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CME: clathrin-mediated endocytosis (2 7 A U AMKfFH)T= > KA F— X)
CIE: clathrin-independent endocytosis (7 7 A U VIEEKFH = R¥ A h— )
EE: early endosome (FJ#Hl—> KV —L)

LE: late endosome (#Hj—=> N>V —.L1)

LY: lysosomes (VU Y YV —2X)

TGN: trans-Golgi network (N7 > AT /NLTY Ry NU—7)

RE: recycling endosome (VA 27 U7 Y —LN)

PM: plasma membrane (FZ'E &)

ERC: endocytic recycling compartment

MVBs: multivesicular bodies (%@ {k)

ILVs: intraluminal vesicles (FZEPN /)N @)

EHDs: eps15 homology domain containing proteins

Rab11-FIPs: Rab11-family interacting proteins

Arf6: ADP-ribosylation factor 6

SNX4: sorting nexin 4

MICALL1: MICAL-like proteinl

Ub : ubiquitin (= EFF )

Eps15: epidermal growth factor receptor substrate 15

ESCRT: endosomal sorting complex required for transport

EGFR: Epidermal Growth Factor Receptor ( Rz i) & [K 15 25 1K)

UBD: ubiquitin-binding domains

EEAT1: Early endosome antigen 1

Hrs: hepatocyte growth factor regulated tyrosine kinase substrate

v-SNARE: vesicular-soluble N-etylmaleimide sensitive fusion protein attachment
protein receptor

Sncl: SNAP receptor SNC1

COPI: coat protein |

WASH: Wiskott—Aldrich syndrome protein and SCAR homolog complex

CF: Cystic fibrosis (FEAIMERRHESE)



CFTR: Cystic Fibrosis Transmembrane conductance Regulator

AF508: delta F508

ERQC: ER quality control (/]sJal{A i /B & PRAEAS)

ERAD: ER associated degradation (/)N {4 BE 38 /5 fi7)

PMQC: plasma membrane quality control (FFZ2EL [l /i B 7 BRAEAE)

CFBE: human CF bronchial epithelial cell (CF & HkE N 5&0E A2 AAEE)
RFFL: ring finger and FY VE like domain containing E3 ubiquitin protein ligase
DN: dominant-negative

BiolD: Proximity dependent biotin identification

WT: wild type

GFP: green fluorescent protein

PCC: Pearson Correlation Coefficient

Lampl: lysosomal associated membrane protein 1

GM130: Golgi matrix protein 130 kD

CI-M6PR: cation-independent mannose 6-phosphate receptor (< >/ — A-6-U g5

BAR)
TEM: Transmission Electron Microscope ( AU - BEMER)
SEM: Scanning Electron Microscope (GEZE ?iﬁ e

MCC: Mander’s correlation coefficient

TfR: transferrin receptor ( F 7 > A7 = U 52 K4K)
NT: Non-transfected

GPI: glycosylphosphatidylinositol

NA: NeutrAvidin

CID: chemical-induced protein dimerization assay
MB: Myc-Biotin

HB: histidine-biotin

GST: glutathione-S-transferase

LC-MS/MS : liquid chromatography coupled to tandem mass spectrometry
KO: knockout

KD: knockdown

MYOIB: myosin IB

MYO6: myosin VI

MYOIE: myosin [E



KIF5B: kinesin family member 5B

KIF16B: kinesin family member 16B

RNF34: ring finger protein 34 (known as CARPI1: caspases-8/10 associated RING
proteins 1)

XIAP: X-linked inhibitor of apoptosis

SH3RF1: SH3 domain containing ring finger 1 (known as POSH: Plenty of SH3s)
DTX3L: deltex E3 ubiquitin ligase 3L

DUB: Deubiquitinating enzymes (i = &% F > (LE%5E)

VCPIPI: valosin containing protein interacting protein 1 (kown as VCIP135)
USP15: ubiquitin specific peptidase 15

USP43: ubiquitin specific peptidase 43

SQSTMI: sequestosome 1

FBS: Fetal bovine serum

DMEM: Dulbecco's modified Eagle's medium

MEM: minimum essential medium

PEI: Polyethylenimine

PBS (-): Ca*", Mg2+ free Phosphate Buffered Saline

PBS: Phosphate Buffered Saline

BSA: Bovine serum albumin

BCA {£: bicinchoninic acid assay

SDS: Sodium dodecyl sulfate

PAGE: polyacrylamide gel electrophoresis

HRP: Horseradish peroxidase

EDTA: ethylenediaminetetraacetic acid

gRNA: guide RNA

PCR: Polymerase Chain Reaction

PMSF: phenylmethylsulfonyl fluoride

Tris: tris(hydroxymethyl)aminomethane

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
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BIE HEin

TV RYA b= ZTHESNDE OMIEN~DE Y AR, 7T VR
MEDS R BEOX Y X a Lb—ra UEN LT, Mllabias, M,
MR d L O 7TV RER L, SRkl 7 v XA AT L, MR E
DHERFICHAOEE 2 RT3 2 = R A b= RI21E, 7T AU UREER
T R A F—3 R (clathrin-mediated endocytosis: CME) & 7 7 2 U » IE(KAFH)
x> F¥ A h—3 & (clathrin-independent endocytosis: CIE) @ 2 D@ 72 5 £k
DT D0, = R A b= 2SN T/Malk, ZoERCr»rbb6d, £
TR KV —24 (early endosome: EE) ~&5#E| TIN5 (Fig. 1-D). D%,
/NEWNOFER X, EE »HHYI= > K —2A (late endosomes: LE) ##&&CU VY
— X (lysosomes: LY) ~CWEInd eV Y Y —Anfizsids (VY Y —A
oY) (Fig. 1-@) °. —J5, EED D T AT YKy kU —7 (trans-Golgi
network: TGN) U %1 7 J > /> K —2A (recycling endosome: RE) ~ & Hi
‘s E, BOIERK (plasma membrane: PM) ~E RV U A2 U 7
L (VYA 27 )7 (Fig. 1-Q) . VA 27 U ZREOFRIL, PM H»
%IyFﬁ4L~vxbtﬁﬁ%ﬁﬁﬁé:e&<ﬁ@PMAt%%ﬁézk

, FEMTOBAREZ LW THETAICH S, EEND PM ~LHbfma U YA 71
‘5‘5#\%% 2 2%V, EE 2> b EE: PM ~ & R 5% (fast recycling pathways) (Fig.
1-@) &, #IkFI2/ATE/L3 5 ERC (endocytic recycling compartment) % #&H L
TPM ~LREDHEEE (slow recycling pathways) (Fig. 1-®) 235 TW5 °,
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Figure 1. The endosome/lysosome pathway

(D Endocytosed cargo is usually delivered to the EE that receives incoming material
from primary vesicles generated by CME and CIE.

@ Cargoes are delivered from the EE to the LE and LY for lysosomal degradation.

@ Cargoes are delivered from the EE to the TGN or to RE that brings the cargo back to
the PM.

@ Sorting of membrane proteins from EE leads to the entry of cargoes into fast
recycling pathways.

(® Cargoes are trafficked via slow recycling pathway, which involves traffic through a
juxtanuclear endocytic recycling compartment (ERC) and then via the RE before

return to the PM.



Slow recycling pathway (233 C, ERC I EE i EULIZE - TTF = — 7RO
HELERIN, £0FED 2 LE B L OEMEMA (multivesicular bodies: MVBs)
EBAT LT (Fig.2) % EE 725 LE ~DO = KV — A#vlkiZ small GTPase
Td# % Rab5 7»5 Rab7 ~DZ(k (Rab5-Rab7 switch) & T2 KV — ADOEMALIC
EVEZY, 20Ty Ry — ARl & TRl & > /37 BIX EE 205 LY i
®“aEns (Fig. 2) °. =2y RY— LB X VW, EE O EICRTELT DI~
VXN BE N~ E N L &, PENIBNE (intraluminal vesicles: ILVs) 725
R &AL, MVBs 2MERE S5 (Fig. 2) . Small GTPase Td % Rabll % ERC @
~—H—T®HY 7, Rab5 B EE 75 Rabll Btk ERC ~OBAT (L)
I THEHET, ATPase 7 7 X U — & /X7 T % epsl5 homology domain containing
proteins (EHDs), Rabll =7 = 7 # —[KfC& % Rabl 1-family interacting proteins

(Rab11-FIPs), X% 1% G ¥ > X7 'EH T % ADP-ribosylation factor 6 (Arf6),
Sorting Nexin 7 7 I U — % /X7 'EH Th % Sorting Nexin 4 (SNX4), E—F —%
Y /N7 B T % Dynein, Rab 7 7 X U —{&5p 7 & ¥ 737 Rabl0, Rab22A |2
LoTHIEEN TS (Fig.2) . F£72, ERC 7>5H PM ~DHiiklE, Arf6 (K7
A TERR S 72 F 22— 7RO RE 2R EHD LK FIIC TR S 7= F 2 — 7RO RE
S22 B ORBNIFAET D (Fig. 2). & 512, slow recycling pathway (Z351) %
RE O#iitl%, REICFTELT D Rabll & —4% —% /37 'E % Rabl1-FIPs A3
52 ETHIBEIL TS (Fig. 2) °. MICAL-like proteinl (MICALL1) #&77HY
|Z RE \ZJ@fF{k L7= EHD1 % % 7= Rabl1-FIP2 & fHEAEA T2 Z &5, REH
AEIX MICALLI, EHDs, Rabll-FIPs ORI & IC L > THIE SN TS &
EZz b TW5 (Fig.2) *.
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Figure 2. Molecular mechanisms of the endosome/lysosome pathway



2 ¥ F 2 (Ubiquitin: Ub) (ZFEM O KA h— A, =2 KV — LiEEH]
Pt & I 2 HEARK T TH D 7 FERTO Ub {ki Epsin % X U Epidermal
growth factor receptor substrate 15 (Epsl5) ([CXk 2T RH¥ A4 F— 2 0%
endosomal sorting complex required for transport (ESCRT) #&{KIZ L 5 MVBs ~
DR ZHES 5 (Fig. 3-O) PP &5, = FY—akb £/ R
Y — LBSHEIA 1 Ub fkiZ X v il ST 5. il 21X, Epsl5 @ Mono-Ub 1t
I% Epidermal Growth Factor Receptor (EGFR) DO NBITY VY — Ak %
HIE L TR0 9V, Epsl5 (ZfEA L7Z Mono-Ub & H £ ™ UBD (ubiquitin-binding
domains) 23#EA7 % Z & T Auto-inhibition %! & 72 V) Eps15-UBD & Ub L% 5217
TREf & OREAILEEFI SR TR o Py —AkEVbichETHD .
F72, EEOBGRT v Y —Abicis W T Y 7 I%(‘: L THERET %
Early endosome antigen 1 (EEA1) @ Mono-Ub {t.h Z DREREICHETH S . &
512, ESCRT # > /X7 'E T % Hrs (Hepatocyte growth factor regulated tyrosine
kinase substrate) 7% MVBs ~fifir & WL D F%, £ DOREREIL Ub (kiZ k- T
BN P ZHETUDIZEE 2D LY ~Ox 2 R Y — Ao B 5
TLHZEN I ARAESNTE L. L LES, BER O v-SNARE
(vesicular-soluble N-etylmaleimide sensitive fusion protein attachment protein receptor)
T& 5 Sncl (SNAP receptor SNC1) @ Ub b2y, T/ AKESDICAFTES B/ ED
Wi # 737 ' COPI (coat protein I) & DA ZHIHIT 2 & Vo - s 2,

D TV AR OFATHERIERE D 1 > THDH L b Tﬂ"“@fﬁ‘]ﬁﬁu%ﬁ% S
WT, =¥ RY—AIZ/ET D F-actin O EA I KA Sl 35 WASH
(Wiskott—Aldrich syndrome protein and SCAR homolog complex) DEEZ (L)Y K63
T Ub $HIZ Lo THII STV B Lo 28R 72 &4 (Fig 3-©) 2%, Ub
MUY A7 V77l LTOMENR RS, LA L, Rabll-effector
(&% ERC 2T L7z U ¥ 7 ) o ZHERERIEEAE ISR 1 5, Ub OBIE134<
HBALTVZRW,
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Figure 3. Role of Ub in endosomal sorting

(D Ubiquitination of cargo stimulates the lysosomal degradation by ESCRT complex.
@ Reversible poly-ubiquitination of WASH, an actin-nucleating protein essential for

recycling, promotes endosomal protein recycling.
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Figure 4. Degradation mechanism of AF508-CFTR
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FENAMERRHEIE (CF : Cystic fibrosis) 13 [ AR Chc & B 3 WO i e R
BRI B TH 5 22, Bk & U CIPREREGE - THILRR AN 12T 5
M, TOWRFRESE L CIPUEWE - R SRR EOHERIEI S 52705, &
BEEPLETHY, FIRER EDOZAIMPERRBEE 22> T\ D72, BRATE
IO NEENTD 2. ARBOFIKIZ, MIBORERE ClREA 4 F
¥ F/L & LT < CFTR (Cystic Fibrosis Transmembrane conductance Regulator)
OHSFERF TH D Z EBNMOLN TS . @H, CFTR IVMAE T +—LT 4
VI SNIBERA ST, EOBREZRIET S Y. LinL, CFRFICBNT
IZ CFTR 35T 5 (90%LL FIFAFS08 25 5) 1 & 2 & R H b/ NMa i
BEHERS (ERQC: ER quality control) (ZX 0, gy 7 Th b Ub bz 1T,
TaT T Y —AEI L/MatkBE S fi# (ERAD : ER associated degradation) (2
%515 (Fig. 4-0) . 2D 7= CFTR A E N LI R TRIFICES.
£72, I CF oipfEi e LT SN TS CFTR = L7 Z—IF, ERrRIIC
AF508-CFTR 28 AR DM EORB R Z S 578 (Fig. 4-Q) ', 2L s %
—IZ K D EWENZE 72 AFS08-CFTR (I E ML B B (PMQC: plasma
membrane quality control) (ZJX 0 UbfbZs2lF, MY VY —ARfRIND
7= (Fig. 4-@), 1RHFEZRITT<, +aBR RS oh iy 2 Eiz,
AF508-CFTR 28 SR OMUENE 17> & DSy RS IR A2 3% <, A2hia
CF WL O K & 7pfERE L 72> T\ % (Fig. 4-@) . & Z THRATHIZEICE
W, SERMERRAHERE O BT BUBHIE OB 2 e DO HEJ & L, AF508-CFTR ZF{A
D PMQC (T & 2 73 fitgtE o figll (Fig. 4-®) B X OHBlIaRIE S —7 v FO#E
AT T- (Fig. 4-©) **. WG L TOHDAF508-CFTR 28 BAK D /3 fif 2 2
LA AT CEIUL, CFTR 2 L7 ¥ — L O3EMHHREEIC K 2 16H A FTRE T
b5 2D, TTRIOIZ, PMQC IZH1T D Ub bkt o254 AfE L,
CF B ke F&OE ERAakE (CFBE: human CF bronchial epithelial cell line)

% U7~ siRNA fEfER9 A 7 ) —=>2" (E3 ligase: 636 fi}H) 2MThbhiz . %
DR, AF508-CFTR LR DOTERFEHR 2 M D= KV — LRELEXTF
> 77— RFFL (ring finger and FYVE like domain containing E3 ubiquitin protein
ligase) 23[FE S 7= . % Z T, RFFL ORSREMEBAN T4, RFFL IZBERES
T2 B Y —LIZJRET % AF508-CFTR Z8 52K 2 B4R AYIC Ub (b9 % 2 & 25 572
L0, B E OMRIEM 285 TS 5 PMQC Z 18RI & L7z CF HMinitik
OBAFEIC Y D a0 JL &5 7= >



Z T, AT R Y —AIZEBIT % RFFL O & 6 7 2 BEREfRNT 2 B &
L, fixOmFta 7o/, £, & 2 = TILRFFL OJRTEL K A A4 KO RING

(Ub #EME) R A A ANZERZ G N UJSIEMAT 217 o 72, £ DR, RFFL Ub ligase
RIEMEL A AR TH 5 dominant-negative (DN) ZAHEIKX, =2 KV —AJERER
WEBIEEZ Lz, £2C, %3 ECTIXRFFLDN Z2RAEN T R — AEREIC
BRIETEEOKRGT EZIT-7-. £72, % 4 E TIX Proximity dependent biotin
identification (BioID) %% H\ 7= RFFL & R #8217\, 7 T A X
—{L. ERC JERL D531 A 1 = A LR 2RI, B#HIZ, B S ETIEREELE
RFFL #&& K@ RFFL (2 L % Ub HlfHHERE IOV TRRET 21T o 72,

UT, #ETHELNCHRLEZFHET 5.



%23 RFFL B EZ{EK % AW 7= B 2T
EIE A= H W

RFFL |Z PM B LU= RY —AICRIEL, WERFERY V7 ETHD
AF508-CFTR %z Ub b9 5 Z & T, U VYV — LRI~ Dl 24 5
% ZC, RFFL O JRfEIL KA A > L OV Ub {EMEAL B A A v O BAKR%Z H\, RFFL
D E 572 HIRBERRT 24T o 72

281 REFL AN R (e fRAT

RFFL % N Rz v A by & (C5,C6,C10) /LT KV —
MTJHIEL, CHRIED RING RAA 2 XV UbfbZiF->TW5 (Fig. 5A) *.
% ZC, GFP (green fluorescent protein) tag il 5 RFFL &2 BAARKEL 7 A I N
ZRESEL, HeLa M) R7 =27 g iR XY —@BMEICRESE, oMl
WIRTE & I S L — — BRI L Y f#4T L7=. RFFL-WT (wild type) -GFP |3 =
¥ RY = AIZREAL L2zt LT, RTERICSE 7 N Rz K L7 25K

(A2-88, A2-10) |FMifEIZRfE{k L7 (Fig. 5B). —74, RING KA A K

(ARING) (FRTEICEE Lo 7= (Fig. 5B). BLEZEWLZ 212, RING KA A
> DIEPEFNC S B 48 A L7= RFFL-DN 28K (H333A, 2CA) 1Z/HEN—
EATNCERT 5 Z b~ 7= (Fig. 5B). % ZC, RFFL-DN ZRKD N Kifi
RIBZEFAR (C5610A-2CA, A2-88-2CA, A2-10-2CA) D JSTEEFEITT 5 & —f&T
ICHEMT 2 Z &< MmEICREL L (Fig. 5B). #t->C, RFFL IZ=» KV
—ABWTUbiFEMEEZRETEE, T FY— AR E 25| SR ENE
BTz,



A Palmitoylation site RING-domain point mutation site

56 10 316 319 333
MWATCCNWFC EENLCKICMDSPIDCVLLECGHM
_—
RFFL I I 363 aa
44 92 312 356

RFFL-WT ANT (2-88) ANT (2-10) ARING (313-363)

2CA (C316A,C319A) | ANT (2-88) A2-10-2CA C5610A=2CA
= =

Figure 5. RFFL catalytic inactive mutants induce condensed endosomes.

(A) Predicted function of RFFL domains. (B) Fluorescence micrographs of HeLa A F508-CFTR-3HA

cells expressing RFFL-GFP variants.
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3% RFFL-DNZEERER = RV —ABREICRITTEE
HIfT  AEOHM

¥ 2 EFICBWC, RFFL DN Z8KIL, = FY—AJBRERE L&+
AR LTz, $€- T, RFFL I Ub MK = K Y — ABERERIE 21T -
TWAHEZEZX LN, £Z CRFFLDN ZRKIC L > TR ENDI = FY— A
SHEEEN, FOZ U FY—LARBETHEEZIINDLD), = Y — LiRE
T % FEfH e~ L KITT O E L.

26T RFFL-DN ZEANT L RV —AIZB XITT 5
%5178 RFFL-DN Z8 5L &AM N S 7E fEAT

RFFL-DN ZEAENED T RY — LAXBIZ B2 LT e it 5720,
WX NI EAE AN R T~ — T —% co-transfection L, FHESL—V—
BAMREE & W CILRTEMNT 21T > 72. PCC (Pearson Correlation Coefficient) f#HT
JOF HyVolution (Leica) (Z & 5 #8fi#fg A A — 7 % /72 Line scan AT IZ X
Y RFFL-WT |X EE ¥ —# —T& % Rab5 (PCC: 0.438) X° EEAl (PCC: 0.304),
LE ¥v—#—"T& % Rab7 (PCC: 0.467) <> Lampl (lysosomal associated membrane
protein 1) (PCC: 0.442) &N HRTET 5 Z &3 hro 72 (Fig. 6A and B) .
F£7-,RE~—#H—T& % Rabl1 (PCC: 0.813) & 1T K4y 23 HJ57E L 7= (Fig. 6A) .
—J7, RFFL-DN Z £4{f&|% Rab5 (PCC: 0.568), EEA1 (PCC:0.758), Rab7 (PCC:
0.661), Lampl (PCC: 0.457), Rabll (PCC: 0.946), trans-Golgi ~— 7 —T®h 5
TGN46 (PCC:0.567) ZihfF~C £t/ (Fig.6AandB). ER v—F—T
&% Sec61 (PCC:-0.228) X, LE 725 TGN ~Hiik L5~ /) — A-6-V Vg%
AR (CI-M6PR: cation-independent mannose 6-phosphate receptor) (PCC: 0.156),
cis-Golgi ¥ —#—T& % GM130 (Golgi matrix protein 130 kD) (PCC: -0.104) |Z
T EE B IF X2 -7 (Fig. 6B). HyVolution (Leica) (2 X 2R A A —
V27 % W Tz Line scan S#HTIC &0 FEAIICA#AT L 727528, RFFL-DN Z8 4K,
Rab5, EEAIl, Rab7, Lampl, TGN46 & Xy L/FFEL TV, Rabll &%
IFIEERICHFIE L7 (Fig. 6A and B). £7=, fafeaotietaika AV CNEM
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® Lampl (PCC:-0.063) & DOILR{EABIEE LT Z A, RFFL-DN Z#IKIZ L%
T RY—ARERFOEVICy A2 7t LTz (Fig.6B). LLEDZ &
5, TV RY—ABERFEIXLY ICFHENTZ RE THY, RFFL ® Ub {&ME2S RE

PEREZ i L TV D ATREME DS R STz,
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Figure 6. RFFL catalytic inactive mutants are localized to recycling endosomes.

(A) Cellular localization of RFFL-GFP and RFFL-H333A-GFP in HeLa- AF508 CFTR-3HA cells was
analyzed with the co-transfected organelle markers indicated. Circled regions were further deconvoluted
(HyVolution). Boxed regions are enlarged (Zoom). Line scans show profiles of fluorescence intensity

against line distance. Bars, 10 [im. The nucleus was stained by DAPI. Colocalization of RFFL variants
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and organelle markers was measured by Pearson’s correlation coefficient (PCC). (B) Cellular localization
of RFFL-GFP and RFFL-H333A-GFP in HeLa AF508-CFTR-3HA cells was analyzed with organelle
markers indicated. Circled regions were further deconvoluted (HyVolution). Boxed regions are enlarged
(Zoom). Line scans show profiles of fluorescence intensity against line distance. Bars, 10 [Jm. The
nucleus was stained by DAPI. Colocalization of RFFL variants and organelle markers was measured by

PCC.
20  RFFL-DN ZREKpN T Y — LJBREIZ I JIE T 5%

HyVolution fi##f(Z X > T RFFL-DN ZRAKIZ L - TR S Auic RE B HEER

NF a—TIIROF NIRRT ThHI ENrgEEi (Fig.7A). £2 T, b7
DA E 2R D 72D, FHiEAE - HEMSE (TEM: Transmission Electron
Microscope) % AU RE St G AR 2 8142 L7=. RFFL-H333A Z @58 L 72
FZB W T, BRI T = — 7RO/ NMao B BlE S hvic (Fig. 7B-E). £7¢,
ZOEM LT 2 — 7 WMADJE  ITIE, ETEEOREWVLY BRIELLTED,
Lampl O # Yk & RO/ R85 N7 (Fig. 7B-E, Fig. 6B). F = —
THRNBOERIEZ~T0nm THY, VA7 VT RY—AO—RI7RERE
(50~70nm) &AEL Tz ¥, it > T, RFFL-DN ZEREKIC L > TEK SN D
T NV —ABRREFEIZT A% —fklLl ERC ThHDHEBEZD. £,
HyVolution f## & Rk 7 5 A % —4k L7= ERC {2 100~300 nm ¢ EE* 73RAE
T 52 L b#igg s (Fig. 7E, arrow) .

S HIZAERTE 7 PMEE (SEM: Scanning Electron Microscope) (Zd&L - TV
24—k L7z ERC O Z R LB HHE 2 8% L7, TEM &Rk, Fa—71K
IMED 7 T A Z LD TR S, TDHE YIS iLY%%fﬁLfnt
(Fig. 7F-H) . SEM IZ X DfHTIC & - T, Z oMK, #f L7z F = —74RT
%%@ﬁwﬁ*??ﬁ@<,%:~7%@m@ﬂ772&~MLTwé_k#
o7z (Fig. 7G and H) .
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RFFL-H333A-GFP HyVolution

Figure 7. Ultrastructure of RFFL-H333A induced condensed recycling endosomes.
(A) Super-resolution confocal micrograph (HyVolution) of the condensed tubular structures induced by
RFFL-H333A-GFP in HeLa A F508-CFTR-3HA cells. Circled regions were further deconvoluted
(HyVolution). Boxed regions are enlarged (Zoom). Bars, 10 [m. (B-E) Transmission electron microscopy
of HeLa A F508-CFTR-3HA cells transfected with RFFL-H333A-GFP. Higher magnification views of
the section are shown (C-E). Arrow and arrowhead show EE and the clustered ERC, respectively. N,
nucleus. Bars, 10 um (B),2 um (C),1 um (D, E). (F-H) Scanning electron microscopy of HeLa A
F508-CFTR-3HA cells transfected with RFFL-H333A-GFP. Clusters of ERC (blue, arrowhead) are
observed around the nucleus (red). Lysosomes (yellow) are located around the clustered ERC in the

cytoplasm (purple). Higher magnification views of the section are shown (G-H). Bars, 1 u m.
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%381 RFFL-DN Z 2K RE HEREIC I LT 4 2
15  RFFL-DN ZEH{K73 EE 705 RE ~DO B3 KL IF T4

RFFL-DN ZEAN T KV — ARETS 1T TldZe <, =2 K Y —AREIC 2
ZRIFETOMEI L. = FY —ADOBEREIX Rab # U /X7 BHIC K Vi ST
W5 Ry — AEBMEIZBW T, EE IZRELT % Rabs ARTEMAL S h
T2 R Y — LFE S REE L, fA3o 0 12 Rab7 23iE ML S LE SRR S5 270
£, =2 Y —AZiEMAL L7z Rabll NRETE(LT 5 Z & T, RE X° ERC Bk
S Tuv< 3. HyVolution Z V7= MCC (Manders’ Colocalization Coefficients) fi%
HriZHB T, Mock % LT RFFL-WT i&HFEHiRF, Rab7 35 TN Rabll D] 30%
23 Rab5 D JTES 5 EE 2> L#REEL T\ 5 Z L 3 h - 7= (Fig. 8A and B) . — 7,
RFFL-DN 7 B A5 5 BikE, Rab7 1% RFFL-WT B FIFE B & FIEE, Rabs D J&
1E9 % EE 2 LB L T = di2%f LC, Rabll [3fi#f <9 Rabs & IEITHLH
ETDHZ ENRHALME 72~ 7= (Fig. 8A and B). %t~ C, RFFL-DN Z %K% LE
AT B 2 B LIE S, EE 20D RE ~O0 B2 BIRICE TS Z &0
R T
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Figure 8. RFFL-H333A inhibits segregation of EE and RE.

(A) Cellular localization of mTagBFP2-Rab5 and mRFP-Rab7 or DsRed-Rabll in HeLa- A F508
CFTR-3HA cells transfected with RFFL-GFP variants or empty vector (mock). Circled regions were
further deconvoluted (HyVolution). Boxed regions are enlarged (Zoom). Bars, 10 [Jm. (B) Mander’s
correlation coefficient (MCC) values quantify the mRFP-Rab7 or DsRed-Rabll overlapped with
mTagBFP2-Rab5 in the transfected HelLa cells shown in A. Data represent means = SE (n=20 cells per

each condition). n.s., not significant, #*p < 0.01.
55270 RFFL-DN Z8 SR AN FE faf ik | & Je | T J 5228

RFFL-DN ZE S AN FEMR D PM b DT R A b —3 ZRRIRIC T 58 %
BEtL7z. £9, CME IZX > T F¥ A b= RA&H, PMIZUVH A7) v
TEIND 8T AT 2 ZRK (TIR: transferrin receptor) ~D LA ZFH~7=.
Alexa Flour 647-Tf (A647-Tf) (2T PM IZJRfE{LT % TR 215 L, Time-lapse
A A=V TIZE> T2y R A b=V ROk EZE=X) 7 L.
Non-transfected (NT) 35 OYRFFL-WT i@ HIFEMARIZIB VT, Mgz o TR
Z A647-TfIZTC 2.5 FEMIERR L, AT 4 U LF =Pt 1 W chase (T-0) 3
% & TRIZT Y R A b= 2 SRR O ERCIZRTE(L L Tz (Fig 9A).
—7J5, RFFL-DN Z8 B AR FIF BT TR (X7 7 A X —{k L7z ERC I[Z&fE L
7=. ZD1%, Time-lapse £ A —T 2 7128 - T 1K A647-Tf DEEEN 2 E =X
V27 LTofESR, NT 3 L OV RFFL-WT @RI AAE 0O A647-Tf 8L 136k 4 12
B L TNE, RKEIIZ 46%E TR LIZZ &0, E#RIh=y RYA h—
VAL TR OGN PMIZY A7) 7 E&ni=Z LavrEniz (Fig. 9B).
—7J5, RFFL-DN £ {5 BMAE ClE, TR L ERCICEEL TR, Mz
D A64T-TEHE I DIE R IINT 3 L O'RFFL-WT R F BlEE & bl L CHREIZILL,
mEHEIN T R A RV AL TR OV S A7 Vo T RBIESED 2 L ER
L7- (Fig.9Aand B). %7z, TfR & [A4RIC RFFL-DN Z8 2 (K FIFEHLIX CME 5
i CdH D WT-CFTRY % ERC &R &E, VA 27V U JORBEEZFI &L
72 (Fig. 9C). & HIZ, CIE Ik »TC=v F¥ A b= A& 5D, GPI
(glycosylphosphatldyhnosnol) T AR R E T D CD59 % RFFL-DN 4
FARSBRFIREHIC L > CTERCIZER L= (Fig. 9D). LU EDOFEFR L YW, RFFL ©
L EFXTF AEEN CME B L O CIE lE OFEM OV A 7 U o I8V CEER
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BE a2 RT3 Z LR S T,

WIZ, U VY — DO RIS~k S D fE e & o /X7 BT KkH9 % RFFL-DN 2
5’%%@%@%%}%«& NT 3 X O RFFL-WT @RI Z 8ilKs, RFFL OAE TH Y E
BHAEAERA L Ubfbd 25 I A7 4+ —/L K PM & > /37 E rAF508-CFTR X, 4h
chase %V VYV — L3RI L - TIHR L7, LA L, RFFL-DN Z B RIE FIFE HLIC
FUNT rAF508-CFTR @ U Y Y — A3 fRIZIEIE L 72 (Fig. 9E). — 5T, v/ %A
k=3 A~—H—"T 5 Dextran D LY ~DHklZ(%, RFFL-DN Z8 % A58 ) %
BUTREE L 727> 72 (Fig. 9F and G) . & %12, EGFR D= ¥ A |k — 3 XK

(Z KT TR % 7. EGFR |Z/K EGF 2% (1.5-10 ng/ml) TiX CME (2 X >
T RY A F—vREINVH A7V TR~ il S5 703, & EGF RE

(100 ng/ml) TIXCIE 2LV U VY — AR~ Lt S5 2. Hi EGFR
PUiR & O T2 a0 Y (1B X DT OFE R, 1K EGF 2 (10 ng/ml)
D> K% A h—3 & X472 EGFR |Z RFFL-DN Z%/K2 L ERC | %E Ly
AU THRIE LT (Fig. 9H). LU, & EGF i (100 ng/ml)

T R¥A h—3 A&7 EGFR |Z RFFL-DN Z BRI L 2 ERITAE LT LY ~
Lk Ife (Fig. 9H). & EGF IR (100 ng/ml) 12X % EGFR @ LY #iik %
S HIZFHARDT2DIZ, Alexa Fluor 568-EGF (A568-EGF) 2 X 0 #%:# L 7= EGFR
& EE BXO LY ANH R T ~—h— L OIRFEMRIT2ITo72. NT BLO
RFFL-WT 8|7 B ML T, 15 min chase #% EEA1 & FFEL, 60 min %
Lampl L #EFEIELLY £ Tk S5 Z &2VrE N7 (Fig. 9I-L) . £ 72, RFFL-DN
75 BARIERIFE BB T b [FAEIC 60 min # Lampl & H/H74E L LY £ Tk &
LZEnmsEnie (Fig. 91-L). LA EOREE S, RFFL-DN Z8#{K(X RFFL (2 X
S THIEH STV DHAF508-CFTR LIS D Y VY — BRI T B3, ERC
MHEDIY A7V TRIEEABIESE DL Z ERZZ L.
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Figure 9. RFFL-H333A inhibits cargo recycling from the ERC (-continued)..
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Figure 9. RFFL-H333A inhibits cargo recycling from the ERC (-continued).
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Figure 9. RFFL-H333A inhibits cargo recycling from the ERC.

(A, B) Time-lapse images of internalized TfR labeled with Alexa Fluor-647 conjugated Tf (A647-Tf) in
Hela- AF508 CFTR-3HA cells non-transfected (NT) or transfected with GFP-fused RFFL variants. Cells
were loaded with A647-Tf for 2.5 hours at 37°C (T-0 h) and chased 1 hour at 37°C (T-1 h) to monitor the
T1R recycling. Images of same cells at T-0 h and T-1 h were shown in A. Broken lines indicate contour of
cell and nucleus. The intracellular A647-Tf intensity was quantified at the indicated time points (B). (C,
D) Indirect immunostaining of WT-CFTR-3HA (C) and CD59-Flag (D) in HeLa cells transfected with
GFP fused RFFL variants. Internalized WT-CFTR-3HA was labeled with anti-HA antibody for 2.5 hours
at 37°C and cell surface CD59-Flag was labeled with anti-Flag antibody for 1 hour at 4°C. Immediately
after the labeling (0 h) or after 4 hours chase at 37°C (4 h), cells were fixed and immunostained with
secondary antibody. Asterisks and arrowheads indicate the NT cells and the condensed ERC, respectively.
(E) Indirect immunostaining of rescued AF508-CFTR-3HA (rAF508) in HeLa-AF508-CFTR-3HA cells
transfected with RFFL-GFP or RFFL-H333A-GFP. Internalized rAF508-CFTR-3HA was labeled with
anti-HA antibodies for 2.5 h at 37°C (T-0 h) and chased for 4 hours. Asterisks and arrowheads indicate
the NT cells and the condensed ERC, respectively. (F, G) Lysosomal delivery of TRITC-Dextran loaded
at 37°C for 1 hour and chased for 3 hours in HeLa cells transfected with GFP-fused RFFL variants..
Lampl was used as a lysosome marker. Colocalization of TRITC-Dextran with Lamp1 was quantified by
calculating PCC (G). (H) Indirect immunostaining of EGFR in HeLa cells after EGF treatment at the
indicated concentration for 1 hour. Line scans show profiles of fluorescence intensity against line distance.
Colocalization of RFFL variants and EGFR was measured by PCC. Asterisks and arrowheads indicate the
NT cells and the condensed ERC, respectively. (I, K) EGFR endocytic trafficking in HeLa cells
transfected with RFFL-GFP or RFFL-H333A-GFP was monitored by Alexa Fluor-568 conjugated EGF
(A568-EGF) loading for 15 min (left) or 60 min (right) with EEA1 (I) or Lampl (K) immunostaining.
Asterisks and arrowheads indicate the NT cells and the condensed ERC, respectively. (J, L)
Colocalization of A568-EGF with EEA1 (J) or Lampl (L) in HeLa cells transfected with RFFL-GFP
variants was quantified by PCC. The number of cells from at least two independent experiments is

indicated in parentheses. Data represent means + SE. Bars, 10 [im.
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BAE 7 T AFZ —{L ERCTERD T A =X LDfEH
F1HT  AEOHR

RFFL-DN 25 5. {3 RFFL O JEE T % rAF508-CFTR & 5@ [ ZAH A AR 45 .
7T, RFFL-DN & 2RI E% 72 ERC EkICEE /25y 7 L REICHEAER L,
ZDEHRE A LET DR, %72 ERC 07 7 2 X —{b&iHE 4 5 alfetEss
EZ b, 22T, RFFL fA R FHEEAIET 2175 2 & T, 77242 —1k
ERC U DAy A = R A E R+ 52 & L L.

H2EG BiolD 1E% FI\V 7= RFFL #i& K - nfid b

BiolD &I, MEROGEILRRIE LT, G X VIt T o2t
AT D2 LT, R EERCE AR 2 mREICHRETE D Y.
C RIIZ BirA" B XL OV HA =& b —7 %4 L7z RFFL (RFFL- BirA-HA) %7E
w38l CFBE M@z VW T, i 50uM OEFFr2ilms s &,
RFFL-BirA"-HA * :FR{ET 5 B4 F b ¥ v 7 En@g sz (Fig 10A).
% 7=, RFFL-H333A-BirA™-HA %2 & %3 CFBE ffaic 5\ C, 7 7 A % —{L ERC
DB S, £ I ATF oAby VRV EREEL T2 Z &b, RFFL f#&
KT et F AR Iz (Fig. 10A). £/, vxRAZ¥ v TavyT 47
1512 X 0 RFFL-BirA"-HA 3 X OY RFFL-H333A-BirA"-HA |2 X A #E& RO v F
F oAb E M Lz (Fig.10B). % Z T, NeutrAvidin 7 7 2 —RX%ZH\C, 4
F AL H R G R LU RY 21T o 7= (Fig.10C). B L7-e 4T A1b¥ v
NI BB EOITEIZ X o Tty L7oRE R, REFL A 2AICHS T 249 100 FR%H
DOxy Y —AB# Y X7 E&FE L. £OH T, #i#l RFFL #&AE & L
T class I Rabl1-FIPs (Rabl1-FIP1, Rab11-FIP2, Rab11-FIP5), MICALL1, MICALL2

(JRAB), EHDI % & e 30 fiJE> RE B % > X7 'E (Fig.10D), 7 fli D€
— X — X% 37 % (Fig.10E) , 6 7 4H  E3-ligase (Fig.10F) , 3 %5 DUB (Fig.10F)
Z[RE L7z, REPRE# Y A7 EOHFT, HH RFFL AR T & LT RIS
5 #V7= MICALL2 LI+ @, class I Rabl1-FIPs, MICALL1, EHDI | TfR U ¥ 7
UL TWAZ ERALNTNE 220, b DRFICER L,
RFFL-DN Z#AKIZ L % ERC D7 T A X —{b. D53 F A 1 = X Mg kI 7z
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Figure 10. RFFL interactome analysis by BiolD (-continued).
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Figure 10. RFFL interactome analysis by BiolD.

(A) Fluorescence micrographs of CFBE cells stably expressing RFFL-BirA-HA or
RFFL-H333A-BirA"-HA with or without 50 (M biotin treatment. The RFFL variants and proximal
biotinylated proteins were stained with anti-HA antibody and streptavidin-Alexa Fluor 568 (SA-A568).
The non-transfected CFBE cells (NT) were used as a negative control. Bars, 50 [im. (B) Western blotting
confirmed the proximal biotinylated proteins and expression of RFFL-BirA-HA or
RFFL-H333A-BirA"-HA. Biotinylated proteins were detected with NeutrAvidin (NA)-HRP. (C)
SDS-PAGE analysis of the BiolD pull-down using the CFBE cells stably expressing RFFL-BirA"-HA or
RFFL-H333A-BirA"-HA after 50 (M biotin treatment. (D) Comparison of the 30 RE-associated proteins
identified with high confidence in RFFL-BirA" BioID. Heat maps represent total spectral counts of
individual proteins per condition. (E, F) Comparison of the 7 motor proteins (E), 6 Ub ligase and 3 DUB
(F) identified with high confidence in RFFL-BirA" BioID. The non-transfected (NT) CFBE cells were
used for as a negative control. Heat maps represent total spectral counts of individual proteins per

condition.
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381 RFFL &8 IRFI2 L B 7 7 A2 ¥ —{k ERC JERKHE O fEAT

BiolD {EDFEROER D=, F9° RFFL #& &K1 & RFFL O3 FEMNT %,
PCC f##H7T1Z £ W 17> 7=. RFFL-mCherry & GFP-MICALL1 (PCC: 0.445), -EHDI
(PCC: 0.592), -Rabl1-FIPIC/RCP (PCC: 0.363), -Rabl1-FIP2 (PCC: 0.278),
-Rab11-FIP5 (PCC:0.265) (33:/R7E L7z (Fig.11A). X 52 F4@ Y, MICALLIL

(PCC: 0.717), EHD1 (PCC: 0.723), Rab11-FIP1C (PCC: 0.861), Rab11-FIP2 (PCC:
0.952), Rabl1-FIP5 (PCC: 0.955) |% RFFL-DN ZRKIZ LV kS hi=7 T
% —{t ERC (2 & L7= (Fig.11A). F7-, HyVolution (Leica) T X 2 iBf#E&E A
A — 7 % U T= Line scan fi#AT 123 T % Rabl1-effector 1% RFFL-DN Z8 (&
WZE Vs T A% —{L ERC IZ&fE L7- (Fig.11A). Pull-down assay (Z
F\U T, RFFL-DN A ¥{K(% RFFL-WT X ¥ %, Rabll-effector & 5&EICAERT 25 2
EMNbho7z (Fig.11B-H). RFFL-WT & Rabll-effector & O ILRIEMMT & —3 L
T, EHDI [(fho> Rabll-effector & iz LT RFFL-WT &< MHAEHA LT

(Fig.11D-H) . fafEd Y %12 & - T, RFFL-DN ZE{KiC L 2 NEME
Rabll-effector ~DEELRIELT- & 25, EkEShi=27 7 A% —{k ERC IZ
MICALL1, EHD1, Rabl1-FIP1C, Rabl1-FIP5 3% L 7= (Fig.111). Rabl1-FIP2
IZBRWTIE, WIEM S F 2R T 20BN RITE R oToies, i TE
Mol ZHHOREEA B, RFFL-DN ZH{K7Y Rabll-effector 2= KV — LA
R T y  UMRBEA TR E T2 2 e EN o OABEMKBEOIE 2SI /2 L,
77 A Z—{L ERC DB S5 &\ ) G &2 LTz,

2T, TOWRHEFIET H72DIZ, Rabll-effector 2 RFFL-WT (Z5& il 1)1Z
& & % chemical-induced protein dimerization (CID) assay> % fHU\% Z & Th
alF L72=. Rabll-effector |Z FRB-GFP % RFFL-WT |Z FKBP-mCherry % @l L CID
assay 17> 72. FRB ¥ L O'FKBP O 2 &L ZFHET 5 7 /N~ A ¥ UIRINATE,
RFFL-WT 5 J O'Rabl1-effector |= > KV — AIZRTE(L L TV /= (Fig.11J and K) .
—J7, TF8=A v EENMT D & RFFL-WT & Rabl 1-effector 233 F7EL 7 7 A
4% —{k ERC 23Rk &7z (Fig.11]). RFFL-DN ZR{KDOFHA L —E L T, CID
assay IC X VFEINT 7 7 A X —{k ERC IZ, = R¥ A h—T X3l
WT-CFTR 23&#E L 7= (Fig.11L) . it » T, RFFL/3 = > R — A |- CRabl 1 -effector
T TTHIER, 7T AX—{LERC B LOHMOY 427V 7T
EEHIEETIENEBEZOND.
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered
ERC (-continued).
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Figure. 11. Prolonged RFFL association with Rab11 effectors induces the clustered
ERC (-continued).
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered
ERC (-continued).
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered
ERC (-continued).
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Figure 11. Prolonged RFFL association with Rab11 effectors induces the clustered

(A) Cellular localization of the transfected GFP-fused Rab11 effectors in HeLa- A F508 CFTR-3HA cells
was analyzed with the co-transfected RFFL-mCherry or RFFL-H333A-mCherry. Circled regions were

further deconvoluted (HyVolution). Boxed regions are enlarged (Zoom). Line scans show profiles of
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fluorescence intensity against line distance. Colocalization of RFFL variants and Rabl1 effectors was
measured by PCC. (B, C) Interaction of Myc-Biotin (MB) tagged Rabl1 effectors with RFFL-VS5 or
RFFL-H333A-V5 is shown by NA pull-down in 293MSR cells. (D-H) Interaction of histidine-biotin
(HB) tagged RFFL or RFFL-H333A with GFP-Rabl1 effectors is shown by NA pull-down in 293MSR
cells. (I) Cellular localization of endogenous Rabl1 effectors was analyzed by immunostaining with the
indicated antibodies in HeLa- A F508 CFTR-3HA cells transfected with RFFL-H333A-GFP. (J)
Fluorescence imaging of the clustered ERC formation after forced RFFL-FKBP-mCherry association
with Rabl1 effectors-FRB-GFP in HeLa- A F508 CFTR-3HA cells with or without 500 nM rapamycin
(+Rap) treatment for 5 min followed by 16 hours chase after rapamycin washout. Broken lines indicate
contour of cell and nucleus. (K) Negative control experiments of CID technique in HeLa- A F508
CFTR-3HA cells transfected with Rabl11 effectors-FRB-GFP and CFP-FKBP with or without 500 nM
rapamycin (+Rap) treatment for 5 min followed by 16 hours chase after rapamycin washout. (L)
Internalized WT-CFTR was accumulated in the clustered ERC induced by the CID in HeLa-CFTR-3HA
cells expressing EHD1-FRB-GFP, GFP-FRB-MICALLI, Rabl11-FIP1C-FRB-GFP,
GFP-FRB-Rab11-FIP2 or Rab11-FIP5-FRB-GFP and RFFL-FKBP-mCherry with rapamycin treatment.

Internalized WT-CFTR was labeled with anti-HA antibody as Fig. 9C. Bars, 10 [im.
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#5% RFFL (2 X % Rabll-effector Ub | HE o w2 5
HIfi AEOHM

RFFL-DN ZJ{K7% Rabll-effctor &z 7 v 7L, 77 A% —1k ERC JEk % 5l
XL Z 9 Z &£/ 5, RFFL X Ub {kiZ & - T Rabll-effector OREBEFRHi 21T > T
WA RIHEMENZ 2 L. £ 2T, in cell 8 X Win vitro DS F T RFFL 12 &
% Rabl 1-effector ™ Ub {Liillf#l 2 FREE L 7=.

Y28 Incell \IZ$51F D RFFL 2 X % Rabl1-effector @ Ub LD MFE
%178 REFL 78 Rabll-effector @ Ub fkiZ 3 LIE 3 %

293MSR #lfEIZ Myc-Biotin (MB)-Rab1 1-effector Z i@ FIFH L, M50 T <l
fa % mlEs b, NeutrAvidin {ZC Pull-down Z1T\Y, Uz AZ T uavTs 47
VEIZ L0 Ub bR &3 7. = OfE R, Rabl 1-FIP5 LI4+ @ MICALLI, EHDI,
Rabl11-FIP1C, Rabll-FIP2 (2T Ub b3t &7z (Fig. 12A). & 612, £
ZIZ RFFL-DN 25K Z 1@ RIFEHL 9% & Rabll-effector ¢ Ub {LIZBIAYICHE =
7= (Fig. 12A-B and 11C-F, lane 4). %7z, Rabll-effector ® Ub{kiF5r T &5
mono-Ub (L TH D AEEMENRE X b, £ 2T, Ub-K0O BHEK (&ThV v
Z T X = AZERE L mono-Ub SHIZEEL TE 2 H DD, poly-Ub $HITTEAL T
IR WERR) & W CEBRETT 572 & Z A, Rabll-effector ® Ub {tiL WT-Ub %
A LB E ROy RIS SN2 LG, 25 OKES L mono-Ub
{bTh D AN 2 b vz (Fig. 12C-F, lane 6). £7=, liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS) (ZJ& Y MICALLI, EHDI,
Rab11-FIPIC, Rabl1-FIP2 ® Ub {biffii# [FlE L7z (Fig. 12G). RFFL-WT % i
FIFHLT D L, MICALL] & EHDI @ Ub fLIZZEALEED > 7= DXt L T,
Rab11-FIP1C I poly- and/or multiple-Ub {238/ L 7= (Fig. 12C-F, lane 3). BBk
W2 212, Rabl1-FIP2 (233 Tl poly- and/or multiple-Ub 1L 23 BIFIZ H#E 0 L 7=

(Fig. 12F, lane 3).
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K250 QQHQQQLAEDAKSS K33 AKSCGPGGTSDAYAVIQVGKEK
GG,
K747 ESELIYVFKSSQQNLEQR AKT"GPGGTSDAYAVIQVGK
K129 and K131 LK®CSKCSCPGK
K782 EKGSVLMQELVTLIEQR 75 IKSSGRNK
K295 QLNQVNFTLPKS®®
o
EHD1 (coverage 94.9%)__ - K367 HLFSSTENLAAGSWKCCEPAEGGGLSSDR
Site Identified peptide sequence SSLLSLMTGKKSCDVAK
K32 QLYAQKSSLLPLEEHYR K443 or K444 SSLLSLMTGKECKDVAK
K58 FHEFHSPALEDADFDNKSCPMVLLVGQYSTGK| K578 KCCYSPSDPAFAYAQLTHDELIQLVLK
K220 VVLNKSCADQIETQQLMR K644 IPTQVGK®®
K280 KLFEAEEQDLFKSG
K305 LAKSSVHAYIISSLKK Rab;1t-FIP2 (coveragek:9.9"f/a)d —
ite entified peptide sequence
LAKCVHAYIISSLK K157 or K159 NNMTASMFDLSMKDKSCTR
or NNMTASMFDLSMKSDKTR
K374 RSDK®CLNNGGSDSPCDLK
RSDK®®LNNGGSDSPCDLK
K374 or K387 RSDKLNNGGSDSPCDLK®S

Figure 12. RFFL-H333A inhibits ubiquitination of Rab11 effectors.
(A, B) Ubiquitination level of MB-EHD1, MB-MICALL1, MB-Rab11-FIP1C, MB-Rab11-FIP2 and

MB-Rab11-FIP5 in 293MSR cells transfected with HA-Ub and RFFL-H333A-V5 was measured by NA

pull-down (A). Ubiquitination level of Rabl1 effector proteins were quantified. At least 4 independent

experiments were performed for quantification. Sample number was indicated in parentheses. Data

represent means + SE. 'P<0.05, ~P<0.001 (B). (C-F) Ubiquitination level of MB-MICALLI1 (C),

MB-EHDI1 (D), MB-Rab11-FIP1C (E) or MB-Rab11-FIP2 (F) in 293MSR cells transfected with HA-Ub

or HA-Ub-KO and RFFL-V5 or RFFL-H333A-V5 was measured by NA pull-down. (G) Ubiquitination

sites of MB-MICALLI, MB-EHDI1, MB-Rabll-FIPIC, and MB-Rabl11-FIP2 in 293MSR cells

transfected with HA-Ub were analyzed by LC-MS/MS. Three, five, ten and five ubiquitination sites were

identified in the MICALL1, EHDI1, Rab11-FIP1C, and Rab11-FIP2 respectively.
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2TH  Rabll-effector @ Ub {23315 5 RFFL DA FAIRERE

RFFL O 4IRS RE 2 FiE$ 5 72 912, CRISPR / CAS9 3 AT A2 & - T RFFL
KO (knockout) 293MSR #fifid % #f2 L (Fig. 13A-C), RFFL KO 2815
Rab11-effector ® Ub (LT KT %8 A4 MRk L 7. RFFL KO {Z & > T Rab11-FIP1C
O Ub LA EICHA L, % 212 RFFL-WT Z 8 A3 % Z & T Ub (LD 1T
[6148 L 7= (Fig. 13D lane 6 and 7, and Fig. 13E). —J5, RFFL KO {Z X - T, MICALLI,
EHDI1, Rabl1-FIP2 ® Ub fbidJEg/) L7ehy—>7= (Fig. 13E, 12F-H lane 6) . BLBRE
VW2 &2, RFFL KO #fif@lZ RFFL-DN Z8 B A A 84 % &, RFFL WT i@
& [AERIZ Rabl1-effector ® Ub b &> = 7- (Fig. 13D, 12F-H lane 8). LA LoD
fEH LV, Rabl1-FIPIC @ Ub {kix 3= RFFL |2 X » THIE S T 5 araedk
NEZBND. £72, fthod Rabll-effector ® Ub {kiE RFFL % KO LT H D L
72T LD, RFFL Z4# 9 K 5 12fthod E3-ligase 23 fH L T 5 AJREMEN S 2
Hivd. oo E3-ligase (2B L TiE, BiolD I & VW RFFL IZ/549 5 E3-ligase
MMM E L TCHEITHNETHASD (Fig10F). £7-, RFFL KO #i}8lZ RFFL-DN
75 LR 2B el 5 B L 72 B8, Rabll-effecor @ Ub {b23EA L7= Z & 725, RFFL-DN
22 FEAR 7 Rabl 1-effector & FR[E I RIFMFT AT 5 2 & T, o> E3-ligase DA %
RS LTV 5 ATRBE DS RIR S 47,

F3H TR UY A 27V 7281 5 Rabll-effector @ Ub kD A FRHIFERE

RIZ RFFL KO 128175 TR O U YA 27V 7% fGE LT & Z A, RFFL-DN
PAL XU %l%ﬁfﬁuﬁ#& (X572, RFFLKO(ZX 2 TR V44 7 U > 7 ORRE I
WENemo7= (Fig. 131,]). —J7, RFFL KO #iEiZ RFFL-DN 28 SL {4 % 1 5 3
Bid4 5 &, RFFL WT flifld & [RAERIZ TIR @7 Z A % —AL ERC (2331 5 E a0 ke
il (Fig. 13)). bk Z &nt, o)A 27U 7280 T,
Rabl1-effector @ Ub {LIZMZH T 573, Rabl1-FIPIC @ Ub{kDOAZFHEL T
A ThHDEND ZERHLMNERST.
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Figure 13. RFFL regulates
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Figure 13. RFFL regulates ubiquitination of the Rab11 effectors in cell.

(A) Western blotting confirms the RFFL KO in 293MSR cells. (B) PCR analysis confirmed the RFFL
KO. Schematic of the RFFL gene with the sgRNA-targeted sites, the start codon (ATG), and the PCR
primers for genotyping are indicated. (C) RFFL KO in 293MSR cells was confirmed by DNA sequencing
of the genomic locus. The guide sequences, PAM sequences, and the RFFL start codon are indicated. (D)
Ubiquitination level of MB-Rab11-FIP1C in 293MSR (WT) and RFFL KO cells transfected with HA-Ub
and RFFL-VS5 or RFFL-H333A-V5 was measured by NA pull-down. (E) Ubiquitination level of the

Rabl1 effector proteins was quantified. At least 3 independent experiments were performed for
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quantification. Sample number was indicated in parentheses. Data represent means + SE. "P<0.05. (F-H)
Ubiquitination level of MB-MICALL1 (F), MB-EHD1 (G), and MB-Rab11-FIP2 (H) were measured as
in panel D. (I) TfR recycling was measured in 293MSR (WT) and RFFL KO cells as the disappearance of
internalized Biotin-Tf after 4 hours chase. (J) Fluorescent micrograph of internalized TfR in 293MSR
(WT) or RFFL KO cells transfected with RFFL-H333A-GFP. TfR were labeled with A647-Tf for 2.5
hours at 37°C (T-0 h) and further chased for 2 hours (T-2 h).

M3 Invitro \Z31F 5D RFFL (2 & % Rabl1-effector @ Ub {b.DfREE

RFFL KO CiX Rabl 1-effector @ Ub {LIZ52 8% 36 LI S 72> 7273, RFFL-DN
2K DS Rabl1-effector @ Ub b & /) 72 Z & X° RFFL & Rabl 1-effector 73FH
HAEMT 5 Z &£7°5, RFFL IX Rabl1-effector @ Ub {b.Z il 9~ 2 ATREM: 235 2
LIZ., 2T, ZORRMEHRIET A7 invitro = X T U AR ER 21T
92 & & L7, £7, GST (glutathione-S-transferase) -EHD1, GST-Rabl11-FIP1C,
ubiquitination enzymes, % K & W AERI L7 (Fig. 14A). GST-EHDI £721%
GST-Rabl1-FIP1C % El, UbcH5¢c, RFFL, Ub &2 A & 2a_X— h LG &4
ek, REZ I NG F A E—XZTHEEL, LU HEEZ Ty =227
0y T ZIRICTTRM L. ZOR5R, El, E2, RFFL, Ub O&THEEN
% M F T D GST-EHD1 £ X ("GST-Rab11-FIP1C @ Ub{L. A3 FFA# Ak & 4172 (Fig.
14B and C lane 2). MICALLI1 3 X O Rab11-FIP2 (X KAGHE 7> 5 ORI K 8 C &
STetz, WILEME O O AR A7z, B L7 MB-MICALLI %721
MB-Rab11-FIP2 % El, UbcHS5c, RFFL, HA-Ub & 3£ 1 > &% 2 _— k LI f4,
FE % NeutrAvidin 7 4 v — A2 CHLEE L 72, Pull-down > 7L 2 FE 0 Ub b
BV, RFFL @ Ub {LEEETEMEOR I 0720, EIEITHT HA ik z vz
VI AF Ty T 4 TIETORGEICHW B (Fig. 14D). Rabl1-FIP2 @
Ub {bi3 ubiquitination enzymes TN E ENDH5M T T, in cell IZF1F 5 RFFL
I FE B FER & [RIARIZ poly- and/or multiple-Ub {b 23 i & 2172 (Fig. 14E lane 3).
MICALL1 @ Ub 1k ubiquitination enzymes 4 T 235 & 415 Z:{F T C, poly- and/or
multiple- and/or mono-Ub {b. 23 H & 4172 (Fig. 14F lane 2) . MICALL1 @ Ub ki,
El ZF&< 2Dt &= (Fig. 14F lane 3), UbcH5c (Fig. 14F lane 4) 35 &
UVHA-Ub (Fig. 14F lane 6) #Br< & 2B SN2 o7, BERENZ &1,
RFFL % (%< & poly- and/or multiple-Ub 2>5 72 % &4y 1 Ub $HITTH L L7126 D
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?®, mono-Ub {LITIH L7en - 7= (Fig. 14F lane 5). = ® MICALL1 @ RFFL 3
{RAFAY mono-Ub fbid, WFLIEMAE S ORERLGEFLIZHB VT, MICALLL L iES
3% E3-ligase M RITHR S Ub (LS EZ R Z L2 THL LB BN D.
Z Ofthd E3 DY 51X RFFL % KO L C% MICALLI @ Ub LIz 8% KIE & 72
MoleZbE—H LTS, UEDORER LY, RFFL IX Rabl 1-effetor Z [E % Ub
T2 EEMENEZ BNRD.

B T2 4 5 6 7 12 3 4 5 6 7
A His-UBE1 ° e 0o 0 0 His-UBE1 ° e oo o
His-UbcH5c o 0 e 0o 0 : e o e o o
) His-RFFL e 0o 0 [ His-UbcHSe
est. © & b c e o o ° His-RFFL o 0o 0 o0
oow GSTEHD1 ® © © © © @ w e e 66 o
14018 ) _— GSTFPIC ® ®© © @ ® ©
oo 210 (kDa)
70— = < 140— EHD1 210- FIP1C
< alb o -Ubn o Ubn
55— (FKZ) 7 aUb .
S| Fk2)
40— S 70— -EHD1 B 90— =FIP1C
(kDa) — S o5 ' -Ub1 b/ 70 -Ub1
CBB staining 3 210~ g 3 ¥ 4
IQ 5 210
% 140~ @ | reprobe FIP1C-
(O] re;gost_)lfe | EHD1- aGST 140- L Ub
o i
(EHD1) g Ubt (FIP1C) oo- - S o - FIP1C
70- A - EHD' 70
e
o e g ————
EHD1- 210-
, Ub1 1407 . LA
aGST 707 907
(EHD1) - EHD1 aub 70—
55— == | (Fk2) %5~ 1
210~ @ 40- i
._g reprobe 140— 35— — =
Fl oaub ‘ = S —
(Fk2) ‘ 20-
70— — — — . — )
55—
(kDa)
123 4567
D E 123 4 F His-UBE1T ©® @ @ @ @
His-UbcH5c @ @ [ 2 ]
His-E1, His-UbcH5¢ ) .MB-Rab11-FIP2 L4 : : ° Hs-RFFL © @ @ o0
His-RFFL, HA-Ub, ATP H|s-UBE1/H|s-chH50./HA-Ub P HA-Ub e o600 o
His-RFFL MB-MICALL1 ® ® ® @ ® @
kD:
MB-MICALL1, Rab11-FIP2 (21:)_ . |MICALL1
on NA-beads £ | reprobe R FIP2 € aHA i -Ubn
i on 37° 8 0 -Ubn 3 -
incubation 37°C, 2 h S| oHA 3 (Ub) “— |
S| (ub) o < 140 - MISﬁLU
< 70 2 ’
§ aMyc
centrifugation Z| oaMmyc 907 z Y 210~
y (MICALL1)
14— —— - — ~MICALL1

(FIP2) 70 S -FIP2
puss 210~
I 140~
+ Sup (auto-ubiquitination) 210 90 b
140~ aHA 70— =
+ NA pull-down (Ub-MICALL1, Rab11-FIP2) 90- [ =] »n (Ub) 55— !
) aHA  70- 40 — .
Analyzed with WB (Ub) 5 35— :

Figure 14. RFFL regulates ubiquitination of the Rab11 effectors in vitro.

up

Sup

(A) Recombinant GST-EHD1 or GST-Rab11-FIP1C was affinity purified and analyzed by SDS-PAGE
with Coomassie Brilliant Blue (CBB) staining. Arrowheads indicate the full-length proteins. (B, C) In
vitro ubiquitination of GST-EHDI1 (B), GST-Rab11-FIP1C (C) by RFFL was measured by Western

blotting after elution from the affinity beads. After the ubiquitination, total sample (B) or supernatant (C)
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including E1, E2, RFFL, and Ub was analyzed for auto-ubiquitination to confirm their activity. (D)
Schematic diagram of in vitro ubiquitination assay of MB-MICALL1 and MB-RAB11-FIP2 purified
from mammalian cells. After the ubiquitination, supernatant (Sup) including E1, E2, RFFL, and HA-Ub
is analyzed for auto-ubiquitination. The pellet containing MB-MICALL1 or MB-RABI11-FIP2 was
washed, and their ubiquitination was analyzed by Western blotting after elution from NA-beads. (E, F) In
vitro ubiquitination of purified MB-Rab11-FIP2 (E) or MB-MICALLI1 (F) from 293MSR cells by

recombinant RFFL was analyzed by Western blotting following the protocol shown in D.
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FOE B

AW TIE, RE OHEREFNET 21 5 Rabl1-effector @ Ub {73 RFFL E3-ligase (Z
FoTHIEI S TNWD Z & A 52T L=, RFFL-DN ZR{KIL, 7T A ¥ —1k
ERC B L, ERC O DOFEFM DY Y4 7 U o FaAFE L. S 612, BEXD
LE Mtz [HHE 9% 2 &£ 72 <, Rab5 5% EE 7> 5 Rabll 5t RE D43 2 fHE
L7-. &5, BiolD {2 & VW #3 RFFL #& &K1 & L, Rabl1-FIP1C, -FIP2,
-FIP5, EHDI, MICALL1 % [f& L7=. RFFL-DN Z#{KiX, b OEANNT-%
N7 v 7 LU bERET S Z LT A 7 U o ZHEEZIHE S 7-. RFFL KO
X Rab11-FIP1C @ Ub {b.D & % /b B 7273, in vitro 123 T RFFL 1355 & K+
2T Rabl l-effector Z [EHEEH UbILT 5 Z EVRIBEINTZ. ZTHHDORER LY,
RFFL % & T4 E3-ligase |Z & % Rabll-effector @ Ub{k2s, UHA 27U 7
TR DOMEEICB W TR EARAI R TH L Z NI N. Utz L2EE x
ARETIE, INETHLNATWDIAE, SEIFELPENTE AL EEAD
H % Z & T, RFFL IZ X % Rabll-effector Ub{LDOEFREZE L 7-.

%181 RFFL-DN ZRIKIZEB T 5 7 T 2 % —1k ERC R Tt

Fox OLIRTOAFZEIZ BT, RFFL IE EE <° LE ([ CHE &G R B2 o R 7 g b
BN EEAL Ub {2 LY VY — A/\ﬁﬁ{:“\%< peripheral quality
control [ZRHET % Z EMNME SN TWD . — AW T, HyVolution fEHT
ZHAWSZ LT, LETOWME L —E L, EE X LE 721 Tid72 < RE D REL
EHOMNCL P, UV A7) o IRBICB T D AENEEN RS-,
VIR O TlE, AMFIEICEBWVTH A L7z RFFL-DN £ 2K KRBT & FERIC
TfR, Rab5, Rabll 2MZJELICERTHZ L, TR DU YA 27V 7 @ﬁ@ﬁx
RFFL-WT O@RZEHIC L W /RENTUE 3. FEEIC, RFFL-WT J@RIZEHLIC
WTH 7 7 AEZ—{L ERC NRHrlZ2 S 7z, L7>L, RFFL-WT & RFFL-DN £
FARDFBL & DA% OFE, RFFL-DN £ RAR CTD A7 T A # —1 ERC 238152
=2 D, LATORZEICEB VT RFFL-WT TEiIZ & /=27 7 A # —{t ERC X
RFFL-WT D% & 723812 X 5 Rabll-effector & OFAANEH ORI FHIK T
bHEEZL. BB ELTE, (1) [FALU Ub ligase MEMALZERIETEH, 7/
g% K8 ¥ 72 RFFL-ARING TlE72 <, AR AE AN L 2K %F% L7- RFFL-DN
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ERIKTDH, 7T AKX —{t ERC Bl I/ &, (2) RFFL-WT X0 %
RFFL-DN Z 24K D J573 Rabl1-effctor & HEEIZFHA/EMA L, RE ETHRZ v 7L
7=Z &, (3) CIDVEIZ X W RFFL-WT & Rabll1-effector D& 7efE Al L0 7
7 A% —{t ERC B Sz Z L™ HIF b5 . i > T, RFFL-WT & RFFL-DN
75 BAR DR BN [EIZE DOS54G, RFFL-WT X Rabl 1-effector & fA L0 Z Ub
b 24TV CAREES 2 01 2%F L C, RFFL-DN £ {K|Z Rabll1-effector % Ub
fbkdnzZencEd, ROMRMEFEHANSI SR Sh, 77 A% —{LERC ®
FEREGIESRHIL TS EEZLND.

281 RFFL-DN ZRIKICB T A5/ 1 7 U v 7l

ozt

I

RFFL-DN ZRARIIFEM O R A b= RTIFTREE XTI T, CME X
CIEIZEV =V FY A b=V RASNTFE 7 7 A2 —{L ERCIZERHL Y YA
7V ERBESERE. 2L OEBEM L, EHDlI KD (knockdown) %,
MICALL1 KD *, class I Rabl1-FIPs ZE 5 {& 5% MYOS5B tail >’ O FA & L L
TW5A. - T, RFFL-DN Z£{K]X Z 715 D Rabll-effector DIEHE A FHET 5
AIREMEAY® 5. Class I Rabl1-FIPs (FIP1,2,5) (X Rabll EAHE/EH L, =1 Th
NYH A7V TREDRERD T avw AT, BEOX AT v 7 ptEEEIcE
BERIZL, BAFANRBEICEIVBEFOV A7) T EFHIBL TS .
Rab11-FIP2 (%, ERC 75 Rabll (51D RE 27 7 F > O 7T A KD F A
H95HZ L THIETHE—F— XL X7 ED1DOTHS MYOSB & il L T
< T F7-  EHDI (% Rabl1-FIP2 ®' 2 MICALL1 & HHAEVEM$ % Z & T ERC
\[ZJRTEIL L, ERC Ok RE D F o — TR0 B 21T 5 #9284 —n oo
IR 6, RFFL-DN ZEFL K L Rabll-effector D8R 117255 E 1%, ERC 725 PM ~
DM DOV YA 7 U > 738 X O RE IEOEEHI I 27872 Rabl 1-effecor 44

(e.g., MYO5B-Rab11-Rab11-FIPs-EHD1) JER % BHE LTV 5 AIEEMEDN# 2 B4
% . £7-, EHDI1 X Rabl11-FIP1C |Z EE/RE %> 5 TGN ~D ik & Hl# L TE v 15,
RFFL-DN Z B {KIXTGN46 % 7 7 A # —{LERC ~ L BIE S 72 2 &£ X°, EHD1 %
Rab11-FIPIC ® KD & [FI£iZ ©RFFL-DN ZE 8 K78 LE 725 TGN ~ L #fik S h
% CI-M6PR % 7 7 A% —{t ERC ~ERESH/-Z L6, RFFL 24 L7
Rabl1-effector @ Ub kA% ERC 7>5 TGN ~OH#iik & il L TV 2 AlREMENZ X
S5,
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T F R NE IR e — X — X XTI R Y — ADEEIZ B
TIHFICHEEREEZ F ¥ . BiolD /£IZ X Y RFFL OfE &K+ & LT MYOIB
(myosin IB) , MYO6 (myosin VI) , MYOIE (myosin IE) , KIF5B (kinesin family
member 5B) , KIF16B (kinesin family member 16B) 23[FE 417 (Fig.10E).
MYOIB (X TGN B8 L OVEE ® b 0k 2 Hl# L <0, oV YA 27V
IZBELTW5d ®. MYOIE | ERC ~0 TfR O@isicB5- LTn5 . MYO6
I% Ub binding K A1 > %4 L """, KD ¥ % & Rab5 %8 ICEM S 7, EE
725 ERC ~DFEM OBk & FLE3 % 7 KIF5B |% EE > 5 RE ~Diiik %ﬁ%lhﬁll L
THY P, RFFL-DN ZRATHESND X 572 LY OREN~O J(fE b % 755
T2 ZROHOMALY, RFFLIZV YA 7V v FREICBW T IS OE—
H—K X8 L Rabll-effctor DFHAAVER ZHlMT 5 rlREE LB 2 6 5.

%3H1  RFFL-DN £ B{K|Z2351F % EE 75 RE ~O 4y Bl

BULIRZENZ & 12, RFFL-DN (KX Rab5 Bt EE 75 Rab7 Bt LE 04yt
ZIHET 5 2 &7 <, Rabs Bt EE 705 Rabll Btk RE OB HE L=, =
DOFREIA L —F LT, RFFL-DN Z #{&/X EGFR 35 & OF Dextran @ LY #i% % [H
EFLHZ LR, MO YA I NDORERE L. LY ~ &k éﬁé%ﬁ&
v /X7 G O™ T, RFFL-DN 2 B KT L o T % 23 L F = 41 2 FE 6
rAF508-CFTR O # T —7-. RFFL |3 peripheral quality control { _kl/\“ﬂ%m,\

f 2 2 X7 BT d D rAF508-CFTR & IR BAEA % 728 **, RFFL-DN %2
FLRIY BE/ERC IZB W THEE R E X VXV Eh N T v 7 L, LY @k z @Ik S
B0 WREMEDNE X 5. RFFL-DN £ S{K(Z X 5 Rab5 514 EE 726 Rabl1 B
RE ~D 5B E X R Z 5 <, Rabl1-effector DREREPLENFINTH D EE 2 BN
%. {72 &, Rabl1-FIP2 X RE O#IEI7Z1F Tid/e <, EE X° RE OFIHIEMEIC
%)F%Em“é%&%% 77 EHD1 <° MICALLI I%, EE 7>5 RE ~DO/REffiEIC BT 5
2 —ROBEIERICEE LTk v “7, EHDI 3 X MICALLI KD (2 X Y EE
& ERC PMEEL TLEWEMOBMENHESNIBENH L0 THD 7,
RFFL-DN Z25#4{K & [F£RIC EE % ERC [ZIRTESHE 5 Z &5, RFFL 38 L UMt
E3-ligase |Z & 5 EHD1 ¥ &K O MICALL1 @ Ub {Liilf#l1E, EE 7> RE ~DF = —
TUIRD/NEFERLS® EE 726 ERC ~DONBECHETH D EEZHND.
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#5481 RFFL % & ¢» E3-ligase |Z & 5 Rabll-effecor ¢ Ub {1kl

AFFEIZ L D, Rabl 1-effctor T& 5 EHD1, MICALL1, Rab11-FIP1C, Rab11-FIP2
T UbLEZITHZEE2PLMNC L. 20 UbKERGIC L5 & v 37 EHEL&E
DOEACIT R D h o 7= 2 LD, RFFL IZ X % Rabll1-effctor Ub {bid oy fifil
T <HEREHIEI T 5 &L B2 B D, Invitro IZ38V T, RFFL |3 Rabl1-effector
ZEPERIZ Ub b3 5 Z & ZFEH L7=. RFFL-DN & %{K|X Rabl1-effector @ Ub
bz b SH 7275, RFFL KO (2 K % Ub kLD 1L EHD1, MICALLI, Rab11-FIP2

TIFMERS S 19, Rabl1-FIP1IC O A THEB S 7. #iE- T, Rabl1-FIPIC @ Ub {k
I3E1Z RFFL {2 & o THIlEl < 41, fthod Rabll-effector @ Ub ki RFFL % & defl
?® E3-ligase IZ X > THIFI SN TWD EEX BND. Z DM E3-ligase DA &
L, BiolD {£IZ & ¥ [AIE & 4172 RFFL #& &A1, RNF34 (ring finger protein 34)
(known as CARPI1: caspases—8/10 associated RING proteins 1), XIAP (X-linked
inhibitor of apoptosis), SH3RF1 (SH3 domain containing ring finger 1) (known as
POSH: Plenty of SH3s), DTX3L (deltex E3 ubiquitin ligase 3L) 735 2 5415

(Fig.10F) . RFFL 7R E 1 7 Tdh % RNF34 13 EE 38 X OVLE (2 JRfEfb4 % 7%
SEBEIZ RFFL RNF34 2KO i@z L, TR OV A 7 ) v 7 RF 8%
MEEL7Z& 24, 3 b — LRI e~ T 2KO Mld D 5 A EIZ TR D U
A7 VT EAETLO/EREPBEON TS, ZOfRE LD, RNF34 23 RFFL O

BEREZ M > TV D ATREME SRS R S 7. $£72, TGN IZJ/RTET % E3-ligase T
& % SH3RF1 (%, TGN 2°5 PM ~0 Gag 7 A /v ARES 737 B Dk % Hilf#H 3
% 81 DTX3L IZ EE IZJSfEL, AIP4 E3-ligase IGMEZFRE T2 2. Z b0
X U [FE L7z E3-ligase I%, Rabll-effector 2 Ub{t.L, RFFL KO {235\ >TC RFFL
PREEZ M O FIREMENR B Z B D.

%5HT Rabll-effector Ub L2 LD U B4 27 U v 7t

BLERZRN Z & 12, Rabll-effector I3 poly- and/or multiple- and/or mono-Ub {1k 73 fi
HEh7ens, €OHTHEHT mono-Ub LA % <M &7z, & 5I(Z, RFFLDN
25 BLIKIT Rabl 1-effector @ Ub {b & ¥, £hids 7 A% —{L ERC I8 5
Rab11-effector O ZfE & —E L7=. Mono-Ub ki35 1 RIAH AAEH <5 1-NAH ALAE
N B RET E VI WENSH D Z &5 5 '®, RFFL 1% Rabll-effector © Ub
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{bIZ & ¥ Rabl1-effector 5 AT RlSOAE G AR ARBIE A RF 22 R AL /48 L T2 WTRE
PEA3#E 2 H3vD. RFFL KO X Rabl1-FIP1C @ Ub{b %8 SH7243, TR ©V
YA 7V TINTEE KT S 2o 7-. Lo L, Rabll-FIP1 KD (X TfR @V
YA V)T RIES RN £ P, Rabl1-FIP1C OFEHEIC Ub E73
B5- L7an XS Winsvy. F72, RFFLKO (2 X % Rabl1-FIP2 @ Ub {Ljgid
IXHERE C X 20 o 7273, RFFL BEIFEHLIZ L VD Rabl11-FIP2 @ Ub {LIZBEIHIZHE N
S 472, Rabl1-FIP2 /X EHD1, Rab11-FIP1, Rab11-FIP5, MYO5B & fHAAEA L,
:%L%@%’Eé\{ﬂ:ﬁzﬁic:%%if&;é STOLY Tk 2 X LC-MS/MS fEFTICEB W T,
Rab11-FIP2 ® MYO5B #i & fE ¥ Ic81F % Ub bV A M &EEKFRE L. Lk
? Z & 735, RFFL X Rab11-FIP1C X° FIP2 @ Ub fkIZ & » TEN B DEAIKIERL
ZHIBEIL CWDATREMERE 2 5 5. ERC (X —BATICET L THEED Z LT,
RE [EIZE— & — & U X7 EOMBAE IR E L, BRI PM~D U YA 7Y
VI MEEENTWD . 55T, RFFL & REERICHENE S47- ERC (28T,
#5 D Rabl1-effector @ Ub {LiZ X » TEAEWEMKZHIEH L, ZhEROB WY A
7V TICEBRL CW D AEEMENE 2 b b.

681 Rabll-effector Ub {L il EIRERE D4 DR R

o~ 1%, BiolD {EIC LY RFFL F&ERT & LTl B F Ll (DUB:
Deubiquitinating enzymes) VCPIP1 (valosin containing protein interacting protein 1)
(kown as VCIP135), USP15 (ubiquitin specific peptidase 15), USP43 (ubiquitin
specific peptidase 43) %A L7 (Fig.10F). VCPIPI | syntaxin 5 @ mono-Ub %
i e F Abd % 2 & T, SNARE AR TV MG 2 i Ei95 2 L s
RSN TUVW 5 % USP15 1% SQSTMI (sequestosome 1) Dffi= B3 F L 1kIZ
T2 R Y — OB R 5 REE ST 5 Y. 45T, RFFL n’i/\l%f
& % DUB L Rabl l-effector O &% F AbZfIE L, VA7 U 7 OMEE
ZHET D REERZ A b D.

50



BTE W

IR O KA b= A, T2 B — N RBIHE % 3 2 EE AN
TTHY, ZOHEERE R B & O Ubfbet > K Y — ABER 1O Ub b3
WEINTWD., ZNETUbITZEE NS LY ~Dx K Y — AR RS 2 B
422 ERB L HESNTE R, £72804, EE DD IV DIERA~O T
EREED 12 THD LU b~ —(RIFAIIEREEICI T 5 Ub (LD FIEIEAE & &
HENTWS. L, Rabll-effector (2125 ERC 2 L7=U A 7 U v JTHERE
HEEEE 1T 5, Ub ORAGIIAE FH HAL TRV,

AWFFETIE, RFFL E3-ligase NEMHAGERIKIC L > T2 B Y — A DOFEED G|
XEZINAZEERA L., 22T, TOEMEN, Fox v F‘V~Al:ﬁ e
WEZRIFZTONEREELT. (G 2 ¥). ZO#EE, EE 225 LE ~Ofiikll

(RFFL O T& 5 AF508-CFTR % R\ TC) 8% KIS0k L C, EE
75 RE 3 X O PM ~DiaiklE, RFFL-DN ZRiKiZ L 7 7 2 % —{k ERC 23
BEi, BHETDLIZENHLNERSTZ.

K12, RFFL-DN Z B ARIC L % 7 T A # —1b ERC B D 531 A J1 = X LR %
AT (B3 HE). ORGSR, RFFL ICHAAERZE AL, E3-ligase 1&ME % ANEME
9% Z & T, RFFL & Rabll-effector DFEAOEMULN S & Z Sni-. 7z,
RFFL-DN Z % {K1Z & 0 Rabll1-effector ® Ub LA E A Lz, LEDZ &
5, RFFL & Rabll-effector D& D EH{L 2% Rabl1-effector @ Ub {L D % 5|
THZIL, 7I7AZ—LERC BB IN DD TIERWNEEZZTND.

%12, RFFL-DN Z8$L{K7388[& (2 Rabll-effector EFHAIEA L7=Z &b,
Rab11-effector 7% RFFL (T X - T Ub fbifilill 2521 F TW 5 AIREMHEN B 2 HiTe.
% ZC, RFFL IZ X % Rabll-effector ® Ub LHIfHIZMEEL 7= (554 &), FDhk
H., RFFL KO |Z X - T Rabl l-effecor ® Rab11-FIP1C @ Ub 1k B A3 B\ I
R &1, RFFL BFEIZEHL Tl Rabl1-FIP2 @ Ub {bAS EFH-L, in vitro Ub {L.14%
% 3EERTlX, £ T? Rabll-effector @ Ub {43 RFFL (2 X » TRk S 7= 2 &
725, Rabll-effector (% RFFL (2L - T Ub (Ll 2521 TWD Z L RRIB S 1L
7=. ¥72, RFFL KO |Z X - T Rab11-FIP1C LI%} @ Rabl1-effector @ Ub k238
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Lo =8l & LT, BiolD %2 HWT RFFL AR+ & LTRIEINL-
E3-ligase 23 > CTW A 72D T EEZ TN 5.

L, RUFEDm S5, RFFL Z#]H & L7z E3 Ub fLEEFRIC XL D
Rabll-effector ® Ub fLiil#lIL, VA 27 U FREICBWTIEFRICEETH D
AREMERE . AEOFERICEY, = RY—AUH A7) TIZBIFS Ub
fEDOBEENZOWTH =M N w7 B 2 Tnwsd (Fig 15). 41%,
Rabl1-effector @ Ub {bd5 L O &% F L A1LIC L 2 HilikAE %2 & 51293 5
T, m U RY—=2 VYA Y TIZEBT D Ub (LD W72 E 2 B 5202 T
XHEBZ TS,

TR

U T @ Adapter activity

mono-Ub E%
A 2. Recycling

EHD1

PM

Endocytic
Vesicle

MICALL1

T 1. Scission

Endosome

Recycling
Endosome

(D Membrane Protein
(Cargo QC)

Lysosome

Figure 15. Molecular mechanisms of RFFL-mediated ubiquitination of Rab11

effectors
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B8E EBROE
EIE EBRAE

TRCICAHISE T W T BB E & 7R T

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

CI-M6PR (D3V8C) Cell Signaling Technology Cat#143364
GM130 (5G8) MBL Cat#M179-3
EEA1 (3C10) MBL Cat#M176-3
Lampl (D2D11) Cell Signaling Technology Cat#9091P

Flag (1E6) Wako Cat#018-22381
HA (16B12) BioLegend Cat#901515
EGEFR (6F1) MBL Cat#MI-12-1
MICALL1 Abnova Cat#H00085377-BO1P
EHD1 abcam Cat#ab75886
Rab11FIP1 (NIN2) GeneTex Cat#GTX117197
Rab11FIP5 NOVUS Biologicals Cat#NBP1-57009
V5 (6F5) Wako Cat#011-23591
Myc (9E10) Wako Cat#017-21871
GFP (mFX75) Wako Cat#012-22541
RFFL SIGMA Cat#HPA019492
GST (5A7) Wako Cat#013-21851
Ubiquitin (FK2) Enzo Life Sciences Cot#302-06751

Alexa Fluor® 594 AffiniPure Donkey

Anti-Mouse IgG (H+L)

JACKSON IMMUNO RESEARCH

Cat#715-585-150

Alexa Fluor® 647 AffiniPure Goat

Anti-Mouse IgG (H+L)

JACKSON IMMUNO RESEARCH

Cat#115-605-146

Alexa Fluor® 488 AffiniPure Donkey

Anti-Mouse IgG (H+L)

JACKSON IMMUNO RESEARCH

Cat#715-545-150

Chemicals, Peptides, and Recombinant Proteins
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DAPI Wako Cat#340-07971
Alexa Fluor 647-Transferrin Thermo Fisher Cat#T23366
TRITC-Dextran SIGMA Cat#T1162
Biotin-EGF Thermo Fisher Cat#E3477
Biotin Wako Cat#023-08716

NeutrAvidin agarose

Thermo Fisher

Cat#29200

Alexa Fluor 568-Streptavidin

Thermo Fisher

Cat#S-11226

HRP-NeutrAvidin

Thermo Fisher

Cat#31001

SuperSignal West Pico

Chemiluminescent Substrate

Thermo Fisher

Cat#34080

ImmunoStar Zeta Wako Cat#297-72403
rapamycin Tokyo Chemical Industry Co., Ltd. Cat#R0097
recombinant Ub Boston Biochem Cat#U-100H

recombinant HA-Ub

Boston Biochem

Cat#U-110-01M

Experimental Models: Cell Lines

HeLa-AF508 CFTR-3HA 33 N/A
HeLa-CFTR-3HA 33 N/A
CFBE-teton-AF508 CFTR-3HA 34 N/A
CFBE-teton-AF508 CFTR-3HA,

This paper N/A
RFFL-WT-BirA*-HA
CFBE-teton-AF508 CFTR-3HA,

This paper N/A
RFFL-H333A-BirA*-HA
293MSR Thermo Fisher Cat#R79507
293MSR-RFFL KO This paper N/A
Recombinant DNA
pDest-eGFP-N1 88 addgene #31796
pDest-RFFL-GFP 34 N/A
pDest-RFFL-A2-44-GFP This paper N/A
pDest-RFFL-A2-10-GFP This paper N/A
pDest-RFFL-A313-363-GFP 34 N/A
pDest-RFFL-H333A-GFP This paper N/A
pDest-RFFL-C316A, C319A-GFP This paper N/A
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pDest-RFFL-CSA, C6A, C10A, C316A,

This paper N/A
C319A-GFP
pDest-RFFL-A2-44, C316A,

This paper N/A
C319A-GFP
pDest-RFFL-A2-10, C316A,

This paper N/A
C319A-GFP
mRFP-Rab5 38 addgene #14437
mRFP-Rab7 38 addgene #14436
DsRed-Rabl11 89 addgene #12679
Lamp1-RFP 90 addgene #1817
mTagBFP2-Rab5 This paper N/A
mCherry-Sec61 91 addgene #49155
mCherry-TGN46 Michael Davidson, unpublished addgene #55145
pME-mCherry-FLAG-CD59-GPI 92 addgene #50378
pLX304-V5 93 addgene #25890
pLX304-BirA(R118G)-HA This paper N/A
pLX304-RFFL-BirA(R118G)-HA This paper N/A
pLX304-RFFL-H333A-BirA(R118G)-HA This paper N/A
pLX304-RFFL-V5 34 N/A
pLX304-RFFL-H333A-V5 This paper N/A
pLX304-HB 34 N/A
pLX304-RFFL-HB 34 N/A
pLX304-RFFL-H333A-HB 34 N/A
PEZY-eGFP 94 addgene #18671
pEZY-eGFP-EHD1 This paper N/A
PEZY-eGFP-MICALL1 This paper N/A
PEZY-eGFP-Rab11FIP1 This paper N/A
pEZY-eGFP-Rab11FIP2 This paper N/A
pEZY-eGFP-Rab11FIP5 This paper N/A
EGFR-GFP 95 addgene #32751
pDest-mCherry-N1 88 addgene #31907
pDest-RFFL-mCherry 34 N/A
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pDest-RFFL-H333A-mCherry This paper N/A
pcDNA-Myc-Bio This paper N/A
pcDNA-Myc-Bio-EHD1 This paper N/A
pcDNA-Myc-Bio-MICALL1 This paper N/A
pcDNA-Myc-Bio-Rab11FIP1 This paper N/A
pcDNA-Myc-Bio-Rab11FIP2 This paper N/A
pcDNA-Myc-Bio-Rab11FIP5 This paper N/A
YFP-tagged FRB (YR) 52 addgene #20148
pDest-EHD1-FRB-GFP This paper N/A
pDest-Rab11-FIP1C-FRB-GFP This paper N/A
pDestRab11-FIP5-FRB-GFP This paper N/A
pEZY-GFP-FRB-MICALL This paper N/A
CFP-FKBP (CF) 52 addgene #20160
pDest-RFFL-FKBP-mCherry This paper N/A
pcDNA3.1(-) HA-Ub This paper N/A
pcDNA3.1 (-) HA-Ub KO This paper N/A
GST-EHDI1 This paper N/A
GST-Rab11-FIP1C This paper N/A
His-Ubel/PET21d 96 addgene #34965
Hisg-sumo-UbcH5c¢ 34 N/A
Hisg-sumo-RFFL 34 N/A
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F2H FEBRITIE

HIE ARk

GripTite 293 MSR cells (293MSR, ThermoFisher) & RFFL KO 293MSR cells I %
DMEM (Wako: Cat#4330085) (Z 10% FBS (SIGMA: Cat#F7524), 500 pg/ml G418

(Wako: Cat#077-06433), Penicillin (100 units/ml) -Streptomtcin (100 ug/ml) (Wako:
Cat#16823191) Z AN L7= & O Z ks sk & LRV,

WT-CFTR-3HA (HeLa-CFTR) # L% AF508-CFTR-3HA (HeLa- AF508) Z27E
= %8 Bl HeLa cells |3 DMEM (2 10% FBS, 2 ug/ml puromycin ( Sigma:
Cat#P9620-10ML), 100 units/ml Penicillin-100 pg/ml Streptomtcin Z ¥ L 7= & @
s IR & LTIV,

RFFL-BirA"-HA # J O' RFFL-H333A-BirA"-HA % /& @ %3 CFBE41o- cells I
MEM (Wako: Cat#5107615) (Z 10% FBS, 200 pg/ml G418, 3 pug/ml puromycin, 10
ug/ml blasticidin  (FHF LR U 4E CattKK-400) 2SI L7- b O % flluRE R A
& L CHW=, B528 113 10 ug/ml Fibronectin (Wako: Cat#6305591)% =—7 «
LR L.

B, TRTOMMBEERIZEKIT 2% ML 10 cm dish (Thermo Fisher:
Cat#172958) & i ffl L 7=.

FH2H B EAEL

AHF5E T, Polyethylenimine (PEI) Max (Polysciences Inc, Warrington, PA) %
WU ART =7 3 a AEIZK D B FEALZIT 7. Plasmid 1 pg (2% L 1pg /ul
® PEI i 3 pl A L7z, £FEMERH (Opti-MEM)IZ PEI % i1z 20 45 == iR
THRISESHETZ (Sol A). €Dk HBIEIGF % Sol A IZINA & B IR T 20 75 FX
Jix & 7= (Sol B). Mifd % 60-80% confluent F TH:# L, M 35 55 H
(Opti-MEM)IZ{&EH#L L7=. % Z1Z Sol B %1 F L, 37°C 5% CO, T 24-48 IFfE] 5558 L
7.
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I fEHOLR s

T X—7" T A (KAR: Cat#83-0200) 25228 U 7= Mifuh b E8IK 2 R &, PBS ()
T 2 [BIfAE & YEiE L, 4% paraformaldehyde in PBS (-) % Iml ., =& T 20 4>
i L, fin & EE Lz, 0%, 0.1% Triton-X100 in PBS (-) % 1ml Mz, =Ri&
TS5 yTEEE L, Ml FaEE L=, PBS (-) 3 [EIPE4F L, 0.5% BSA in PBS (-)
(BSA-PBS) % Iml %, =i T 30 pRIEHEL, iz ey X 7 L. 20
%, BSA-PBS TAIR L7 — kA Z IO TR, 1 Rl —RIURRIS &1 T o 72
—RPURE R, PBS (-) T3 [EIFEH L, BSA-PBS THAM L7 “kPiiEE FHWT
SRR T 1R, ZIRBUERBOG ZAT o 72 ZIRPUKROGHE, MildZ PBS (-) T 3 [A]
BE¥ L, PBS (-) 5000 {758 L 7= DAPI % 500 pl il %, PBS (-) C3[EI¥EE#%, #H
filZ VECTASHIELD mounting medium (VECTOR Laboratories) 3 T8 ProLong
Diamond Antifade Mountant (Thermo Fisher) % W CE AL, IHE L L —W —A
WERIC L0 MA@l L.

Lampl, CI-M6PR, Rab11-FIP1, Rab11-FIP5 (% 0.1% saponin % 1ml i1z, =& T
15 57 EIERE L, a2 % L 72, EHDI1 1% 0.2% saponin % 1ml il 2, ={E T 15
Sy E L, MG 2 g L7z,

AN X T ~—4—T& %, mRFP-Rab5 (addgene #14437), mRFP-Rab7
(addgene #14436), DsRed-Rabll (addgene #12679), mCherry-TGN46 (addgene
#55145), Lamp1-RFP (addgene #1817), mCherry-Sec61 (addgene #49155) % PEI Max
ZHWTEEFEALL.

*) L X HC PL APO 63X/NA 1.40 #4555 U7, LA REAMMEE (SP8, Leica)
WV, B8 1To72. HEBRALERX Photoshop CS6 (Adobe) % fV 7=, ILRTEME
Hr (Pearson’s correlation coefficient 33 & T8 Mander’s correlation coefficient) |3
Volocity 5 (PerkinElmer) % F 7=,

AR AL O B O BUAG 1, LM BT (SPS, Leica) ICHE# S L7z
HyVolution A7 A (Leica Microsystems) % fU /2. x-y-z BEEUEIX, 0.5 Airy
unit pinhole, voxel sizes 43 nm/pixel (x, y - axes), 130 nm/pixel (z - axis) (ZFXE & 1T
~7z. F7z, Huygens Essential software (Scientific Volume Image, Hilversum, The
Netherlands)Z AWV CT a2 v R Y =— g v Lz 72k, BREGERG RSBV
TIENoISNA P LT A N=7T A (FiR: Cat#CS00802) Zfiliffl L7z.
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TR HOL G IR W IR O ARG R &2 FRiICR T

EIRZ RN RS
CI-M6PR (D3V8C() 1:400
GM130 (5G8) 1:200
EEA1 (3C10) 1:500
Lampl (D2D11) 1:200
Flag (1E6) 1:500
HA (16B12) 1:500
EGFR (6F1) 1:100
MICALLI1 1:500
EHDI1 1:500
Rab11FIP1 (NIN2) 1:500
Rab11FIP5 1:500
Alexa Fluor® 594 AffiniPure Donkey Anti-Mouse IgG (H+L) 1:500
Alexa Fluor® 647 AffiniPure Goat Anti-Mouse IgG (H+L) 1:500
Alexa Fluor® 488 AffiniPure Donkey Anti-Mouse IgG (H+L) 1:500
DAPI 1:5000
Alexa Fluor 568-Streptavidin 1:2000

55410 Transferrin uptake assay

HeLa-AF508 cells % serum-free medium (ZC 45 73f] 37 C 12 CTA v F 2X— |
#, 25 [g/ml Alexa Fluor 647-Tf (Thermo Fisher) % #s/N L 7= pre-warmed medium
(CT25 R 37°CIZTA »FaX— L7z, A FaX— &, PBSICT2[H
MfE 2 g L, full medium (2 THIFR] 37°CI2TA v a_— bz, Mifa % [EE
fbtk, FFESPAEE (SPS, Leica) & VY, BIZA2IT-o7-.

P55H  Time-lapse imaging of TR recycling

HeLa-AF508 cells % serum-free medium (2T 45 23 37 C 12 CTA > F 2_— |k
#, 25 Og/ml Alexa Fluor 647-Tf (Thermo Fisher) % #s/l L 7= pre-warmed medium
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([ZT 2.5 W§fH] 37°CIZTA > F =2X— L, PBSI(ZTHIldZEH#%, full medium
IZTC1EERI 37°ClTTA v F 2X— b L7= (T-0). D%, NaKH solution (140 mM
NaCl, 5 mM KCl, 10 mM HEPES, 10 mM glucose, 1 mM CaCl,, 0.1 mM MgCl, pH
7.3) 1ZiZ L, 37°C 2T Time-lapse imaging % 1 F¢f#4T > 7. Time-lapse imaging
X L > X HC PL APO 63X/NA 1.40 % 35535 U 7= S SR (SPS, Leica) %
7o, z-section 13 2 2B EITHS L7, MAIANIZEY AL 72 Alexa Fluor
647-Tf @ fluorescence intensities {3 LAS X software % FHV» THfS: L, Microsoft Excel
Ze AT L 72

#5611 CFTR uptake assay

HeLa-CFTR 3 & Uf HeLa- AF508 cells % anti-HA antibody (16B12, BioLegend)
Z N L7z pre-warmed medium (ZC 2.5 Kfff] 37°C TA »F =2X— K L (T-0),
PBS |2 CH % Petdt%, full medium (2 THREMH] 37°CICTA »Fa~— kLT
Hfa & &2 k%, 0.1% Triton-X100 in PBS (-) (2 T L, Alexa Fluor
594-conjugated anti-mouse IgG (Thermo Fisher) (Z T %« & L 7= . Rescued
AF508-CFTR D 4t anti-HA antibody FSHRITIZ 26°C T 36-48 FffE] A o F 2~ —
U7z, BEF ISR EE (SPS, Leica) Z{FH L7=.

75 CDS59 uptake assay

CD59-Flag (addgene #50378) % HeLa- AF508 cells |2 1= & A L, BSA-PBS
IZC7 1y ¥ 7%, anti-Flag antibody (1E6, Wako) in BSA-PBS % 1 Iff#] 4°C T
A F 2= Lk (T-0). PBSIZTMldZ vt #&, full medium (2 THHHFH] 37
CITTA »rFa— |k Lz, Hifaz @&k, 0.1% Triton-X100 in PBS (-) (2T
%8 L, Alexa Fluor. 647-conjugated anti-mouse IgG (Thermo Fisher) (Z CTHfa L
7z

H8IH  Dextran uptake assay

HeLa-AF508 cells 2 1 mg/ml TRITC-Dextran (Sigma) % #sJ0 L 7= pre-warmed
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medium (2T 1 K¢ 37°C TA »F 2X— | L (T-0), PBS {Z THllf % Ve, full
medium (2T 3 FFfE] 37°C 2 CTA »F oX— | L7z, filld % [E E{b%, 0.1% saponin
I CHE R L, Dextrant & LY ANV H R T ~— 0 — L OILBFLEMNT O -0
anti-Lamp1 (D2D11, Cell Signaling Technology) antibody % g deta L 7-. #1532
(T T BAMEE (SPS, Leica) &1 L7,

#5910 EGF uptake assay

HeLa-AF508 cells % serum-free medium {ZC overnight 37 °C {ZCA > F = X—
4%, 10, 100 ng/ml EGF (PeproTech) ¥ J U 200 ng/ml EGF-Biotin (ThermoFisher)
and streptavidin-Alexa Fluor 594 complex % ¥/l L 7 pre-warmed medium (Z T4 IRf
M 37°CIZTA v Fa— b L. BEREAIZHIT 5 EGFR 1T anti-EGFR (6F1,
MBL) % fv 7=. EGF & AV H % T ~— 01— & OILREMATIL anti-EEA1 (3C10,
MBL) ¥ £ O anti-Lampl (D2D11, Cell Signaling Technology) antibody % i\ 7-.
Lampl efalE 0.1% saponin (& CHER A 1T 72, B2 ILME SBEMMEL (SPS,
Leica) Zfiiffl L7-.

%105 Pull-down assay

293MSR cells % 10 cm dish (Thermo Fisher: Cat# 172958) (Z 60 % confluent {73
% & ORERE L, RFFL 38X Rabll effectors % transfection L7-. Transfection 7>
5 40 FEILL_ERGE U727, 1 ml © Mild lysis buffer (150 mM NaCl, 20 mM Tris,
0.1% NP-40, pH 8.0, supplemented with 1 mM PMSF, 5 pg/ml leupeptin and pepstatin)
IZCTRIEE L, 60 ul @ NeutrAvidin agarose (Thermo Fisher) (2T 2 K] 4°C TA
¥ axX— kL7 ED%, 500 ul @ Mild lysis buffer {2 T 4 [F] Wash &, 10%
-mercaptoethanol & 3 mM biotin Z ¥/ L7z 100 pl 2X Laemmli sample buffer (Z T
1043198 C A > % = ~X— k L Elution L 7. 3=.0:#% (6000 rpm, 157 ft]), supernatant
% SDS-PAGE } T) Western blotting {52 VM 7.

H 113 Western blotting

Western blotting {EIZHIEICE -T2, 70k, L NICEDFiEZRT. £7, A
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0>, Lysis buffer 2 VT, cell lysate Z[BIIX L, BCAJEIC X W Z > X7 BB E1T
W, BV TNDE Ny B —EIC LT, &Y T IO T SDS-PAGE &
Totetk, = hrtr—REIZERE (100 V,2h) L7z B8E L= trtk/inm
— AL 5% AF LI NI T30~ RRTT7 2y F 7 217-572.0.1%
PBS-Tween THEI1%, PBS-Tween THIMR L7z —RFLEEZ VT, =il 1 KEfE,
—RERIGZAT > T2, —RPURROGHER, = et n—XEA2kE L, 0.1 %
PBS-Tween TR L7- “kBUAZ VT, IR 1 B, RPUERISET>7-.
2 PRI TH, = hetkbo—ZRfEAPEE L, Chemiluminescence solution
A 500 ul & Chemiluminescence solution B 500 pl (/1 A > 7 L >) [ImmunoStar Zeta
(Wako)] ZiE¥, ML, =hntro—2WEE L%, LFEELE
LAS-4000miniPR (FUJIFILM) THiH L 7=,

EFF AL R HEORBIZENT, 7 u v ¥k 75 LN HRP-streptavidin
DAL 2.5% BSA in PBS-Tween % U 7z,

Western blotting |2 iV 720K O ARG S Fiic =T,

ik ARG =R
V5 (6F5) 1:1000
Myc (9E10) 1:1000
GFP (mFX75) 1:1000
HA (16B12) 1:1000
RFFL 1:200 (Canget)
GST 1:1000
Ub (FK2) 1:200 (Canget)
HRP-NeutrAvidin 1:5000

51255 In cell Ubiquitin assay

293MSR cells % 10 cm dish (Thermo Fisher: Cat# 172958) (Z 60 % confluent {73
%X 9 L, HA-Ub, RFFL-V5 £ J O Myc-Bio (MB)-EHD1, MB-MICALLI,
MB-Rab11-FIP1C, MB-Rab11-FIP2, MB-Rab11-FIP5 % transfection %, 500 pl @ lysis
buffer (20 mM Tris-HC1 pH7.4, 150 mM NaCl, 1% SDS, 1 mM EDTA) 2 CHlilfd % 7]
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Wb, 10 53 98°C I TARA /L L7z, cell lysates % 27-gauge needle (2 4[] 3
T THEAZED STz 1.5 ml @ 1.33% Triton-X100 buffer 2 T, SDS @
BE% 025%272 5 X 597 L, 60 ul ® NeutrAvidin agarose (Thermo Fisher) %
overnight 4°C TA »F aX— L7z, D%, 2Murea Z ¥ L 7= RIPA buffer
500 ul (ZC 58] Wash %, 10% J -mercaptoethanol & 3 mM biotin & ¥/l L 7= 2X
Laemmli sample buffer 100 pl (2T 10 53] 98°C o > % = ~X— K L Elution L 7=.
0% (6000 rpm, 1 47fE]), supernatant 2 SDS-PAGE } Uf Western blotting {£(Z
AV

#5135 CID assay

HeLa-CFTR ¥ X O HeLa- A F508 cells (2 YFP-FRB, EHDI-FRB-GFP,
GFP-FRB-MICALLI, Rab11-FIP1C-FRB-GFP, Rab11-FIP2-FRB-GFP,
Rab11-FIP5-FRB-GFP, CFP-FKBP, RFFL-FKBP-mCherry % i#&{x 13 Af%, 500 nM
Rapamycin Z¥#A01 L 72 medium % 5 43f] 37°C (2 CTA > Fa— kL7, ful
medium [ZZF L 16 K] 37°C 12 CTA »F 23— b L, [EEL L HLESTEmSEE
(SP8, Leica) (ZCHIZLT-.

%1455 Cellular localization analysis of biotinylated proteins

RFFL-BirA"-HA ¥ X (N RFFL-H333A-BirA -HA % /& i %6 51 CFBE41 0- cells % 50
uM biotin % %0 L 72 medium |Z T overnight 37°C T > F =~— k L7z, FlfafE
EAL#%, 0.1% Triton-X100 in PBS (-) Z# AW EEE L7, & D%, Alexa Fluor
568-conjugated streptavidin (Invitrogen) ¥ £ U anti-HA antibody, Alexa Fluor
488-conjugated secondary antibody & FHUNTYeth L7-. BIETHAE S BAMET (SPS,
Leica) Zfi/H L7z.

%1555  BiolD assay
RFFL-BirA"-HA 335 J. 0% RFFL-H333A-BirA"-HA Z27E & 38 CFBE41o- cells %

Fibronectin =— [ L 72 10 cm dish {Z#5FE L, 50 uM biotin Z ¥ L 72 medium (2
T overnight 37°C TA > % =~X— | L7z. 1 ml @ RIPA buffer (20 mM Tris, 150 mM

63



NaCl, 0.1 % SDS, 1 % Triton-X100, 0.5 % Sodium Deoxycholate)lZ CHllfid & rli{L
#%, 50 ul @ NeutrAvidin agarose (Thermo Fisher) (2T overnight 4°C TA > F =
~N—|h L7, D%, 1 ml @ Wash buffer 1 (1% SDS) T 28], 1 ml @ Wash buffer
2 (0.1% deoxycholic acid, 1% Triton-X100, Im M EDTA, 500 mM NaCl, 50 mM
HEPES) , I ml @ Wash buffer 3 (0.5% deoxycholic acid, 0.5% NP-40, ImM EDTA,
250 mM LiCl, 10 mM Tris-HCIl pH7.4) T 1 [f] Wash &, 50 ul ¢ 2X Laemmli sample
buffer (containing 10% B-mercaptoethanol) (ZC 10 43 98°C £ > F =_— K L
Elution L 7. 15 /[2% (6000 rpm, 1 53[#1) , supernatant - SDS-PAGE, Western blotting
% K O Silver stain {EIZ Nz,

¥165H  Silver stain

Silver stain | EzStain Silver (ATTO: AE-1360) Zffiff L7=. BXUKEI L7127 L
Z 100 ml DFEER (FEEK :40ml+ A% J—/L : 50 ml+ FERE : 10 ml+ S-1 ¥&
# : 1 ml) |22 L, overnight CIRE 9 L7=. [E/EKZEET, 100 ml D 30% A ¥
J =V T2 R0 pEREL, ZAKEKTI1E 10 RSB L. KEKERET,
100 ml DYt GREE/K 0 100 ml + S-2 VK : 1 ml) Zh0%, 10 3fERE L7z,
Yuta it 2 #57C, 100 ml OZRRKZ N Z, 30 FREE L=, R /KA T, 100 ml
DI (FREEK 1200 ml + S-3 VR : 1 ml + S-4 V0% - 1ml) &0z, 30 F0H
ik LTz, RVOREOIZET, B ORAHE 100 ml 2012, @UR%EEGM48IC
7250 LETE CIRE L. BEKZHE T, 100 ml OF EE (ZE84 7K : 100 ml + FE
B2 :1ml) ZMx, 105FRE L. FIEEEET, 100ml OZAEKEMNZ, 5

iR LT,

%5175 Establishment of RFFL KO cells by CRISPR/CAS9 system

RFFL & 15 + £ 12 B 1} 5 guide RNA (gRNA) @ 7% &t 1Z CRISPRdirect
(https://crispr.dbels.jp/) . % FH VM7= . 20-bp guide sequence RFFL gRNA #l
(5°-GGCTCCGAACACTTCTTAAT-3") ¥ LT RFFL gRNA #2 (5’-CACAATGCT
TAGAATGTCGT-3") % pSpCas9(BB)-2A-Puro (PX459) V2.0 (addgene #62988) =
BbslI restriction enzyme site 2 FU N THfA L, RFFL sgRNA expression vectors % {E
4 72 RFFL KO 293MSR cells {3, 293MSR cells (22> RFFL sgRNA expression

64



vectors % co-transfection L, 3 H 3 [g/ml puromycin ([ T1 HELVZ v 3 1%, 1
cell Z 96 well plate D 1 well |Z#EHE L — 0 7 0 — > 2 Ff5 L#SE L7-. RFFL KO
I Western blotting #5356 L O'DNA ¥ —/47 > A LY WEgR L7=. v —/47 > AZRFFL
g 1% PCR (FW primer (5’-GTCCCCAGTACCTGCATTTGATATG-3’), RV
primer (5’-GGGAGGGTGCACACCTAGACACCAT-3")) (ZCHiMmE L, PCR product
% pMD20-T |Z Mighty TA-cloning Kit (Takara Bio) #HWW AL, ¥ —F7 2 A
M 24T - 7.

H185H  TIR recycling assay

293MSR (WT) ¥ L O RFFL KO cells % 24 well plate (Z#5f#E L, serum-free
medium (2T 45 73] 37 C 12 TA »F = X— %, 25 ug/ml Transferrin Biotin-XX
conjugate (Tf-Biotin, Thermo Fisher) % #s/ll L7z pre-warmed medium {Z T 2.5 F¢fH]
ClZTAvF=2~—FL (T-0), PBSIZCHifE% Va4, full medium (2T 4

H#ﬁaﬁ 37°CIZTA ¥ a—| L (T-4). Mz EE#%, 0.1% Triton-X100 in
PBS (-) (2 Tt L, 0.5% BSA-PBS 1T 7 11 v & > 7 %47\, HRP-NeutrAvidin
(Thermo Fisher) in 0.5% BSA-PBS % 1 Kff]={E CA > F 2 X— K~ L7, PBSIZT
AL % 6 [AIPEE#%, Amplex Red (Thermo Fisher) % 20 43 [H =81 T & HRP
15 % plate reader (Varioskan, Thermo Fisher) (2 CHl|iE L7z (544-nm excitation,

590-nm emission wavelengths) .

%1955 Protein purification

His¢-E1 (UBE1, addgene #34965), Hisg-sumo-UbcHS5c, Hisg-sumo-RFFL,
GST-EHD1, and GST-Rab11-FIP1C I BL21 rosetta2 E. coli strain (Merck Millipore)
ZHAWTHBLI® 2. E. coli X 1 mg/ml lysozyme % on ice C 30 73ffl1 o F =
— 1%, sonication Z{T A[¥E{k L7=. His-tagged proteins 33 & OV GST-tagged
proteins (& Ni-affinity ¥5 J2 O Glutathione-affinity % VN CHEHL L 7=.

P5205H  In vitro ubiquitination assay

FEEL L 72 GST-EHDI1 (1.5 [Jg) 1% 0.2 M Hise-E1, 4 [ M Hisg-sumo-UbcH5¢, 2 [ M
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Hisg-sumo-RFFL, 20 (M Ub & {2 45 [ @ reaction buffer (20 mM HEPES pH 7.5,
50 mM NaCl, 5 mM MgCl,, 2.5 mM ATP, 2 mM DTT, and 20 LM MG-132) &iEH,
2 B§f] 37°C TG S /7=, G 501 % Western blotting 5 % F VT RFFL d =
EX T UBRIEEE MR L. R0 oY7L (40 11) A5 Glutathione Sepharose
4B (GE Healthcare Life Sciences) % f\>C GST-EHD1 &8 L, % L 7= EHDI
® Ub fb% Western blotting £ % H T anti-Ub antibody (& THeHH L 7-.
Rabl11-FIP1C @ Ub {kiZ, GST-Rab11-FIP1C (2 [ig) % Glutathione Sepharose 4B Z
[EE{k#%, 0.2 M Hise-E1, 4 (M Hisg-sumo-UbcHS5¢, 2 M Hisg-sumo-RFFL, 20 LM
Ub 20 [l @ reaction buffer & &, 2 IKffif] 37°C Thais L7z, i t%, £iE % Western
blotting 5% fAI\\C RFFL O = &% F U BERIGME%Z 78 L7=. Glutathione
Sepharose 4B 7» 5 GST-Rab11-FIP1C Z &%, ¥ H L 72 GST-Rab11-FIP1C @ Ub
{b% Western blotting 7% H\ T anti-Ub antibody {Z Tkt L 7-.

MICALL1 # XU Rabl1-FIP2 |, MB-MICALL1 I XY MB-Rabl1-FIP2 %
transfection L 7= 293MSR cells %z mild lysis buffer (150 mM NaCl, 20 mM Tris, 0.1%
NP-40, pH 8.0, supplemented with I mM PMSF, 5 ug/ml leupeptin and pepstatin) (2T
"] b L, NeutrAvidin agarose (Thermo Fisher) (2T 2 Iffi] 4°C TA > F = X—

MU L 72, & D%, mild lysis buffer |2 T 4 [A] agarose beads % eif1%, agarose
beads |2 & LG X 4172 MB-MICALLI 35 & OYMB-Rab11-FIP2 & 0.2 uM Hiss-E1,
4 uM Hisg-sumo-UbcH5¢, 4 uM Hisg-sumo-RFFL, 20 uM HA-Ub (BostonBiochem)
% reaction buffer (20 mM HEPES pH 7.5, 50 mM NaCl, 5 mM MgCl,, 2.5 mM ATP, 2
mM DTT, 20 pM MG-132) & IR 2 B 37°C TG L7z, SO, i % Western
blotting /%% VT RFFL O = &' % F L W 1E M 2 ffERd L 7. Agarose beads % mild
lysis buffer {Z T 3 [=], 1% SDS buffer C 3 [=], high salt buffer (20 mM Tris-HCl, pH 7.4,
0.5 M NaCl) C 3 [f], 2 M urea in RIPA buffer (2 C 2 [RI¥EiE L7=. P34 37°C
IZT 5 43 mixing shaker Z fH\\TiT->72. Wash %, MB-MICALLI 5 J& O
MB-Rab11-FIP2 @ Ub1kiL, 10% [ -mercaptoethanol & 3 mM biotin Z#IN L 7=
2X Laemmli sample buffer (Z7C 10 53 98°C A > F = _X— F LIFH L, Western
blotting 7% H\ T anti-HA antibody {Z TR L7=.
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2136 Statistical analysis

ERIT — Z IR THMSL L2325k % 2 [Pl B0 R LTV, 7 — & &%) O
SEM T/RLTW5A. #EHHH E 21X Excel software (Microsoft) % T,
two-tailed paired Student’s t-test |Z & > TR L 7=.

#5225  Transmission electron microscopy (TEM)

TEM [33ERMIZESE Mottt SOBE FBMBRT JIM %= it -C
W

#5231 Scanning electron microscopy (SEM)

SEM (3 3L[RMFFESE E)IER RS I K #EZdz, BIRERTE AFE B B
AT > T W=,

5245 Liquid chromatography coupled to tandem mass spectrometry

EHDI1, MICALLI, Rabl1-FIP1C, Rabl1-FIP2 ® Ub {k¥ A FDREIEIZBIT S
LC-MS/MS ity SO TEERT wfk wh] L, @IE 72 3%, Bl e
HIFZ AT > T2 -,

BiolD assay RFFL f& &A1 [AEIZE 1T 5 LC-MS/MS fi#fTiE BEBF CLST )l
NNF LT T2z,
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