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Introduction

The endoplasmic reticulum (ER) has two membrane structures, ER sheets and
ER tubules. One of the tubular ER membrane-shaping proteins is reticulon (RTN)
family. RTN family supports the formation of high membrane curvature of the ER
tubules. The ER tubules undergo homotypic fusion to generate the three-way junctions,
thereby forming a reticular network. The homotypic fusion is mediated by a
membrane-anchor GTPase, atlastin (ATL). ATLs form a trans-dimer in the opposing
ER tubules and promote membrane fusion of the ER tubules in a GTP hydrolysis-
dependent manner.

The three-way junction mediated by ATL family is not stable; therefore, other
proteins are needed to stabilize the three-way junction. Lunapark (Lnp), a tubular ER
membrane protein, localizes to and stabilizes the three-way junction. The N-terminal
cytoplasmic domain in Lnp has a ubiquitin ligase activity. However, the substrates of
Lnp have not been identified yet. In this study, we examined whether Lnp ubiquitinates
tubular ER membrane proteins and whether the ubiquitin ligase activity of Lnp is
involved in the tubular ER network formation.

Results
1. Lnp ubiquitinates ATL1 and ATL2.

We examined whether Lnp ubiquitinates tubular ER membrane proteins by in
cell ubiquitination assay. Myc-ATL or RTN family, along with HA-ubiquitin and Lnp-
FLAG, were transfected into human embryonic kidney HEK293 cells. The transfected
cells were incubated with proteasomal inhibitor MG132 for 4 hours before being
harvested. The cells were then lysed, followed by immunoprecipitation by the anti-
myc antibody and immunoblotting. The ubiquitination of myc-ATL1 and ATL2 was
increased by the expression of Lnp-FLAG. By contrast, ubiquitination of myc-ATL3
and RTN family was not increased by the expression of Lnp-FLAG (except in myc-
RTN2B, which was slightly increased). ATL1 is mainly expressed in the brain, while
ATL2 is expressed ubiquitously. We decided to continue our research focusing on
ATL2.

To further characterize that ATL2 is the substrate for ubiquitination by Lnp,
we performed in vitro ubiquitination assay with the purified recombinant proteins.
Hexa histidine-tagged cytoplasmic fragment of ATL family (His-cytATL) containing
the GTPase domain and the middle domain has been widely used for examining the
function of the ATL family proteins in vitro. His-cytATL2 was incubated with His-
tagged ubiquitin-activating enzyme (E1), His-UBE2D1 as a ubiquitin-conjugating



enzyme (E2), Lnp-FLAG, HA-Ub and magnesium/ATP. The samples were pulled
down by Ni-agarose resin, followed by immunoblotting. Lnp-FLAG increased the
ubiquitination of His-cytATL2. These results indicate that ATL2 is the substrate
ubiquitinated by Lnp.

2. Lnp is involved in the degradation of ATL2.

We reasoned that if Lnp ubiquitinates ATL2 for proteasomal degradation, Lnp
knockdown would reduce the ubiquitination and degradation of ATL2. To examine
this reasoning, we examined the protein amount of ATL2 in the Lnp knocked-down
cells. The control siRNA or two independent siRNAs targeting Lnp (siLnp #1 and #2)
was transfected into African green monkey kidney COS-7 cells. The protein amount
of ATL2 in the siLnp #1 and #2-transfected cells was increased compared to the
control siRNA-transfected cells.

We next examined the time-dependent degradation of ATL2. COS-7 cells were
transfected with siLnp #1 or the control siRNA and incubated with MG132 or its
solvent DMSO, along with cycloheximide to inhibit protein biosynthesis. The protein
amount of ATL2 was decreased in a time-dependent manner in the absence of MG132,
whereas it was not altered in the presence of MG132 in the control siRNA-transfected
cells. By contrast, the protein amount of ATL2 was not altered irrespective of MG132
treatment in the siLnp-transfected cells. These results indicate that Lnp knockdown
decreases the proteasomal degradation of ATL2, further supporting that Lnp
ubiquitinates ATL2.

3. The localization of lunapark at the three-way junctions is important for
ubiquitination of atlastin-2.

ATL2 mediates the nascent three-way junction formation, and Lnp stabilizes
it. Both ATL2 and Lnp localize at the three-way junction, raising the possibility that
localization of Lnp at the three-way junction would be required for ubiquitination of
ATL2. A previous study has shown that the amphipathic helix of Lnp is important for
its localization at the three-way junction. The amphipathic helix mutants Lnp 125D
and L28D failed to localize at the three-way junction and were distributed evenly
throughout the tubular ER network. Based on this, Lnp WT, 125D or L28D-FLAG was
co-transfected with myc-ATL2 into human osteosarcoma U20S cells, followed by
immunostaining. Lnp WT-FLAG colocalized with myc-ATL2 at the three-way
junctions more efficiently than Lnp 125D or L28D-FLAG.



We performed in cell ubiquitination assay using the Lnp mutants 125D and
L28D. Lnp 125D and L28D ubiquitinated ATL2 less efficiently than Lnp WT did. To
exclude the possibility that the reduced ubiquitination of ATL2 by Lnp 125D and L28D
in the cells was attributed to the reduction of their own ubiquitin ligase activities, we
performed in vitro ubiquitination assay. Lnp 125D and L28D did not decrease the
ubiquitin ligase activity compared to Lnp WT. Collectively, these results indicate that
the localization of Lnp at the three-way junctions is important for the ubiquitination of
ATL2.

4. Lysine 56, 57, 282 and 302 in ATL2 are the potential ubiquitination sites by
Lnp.

We sought to identify the amino acid(s) in ATL2 that are ubiquitinated by Lnp.
We constructed the truncated mutant of ATL2 encoding N-terminal 342 amino acids
(N342) and performed in cell ubiquitination assay. The ubiquitination of myc-ATL2
N342 was increased by the expression of Lnp-FLAG. This result suggests that the
amino acid(s) in ATL2 ubiquitinated by Lnp is located within the N-terminal 342
amino acids. Generally, ubiquitin is attached to a lysine residue of substrate proteins.
We have shown that ATL1 and ATL2 are ubiquitinated by Lnp, whereas ATL3 is not,
suggesting that lysine residue(s) conserved in ATL1 and ATL2 but not in ATL3 would
be the candidate(s) ubiquitinated by Lnp. According to the criteria, we generated an
ATL2 mutant in which lysine 56, 57, 282 and 302 were substituted with arginine
(ATL2 KR).

We performed in cell ubiquitination assay using myc-ATL2 WT and KR. Myc-
ATL2 KR was less ubiquitinated than myc-ATL2 WT by the expression of Lnp-FLAG.
We also performed in vitro ubiquitination assay using His-cytATL2 WT and KR.
Consistent with in cell ubiquitination assay, His-cytATL2 KR was less ubiquitinated
compared to His-cytATL2 WT in the presence of Lnp-FLAG. These results indicate
that lysine 56, 57, 282 and 302 in ATL2 are the potential ubiquitination sites by Lnp.

5. The expression of the ATL2 KR mutant fails to rescue the decrease of the
number of the three-way junctions in the ATL2 knocked-down cells.

Previous studies have shown that the depletion of ATL2 decreases the number
of the three-way junctions, resulting in unbranched ER tubules. These results indicate
that ATL2 is important for the formation of the proper tubular ER network. We
reasoned that if ubiquitination of ATL2 by Lnp is important for the tubular ER network
formation, the exogenous expression of the ATL2 KR mutant would fail to rescue the



decrease of the number of the three-way junctions in the ATL2 knocked-down cells.
To examine the above reasoning, we transfected an siRNA targeting ATL2 (SIATL2)
into U20S cells. Two days after the first transfection, myc-tagged siRNA-resistant
ATL2 WT or KR was co-transfected with GFP-Sec61p3, an ER marker. The number of
three-way junctions was counted from the peripheral reticular fluorescence signals of
GFP-Sec61p. The number of the three-way junctions was decreased in the ATL2
knocked-down cells relative to the control sSiRNA-transfected cells. The expression of
siRNA-resistant myc-ATL2 WT rescued the decrease in the number of the three-way
junctions. By contrast, the expression of siRNA-resistant myc-ATL2 KR failed to
rescue the decrease. This result indicates that ubiquitination of ATL2 by Lnp is
important for tubular ER network formation.

Conclusions

In this study, we demonstrated that ATL2 is a novel ubiquitination substrate of
Lnp. The localization of Lnp at the three-way junctions was important for the
ubiquitination of ATL2. Lysine 56, 57, 282 and 302 in ATL2 are the potential
ubiquitination sites by Lnp. Ubiquitination of ATL2 was important to rescue the
decrease of the number of the three-way junctions in the ATL2 knocked-down cells.
These results suggest that Lnp ubiquitinates ATL2 at the three-way junctions for the
proper tubular ER network formation.



MERFREREZCROMZR (ELHRE)

B M EEEF OOMME OE =

PUTRI CHYNTHIA

X f+ & 5| B H3223% K % | ANGGRANDARIYANNY
Lunapark ubiquitinates atlastin—2 for the tubular network formation of the
endoplasmic reticulum

WO E E

Title of Lunapark M\ atlastin-2 Z1E X F b HET, IMNEBEFF—T Rk

Dissertation | D—2%HH T 5
& N A G
E N K K
Chief Examiner _
sE A B & ik = b X
. . _ | ip
Examiner | Vice-examiner

il # \/K}C’f' @

Vice-examiner

(EHIX1,

8

000%F~2, 0005



(B #9)

/NAEIIEER DB E TR TORREDICREFE SN LR b REVMRA/MNEE Th 5, AN
B, o— M, Fo—7RENER LR E D, Fa—THIEOE W RIIRER £
v 732 8 reticulon (Rtn)7 7 2V — B IREZHERIC/HMEST 5 Z L TRIESH TV D, Atlastin (ATL)7 7 2
U=l XV EB IR T 27 HBEIHEATCHAEROT 2 —T Ry PU—2 2R LTV D,
Three-way junction & FEIZI 5 Z OERIRAICIRER # 232 H lunapark (Lnp)B3RMTEL TRELT 5T
EC, MAEDF 2 —T Ry P —FBREEHEHL T3, TE, Belilnp Bz F ) T—EHF
HEFOILERE L, LU, ZO2EXTF LY H—EREN/DMIEDTF 2 —T Ry MU — 7 B
IZEBH 2 OPNITRETH D, AFE THEL, Lop B L% F LT B/MAEORER S L0 B2 FEL.
IDREXRF ALR/DNEDF 2 — T Ry VT — I BRRIZES T T L,

(FE)
s incell B F AL TEER
HEK293 #iliZ myc # 7% 237 ATL 77 SV —B LU Rin 77 I J—& FLAG # 7 %&-2i7 7z Lap,
HA #7520 a2 S F a2 v A7 27 Vg 2 Lz, NP-40 HIHIEIZH myc Fiik &Nz THR&it
L7z, o ibiEE 4 25 myc i, MTHA B TA A/ 7y ML, 2 X F U LOREZHBE L.
* invitro L ¥ F L FER
JaveFy 2B THhad His # 7 %00 ATL2 OHIEEEIEMHA-cytATL2), E1 8L T E2
(UBE2D1), FLAG % 7' %21}/ Lnp, HA # Z %2}l €%F o BILATP #EA LT 37°C TR
EEET, BERMEo s r AT Hn— RIS Y L ES 25 His ik, FiHA FETA L 7o
v L, 2 EFFUALOREZRN L,
*Lnp / w2 & 0 L AlIROHET
COS-7 Hifgiz 2> b r— U siRNA £72¢i Lnp siRNA # hZ R 7 =2 v a Lk, ZhbDHildE
vru~tI RIUBICL D F R BEOERERE LILEH T, Fud 7 Y —LHEH MGI32 £7c
i% DMSO T 0~8 FSRIAER Lz, R h—& VT A — h &5 ATL2 Fiff, i actin FilETA A/ T
v b L. ATL2 D fROBE ZRES Liz,
c ATL2 / w7 B0 AR OfENT
U208 #IRRIZ ATL2SIRNA Z# FF v R 7223 a v LTATL2 / v 7 XU MIRETR L, ATL2 /
v 7 Z 7 AT GFP-Sec61 8 38 X TF myc-ATL2 DEFAERIE 7211 56, 57,282,302 DY P &7 AF =

WERLEEREERE)VE FNF AT 2 3L, GFP N EBIE 45 Z L T, three-way junction 3
W5 2 DR MR L,




(REZ)

1. Loplzkd ATL2 D= E%F /1
ATLZ7 73U —,Rn7 73V —%f W Tincell 2t X F L ALEBEZ T2 o & = A ATL] & ATL2
% Lop DB Lo T2 HF 38N L7, ATL] BICFRNICHETLHZ LD ATL2 I
DNWTE LA ZED 2, nvio 2EXFF ALEREBZRo7c L 25, ATL2 D2 EXF 1k
V& Lnp OFMZ I ML 7=,

2. Lnp /v #FUATX D ATL2 D4 fROHIH]
Lop / w7 ¥ UL MBITIL ATL2 D F L3 BEBEM U, $f, Lop / v 7 ¥ 7 BT
o F T Y — MMETERY 7 ATL2 O43 RS IH S i,

3. ATL2 O EH%F LB DFE
ATL2 @ N R OFIPAEIEIRD in cell 2 UX FLALEREITRoEZA, LpOFERICE D=
BT LI L, Z O T ATLL & ATL2 IZRTES N TWA U 270/(56, 57,282,302 FE)
ETNF=ACER L EREATL2KR 2B L &L T A, incell, invitro 2 E¥F ALFTERT
Lop {2 & A 2 2% F bhd ATL2 BARNZ e~ THEAD Ui,

4, ATL2KR{KIZL D ATL2 / v 7 7 Mla~D L AF 2 —
ATL2 / v 7 &0 R TIE three-way junction DT T B, ATL2 J v 7 ¥ 7 L FBAEIC ATL2 %
AT F BT D L three-way junction DEMSEME L7z, —FF, ATL2 KR &I L TH three-way
junction DFBEIE Lipds-oTe,

{(F#)
Lnp jZ ATL2 #2 X F AL LTT T T Y — AL L B 555 TTET B Z & T three-way junction DAY,
ZHE L, DEEDTF 2 —T Ry b= BHREHE LTI ZEBRA LN LR T,

ABFSEIE, Lnp DX F AT 2/DNRERER & L2 BORE & W L3/ EEDF = — 7 *
v MU — IR A~DEEBET LI bDOTH B, FOER, Lop W NEEF 2 — T HRES 37 H ATL2
PR F AL LT LT XY, three-way junction DT OV Ci/MEEDF 2 —F Ry b U —
IR LTWD ZEEER LIERICBOT, fEHLZERTHIERD D, LoT, AFFEER
Bt (BF) ORUZEBEIERIHD LEDD,






