of IL3 is critical for Ca** channel activity. Thus, IL3 is an
important regulatory locus, with the regions adjacent to TM5
and TM6 being most important, a finding supported by our
observations that deletions in the central part of IL3 (IP3R1-
HAA%73-2480 and IPsR1IHA2?#81-2519) (o not affect channel
activity or erlinl/2 complex association.

There appears to be a complicated relationship between the
functionality of IP3Rs and their ability to recruit the erlin1/2
complex that can be best summarized by the statement that
Ca®* channel activity is “necessary, but not sufficient” for
erlin1/2 complex recruitment. Examples are the range of
mutants (e.g, [P;RIHA?*3246% [P RIHA®SP, IP;RIHA>**
265NN and IPsRIHAR®®A etc) that both fail to act as Ca2*
channels and fail to recruit erlinl/2 complex, presumably
because they cannot undergo normal conformational changes
(i.e., activity is “necessary”), versus IP;RIHAZ71-2472A4 4nd
IP;R1IHA2Y1-2472GG | ywhich act as Ca®* channels but fail to
recruit erlinl/2 complex, presumably because the binding
interface is disrupted (i.e., activity is “not sufficient”). This
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Figure 8. The relationship between IP;R1 channel activity and erlin1/2 complex binding. A, summary of IP;R1 mutants with quantitated channel
activity and erlin1/2 complex binding for each construct. B-D, channel activity of mouse IPsRTHAs (WT, ASD, D2550A, R2596A) and rat IPsR1s (WT and
D2550A) was examined in IP3R1-3KO HEK cells, and erlin2 association with IPsR1HAs was assessed in IP3R1KO aT3 cells as in Figure 4. Channel activity (% of
WT) and erlin1/2-binding ability (% of WT) for each mouse IPsRTHA construct was quantitated as in Figure 5 (mean + SEM, n > 3). HA, hemagglutinin; IP3R,

inositol 1,4,5-trisphosphate receptor.

concept would be invalidated if mutants existed that failed to
act as a Ca®" channels but could still recruit the erlinl/2
complex, but despite our best efforts, no such mutants have
been found. Data from other sources are consistent with the
“not sufficient” aspect; mimicking IP;R-mediated Ca** mobi-
lization by releasing Ca®* from the ER with thapsigargin does
not cause erlinl/2 complex recruitment and in fact blocks it
(Fig. 2D), and raising cytosolic Ca®>* concentration through

10 J Biol Chem. (2022) 298(6) 102026

plasma membrane depolarization also does not induce
recruitment (41). Overall, these data support the notion that
the conformational changes that accompany Ca®* channel
opening, but not Ca®* mobilization itself, provides the trigger
for erlin1/2 complex recruitment.

A surprising result from our analysis of IP;R mutants is that
IP;R1IHAP?>*%A s not “pore-dead” as has been widely reported
(31-33) but rather exhibits considerable channel activity
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erlin1/2
complex o

Figure 9. Model of how an activated IP;R1 tetramer and the erlin1/2 complex interact. Diagrams of IP3R1 tetramers (7) and erlin1/2 complexes, based
on the dimensions and membrane topology of HIC/K (34, 35), with one AlphaFold-derived erlin2 subunit (52) fitted into each complex. Also, shown are the
aa 2471 to 2472 region of one IP3R1 subunit (red oval) and for erlin2, the positions of the TM region, the SPFH1 and SPFH2 domains, the long coil-coil (CC)
domain, and T-65 (yellow oval), that is key to interactions with activated IP3R1 (15). Activated IPsR1 tetramers could bind with the erlin1/2 complex through
interactions with the outer surface of the complex (left) or even be encircled by the complex (right). IP3R, inositol 1,4,5-trisphosphate receptor; TM,

transmembrane.

(~50% of that seen with IP;RIHAY™). This was observed in
IP3R1-3KO HEK cells, so pure tetramers of IP;R1HAD?>%0A
can be assumed to be responsible and was seen using both
mouse and rat IP;R1 constructs. Furthermore, IPgRIHADZSSOA
activation recruits the erlin1/2 complex, indicating that it can
adopt an active conformation. These data suggest that the
D2550A mutation does not obliterate channel activity and that
care should be taken in interpreting data from this mutant.
Many of the studies showing D2550A mutants to be inactive
have been performed in DT40 3KO cells (32, 33), and it is
possible that cell-specific factors or high expression levels
obtained in IP3R1-3KO HEK cells allow for residual channel
activity of the mutants to be observed.

By using the novel UBE1 and UPP inhibitor TAK-243 (17),
we were able to gain insight into the sequence of events that
mediate IP;R ERAD. In aT3 cells, this compound very rapidly
inhibits loading of E2 enzymes with ubiquitin and the ubig-
uitination of generic substrates and blocks GnRH-induced
IP3R1 ubiquitination, without affecting recruitment of the
erlin1/2 complex. This shows that these two events in IP3R
ERAD are independent and that erlin1/2 complex recruitment
occurs first. Further, as TAK-243 also blocks IP3R1 down-
regulation, binding of the erlin1/2 complex to activated IP;R1s
per se is insufficient to trigger IP3R1 transfer to the proteasome
—it really does require that IP3R1s be ubiquitinated. The
ability of TAK-243 to rapidly inhibit ubiquitination should
make this compound very useful for probing mechanisms
within the UPP, since its mechanism of action contrasts with
existing and widely used UPP inhibitors that block steps after
substrate ubiquitination, for example, p97 and proteasome
inhibitors (42, 43).

Overall, we have identified the site in IP3Rs to which the
erlinl/2 complex binds when IP3Rs are activated. This highly
specific recognition mechanism appears to be triggered by
conformation changes to IP3R1 that accompany channel acti-
vation and is not typical of how other substrates are recognized
for ERAD, which tend to be more generic (8—11). Erlin1/2
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complex binding is the critical initiation step for IP3R ERAD
and mediates IP3R downregulation during cell activation (9, 14,
15) and also the basal turnover of IP3Rs, since erlin1/2 complex
deletion causes accumulation of IP3Rs (9, 14). In view of the
“necessary, but not sufficient” requirement for Ca?* channel
activity, disease-causing IP3R1 mutants that are inactive chan-
nels (e.g., K2563del, G2506R, etc) (44, 45), will likely be resistant
to ERAD and will accumulate in the ER membrane, leading to
perturbations beyond just abnormal Ca®* homeostasis. For
example, IP3R accumulation will increase the levels of the Bcl-2
family member Bok (21) and perhaps other Bcl-2 family
members that interact with IP;Rs (1, 3) and may affect apoptotic
signaling (21). IP3R accumulation could also reduce free Beclinl
levels and inhibit autophagy as IP3R contains a Beclinl docking
site (46, 47) and/or alter the bioavailability of some of the many
known IP;R-interacting proteins (1, 3).

Experimental procedures
Materials

aT3 cells, IP3R1IKO T3 cells (21), and IP3R1-3KO HEK cells
(23) were cultured as described (21). Antibodies used were: rabbit
polyclonal anti-IP3R1 (48), anti-erlinl (15), anti-erlin2 (49),
anti-RNF170 (16), anti-HA epitope (16) (used for IP),
anti-Ube2K/E2-25K (#UG 5920; Affiniti Research Products Ltd)
and anti-Ube2G2/Ubc7 (a generous gift from Dr Yihong Ye,
National Institutes of Health); mouse monoclonal anti-HA clone
HA11l (#MMS-101R; Covance, used for immunoblot), anti-
ubiquitin (#BML-PW8810; BioMol International), anti-p97
(#10R-P104A; Fitzgerald), anti-Ube2N/Ubc13 (#37-1100; Invi-
trogen), and anti-Ube2R1/Cdc34 (#25820; Transduction Labo-
ratories). Protease inhibitors, Triton X-100CHAPS, GnRH,
trypsin, thapsigargin, and horseradish peroxidase—conjugated
secondary antibodies were from Sigma. DTT and reagents for
SDS-PAGE were from Bio-Rad. TAK-243 was from MedChe-
mExpress. Protein A-Sepharose CL-4B was from GE Healthcare
and PEI (PEI 25K) was from Polysciences Inc.
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Plasmids

A pcDNA3.1 based vector encoding WT mouse IP3R1
tagged at the C terminus with a HA epitope (IP3R1HA) (50)
was utilized as a template for generating IPsR1IHA mutants by
inverse PCR (primer sequences available upon request). All
IP;R1IHA mutants were confirmed by DNA sequencing
(Genewiz). IP;R1IHAP?>°°* was prepared as described (22) and
rat WT and D2550A IP3;R1s were generous gifts from Dr
David Yule’s lab (University of Rochester).

Cell lysis, IP, electrophoresis, and immunoblotting

For cell lysis to assess protein expression level, cells were
collected with HEPES buffered saline with EDTA (155 mm
NaCl, 10 mm HEPES, 1 mm EDTA, pH 7.4), resuspended in
ice-cold Triton lysis buffer (150 mM NaCl, 50 mM Tris—HCl,
1 mM EDTA, 1% Triton X-100, 10 uM pepstatin A, 0.2 uM
soybean trypsin inhibitor, 0.2 mM PMSF, 1 mM DTT, pH 8.0),
incubated on ice for 30 min, centrifuged at 16,000¢ for 10 min
at 4 °C, and supernatants were collected for analysis. For
analysis of IP3R1 ubiquitination and protein association, aT3
cells were lysed with ice-cold CHAPS lysis buffer (150 mM
NaCl, 50 mM Tris—HCl, 1 mM EDTA, 1% CHAPS, 10 uM
pepstatin A, 0.2 uM soybean trypsin inhibitor, 0.2 mM PMSE,
pH 8.0) supplemented with 5 mM N-ethylmaleimide, incu-
bated on ice for 30 min, followed by addition of 5 mM DTT,
and centrifugation at 16,000g for 10 min at 4 °C. Supernatants
were incubated with anti-IP3R1 and protein A-Sepharose CL-
4B beads for ~16 h at 4 °C, and IPs were then washed three
times with CHAPS lysis buffer, resuspended in gel loading
buffer (final concentration: 1% SDS, 0.05% bromphenol blue,
5% glycerol, 100 mM DTT, and 50 mM Tris—HCI pH 6.8),
incubated at 37 °C for 30 min, and subjected to SDS-PAGE,
transfer to nitrocellulose membranes, and immunoblotting.
Immunoreactivity was detected with Supersignal chem-
iluminescence reagents (Thermo Fisher) and a Chemidoc
imager (Bio-Rad).

Ubiquitin conjugation to E2s

aT3 cells were harvested with HEPES buffered saline with
EDTA and resuspended in ice-cold Triton lysis buffer without
DTT, followed by incubation on ice for 30 min and centrifu-
gation at 16,000g for 10 min at 4 °C. Supernatants were split
and transferred into two new tubes and mixed with gel loading
buffer without or with 100 mM DTT (20), incubated at 37 °C
for 30 min, and subjected to SDS-PAGE and probed in im-
munoblots for E2s and ubiquitin.

Analysis of exogenous IPsRTHAs in IP;R1KO aT3 cells

IP3R1KO oT3 cells were transfected with IPsR1IHA com-
plementary DNAs (cDNAs) via electroporation using the
Neon Transfection System (Invitrogen). Briefly, cells were
trypsinized, mixed with culture medium, centrifuged at ~400g
for 5 min at room temperature, resuspended in PBS at a
density of 3 x 10”/ml together with 100 pg/ml cDNA, and 5 x
100 pl aliquots per condition were electroporated (1 pulse,
20 ms, 1500 V). To improve transfection efficiency and cell
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survival, electroporated cells were collected in open sterile
microcentrifuge tubes and placed in a humidified 37 °C/5%
CO, incubator for ~20 min before being transferred back to
culture medium in 10 cm diameter dishes (51). To assess
ubiquitination and the protein association characteristics of
exogenous IP3R1HAs, cells were harvested 24 to 48 h later in
CHAPS lysis buffer; cell lysates were incubated with anti-HA
to IP IP3R1HAs, and samples were processed for immuno-
blotting as already described.

Analysis of exogenous IP3R1HAs in IPsR1-3KO HEK cells

IP3R1-3KO HEK cells were seeded at 5 x 10° cells/well in 6-
well plates and transfected with 2 pg IPsR1IHA cDNAs and 6 pl
of 1 mg/ml PEI Cells were subcultured ~24 h later and
transferred either to poly-D-lysine—treated 96-well micro-
plates (Greiner) to measure free cytosolic Ca®* or to new 6-
well plates for analysis of IP3RIHA expression ~24 h later.
FLIPR Calcium 6 assay Kit (Molecular Devices) was used, and
fluorescent signals were detected using a FlexStation 3 Multi-
Mode Microplate Reader (Molecular Devices). To determine
IP;R1IHA expression levels, cells from 6-well plates were lysed
with Triton lysis buffer for SDS-PAGE and immunoblotting.
To assess tetrameric assembly of IP;R1HAs, cells were dis-
rupted with CHAPS lysis buffer and subjected to native PAGE
(Invitrogen) and transferred to polyvinylidene fluoride mem-
branes for immunoblotting as described (14).

Stable expression of IP;R1HAs

Stably reconstituted cell lines were obtained by transfecting
IP;R1KO aT3 cells with IP;RIHA™" or IP;RIHA®*7! 247244
cDNAs using the Neon Transfection System, followed by
selection in 1.3 mg/ml G418 for 72 h. After recovery in
G418-free culture medium for 24 h, the cells were seeded at a
density of 1 cell/well in 96-well plates, expanded, and screened
for expression in immunoblots with both anti-IP;R1 and anti-
HA. For each DNA construct, two clones were selected for
analysis and yielded essentially the same results.

Data presentation

All experiments were performed at least twice and repre-
sentative images of gels with molecular markers (in kDa) on
the side are presented. Immunoreactivity was quantitated us-
ing Image] (https://imagej.nih.gov/ij/). Calcium response
traces shown are the average of fluorescence signals from 2 to
3 wells from one representative experiment. All quantitated
data are expressed as mean + SEM (n= the number of inde-
pendent experiments).

Data availability

All data described and discussed are located within the
article.
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