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The N-terminal region of Jawl
has a role to inhibit the formation
of organized smooth endoplasmic
reticulum as an intrinsically
disordered region

Takuma Kozono'*, Hiroyuki Sato?, Wataru Okumura3, Chifuyu Jogano?,
Miwa Tamura-Nakano*, Yuki I. Kawamura®, Jack Rohrer®, Takashi Tonozuka? &
Atsushi Nishikawa®23"

Jaw1/LRMP is a type Il integral membrane protein that is localized at the endoplasmic reticulum

(ER) and outer nuclear membrane. We previously reported that a function of Jaw1 is to maintain

the nuclear shape as a KASH protein via its carboxyl terminal region, a component of linker of
nucleoskeleton and cytoskeleton complex in the oligomeric state. Although the oligomerization of
some KASH proteins via the cytosolic regions serves to stabilize protein-protein interactions, the issue
of how the oligomerization of Jaw1 is regulated is not completely understood. Therefore, we focused
on three distinct regions on the cytosolic face of Jaw1: the N-terminal region, the coiled-coil domain
and the stem region, in terms of oligomerization. A co-immunoprecipitation assay showed that its
coiled-coil domain is a candidate for the oligomerization site. Furthermore, our data indicated that
the N-terminal region prevents the aberrant oligomerization of Jaw1 as an intrinsically disordered
region (IDR). Importantly, the ectopic expression of an N-terminal region deleted mutant caused the
formation of organized smooth ER (OSER), structures such as nuclear karmellae and whorls, in BL6F10
cells. Furthermore, this OSER interfered with the localization of the oligomer and interactors such

as the type lll inositol 1,4, 5-triphosphate receptor (IP;R3) and SUN2. In summary, the N-terminal
region of Jaw1 inhibits the formation of OSER as an IDR to maintain the homeostatic localization of
interactors on the ER membrane.

The endoplasmic reticulum (ER) is a reticular membranous network consisting of a nuclear envelope (NE), sheets
surrounding the nucleus and tubules in the periphery. The ER is involved in many cellular events such as protein
synthesis, lipid synthesis, calcium transfer, membrane trafficking, stress responses as well as related actions. ER
morphogenesis is regulated by several proteins, including Climp-63, kinectin and p180 on the sheets'~* and
Reticulons and DP1 on the tubules"*. In addition, in the NE, a continuous region of the ER membrane, i.e.
an inner nuclear membrane (INM) and an outer nuclear membrane (ONM), a linker of nucleoskeleton and
cytoskeleton (LINC) complex consisting of Klarsicht/ ANC-1/Syne/homology (KASH) proteins in the ONM and
Sad-1/UNC84 (SUN) proteins in the INM functions as a physical linkage between cytoskeletons and nuclear
lamina for the maintenance of the nuclear network such as shaping, positioning and movement®. To date, several
proteins implicated in ER morphogenesis have been reported to be involved in hereditary spastic paraplegia
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(HSP) and hereditary sensory and autonomic neuropathy (HSAN), neurodegenerative diseases®”. In addition,
dysfunctions of nuclear physiology due to defects in the LINC complex have been reported to be causes of
Emery-Dreifuss Muscular Dystrophy®’, infertility'®!!, cerebellar ataxia'>'* and the Hutchinson-Gilford Prog-
eria syndrome (HGPS)™. It has been also reported that the expression levels of some components of the LINC
complex are altered in cancer tissues'®. Thus, the integrated morphological homeostasis of the ER including the
nucleus is crucial for regulating many cellular events and physiology.

It has been reported that the overexpression of several ER resident membrane proteins results in the formation
of a stacked ER with highly dense structures, such as cisternae, whorls, nuclear karmellae which are grouped as
organized smooth ER (OSER)'®-%. For example, previous investigations have reported that the ectopic expres-
sion of 3-Hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase'®, the lamina-associated polypeptide 2 beta
(Lap2f)"” starch-binding domain-containing protein 1 (Stbd1)'® causes the OSER formation. The oligomeric
fluorescence protein tagged cytochrome b(5)" and Sec61y", calnexin®*?! and Langerin® has also been reported
to form the OSER, indicating that a tightly stacked membranous environment is formed between the apposed
membranes due to the irregular or excessive oligomerization of ER resident membrane proteins. In addition,
OSER formation that results from the expression of mutants such as TorsinA?, TorsinB** and the vesicle-associ-
ated membrane protein-associated protein B/C (VAPB)? has also been reported to be relevant to diseases such
as dystonia and amyotrophic lateral sclerosis, which suggests the existence of OSER structures under conditions
of a physiological disease. Nevertheless, the details of the OSER, such as morphogenesis, plasticity and the effects
on the cellular events remain to be unveiled.

Jaw1 is a type II integral membrane protein that is localized on the ER and ONM?*~%, Current information
indicates that Jawl is expressed in taste buds and lymphoid organs such as the spleen, thymus, bone marrow
and tonsils**?**. We recently reported that Jaw1 has a role in maintaining the nuclear shape at ONM as a KASH
protein?®®. Trimeric KASH proteins interact with trimeric SUN proteins in the perinuclear space (PNS) via the
KASH domain and the SUN domain, respectively, resulting in the formation of a hetero-hexamer complex®'-*.
Intriguingly, some KASH proteins such as Nesprin3a and KASH5 have been reported to be oligomerized via
their cytosolic regions to stabilize the interaction with proteins®*”*%. As we previously reported, Jaw1 also forms
an oligomer, but the issue of whether or not the oligomerization is mediated by its cytosolic region has not been
revealed?®. Furthermore, Jawl has a predicted coiled-coil domain in the middle region on its cytosolic face
which interacts with the type III inositol 1,4,5-triphosphate receptor (IP;R3), a calcium-gate channel on the
ER membrane?*>°. However, the biological significance of the interaction between these molecules is not well
understood. Furthermore, the structure and function of the rest of cytosolic regions except the coiled-coil domain
have also not been determined. In this study, the cytosolic face of Jaw1l was defined as follows: the N-terminal
region (44-183) as an uncharacterized N-terminal region of the coiled-coil domain, the predicted coiled-coil
domain (194-333), and stem region (334-469) as an uncharacterized intermediate region between coiled-coil
domain and single trans-membrane domain. According to these definitions, we attempted to clarify the function
of the cytosolic region of Jawl.

The findings reported herein show that Jaw1 probably forms an oligomer via its coiled-coil domain. We also
show that the N-terminal region has a role in inhibiting OSER formation, preventing the irregular oligomeriza-
tion as an intrinsically disordered region (IDR), a structurally unstable region within the protein. The OSER
derived from the expression of a mutant (Jawl AN) lacking the N-terminal region recruits the interactors to this
structure, but does not affect the conventional ER resident proteins, calnexin and calreticulin. Finally, based on
our findings, we propose that the precise oligomerization of Jaw1 regulated by the N-terminal region is crucial
for the normal localization of Jaw1 at the ER and the precise localization of interactors.

Results

Jaw1 coiled-coil domain is a candidate for the oligomerization site. As we previously reported,
Jaw1 plays a role in maintaining the nuclear shape as a KASH protein in the state of oligomer®®. However, the
oligomerization site has not been identified. Furthermore, the possibility that the oligomerization is due to the
interaction between the KASH domain and the SUN domain of the PNS has not been excluded. Therefore, we
first investigated the issue of whether the cytosolic region is involved in the oligomerization or not. To accomplish
this, we focused on three distinct cytosolic regions: the N-terminal region of the coiled-coil domain (N-terminal
region), the coiled-coil domain and the C-terminal region of the coiled-coil domain (stem region). For a co-
immunoprecipitation (Co-IP) assay, we prepared plasmids encoding GFP-fused mouse Jaw1 long form (GFP Ms
LJaw1) and GFP-fused mutants encoding entire cytosolic regions (GFP Ms LJaw1l ATM) and single regions (GFP
Ms Ljawl N, GFP Ms Jaw1 Coil or GFP Ms Jaw1 Stem) (Fig. 1A). These GFP-fused proteins were co-expressed
with HA FLAG tandem tagged Ms LJawl (FLAG Ms LJawl) in HEK293 cells and co-immunoprecipitated by
treatment with anti-FLAG beads. The results showed that GFP Ms LJawl was co-immunoprecipitated by the
FLAG Ms LJawl, consistent with previous data®®. Importantly, GFP Ms LJawl ATM and GFP Ms Jaw1 Coil were
also co-immunoprecipitated by FLAG Ms LJawl, indicating that Jawl forms an oligomer on the cytosolic face
via the coiled-coil domain (Fig. 1B, see Supplementary Fig. S1 online).

In order to verify the oligomerization site in terms of localization, these GFP fused mutants were expressed
alone or co-expressed with FLAG Ms LJawl in B16F10 cells derived from mouse melanoma cells followed by
immunostaining. The confocal images showed that GFP Ms LJaw1, GFP Ms LJawl ATM and GFP Ms Jaw1 Coil
were localized in the cytosol, whereas GFP Ms LJawl N and GFP Ms Jaw1 Stem were localized in the cytosol
but also in the nucleus (Fig. 1C). Furthermore, the GFP Ms LJawl N and GFP Ms Jaw1 Stem that were localized
in the nucleus were not translocated to the cytosol by the co-expression of the FLAG LJaw1, which implies that
the N-terminal region and the stem region of Jawl do not function as oligomerization sites, consistent with
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Figure 1. Identification of the cytosolic oligomerization site. (A) Schematic representation of Mouse LJaw1
(LJawl; long form Jawl) and mutants. N-term; N-terminal region, coiled-coil; coiled-coil domain, Stem;

stem region, Gray box; single trans-membrane domain. (B) Identification of the oligomerization site by
co-immunoprecipitation followed by western blotting. FLAG Ms LJaw1 was co-expressed with GFP, GFP Ms
LJawl or mutants in HEK293 cells by transfection. After incubation for 24 h, the lysates were subjected to
co-immunoprecipitation. For western blotting, an anti-FLAG rabbit antibody and an anti-GFP rabbit antibody
as primary antibodies were used. (C) GFP, GFP Ms LJaw1 or mutants was expressed alone or co-expressed
with FLAG Ms LJaw1 in B16F10 cells by transfection. After incubation for 24 h, the cells were subjected to
immunostaining using an anti-FLAG rabbit antibody as a primary antibody. The images were acquired by
confocal microscopy. Scale bar; 20 pm.

Co-IP data. These data suggest that the coiled-coil domain of Jaw1 probably functions as an interaction site for
the oligomerization.

The Jawl N-terminal region inhibits the formation of organized smooth ER. Co-IP assays
showed that coiled-coil domain of Jawl functions as a candidate for the oligomerization site and that other
cytosolic regions have no affinity for oligomerization. In order to investigate the intracellular function of each
region, we prepared for several new deletion mutants of Jaw1 that lacked each region: FLAG Ms Jawl AN, FLAG
Ms LJawl ACoil and FLAG Ms LJawl AStem (Fig. 2A). These mutants were expressed in B16F10 cells and the
intracellular localization was then observed. Interestingly, aggregate-like structures in the cytosol and along the
perinuclear membranous region were observed in nearly all of the cells that were expressing Jawl AN, a mutant
lacking the N-terminal region, whereas Ljawl and SJawl were localized at the conventional ER (Fig. 2B,C).
These abnormal structures were observed in more detail by transmission electron microscopy. As shown in
electron micrographs, these membranous structures were composed of highly dense stacked membranes, which
are referred to as organized smooth ER (OSER) such as whorls (Fig. 2D, box 1) and nuclear karmellae (Fig. 2D,
box 2). While whorls structure was observed in all analyzed OSER positive cells (N =8), nuclear karmellae was
observed in six out of eight cells. OSER has been reported to be caused by the ectopic overexpression of some
ER resident proteins that undergo abnormal oligomerization on the ER membrane. Taking Jaw1 oligomeriza-
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Figure 2. Observation of the OSER by the expression of Jawl AN. (A) Schematic representation of Mouse
Jawl (LJawl; long form Jawl, SJawl; short form Jaw1) and mutants lacking the N-terminal region (Ms Jaw1
AN), N-terminal region and coiled-coil domain (Ms Jawl AN Coil), coiled-coil domain (Ms LJaw1 ACoil) and
stem region (Ms LJawl AStem). (B) FLAG Ms LJawl, FLAG Ms SJaw1 or deletion mutants were expressed in
B16F10 cells by transfection. After incubation for 24 h, immunostaining was performed using an anti-FLAG
rabbit antibody (green). Nuclei were stained with Hoechst33342 (blue). The images were acquired by confocal
microscopy. Scale bar; 20 um. (C) Counting of the cells having OSER structures out of the FLAG positive cells
in (B) (n=100). In the graph, the percentage of cells with OSER structures is shown based on the average of four
independent experiments per condition. Error bars show the S. D. “ns’, not significant; ***P<0.0001, Turkey
Kramer’s t-test. (D) Electron micrographs of the BI6F10 cells expressing FLAG Ms Jaw1 AN. The magnified
images are shown in the boxes at right (box 1; whorls and cisternae stacks, box 2; nuclear karmellae). Scale bar;
left box; 5.0 pm, right boxes; 500 nm. The OSER positive cells were classified as the ones with a highly dense
membranous structure (N=38).

tion via the coiled-coil domain into consideration, it was predicted that the formation of the OSER would be
inhibited in cells expressing the FLAG Ms Jawl AN Coil, a mutant lacking the coiled-coil domain in addition to
the N-terminal region. As expected, the percentage of cells having OSER out of the cells expressing the FLAG Ms
Jaw1 AN Coil was compatible with FLAG Ms LJaw1 and FLAG Ms SJaw1 and much lower than that of FLAG Ms
Jawl AN (Fig. 2C). This result indicates that the structural exposure of the coiled-coil domain by the deletion of
the N-terminal region caused the OSER formation. In order to exclude the possibility that this OSER formation
is due to the effects of the N-terminal tag, Ms Jaw1l AN without the tag was expressed in BI6F10 cells. As a result,
the cells expressing Ms Jaw1 AN formed significant amounts of the OSER, indicating that this OSER formation
can be attributed to the deletion of the N-terminal region (see Supplementary Fig. S2A,B online). Furthermore,
this OSER formation was also detected in cells that were expressing the FLAG tagged human Jawl AN (see Sup-
plementary Fig. S3A-C online). In summary, the N-terminal region has a role in intrinsically inhibiting OSER
formation in both of human and mouse Jawl.
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The entire Jawl N-terminal region inhibits OSER formation. Although at least two splicing vari-
ants of Jaw1 depending on the translation initiation site, i.e. LJaw1 and SJaw1%, are currently known, there was
no significant differences in OSER formation between them in both mouse and human Jaw1 (Fig. 2B,C, see Sup-
plementary Figs. S2 and S3 online). These results imply that OSER formation in cells expressing Jawl AN is due
to the loss of the N-terminal region (44-183). Here, in order to further investigate the issue of whether a more
specific region within the N-terminal region is involved in the inhibition of OSER formation, we prepared some
deletion mutants that lacked the limited N-terminal region; Ms LJawl AsN1, Ms LJawl AsN2 and Ms LJawl
AsN3 and compared the extent of OSER formation with cells that were expressing Ms LJaw1, Ms SJaw1 and Ms
Jawl AN (Fig. 3A). In the cells expressing Ms LJawl AsN1 and Ms LJawl AsN2, a slightly higher percentage
of the OSER formation was observed compared to Ms LJawl and Ms SJawl1 (Fig. 3B,C). However, in the cells
expressing these mutants, including Ms LJaw1 AsN3, the percentage of OSER formation was not as high as Ms
Jawl AN. This result prompted us to consider a new hypothesis, namely, that the entire N-terminal region (44-
183) of Jawl1 has a role in inhibiting OSER formation. To verify this, we prepared some new deletion mutants in
which the N-terminal region had different lengths; Ms Jawl AN1 and Ms Jawl AN2 and compared the OSER
formation with LJawl, SJawl and Jawl AN (Fig. 3A). As expected, the percentage of OSER positive cells was
high in the order; Jawl AN, Jawl AN2, Jawl AN1 and LJaw1 or SJawl, indicating that the shorter the N-terminal
region is, the higher percentage contains OSER formation (Fig. 3D, E). Thus, these data indicate that the entire
N-terminal region is involved in the inhibition of OSER formation.

Jawl N-terminal region inhibits its irregular oligomerization via coiled-coil domain.  Asshown
in Fig. 2B and G, in the cells expressing the FLAG Ms Jawl AN Coil, the percentage of OSER formation was
significantly lower than FLAG Ms Jawl AN, compatible with FLAG Ms LJawl and FLAG Ms SJawl. This result
prompted us to hypothesize that the Jawl N-terminal region intrinsically inhibits irregular oligomerization, thus
preventing the structural exposure of the coiled-coil domain. To verify this, we first investigated whether or not
the addition of a GFP tag as a larger structural tag to the N-terminal of Ms Jawl AN inhibited OSER formation.
The results showed that OSER formation in the cells expressing GFP Ms Jaw1l AN was still detected, with signifi-
cant differences from GFP Ms Ljawl and GFP Ms SJawl (Fig. 4A,B). These data indicate that the Jawl N-ter-
minal region itself is essential for the inhibition of OSER formation. Furthermore, the amino acids sequence of
mouse LJawl and human LJaw1 were subjected to an automated protein structure prediction: SWISS-MODEL,
but the structural prediction of the regions, except for the coiled-coil domain, were not available. In order to
examine the amino acids sequence further, the amino acid sequence of mouse LJawl and human LJaw]l were
subjected to a DICHOT analysis, an established system for exploring IDR within a protein®. Intriguingly, the
computational analysis showed, in both of human and mouse Jaw1, that the N-terminal region, the stem region
and the luminal region are IDRs, whereas the coiled-coil domain and the transmembrane domain are structural
regions (Fig. 4C). Furthermore, another computational analysis, D?P? platform, also predicted that both the
N-terminal region, stem region and the luminal region are IDRs (see Supplementary Fig. S4 online). To verify
that N-terminal region is an IDR, the N-terminal region (Ms LJaw1 N) was produced in E. coli as an N-terminal
maltose binding protein (MBP) tagged protein (MBP Ms LJaw1 N). The MBP Ms LJaw1 N was purified by affin-
ity chromatography using an amylose resin and the MBP tag was digested with TEV protease. After the diges-
tion, MBP and Ms LJawl N were separated by anion exchange chromatography and affinity chromatography
using amylose resin (see Supplementary Fig. S5A online). Each recombinant protein was then subjected to circu-
lar dichroism (CD) spectroscopy. The CD spectra of Ms LJaw1 N showed the typical curve of random coil region
characterized with a negative value around 200-210 nm and no distinguished change around 210-250 nm com-
pared to that of MBP as a control of structured protein, which suggests that the N-terminal region exists as an
IDR (see Supplementary Fig. S5B online)***.

Next, to investigate how the N-terminal region functions as an IDR on the oligomerization, Native-PAGE
was carried out using a Ms LJawl N Coil bearing both the N-terminal region and the coiled-coil domain and
Ms Jawl Coil with the coiled-coil domain alone. Here, these recombinant proteins were produced in E. coli as
N-terminal MBP tagged proteins and were purified by affinity chromatography using an amylose resin (Fig. 4D).
The Coomassie Brilliant Blue (CBB) staining images following SDS-PAGE showed that both the purified MBP
tagged proteins were obtained in high purity (Fig. 4E, see Supplementary Fig. S5C online). Furthermore, the
removal of MBP by the treatment with Tobacco Etch Virus (TEV) protease was carried out in order to exclude
the structural effect of MBP. Importantly, in the CBB staining image following Native-PAGE, both the MBP Ms
LJawl N Coil and MBP cut Ms LJaw1 N Coil appeared as mainly two bands (Fig. 4F, see Supplementary Fig. S5D
online). However, both the MBP Ms Jaw1 Coil and MBP cut Ms Jaw1 Coil showed multiple bands. This result
indicates that the loss of the N-terminal region changed the oligomeric states of Jawl. In summary, these data
suggest that the N-terminal region has a role in maintaining the ordered oligomerization of Jawl as an IDR, thus
preventing the structural exposure of the coiled-coil domain, an oligomerization site. We therefore speculate that
the loss of the Jaw1 N-terminal region causes the irregular oligomerization on the membrane, resulting in OSER
formation in the cell. Furthermore, the result of multiple bands in the Jawl Coil (Fig. 4F) also implies that the
coiled-coil domain is one of the direct interaction sites among Jaw1 molecules. This is consistent with the result
of the co-immunoprecipitation assay in Fig. 1B.

The OSER derived from Jaw1 AN separated from conventional ER network. The effects of OSER
on the cell would depend on the origins of its formation. For example, the OSER derived from the overexpres-
sion of Stbd1 recruits the interactor and changes the morphology of the ER-mitochondria network'®. Further-
more, the OSER derived from the variant of TorsinB, an ATPases associated with diverse cellular activities, also
recruits several ER-NE resident proteins such as sec61, calnexin and emerin but not protein-disulfide isomerase
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Figure 3. Exploration of the specific N-terminal region involved with the inhibition of OSER formation. (A) Schematic representation
of Mouse Jawls or deletion mutants lacking the limited N-terminal region (Ms LJaw1 AsN1, Ms LJaw1l AsN2 and Ms LJaw1l AsN3) and
deletion mutants with N-terminal regions of different lengths (Ms Jawl AN1, Ms Jawl AN2 and Ms Jaw1l AN). (B,D) Ms LJaw1, Ms
SJawl, Ms LJaw1 AsN1, Ms LJaw1 AsN2, Ms LJawl AsN3 or Ms Jawl AN (B) and Ms LJaw1, Ms SJaw1, Ms Jawl AN1, Ms Jawl AN2
or Ms Jawl AN (D) were expressed in B16F10 cells by transfection. After incubation for 24 h, immunostaining was performed using
an anti-Jaw1 rat antibody (green). Nuclei were stained with Hoechst33342 (blue). The images were acquired by confocal microscopy.
Scale bar; 20 um. (C,E) Counting of the cells having OSER structures out of the Jaw1 positive cells in (B,D) (n=100). In the graph, the
percentage of cells with OSER structures is shown based on the average of four independent experiments per condition. Error bars
show the S. D. “ns”, not significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001, Turkey Kramer’s t-test.
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(PDI), LaminB1 and SUN2?*, In order to characterize the OSER derived from Jaw1 AN, the effects on the locali-
zation of ER resident proteins were first evaluated. Here, in cells expressing Ms LJaw1, Ms SJawl or Ms Jawl
AN, the localization of the ER markers; calnexin or calreticulin were observed. The confocal images and line
plot profiles showed that both Ms LJawl and Ms SJaw1 are co-localized with calnexin nearly and calreticulin
strongly within the conventional ER network (Fig. 5A,B). Furthermore, Ms Jawl AN outside the OSER was also
co-localized with calnexin and calreticulin, similar to Ms LJawl and Ms SJawl. However, in the compartment
of OSER derived from Ms Jawl AN, calnexin and calreticulin were not recruited to the OSER at the same high
level as the Ms Jawl AN. These data indicate that the OSER derived from Ms Jaw1 AN is likely to be a compart-
ment that is separated from the conventional ER network and does not affect the conventional ER morphology.
Furthermore, the morphology of the Golgi apparatus and mitochondria were evaluated by staining using an
anti-GM130 antibody and Mito Tracker, respectively. As shown in Supplementary Fig. S6 online, the morphol-
ogy and positioning were normal in the case of the OSER positive cells expressing Ms Jaw1 AN, the same as the
cells expressing Ms LJaw1 and Ms SJaw1. Thus, the existence of OSER derived from Ms Jawl AN does not affect
the morphology of these organelles.

The OSER derived from Jawl AN caused the localization of interactors to be altered.  Accord-
ing to previous reports, OSER often recruits interactors to this structure!®?%. Jaw1 has been reported to interact
with IP;R3 localized at the ER via coiled-coil domain®. Furthermore, we previously reported that Jaw1 interacts
with SUN proteins that are localized at the INM?8. Therefore, we investigated the issue of whether or not these
proteins are recruited to the OSER derived from Ms Jawl AN. Here, FLAG tagged IP;R3 (FLAG IP;R3) or SUN2
(FLAG SUN2) were co-expressed with Ms LJawl, Ms SJawl or Ms Jawl AN in B16F10 cells and co-immu-
nostaining using an anti-FLAG antibody and an anti-Jaw1 antibody was carried out. The confocal images and
line plot profiles showed that FLAG IP;R3 was nearly co-localized with Jaw1 in the cells expressing Ms LJaw1
and Ms SJaw1 (Fig. 6A). Importantly, in cells expressing Ms Jawl AN, FLAG IP;R3 is recruited to the OSER. The
counting of cells with Jaw1* IP;R3* OSER out of Jaw1" cells showed that the cells expressing Ms Jawl AN formed
significant amounts of OSER compared to that for Ms LJaw1 and Ms SJaw1 (see Supplementary Fig. S7 online).
Furthermore, FLAG SUN2 were localized at the INM along with NE in cells expressing Ms LJaw1 and Ms SJaw1,
but it was recruited to the OSER and the localization was disrupted due to the formation of nuclear karmellae in
the cells expressing Ms Jawl AN (Fig. 6B). In summary, the OSER derived from Ms Jaw1 AN altered the localiza-
tion of interactors such as IP;R3 and SUN2.

The OSER derived from Jaw1 AN altered the localization of the oligomer. As shown in Fig. 6,
the interactors are recruited to the OSER and the localization is disrupted. This led us to the hypothesis that the
expression of Jawl AN also disrupts the formation and localization of the oligomer. Therefore, FLAG Ms LJawl
or FLAG Ms SJawl was co-expressed with PA tagged Ms LJawl (PA Ms LJawl) or Ms Jawl AN (PA Ms Jawl
AN) and co-immunostaining using an anti-FLAG antibody and an anti-PA antibody was carried out. The confo-
cal images and line plot profiles showed that FLAG Ms LJaw1 or FLAG Ms SJaw1 was almost co-localized with
PA Ms LJawl in cells expressing these proteins (Fig. 7A). As expected, in the cells co-expressing PA Ms Jawl
AN with FLAG Ms LJaw1 or FLAG Ms SJawl, FLAG Ms LJaw1 or FLAG Ms SJaw1 were recruited to the OSER
(Fig. 7B). Thus, the OSER derived from Ms Jawl AN altered the localization of the oligomer.

Discussion

In this study, we performed functional analyses of Jaw1 cytosolic regions in terms of its oligomerization and
characterized the role of the N-terminal region and coiled-coil domain. Co-immunoprecipitation experiments
showed that the coiled-coil domain probably functions as an oligomerization site. On the other hand, the loss
of the Jawl N-terminal region leads to OSER formation. According to the computational analysis using the
DICHOT system and D?P? platform and CD spectroscopy, the N-terminal region of Jaw1 exists as an IDR,
and the loss of the Jawl N-terminal region causes irregular oligomerization in vitro, which probably results in
OSER formation. Furthermore, this OSER recruits the interactors, IP;R3, SUN2 and full-length Jaw, but does
not affect the localization of the conventional ER resident proteins, calnexin and calreticulin. In summary, these
data suggest that the inhibition of OSER formation by the N-terminal region of Jaw1 as an IDR is essential for
maintaining the homeostatic localization of Jaw1 oligomer and interactors on the ER membrane.

To date, it has been reported that OSER formation is frequently due to the overexpression of ER resident
proteins'®?. Some of them are due to the structural effects by the addition of the oligomerized tags, others are
derived from mutations such as TorsinB E178Q and VAPB P565??*. The OSER formation reported in this study is
due to the expression of Jaw1 lacking its N-terminal region, but not the overexpression of the full-length form of
Jaw1, which suggests that the function of N-terminal region is to inhibit OSER formation as an intrinsic regulator.

Furthermore, our data show that the loss of the N-terminal region caused OSER formation in both of human
and mouse Jawl. Intriguingly, a comparison of amino acid sequences between them showed that the percentage
identity of the N-terminal region is relatively low (43.6%) compared to remainder of the region (71.9-92.9%)
(see Supplementary Fig. S8, Table S1 online). Furthermore, a computational analysis indicated that both the
N-terminal regions are IDR. The IDR is characterized by the higher polarity and lower hydrophobicity, which
causes the regions to be in the unstable conformational state’-*. Consistently, both N-terminal regions have
a lower hydrophobicity compared to structured regions; coiled-coil domain and transmembrane domain (see
Supplementary Table S2 online). In addition, they also have a bigger difference between the percentage of nega-
tively and positively charged amino acids which means there is a higher polarity compared to other regions (see
Supplementary Table S2 online). Thus, these data suggest that the disorder with above features in the amino
acid sequence which does not create a stable structure, in contrast to the conserved amino acids, provides the
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«Figure 4. Investigation directed to which Jaw1 N-terminal region inhibits OSER formation. (A) GFP, GFP Ms
LJawl, GFP Ms SJaw1 or GFP Ms Jawl AN were expressed in B16F10 cells by transfection. After incubation for
24 h, the cells were fixed and incubated with PBS containing Hoechst33342 (blue). The images were acquired
by confocal microscopy. Scale bar; 20 um. (B) Counting of cells having OSER structures out of the GFP positive
cells in (A) (n=100). In the graph, the percentage of cells with OSER structures is shown based on the average
of four independent experiments per condition. Error bars show the S. D. Not detectable is represented as “nd”
“ns”, not significant; ****P <0.0001, Turkey Kramer’s ¢-test. (C) DICHOT analysis to search the ordered or
disordered region within Jawl. Entire amino acids sequences of Ms LJaw1 (upper) and Hu LJaw1 (bottom) were
subjected to analysis by the DICHOT system. Colored areas show ordered (blue) and disordered (red) regions.
The number in the side axis shows the position of the amino acids. (D) Schematic representation of the mutants
bearing N-terminal region and coiled-coil domain (Ms LJaw1 N Coil) and coiled-coil domain alone (Ms Jaw1
Coil). (E,F) MBP Ms LJawl N Coil or MBP Ms Jaw1 Coil were expressed in E. coli and purified using amylose
resin. The recombinant proteins treated with/without TEV protease to remove MBP tag were subjected to SDS-
PAGE (E) and Native-PAGE (F) followed by CBB staining. Closed triangles, the bands of MBP tagged Jaw1;
opened triangles, the bands of MBP removed Jaw1; *the band of cleaved MBP tag; **the band of TEV protease;
minus, no treatment with TEV protease; plus, treatment with TEV protease.

common functionality for both N-terminal regions. Furthermore, in the experiment using mutants lacking the
limited N-terminal region, the percentage of OSER formation in the cells expressing Jaw1l AsN3 is less than
Jawl AsN1 and Jawl AsN2, although all these mutants have a much lower percentage than Jawl AN. In the
comparison of the amino acid composition in each N-terminal region (N1-N3), N3 region showed a relatively
lower difference between the percentage of negatively and positively charged amino acids compared to N1 and
N2 (see Supplementary Table S3 online). Although further wet-experiment is required for this verification, this
lower polarity in N3 region would weaken the functionality as an IDR to inhibit the OSER formation compared
to N1 and N2 regions. However, the most important factor for the function of the N-terminal region to inhibit
the OSER formation seems to be the N-terminal length as shown in Fig. 3E.

Previous investigations reported that IDR regulates the protein-protein interaction and the intramolecular
binding®®*!. It has been also reported that IDR is involved in the regulation of precise oligomerization*. It is note-
worthy that an in vitro assay using Jaw1 with/without the N-terminal region showed that the N-terminal region
regulates the oligomeric states, which means that the irregular oligomeric state due to the lack of N-terminal
region results in OSER formation. Furthermore, interestingly, the expression of Jawl AN Coil lacking N-terminal
region and the coiled-coil domain repressed OSER formation. We therefore suggest that the N-terminal region
of this protein has a role in inhibiting OSER formation as an IDR, thus preventing the structural exposure of
coiled-coil domain, an oligomerization site. In this point, this study also supports the novel functional concept
of IDR in the intrinsic regulation of oligomerization, as shown in the previous report*’. In addition, Jawl AN,
which probably causes the aberrant oligomerization, dominantly recruits the full-length Jaw1 into the OSER as
shown in Fig. 7. This result perhaps indicates that the N-terminal region of full-length Jaw1 interferes with each
other in its oligomer to inhibit the aberrant oligomerization at intramolecular level.

In this study, we uncovered that the coiled-coil domain is a candidate for the oligomerization site. However,
we could not directly exclude the possibility that the regions except coiled-coil domain are oligomerization sites.
Furthermore, a truncation mutant lacking transmembrane domain only appeared as a weak band (Fig. 1B, in the
lane of co-immunoprecipitated Jawl ATM), which might mean there is a low affinity for oligomerization. We
speculate the reason for this is that the oligomer consisting of Jawl without transmembrane domain might be
unstable. Thus, we hypothesized that the insertion into the membrane is also an important factor for the precise
oligomerization. On the other hand, a truncation mutant coding for only coiled-coil domain showed a strong
band compatible with the full-length Jaw1 although this mutant also lacks transmembrane domain (Fig. 1B, in
the lane of co-immunoprecipitated Jawl Coil). This would be due to the aberrant oligomerization by the loss of
N-terminal region. These data indicate the possibility of additional oligomerization sites or factors for precise
oligomerization, although we need further quantitative analysis.

A morphological characteristic of OSER structures derived from Jawl AN is the presence of a nuclear kar-
mellae, where the membranes are stacked along the nuclear envelope. The reason for the expression of the Jaw1
AN forms this structure is probably due to the localization of Jaw1 at the ONM, as we previously reported?.
Furthermore, this OSER recruits SUN2 and disrupts the localization at nuclear membrane in B16F10 cells, but
has no dominant negative effects on the nuclear shape. In the OSER derived from Jawl AN, IP;R3, another
interactor of Jawl, is also recruited. IP;R3 releases calcium ions into the cytosol in response to an extracellular
signal*®. Furthermore, the transfer of calcium ions to mitochondria via an ER-mitochondria contact site is
also involved with the regulation of apoptosis*’. Although it has been reported that Jaw1 binds to IP;R3 via its
coiled-coil domain, whether Jaw1 regulates the activity of IP;R3 remains uncovered®. Therefore, an evaluation
of the dominant negative effects on the activity of IP;R3 in OSER derived from Jawl AN will be a future issue in
elucidating the functional relation between Jaw1 and IP;R3.

In this study, we mainly focused on the cytosolic region and uncovered the physical properties of the Jawl
N-terminal region to inhibit OSER formation. On the other hand, a few types of proteins that form OSER have
been reported to be involved with certain diseases. For example, the expression of mutants such as TorsinA
and VAPB are related to dystonia and amyotrophic lateral sclerosis, respectively*>*. According to a previous
report, a mutational sequence analysis between a non-obese diabetes model (NOD/Lt) and a non-diabetic
model (C57BL/6, C3H/He] and BALB/c) provided some candidate mutations of mouse Jaw1 that are related to
type I diabetes such as G6D, L145P, duplication of three amino acids [STL (452-455)]*. Intriguingly, all of the
mutated positions are located in the N-terminal region or stem region. Furthermore, some of the residues are
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Figure 5. Evaluation of ER morphology under OSER formation. (A,B) Ms LJawl, Ms SJaw1 or Ms Jawl AN
were expressed in B16F10 cells by transfection. After incubation for 24 h, immunostaining was performed using
an anti-Jaw1 rat antibody and an anti-calnexin rabbit antibody (A) or an anti-calreticulin rabbit antibody (B).
Nuclei were stained with Hoechst33342. The images were acquired by confocal microscopy. Scale bar; 20 pm.
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Hoechst33342.
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also conserved in humans (see Supplementary Fig. S8 online). Taking the existence of the N-terminal region and
stem region as IDRs in both of human and mouse Jaw1 as indicated by the computational analysis into considera-
tion, these IDRs of Jawl would regulate the functions intrinsically. Thus, future work regarding to the issue of
whether these mutations of Jaw1 affect the functions such as the ability to form oligomers and protein-protein
interactions will promote the understanding how Jaw1 is involved in the pathogenesis.

In contrast to the abnormal effects leading to OSER formation, it is not clear whether the OSER is also
formed under normal physiological conditions. Here, no significant difference in OSER formation between
two variants (LJawl and SJaw1) was observed. However, interestingly, the national center for biotechnology
information (NCBI) database shows the existence of a transcript variant (NM_001361633) coding for the amino
acid sequence corresponding to Ms Jawl AN1, which would be a variant with a shorter N-terminal region and
would form the OSER at slightly higher percentage than LJaw1 and SJaw1, as shown in Fig. 3E. Furthermore, it
has been reported that the variant corresponding to Ms Jawl AN in addition to LJawl and SJawl is expressed
in vitro translational system using the cDNA encoding full-length Jaw1%. These data suggest the possibility of
OSER formation derived from an alternative splicing variant from the Jawl gene under normal physiological
conditions. Therefore, to find tissues and cells that express this variant specifically will also provide us with an
understanding of the biological significance of the OSER.

Materials and methods

Plasmids. The primer sets used to produce the plasmids below are shown in Supplementary Table S4 online.
pcDNA5 FRT/TO HA FLAG Ms LJaw1 was produced from a total cDNA derived from mouse (C57/B6]J) spleen
as previously described®®. From the same library, a DNA fragment coding Ms SJawl (NM_001368864.1) was
amplified by PCR with primer set 1 and the PCR product was subcloned into the pcDNA5 FRT/TO HA FLAG
vector (digested with Kpnl/BamHI) using an In-Fusion HD cloning Kit (TaKaRa, Z9648), resulting in pcDNA5/
FRT/TO HA FLAG Ms SJawl. These plasmids were digested with Kpnl/BamHI and the fragment was ligated
into the pTagGFP2-C vector (Evrogen) (digested with the same enzymes), resulting in pTagGFP2-C Ms LJawl
and SJawl, respectively. To produce pTagGFP2-C Ms LJawl ATM coding for entire cytosolic regions, the PCR
product amplified from pcDNASFRT/TO HA FLAG Ms LJawl with primer set 2 was inserted into the pTag-
GFP2-C vector (digested with EcoRI/Sall) using an In-Fusion HD cloning Kit. Furthermore, for the generation
of the plasmids encoding Jaw1 each cytosolic region, the PCR products amplified from pTagGFP2-C Ms LJawl
with primer sets 3, 4 and 5 were inserted into the pcDNA3.1(+) vector (Invitrogen) (digested with BamHI/Xhol)
using an In-Fusion HD cloning Kit. These plasmids were digested with Kpnl/Apal and each fragment was then
ligated into the pTagGFP2-C vector (digested with the same enzymes), resulting in pTagGFP2-C Ms LJawl N,
Jawl Coil and Jawl Stem, respectively. For the generation of deletion mutants: pcDNAS5 FRT/TO HA FLAG
Ms Jawl AN and AN Coil, the PCR products amplified from pTagGFP2-C Ms LJaw1 using primer sets 6 and
7, respectively, were inserted into the pcDNA5/FRT/TO HA FLAG vector (digested with Kpnl/BamHI and
BamHI, respectively) using an In-Fusion HD cloning Kit. Furthermore, pcDNAS5 FRT/TO HA FLAG Ms Jawl
AN was digested with Kpnl/BamHI and the fragment was ligated into the pTagGFP2-C vector, resulting in
pTagGFP2-C Ms Jawl AN. To produce pcDNA5 FRT/TO HA FLAG Ms LJawl ACoil and AStem, pcDNA5
FRT/TO HA FLAG Ms LJawl was performed by inverse PCR to remove the region coding for the coiled-coil
domain or stem region using 5'-phosphorylated primer sets 8 and 9, respectively, and self-ligated. To remove
the possible effects of the N-terminal tag, pcDNA5 FRT/TO HA FLAG Ms LJawl and pcDNA5 FRT/TO HA
FLAG Ms SJawl was digested with Kpnl/BamHI and each fragment was ligated into the pcDNA3.1(+) vector
(digested with the same enzymes), resulting in the pcDNA3.1(+) Ms LJaw1 and SJawl, respectively. In addition,
for the generation of pcDNA3.1(+) Ms Jawl AN, the PCR product amplified from pTagGFP2-C Ms LJaw1 with
primer set 10 was inserted into the pcDNA3.1(+) vector (digested with BamHI/Xhol) using an In-Fusion HD
cloning Kit. To produce the limited N-terminal region-truncated mutants, pcDNA3.1(+) Ms LJawl was per-
formed by inverse PCR to remove the region coding for each limited N-terminal region using primer sets 11,
12 and 13, resulting into pcDNA3.1(+) Ms LJawl AsN1, AsN2 and AsN3. For the generation of pcDNA3.1(+)
Ms LJawl AN1 and AN2, the PCR products were first amplified from pTagGFP2-C Ms LJaw1 using primer sets
14 and 15, respectively, and inserted into the pcDNAS5 FRT/TO HA FLAG vector (digested with BamHI/Xhol)
using an In-Fusion HD cloning Kit. These plasmids were then digested with BamHI/Xhol and each fragment
was ligated into the pcDNA3.1(+) vector (digested with the same enzymes). To generate pcDNA3.1(+) PA Ms
LJawl and Jawl AN, pcDNA3.1(+) PA vector was first prepared by the insertion of DNA cassette encoding PA
tag (primer set 16) into the pcDNA3.1(+) vector (digested with Nhel/HindIII). pcDNA3.1(+) Ms LJawl and
Jawl AN were then digested with Kpnl/BamHI and Kpnl/Xhol, respectively, and each fragment was ligated into
the pcDNA3.1(+) PA vector. To produce the pMALCRI TEV Ms LJawl N, LJawl N Coil and the Jaw1 Coil, the
PCR products amplified from pTagGFP2-C Ms LJawl with primer sets 3, 17 and 4, respectively, were inserted
into the pcDNA3.1(+) vector (digested with BamHI/Xhol) using an In-Fusion HD cloning Kit. These plasmids
were digested with BamHI/Xhol and each fragment was then ligated into the pMALCRI TEV vector (previously
described?®) (digested with BamHI/Sall), resulting in pMALcRI TEV Ms LJawl N, LJawl N Coil, Jawl Coil,
respectively. For the generation of the pcDNA5 FRT/TO HA FLAG Hu LJawl, SJawl and Jawl AN, the PCR
products were amplified from a total cDNA derived from Burkitt’s lymphoma cell line (Raji) with primer sets
18, 19 and 20 and inserted into the pcDNA3.1 (+) vector (digested with BamHI/XhoI) using an In-Fusion HD
cloning Kit. pcDNA5 FRT/TO HA FLAG Ms SUN2 was produced from EGFP-C1 SUN2 (kindly provided by
Howard, ]. Worman*®) as previously described?. pCMV6 Myc-DDK-tagged Mouse IP;R3 (NM_08053) was
purchased from Ori Gene (MR225699). The identity of cloned sequences was verified by the DNA sequence
contract service (eurofin). After confirmation, each plasmid was prepared using the Plasmid Mini Kit (Qiagen,
12123) and used for following experiments.
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Cells and cell culture. B16F10 and HEK293 cells were incubated in MEM supplemented with 10% fetal
bovine serum (FBS) and 5.84 mg/mL of | -glutamine and in DMEM containing 10% FBS, 100 U/mL penicillin,
100 pg/mL streptomycin (Sigma) and 5.84 mg/mL L-glutamine, respectively, and maintained at 37 °C in 5%
CO2.

Transfection. Plasmids were introduced into B16F10 or HEK293 cells using ScreenFect™ A plus (FUJIFILM
Wako Pure Chemical, 299-77103) according to the manufacturer’s instructions. After the treatment for 24 h, the
cells were used for the following assays.

Immunostaining. B16F10 cells were grown on 8 well chamber slides (SARSTEDT, 94.6032.039). After the
transfection, the cells were washed with PBS and fixed in 4% paraformaldehyde (PFA)/PBS for 10 min. After
washing with PBS, the cells were permeabilized by treatment with 0.1% Triton X-100/PBS for 5 min. After wash-
ing with PBS, the cells were blocked with 3% bovine serum albumin (BSA) diluted with PBS for 1 h and reacted
with the following primary antibodies diluted with 1% BSA/PBS for 1 h; anti-FLAG mouse monoclonal antibody
(1:500) (Sigma, F1804), anti-FLAG rabbit antibody (1:500) (CST, D6W5B), anti-PA rat antibody (1:500) (FU]JI-
FILM Wako Pure Chemical Corporation, 016-25861), anti-GM130 mouse antibody (1:250) (BD Transduction
Laboratories™, 610822), anti-calnexin rabbit antibody (1:500) (Merck Millipore, AB2301), anti-Calreticulin rab-
bit antibody (1:200) (ENZO Life Science, ADI-SPA-600) and anti-Jaw1 rat antibody (1:200) (produced in our
laboratory as previously described (28)). After washing with 0.1% BSA/PBS for 5 min three times, the cells
were incubated with the following secondary antibodies diluted into 1:500 with 0.1% BSA/PBS containing Hoe-
chst33342 for 1 h; Alexa Fluor™ 488 goat anti-mouse IgG (H+L) (Thermo Fisher Scientific, A11001), Alexa
Fluor™ 488 goat anti-rabbit IgG (H+L) (Thermo Fisher Scientific, A11008), Alexa Fluor™ 488 goat anti-rat IgG
(H+L) (Thermo Fisher Scientific, A11006), Alexa Fluor™ 568 goat anti-mouse IgG (H+L) (Thermo Fisher Sci-
entific, A11004) and Alexa Fluor™ 568 goat anti-rabbit IgG (H+L) (Thermo Fisher Scientific, A11011). After
washing with 0.1% BSA/PBS for 5 min three times, the cells were mounted with VECTOR SHIELD (Vector
laboratories). For the staining of mitochondria, Mito Tracker Orange CMTMRos (Thermo Fisher Scientific,
M7510) was used before the fixation according to manufacturer’s instructions. The images for statistics were
acquired using fluorescence microscopy (Leica, AF6000-DMI6B) (Objective lens; HCX PL FLUOTAR 63x/1.25
OIL PH3). The confocal images were acquired using confocal microscopy (Zeiss, LSM710) (Objective lens; Zeiss
Plan Apo-chromat 63 x 1.4 NA).

Co-immunoprecipitation. HEK293 Cells were cultured on a 6 well plate (TrueLine, TR5000). After the
transfection, the cells were peeled off by gentle pipetting and centrifuged at 500xg for 10 min at 4 °C. The pellets
were lysed in lysis buffer (50 mM Tris-HCI pH 7.6, 150 mM NacCl, 0.5% NP-40) containing 1 pL of a protease
inhibitor cocktail (Nacalai Tasque, 04080-24). The lysates were sonicated for 10 min on ice and centrifuged at
12,000xg for 20 min at 4 °C. A portion of the supernatants was used as an input and the remainder was added to
Anti DYDDDDK tag Antibody Beads (FUJIFILM Wako Pure Chemical Corporation, 012-22781) equilibrated
with incubation buffer (50 mM Tris-HCI pH 7.6, 150 mM NaCl, 0.1% NP-40) at 4 °C for 2 h. The beads were
then collected by brief centrifugation and washed four times with washing buffer (50 mM Tris-HCI pH 7.6,
150 mM NaCl). For elution, the beads were mixed with SDS-PAGE buffer and heat blocked at 95 °C for 5 min.
After a brief centrifugation, the supernatants were subjected to western blotting.

Western blotting. The samples were subjected to western blotting following SDS-PAGE. Polyvinylidene
Fluoride membranes were blocked in 3% skim milk (FUJIFILM Wako Pure Chemical Corporation, 190-12865)
diluted with Tris-Buffered Saline (TBS) (20 mM Tris-HCI pH7.6 and 137 mM NaCl) containing 0.1% Tween-20
(TBS-T) for 1 h. After washing the membrane with TBS-T, it was reacted with the following primary antibod-
ies diluted with 1% skim milk/TBS-T for overnight; anti-FLAG rabbit antibody (1:1000) (CST, D6W5B) and
anti-GFP rabbit polyclonal antibody (1:1000) (Thermo Fisher Scientific, A-11122). After washing the membrane
with TBS-T, it was incubated with a secondary antibody (ECL™ Anti-rabbit IgG, HRP-Linked Whole Antibody
Sheep (GE Healthcare, NA934)) diluted into 1:5000 with TBS-T for 1 h. After washing the membrane with TBS-
T, Immunostar Zeta (FUJIFILM Wako Pure Chemical Corporation, 291-72401) was used as substrates and the
bands were detected using LAS3000.

Transmission electron microscopy. For observing OSER structures using transmission electron micros-
copy; the samples were prepared as previously described?. B16F10 cells grown in a 35 mm dish and transfected
with pcDNA5 FRT/TO HA FLAG Ms Jawl AN were prefixed by treatment with 2% PFA and 2% glutaraldehyde
in 30 mM HEPES buffer (pH 7.4) for 4 h at room temperature. After washing with 30 mM HEPES containing 5%
sucrose gently twice, post-fixation was performed in a 1% OsO, mixture containing 0.8% K;[Fe(CN),] in 30 mM
HEPES buffer (pH 7.4) for 1 h at room temperature. After washing with hyperpure water, the cells were stained
en bloc with EM stainer (Nisshin EM) and dehydrated in ethanol, and then embedded in Quetol 812 (Nisshin
EM). The blocks were sectioned using an ultramicrotome (Leica EM UC7; Leica) and were then observed by
electron microscopy (JEM-1400; JEOL).

Analysis of recombinant proteins. BL21(DE3) transformed with pMALcRI TEV Ms Ljawl N Coil and
Ms Jawl Coil were cultured in three test tubes containing 3 mL LB medium and the expression of the MBP Ms
LJawl N Coil or the Ms Jaw1 Coil were induced by treatment with 1 mM isopropyl -p-1-thiogalactopyranoside
for 4 h at 25 °C. 9 mL of culture media was centrifuged at 8000 rpm for 10 min and the pellets were resuspended
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Figure 6. Evaluation of the effects under OSER on the localization of the interactors. A, (B) Ms LJaw1, Ms SJaw1 or Ms
Jawl AN were co-expressed with FLAG IP;R3 (A) or FLAG SUN2 (B) in B16F10 cells by transfection. After incubation
for 24 h, immunostaining was performed using an anti-Jawl rat antibody and an anti-FLAG rabbit antibody. Nuclei
were stained with Hoechst33342. The images were acquired by confocal microscopy. Scale bar; 20 pm. The magnified
images corresponding to the area surrounded with red lines in each image (A,B) were generated and line plot profiles
were performed along the arrows (A). Green; Jawl, red; FLAG, blue; Hoechst33342.
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were co-expressed with PA Ms LJawl (A) or PA Ms Jawl AN (B) in B16F10 cells by transfection. After incubation for 24 h,
immunostaining was performed using an anti-FLAG rabbit antibody and an anti-PA rat antibody. Nuclei were stained with
Hoechst33342. The images were acquired by confocal microscopy. Scale bar; 20 um. The magnified images corresponding

to the area surrounded with red lines in each image were generated and line plot profiles were performed along the arrows.
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in washing buffer (10 mM Tris-HCI pH 7.4 and 200 mM NaCl). The suspensions were sonicated on ice and
centrifuged at 12,000 rpm for 30 min. The supernatants were performed for purification using an amylose resin
(New England Biolabs, E8021). MBP tag was removed by the treatment of TEV proteases (0.58 mg/mL) for 16 h
at 4 °C. The purified recombinant proteins were mixed with SDS-PAGE sample buffer, heat blocked at 95 °C for
5 min and subjected to SDS-PAGE. The resulting purified proteins were mixed with Native-PAGE sample buffer
and subjected to Native-PAGE. The gels were then subjected to CBB staining. For the preparation of the samples
for the circular dichroism spectrometry, BL21(DE3) transformed with pMALCcRI TEV Ms LJaw1 N was cultured
in 1 L LB medium and the expression of the MBP Ms LJawl N was induced by treatment with 1 mM isopropyl
B-p-1-thiogalactopyranoside for 4 h at 25 °C. The culture media was centrifuged at 8000 rpm for 10 min and the
pellet was resuspended in washing buffer. The suspension was sonicated on ice and centrifuged at 12,000 rpm for
30 min. The supernatant was purified using an amylose resin. Purified MBP Ms LJawl N was treated with TEV
proteases (0.58 mg/mL) for 16 h at 30 °C to remove the MBP tag, resulting to MBP tag and Ms LJawl N. After
digestion, the His tagged TEV proteases was removed by the affinity chromatography using Ni-NTA Agarose
(Qiagen, 1018244). The solution containing MBP tag and Ms LJawl N was concentrated with Amicon Ultra-15
Centrifugal Filter (Millipore, UFC901008), desalted in 20 mM Tris-HCI pH 8.0 and each protein was separated
by anion exchange chromatography [HiTrap Q FF (GE Healthcare, 17515601)] on FPLC AKTAPurifier system
(GE Healthcare). A gradient of 0 to 50% of buffer B (20 mM Tris—-HCI pH 8.0 and 1 M NaCl) was applied. The
fractions containing Ms LJaw1l N were concentrated with Amicon Ultra-15 Centrifugal Filter, desalted in 20 mM
Tris-HCI pH 8.0 and subjected to anion exchange chromatography followed by affinity chromatography using
amylose resin to remove the MBP tag or MBP tagged proteins. Each solution containing MBP or Ms LJawl N
was concentrated with Amicon Ultra-15 Centrifugal Filter and desalted in 20 mM Tris-HCI pH 8.0. After that,
the samples were mixed with SDS-PAGE sample buffer, heat blocked at 95 °C for 5 min and subjected to SDS-
PAGE followed by CBB staining.

Circular dichroism spectroscopy. CD spectroscopy was performed as previously described®®. Briefly,
purified MBP or Ms LJawl N were dissolved in 20 mM Tris—-HCI pH7.4, 200 mM NacCl at a concentration of
0.1 mg/mL. CD spectra were recorded on a J-720W1I spectrophotometer (Jasco GmbH) using at a 0.1 cm optical
path, 0.1 nm interval, 1.0 nm bandwidth and 50 nm/min scanning speed. The spectra were recorded five times
followed by averaging and background subtraction. The HT voltage was below 700 V over the entire range of
recording (200-250 nm).

Computational exploration of intrinsically disordered region. The DICHOT algorithm and D?P?
platform to explore the intrinsically disordered region within the amino acid sequence coding for Jawl were
used in the online page below (http://210.137.243.169/dichot/) and (http://d2p2.pro), respectively*>*°->". The
entire amino acid sequences of human and mouse Jaw1 were analyzed.

Statistical analysis. The collected data were analyzed and graphically presented using GraphPad Prism7
(GraphPad). Statistical significance was determined by one-way ANOVA followed by Tukey Kramer’s ¢-test.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 17 July 2020; Accepted: 18 December 2020
Published online: 12 January 2021

References
1. Zhang, H. & Hu, J. Shaping the endoplasmic reticulum into a social network. Trends Cell Biol. 26, 934-943 (2016).
2. Klopfenstein, D. R. et al. Subdomain-specific localization of CLIMP-63 (p63) in the endoplasmic reticulum is mediated by its
luminal alpha-helical segment. J. Cell Biol. 153, 1287-1300 (2001).
3. Shibata, Y. et al. Mechanisms determining the morphology of the peripheral ER. Cell 143, 774-788 (2010).
. Voeltz, G. K., Prinz, W. A,, Shibata, Y., Rist, ]. M. & Rapoport, T. A. A class of membrane proteins shaping the tubular endoplasmic
reticulum. Cell 124, 573-586 (2006).
. Starr, D. A. A nuclear envelope bridge positions nuclei and moves chromosomes. J. Cell Sci. 122, 577-586 (2009).
. Beetz, C. et al. A spastic paraplegia mouse model reveals REEP1-dependent ER shaping. J. Clin. Investig. 123, 4273-4282 (2013).
. Hiibner, C. A. & Kurth, I. Membrane-shaping disorders: a common pathway in axon degeneration. Brain 137, 3109-3121 (2014).
. Meinke, P. et al. Muscular dystrophy-associated SUN1 and SUN2 variants disrupt nuclear-cytoskeletal connections and myonuclear
organization. PLoS Genet. 10, €1004605 (2014).
. Zhang, Q., Bethmann, C. & Worth, N. E. Nesprin-1 and -2 are involved in the pathogenesis of Emery Dreifuss muscular dystrophy
and are critical for nuclear envelope integrity. Hum. Mol. Genet. 16, 28162833 (2007).
10. Link, J. et al. Analysis of meiosis in SUN1 deficient mice reveals a distinct role of SUN2 in mammalian meiotic LINC complex
formation and function. PLoS Genet. 10, €1004099 (2014).
11. Pasch, E., Link, J., Beck, C., Scheuerle, S. & Alsheimer, M. The LINC complex component Sun4 plays a crucial role in sperm head
formation and fertility. Biol. Open 4, 1792-1802 (2015).
12. Gros-Louis, E. et al. Mutations in SYNEI1 lead to a newly discovered form of autosomal recessive cerebellar ataxia. Nat. Genet. 39,
80-85 (2007).
13. Synofzik, M. et al. SYNEI1 ataxia is a common recessive ataxia with major non-cerebellar features: a large multi-centre study. Brain
139, 1378-1393 (2016).
14. Haque, F et al. Mammalian SUN protein interaction networks at the inner nuclear membrane and their role in laminopathy disease
processes. J. Biol. Chem. 285, 3487-3498 (2010).

NN >

o

Scientific Reports |

(2021) 11:753 | https://doi.org/10.1038/s41598-020-80258-5 nature research


http://210.137.243.169/dichot/
http://d2p2.pro

www.nature.com/scientificreports/

15.
16.
17.
18.

19.
. Korkhov, V. M. & Zuber, B. Direct observation of molecular arrays in the organized smooth endoplasmic reticulum. BMC Cell

21.
22.
23.
24.
25.
26.
27.
28.

29.

35.
36.
37.

38.
39.

40.

41.
42.

43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

57.

Matsumoto, A. et al. Global loss of a nuclear lamina component, lamin A/C, and LINC complex components SUN1, SUN2, and
nesprin-2 in breast cancer. Cancer Med. 4, 1547-1557 (2015).

Parrish, M. L., Sengstag, C., Rine, J. D. & Wright, R. L. Identification of the sequences in HMG-CoA reductase required for karmel-
lae assembly. Mol. Biol. Cell 6, 1535-1547 (1995).

Volkova, E. G., Abramchuk, S. S. & Sheval, E. V. The overexpression of nuclear envelope protein Lap2beta induces endoplasmic
reticulum reorganisation via membrane stacking. Biol. Open 1, 802-805 (2012).

Demetriadou, A. et al. Mouse Stbd1 is N-myristoylated and affects ER-mitochondria association and mitochondrial morphology.
J. Cell Sci. 130, 903-915 (2017).

Snapp, E. L. et al. Formation of stacked ER cisternae by low affinity protein interactions. J. Cell Biol. 163, 257-269 (2003).

Biol. 10, 59 (2009).

Korkhov, V. M. GFP-LC3 labels organised smooth endoplasmic reticulum membranes independently of autophagy. J. Cell Biochem.
107, 86-95 (2009).

Lenormand, C. et al. Birbeck granule-like “organized smooth endoplasmic reticulum” resulting from the expression of a cytoplasmic
YFP-tagged langerin. PLoS ONE 8, 60813 (2013).

Gonzalez-Alegre, P. & Paulson, H. L. Aberrant cellular behavior of mutant torsinA implicates nuclear envelope dysfunction in
DYT1 dystonia. J. Neurosci. 24, 2593-2601 (2004).

Rose, A. E., Zhao, C., Turner, E. M, Steyer, A. M. & Schlieker, C. Arresting a Torsin ATPase reshapes the endoplasmic reticulum.
J. Biol. Chem. 289, 552-564 (2014).

Fasana, E., Fossati, M., Ruggiano, A., Brambillasca, S. & Hoogenraad, C. C. A VAPB mutant linked to amyotrophic lateral sclerosis
generates a novel form of organized smooth endoplasmic reticulum. FASEB J. 24, 1419-1430 (2010).

Behrens, T. W. et al. Jawl, A lymphoid-restricted membrane protein localized to the endoplasmic reticulum. J. Immunol. 153,
682-690 (1994).

Horn, H. F. et al. A mammalian KASH domain protein coupling meiotic chromosomes to the cytoskeleton. J. Cell Biol. 202,
1023-1039 (2013).

Kozono, T. et al. Jawl/LRMP has a role in maintaining nuclear shape via interaction with SUN proteins. J. Biochem. 164, 303-311
(2018).

Tedoldi, S. et al. Jawl/LRMP, a germinal centre-associated marker for the immunohistological study of B-cell lymphomas. J. Pathol.
209, 454-463 (2006).

. Shindo, Y. et al. Lrmp/Jawl1 is expressed in sweet, bitter, and umami receptor-expressing cells. Chem. Sens. 35, 171-177 (2010).
. Sosa, B. A,, Rothballer, A., Kutay, U. & Schwartz, T. U. LINC complexes form by binding of three KASH peptides to domain

interfaces of trimeric SUN proteins. Cell 149, 1035-1047 (2012).

. Wang, W. et al. Structural insights into SUN-KASH complexes across the nuclear envelope. Cell Res. 22, 1440-1452 (2012).
. Nie, S. et al. Coiled-coil domains of SUN proteins as intrinsic dynamic regulators. Structure 24, 80-91 (2016).
. Ketema, M. et al. Requirements for the localization of nesprin-3 at the nuclear envelope and its interaction with plectin. J. Cell Sci.

120, 3384-3394 (2007).

Fukuchi, S., Hosoda, K., Homma, K., Gojobori, T. & Nishikawa, K. Binary classification of protein molecules into intrinsically
disordered and ordered segments. BMC Struct. Biol. 11,29 (2011).

Chemes, L. B., Alonso, L. G., Noval, M. G. & de Prat-Gay, G. Circular dichroism techniques for the analysis of intrinsically disor-
dered proteins and domains. Methods Mol. Biol. 895, 387-404 (2012).

Matsuo, N. et al. Discovery of cryoprotective activity in human genome-derived intrinsically disordered proteins. Int. J. Mol. Sci.
19, 401 (2018).

Babu, M. M., Kriwacki, R. W. & Pappu, R. V. Structural biology. Versatility from protein disorder. Science 337, 1460-1461 (2012).
Crick, S. L., Jayaraman, M., Frieden, C., Wetzel, R. & Pappu, R. V. Fluorescence correlation spectroscopy shows that monomeric
polyglutamine molecules form collapsed structures in aqueous solutions. Proc. Natl. Acad. Sci. U.S.A. 103, 16764-16769 (2006).
Mao, A. H., Crick, S. L., Vitalis, A., Chicoine, C. L. & Pappu, R. V. Net charge per residue modulates conformational ensembles of
intrinsically disordered proteins. Proc. Natl. Acad. Sci. U.S.A. 107, 8183-8188 (2010).

Dyson, H. J. & Wright, P. E. Intrinsically unstructured proteins and their functions. Nat. Rev. Mol. Cell Biol. 6, 197-208 (2005).
Faust, O., Bigman, L. & Friedler, A. A role of disordered domains in regulating protein oligomerization and stability. Chem. Com-
mun. 50, 10797-10800 (2014).

Ando, H., Kawaai, K., Bonneau, B. & Mikoshiba, K. Remodeling of Ca** signaling in cancer: Regulation of inositol 1,4,5-trispho-
sphate receptors through oncogenes and tumor suppressors. Adv. Biol. Regul. 68, 64-76 (2018).

Grimm, C. H., Rogner, U. C. & Avner, P. Lrmp and Bcat1 are candidates for the type I diabetes susceptibility locus Idd6. Autoim-
munity 36, 241-246 (2003).

Behrens, T. W. et al. Carboxyl-terminal targeting and novel post-translational processing of JAW1, a lymphoid protein of the
endoplasmic reticulum. J. Biol. Chem. 271, 23528-23534 (1996).

Ostlund, C. et al. Dynamics and molecular interactions of linker of nucleoskeleton and cytoskeleton (LINC) complex proteins. J.
Cell Sci. 122, 4099-4108 (2009).

Otsubo, T. et al. Aberrant DNA hypermethylation reduces the expression of the desmosome-related molecule periplakin in
esophagealsquamous cell carcinoma. Cancer Med. 4, 415-425 (2015).

Itai, N. et al. The phosphorylation of sorting nexin 5 at serine 226 regulates retrograde transport and macropinocytosis. PLoS ONE
12, €0207205 (2018).

Oates, M. E. et al. D’P* database of disordered protein predictions. Nucleic Acids Res. 41, D508-516 (2013).

Romero, P. et al. Sequence complexity of disordered protein. Proteins 42, 38-48 (2001).

Li, X., Romero, P, Rani, M., Dunker, A. K. & Obradovic, Z. Predicting protein disorder for N-, C-, and internal regions. Genome
Inform. Ser. Workshop Genome Inform. 10, 30-40 (1999).

Peng, K., Radivojac, P., Vucetic, S., Dunker, A. K. & Obradovic, Z. Length-dependent prediction of protein intrinsic disorder. BMC
Bioinform. 7, 208 (2006).

Ishida, T. & Kinoshita, K. PrDOS: prediction of disordered protein regions from amino acid sequence. Nucleic Acids Res. 35,
W460-W464 (2007).

Ghalwash, M. E, Dunker, A. K. & Obradovi¢, Z. Uncertainty analysis in protein disorder prediction. Mol. Biosyst. 8, 381-391
(2012).

Dosztany, Z., Csizmok, V., Tompa, P. & Simon, I. The pairwise energy content estimated from amino acid composition discriminates
between folded and intrinsically unstructured proteins. J. Mol. Biol. 347, 827-839 (2005).

Walsh, I., Martin, A. J., Di Domenico, T. & Tosatto, S. C. ESpritz: accurate and fast prediction of protein disorder. Bioinformatics
28, 503-509 (2012).

Gough, J., Karplus, K., Hughey, R. & Chothia, C. Assignment of homology to genome sequences using a library of hidden Markov
models that represent all proteins of known structure. J. Mol. Biol. 313, 903-919 (2001).

Scientific Reports | (2021) 11:753

https://doi.org/10.1038/s41598-020-80258-5 nature research



www.nature.com/scientificreports/

Acknowledgements

We wish to thank Dr. Naonobu Fujita from the Tokyo Institute of Technology for providing valuable suggestions
regarding this research and Ms. Ea Kristine Clarisse B. Tulin for critical reading of the manuscript. We also wish
to thank to Dr. Makoto Hattori and Dr. Tadashi Yoshida for helping with the measurement of CD spectrum and
Dr. Howard J. Worman for providing the plasmids encoding mouse SUN2. This work was supported in part by
Grants-in-aid for Scientific Research 18K06107 from the Japan Society for Promotion of Science to A. N.

Author contributions

A.N. designed and coordinated this study. T.K. carried out most experiments, analyzed data and wrote the
paper. H.S. performed the SDS-PAGE and Native-PAGE using recombinant proteins expressed in E. coli. W.O.
performed the co-immunostaining of Jawl and IP;R3 and acquired images. C.J. produced a cDNA library
derived from Raji cells for cloning of human Jawl. W.O., H.S. and C.J. produced the anti-Jawl antibody. Y.I.K.
and M.T.-N. helped the acquisition of the TEM images. T.T. provided critical suggestions regarding the design
of mutants in terms of structural biology. A.N., T.T. and J.R. edited the manuscript. All authors discussed and
have approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-020-80258-5.

Correspondence and requests for materials should be addressed to A.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:753 | https://doi.org/10.1038/s41598-020-80258-5 nature research


https://doi.org/10.1038/s41598-020-80258-5
https://doi.org/10.1038/s41598-020-80258-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The N-terminal region of Jaw1 has a role to inhibit the formation of organized smooth endoplasmic reticulum as an intrinsically disordered region
	Results
	Jaw1 coiled-coil domain is a candidate for the oligomerization site. 
	The Jaw1 N-terminal region inhibits the formation of organized smooth ER. 
	The entire Jaw1 N-terminal region inhibits OSER formation. 
	Jaw1 N-terminal region inhibits its irregular oligomerization via coiled-coil domain. 
	The OSER derived from Jaw1 ΔN separated from conventional ER network. 
	The OSER derived from Jaw1 ΔN caused the localization of interactors to be altered. 
	The OSER derived from Jaw1 ΔN altered the localization of the oligomer. 

	Discussion
	Materials and methods
	Plasmids. 
	Cells and cell culture. 
	Transfection. 
	Immunostaining. 
	Co-immunoprecipitation. 
	Western blotting. 
	Transmission electron microscopy. 
	Analysis of recombinant proteins. 
	Circular dichroism spectroscopy. 
	Computational exploration of intrinsically disordered region. 
	Statistical analysis. 

	References
	Acknowledgements


