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R, B3 EIFSHIL—BE O RS E k OB H i CE O EHEDNREL, HiT
1TONTH 1 3 EHALkESHMI RS TREN L OB E < BEES T E L,

55 3 BTl — R E
LERNE
LR HITR
RACEREER RS o ARIEDFERT M sl 2=
A complex between phosphatidylinositol 4 kinase Ila and integrin a3f1 is required for
N-glycan sialylation in cancer cells

B am S CH
ey
PR TN WHE - AP TopaEhl i HEe —
Fluorescence quenching-based assay for measuring Golgi endo-a-mannosidase
G /2

RIRRZFRFFE PR gert (L r BB S EprE R
NPCI1L1-dependent intestinal cholesterol absorption requires ganglioside GM3 in
membrane microdomains




LERNE

A complex between phosphatidylinositol 4 kinase Ila and integrin a381

is required for N-glycan sialylation in cancer cells.

Ot AR GRALERERIRT: orF RN EET MIREIES - FEAT)

Forx DT N—T1IDRN MBI CTEL DB FE RBEHEMDOA T =XLNZER LT
%o ZIVE TIZ. DA D T4 & MEST % 8 {s 1 Golgi phosphoprotein 3 (GOLPH3)
GOLPH3 v 7 NRIEEESE L AT 25 2 E3sh=Ra7e NAFEHO > 7 U vk
ICHETHDH Z L 2HRE L7 (Isaji, et. al., JBC.2014), GOLPH3 & Ejfi & LT
/NHERE DOFREIIR - THh DR AT 7 F VA ) ¥ h—/L 4 FF—+ Ila (PI4KIla)
NT¥RENZ, UL, PUKIIa N7 U LfbZz ED X H IR SN 5 OiEr
HTH -7, 7 Vb NEFESESCHMIa R B o FHE 2 fiffr 3 5 7= D12, PI4KIIa
DFBEZIMEITE HFHER ) o~ 7 Z2 7 o (KD) OIS Z ST Lz, THEmEY .
KD #ia Tl PI4P 233 L < il STz, £72. KD Mz ofifaEmic s
Ty 7 VILHEHZ RS T 2 L7 F o oOMEME T L, 512, HPLC TEE
T5 e, EERPEH L T UV IMEEEENE LB LTz, o, 1~
T VBl OVT VI G RRIZIK T LT\, AKT OV Viiglb s A o7
7' v a3 RTFR A ENY KD MifICBW TR T L2 0o, MieRiEo A
T TV ORI EIL control MR S B Lo T, BLREWLZ LT,
AT 7V ad3Bl BEIOPHUKIa IFHFREL, SHIZ, A7 7V adbl B
L OVPI4KIIa O 7 OBEIFHEIL, &> T Vb EHEE L, — KT, AT
VY ad a1 OXRBIZE - T, Mil@EEKo 7V bR BEEICIKT Lz, BLE2
O, MO <121 & WV o T EERBUT PI4KIIa &1 7 7Y > a3B 1
EDBDOEAIRIZE > T T VIMEREINT 52 LIc k- T, RESND LD
BLHHR S TR TR LT,

235 3R
Isaji T, Im S, Kameyama A, Wang Y, Fukuda T, Gu J.
J Biol Chem. 294, 4425-4436 (2019)
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TRk 28 45 [A FEAT (CFRK 28 4F R4 S HUALERMEBL R 2 URR) . BUE, HE
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Too BELREE T ERIERIRFORMEAEDS & FEGHEESR OH R AT
ZLTCWELEZ, AOWFCIZBAED LR THLH HMEBELED T, HES 14V
T 2700 GnTLIC L 2 EME R\ LE Lz, BRLUEA T 27U v ofE
T AR TS OBEVIC L > T H v REEARENEILTHZ 2O LE
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Fluorescence quenching-based assay for measuring Golgi endo-a-
mannosidase

Kanae Sano, Taiki Kuribara, Nozomi Ishii, Ayumi Kuroiwa,
Toshitada Yoshihara, Seiji Tobita, Kiichiro Totani, and Ichiro Matsuo
Chemistry an Asian Journal, 2019, 14, 1965-1969.

DOI: 10.1002/as1a.201900240

T e BERRFELEN WE - AaBRTEEE BEEREHREZS

Golgi endo-a-mannosidase (G-EM) (%3 A G/ IZRFET 5= REIOHENK
IREESR T, T ARG X UAESAE A-arm #&1E D Glei-sMany 75L& I
Do ZORERRMENS, GEM IZIEEREH T n L v 7 2% TV E %
INFEIR N B TV AR A~FR S Tk ST RE S X7 B L OREH A ER e bEE 7 m
TS RTEEIZH D Z DRI I N TV D, AU TITMEN O G-
EM /&2 U 7 V& A4 A TR 5 Z & 25 m L, FRET {EC O % (E#)
ELTHEH T e —T 2T A v Lic, 7705 G-EM 23387 % Gle:Mans i
ZE A%, FRET ~7 & U CIRE RN B EE RS 3B oo Rl v e
BEHILZEA L, BoN-7Fu—71Ck Y GEMEERHEIT-o72L 25, B2
TS DHEATITHEVEEFRE S EN, GEM IEHEZHETE 5 Z L 2R LT,
S bIZ, e —T7 OIER TR HIEPEERIL A E AN LT Z & T a-glucosidase
M2 5425 2 &b T& 7z, AL, Chemistry an Asian Journal @ very
important paper [Z8EH 7,

[ZE A Efua]

Z DRI ER ST —EME SR CEZ B LRI L ET, BELREDOE
EFELSHLHA L BT ET, SEOFG@mIL, BRAHE—-FF L L THRI
T NEROFRIL T, FUTE > TRETARE AR L2 ZEMNG L L TRH LTV
P ki E R D EEoTnE T,

T, BEE R MBE B ZHED b & HEHOL A2 HAE L L, BN
KO EEESR OIEMERE 7' 0 — T DB T ART X iEGBESH O 2 A At %
T2 o TWET, HEHEGR CIILER B S R L E 7 7 A A — /L TKRIBIC
BT DT BRI LD THIWETE IR ENEE, b )ik
BOAFY) IFEZEEICH S HEICHER L ET, BEEFERORELERET D
TRIZEBWNTHE, (LA DOBIKIE - BKMER KR E K ZbT 2728, RelCIEHERE
OMROEITHIE LENT, Hon AR LIEFERZHELT LV L
BEET, FAFZOL I RENENLRER L S>>, BAOOREKEMIM~ET-ED



HL O, BUSOFEEE & A r— 78 EARIISIES Ul i E N L E R D72 &
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L7227 v —7 DRI SV CaotE 23 M3 2k 2 Bl T Z LN T
F L=, N TOMEERBICIZE> TWERA, 5% b2 EE o —7
DB FEHFFEIHRER L7223 6, AN CTOTEMERI A &L B3I & > THrz 7tk
ZRETINTIAT T E TN & BNET,
R MEFE 11 A X1 FEROTFTE TG FORE BT, ==2—Y—F K
712 B2 — K5O Antony Fairbanks JoAED & TH LWMIFZET —~ 2D
ANTWET, =2—T =T NiZwo7=h & LSRN 172 E T, FANETE
T HRFEOWRBREIZEB VT HRBEOFEFKNE L bnE 7, BTt AEIR %
WL TWAHE, BARICBWTE L 04T, BEN-FER S ORE
IZXZ DR ZEITIR > T2l L2 FIINATELETEY £9, mE®RIE. =
HUE TLLLICHREICH L TR I ML, HAROBESRERF S BB T & 5 &
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FEEOERR, BIRE ORI G L BiF £,
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NPC1L1 KR RBE N LD a L AT a— VIR IX
JEefZ2a RASL Y OF T VAT FGM3 20hEE T3

NPC1L1-dependent intestinal cholesterol absorption requires ganglioside
GMS3 in membrane microdomains

Wataru Nihei, Masakazu Nagafuku, Hirotaka Hayamizu, Yuta Odagiri, Yumi
Tamura, Yui Kikuchi, Lucas Veillon, Hirotaka Kanoh, Kei-ichiro Inamori,
Kenta Arai, Kazuya Kabayama, Koichi Fukase, Jin-ichi Inokuchi
J Lipid Res, 2018, 59:2181-2187.

TR ¥ CRBRRZERYERE BYERER (LFEFER RMHEFTRR)

13 [ EE 4~ 737 '8 NPC1L1(Niemann-pick C1 Like DIFfEE T 7 + & ki
NAE~A 70 RAALNZBIEL., I L AT 0 — L2 & Fefila ke & 2 F v
AENDZETHENPOO L AT r—LRINEMH S, L)L, NPCIL1 2 &
%3 L AT v —//VEEOFEM e 5 R I II AR 72 32, RWFSE Tl -
(Z. NPC1L1 |EZZ DEREICIRMEA 7 4 L AWENRE CH LT 7 A3 K GM3 &
VEETHHEEZRM LT,

HEK293T iz 35T GM3 & Al## (GM3S) & &k 2k & 72 HEK293T
GM3SKO fifad CiZ = bu— Lffifd & felg LT, a L AT a— VK772
NPC1L1 OFIRNE Y IAZ D IH S 41, 2 VAT v —) /LI IAHBREME T LT
Wiz, S5, IRERFIETT IV~ T ATH D ApoE BH (ApoEsh)~ 7 2D
GM3S % x4 &7~ ApoEsh/GM3SKO ~ 7 2 Tld, M= L AT 1 — LISENE
ICBEES N TWe, RIZURZ U RTEROa L A7 1 —/LE&IZ OV THRE
BiTo7 & A, ApoEsht =7 2 L g LT ApoEsh/GM3SKO ~ 7 A Cii¥ 1
R VHESFOa L AT e G ENKIBIKT LW, b id GM3S
KRBIZEDEENS DA VAT — VIRINOIK T 2R/ L, fMilaz Huv-met &
[AARIZ GM3S KARIZ L 5 NPC1L1 OfEREIR T2 X4 o/ R Th D, £ 2 T,
GENLDA L AT — VIRINEEZRG L& 25, ApoEshtl <7 2 L bl LT
ApoEsh/GM3SKO v~ U A TIHIGEN LD L AT a— LV RIEIME L, 2L
AT 10— )L DOFEAREIZLE S NPC1L1 OfENER~DEL Y AL HH] S 4T
oo ZHUDOFERIZNPCILL 2 L7CIBE PO Oa L AT 1 — VIRIIZ BN T
o7 ) F Y RINEE R 2 R THEL R L TV D,
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<HEEBRRRSFEM >

Fetegdx /10 o—
e fiAr E—HR
G KA IER
Bh# FrEF 85
HEAFEE BrH SR

BEPRIRTEBIEIZ 31 2 7 v R SRAENR B O re A B A A A& &

PERAPEBIE X, BERFOFERAIED—2>TH Y, BHEAD FE 72 FIKE
BELUTHEE 72> TV D, FERIGHERIEL, BRREN —IK T - T 5 L16%E
ZITo CTHERIIIFEET, #IT2ELEL2Z 6 LTERL. LER- T,
FIAZE R L BBl O - O OJREABZIMIT N EE LD, A7 ¢ v THEIRYE
X, A7 4V IRETHIETIIREITNa—RHT I b—RA, VTR E
DOFETHRERIN TS, BT I RiE, A7 1 3 A ERITIRMER(T > v 3H) 5
7 FEETHAELTRBY, Z< O THENMFEL TS, B Ny D%
BRMEE, 7 UV EREIBITR(C16-20) & 18 & SR I R (C22-26)] o ME i (2- /K i
b ZEFRER)NBRRDIEHRICL T, BT FAERENL 204D, 27
€ APERREIL, A, PERWE, MREMEER Y, SFE I ERERITBVTH
REAEHIEE ZH S TWHD T ENRMBIN TS, L L, FERFHEREIZ T
HAT 4 v AFEIRE ORRRRAFRENCOWTL, REARPTH S, RIFFETIE,
PERIFMERIER T 5 A7 ¢ o THEIEE ORBABTHIRERLHA LT 5720
(2, Bl A7 ¢ THENRE & AT LTz,

WEIRIFET L~ U AREEN AR~ T A, A NV MY My UaFEdE 1 Ak
IRIFE~ T A DB THREAET A7 0 o AFERREN R D Z NP LE. &
BRIMHENCB 592 LT F U BRERNER LTz db/db ~ 7 AT, Zvav it
IRRT7 hvt T X ROBIDBEINT 5 Z &ERHE I TNDH, RIFFET
T aRRAT 4 AFEIRE(Gb3Cer) DIEBIN, 2 hr—/Lb~v 7 A &g L TR
WZ & E WS LT, BERIF I OERIK T & BREEKR T O W 57 23 FIEIZ B 5
52 b, BERFEIECERORBESZMERE 23572 KK v U 2 IZHE R
WEERTHZET, A7 4 APEREOHRELEHFNERZMRTF L. BiEo
AT 4 v TRERRE R B 2 AT LT FE SR, db/db ~ U A L I3RRNC T a RB A7
o v TN A REIEIN L Tz, db/db & KK ~ 7 ADB i<, BT D A
T 4 v AFEIRE SRR EREA LT A0, VI FUELRTONER L
7= ob/ob Sy XA N L Ry kv UaBENE 1 AR~ U A DT 21T > 7=, ob/ob
~ U RIX, db/db = U A LFRLOFBEAL NS Z — R L, oblob ¥ T A~D LT
F o FEHITE Gb3Cer DI BEL, o brn—/L~v 7 A LFELYLE THESE
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7o, BLORZRWNZ L2, A MLV RV b UEEM 1 BBERB~ T A Y, oblob,
db/db < 7 A L [FERRIZE Gb3Cer DFEHLME T L CWe., A MLV MY by Ui
EUERERIF~ T AL, A VAV UDORZIZED LT FURNERK - i &5 RS
RO, ZHUZE Y IRV 7 F U mEE 23 5. 72, KK ~ 7 204, B
SCEERAROER, BE#MAIERLEL Y FUEEZ 2T 5. ZNH05HE
EEREZ DL, FROMEIL, LTFURBIERO Vo R REERE O3B

LCWAZEEREBLTND.

FOE DML TIX, A7 4 IHEREE ORERAENIEE S B 70 5 4y 7 REHS AL BRYEEL
REREBEHEZDLZLRENOSOHD. Leh> T, BERFIEBIEIZ %ﬁb
THBZAT AT 0V IAREIRE O TREZMITT 2 2 &3, WEABLENICE
WChD. AT, @IEREEZ 8 MEAM Lz KK ~ 7 ADOET, M
MR INT 7 o RRWERRE 0N TR 2, ik e~ N7 7-2 07 NE&E
MR W TAT o 72, ZOfE 5, fafn iR 85y 7-fE(C22, €23, C24) 3K HY
ML T\, BERRIEEE D C3H/HeN ~ 7 2 OB g Tlx, KK ~ 7 2 O Bl TF&
BOME 2-KERACIEREE SRS A L= RSB L T,

LREOFRER LIV, 7 aRRPERE OWREBIEKR~OEGENRBEINDL Z LD,
BRI PE R E DI REIZ RIS B e RIESSIT I 1T 5, 7 v RRIERRE O KIEAE
EEOFREZ b MRS~ 2Bk~ n 7y —VEHWCGHE L. 20
FEH MR EH 7 o AR R HEAEE 1%, Toll-like receptor 4 (TLR4) VU 4 > K (LPS,
HMGB1)DFLE TR, TLR4 BRI RN DT 4 7Y 2 b —F — & L CRIEMETE
MaEFESOZ LR s (Fig. 1. mIMERRIED BRI L0, KRB L
FEEW(AGEs) DFEASCERL A B L ARFHR I, B~~~ n 77—
DL A 7 Al TLR4 IS EA-3 5. AT, PR TIE LPS X°
HMGB1 72 EFoMmHPRES EH 35 Z E0nb, BIRIIRENEE SN0 REE
(Zha> TS, L7 F IR TENZAEN LA = L % —{H & T I B
DI TR, GEMICHERT 5 2 & TRIEMEY A S A D4y a i L
RIESONZ B G-3 5. KIEMEY A M A 1T, Wﬁ%%ﬁ@@7mTﬁﬁﬂg@
FHZEMIED., LT, mEMEARIC LY IR LBV & 5
REINT VT F o0, BigD 7 v REEREEORB 2N, EinLzsm
RRFENEE A, TLR4 U 4> RAEE T, TLR4 I[C/Ef+ 5 = & TRIER S 2R L,
BRI PERE DR REZRICEE G- L TV D Z EMARFE L D R &b, LT
IZ L DB 7 o R RHERE ORI A =X LD I LRHMINCL Y, FER
o BE O B 72 72 B WHECTE B O R IC SN 5 Z E RTINS,
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A Homeostasis B Pathological state C
(Obesity, Diabetes, etc.)

Gb3Cer Gb3Cer (VLCFA) Gb3Cer
GEE Gb4Cer s + Gb4Cer (VLCFA) Gb4Cer

— K

Activaftion J Activation & Activation

paf| [y — faf{ o | (07 e fofffny) | o o3 —> (0o
TLR4 TLR4 TLR4

Monomer Monomer Monomer
Signaling Signaling

NF-xB NF-xB

~ o

Host Defence Chronic Inflammation

H
H

Fig. 1. Gb3Cer and Gb4Cer ® TLR4 ¥ 7 FWIZEIT B EEEH

A: TLR4 signaling by LPS. Dimerization of TLR4/MD-2 units required, at

least, one molecule of LPS. B: Synergistic activation of TLR4/MD-2 by LPS and
Gb3Cer/Gb4Cer. Gb3Cer/Gb4Cer associate with TLR4/MD-2 complex as
modulator in presence of LPS, and enhance inflammatory response through

trans-interaction. C: Gb3Cer/Gb4Cer alone could not induce activation of
TLR4/MD-2 complex.

<FERFWIL >
1. Overexpression of HexCer and LacCer containing 2-hydroxylated fatty acids in

cholangiocarcinoma and the association of the increase of LacCer (d18:1-h23:0) with
shorter survival of the patients. Silsirivanit A, Phoomak C, Teeravirot K, Wattanavises
S, Seubwai W, Saengboonmee C, Zhan Z, Inokuchi J, Suzuki A, Wongkham S (2019)
Glycoconj. J. 36, 103-111.

Visual Function in Mice Lacking GM3 Synthase. Hiraoka M, Ohkawa E, Abe A, Murata
M, Go S, Inokuchi J, Ohguro H (2019) Curr. Eye Res. 44, 664-670.

Serum GM3(d18:1-16:0) and GM3(d18:1-24:1) levels may be associated with
lymphoma: An exploratory study with haematological diseases. Nishikawa M, Kurano
M, Nitta T, Kanoh H, Inokuchi J, Yatomi Y (2019) Sci. Rep. 9, 6308.
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Abstract

Alteration of glycosphingolipid (GSL) expression plays key roles in the pathogenesis and patho-
physiology of many important human diseases, including cancer, diabetes and glycosphingolipi-
dosis. Inflammatory processes are involved in development and progression of diabetic
nephropathy, a major complication of type 2 diabetes mellitus. GSLs are known to play roles in
inflammatory responses in various diseases, and levels of renal GSLs are elevated in mouse mod-
els of diabetic nephropathy; however, little is known regarding the pathophysiological role of
these GSLs in this disease process. We studied proinflammatory activity of GSLs in diabetic
nephropathy using spontaneously diabetic mouse strain KK. Mice were fed a high-fat diet (HFD)
(60% kcal from fat) or normal diet (ND) (4.6% kcal from fat) for a period of 8 wk. HFD-feeding
resulted in quantitative and qualitative changes of renal globo-series GSLs (particularly Gb3Cer),
upregulation of TNF-a, and induction of renal inflammation. Gb3Cer/Gb4Cer treatment enhanced
inflammatory responses via TLR4 in TLR4/MD-2 complex expressing cells, including HEK293T,
mouse bone marrow-derived macrophages (BMDMs) and human monocytes. Our findings sug-
gest that HFD-induced increase of Gb3Cer/Gb4Cer positively modulate TLR4-mediated inflamma-
tory response, and that such GSLs play an important pathophysiological role in diabetic
nephropathy.

Key words: diabetic nephropathy, Globo-series GSLs, renal inflammation, TLR4 ligands, Toll-like receptor 4

Introduction

Diabetic nephropathy, a major complication of type 2 diabetes mel-
litus (T2DM), is defined histologically by renal changes such as dif-
fuse mesangial cell proliferation, mesangial matrix expansion,
diffuse or nodular glomerulosclerosis, podocyte loss, glomerular
basement membrane thickening, tubulointerstitial fibrosis and

atrophy, hyaline arteriolosclerosis, and arterial sclerosis, and is asso-
ciated with (micro)albuminuria and reduced glomerular filtration
rate (Alsaad and Herzenberg 2007; Fioretto and Mauer 2007).
Morphological changes as above involve genetic factors, and are
based on biochemical and hemodynamic changes (Vardarli et al.
2002; Lee et al. 2005; Freedman et al. 2007; Kanwar et al. 2011).
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Biochemical changes arise from immune cell-mediated inflammation,
a key causative factor in pathogenesis of diabetic nephropathy.
Inflammatory cytokines (e.g., TNF-a, IL-6, IL-1p) are secreted from
infiltrated and activated macrophages, and are enhanced by oxida-
tive stress through increased levels of reactive oxygen species (ROS)
(Pai et al. 1996; Das and Elbein 2006; Yoshida and Tsunawaki
2008; Elmarakby and Sullivan 2012; Badal and Danesh 2014).

Glycosphingolipids (GSLs) consist of hydrophilic oligosacchar-
ides and hydrophobic ceramide (Figure 1A). Ceramide species are
composed of sphingosine linked to a particular fatty acyl chain by
amide bond (Figure 1B). Ceramide acyl chains vary in chain length,
degree of saturation and presence/absence of a-hydroxylation
(Figure 1B). GSLs containing a variety of ceramide structures are
crucial components of plasma membranes. GSLs play key roles in
fundamental biological processes such as development, cell adhe-
sion, and signaling (Hakomori and Igarashi 1995; Hakomori et al.
1998; Tagami et al. 2002; Yu et al. 2009). Numerous previous
reports have demonstrated pathophysiological involvement of GSLs
in kidney diseases, including lupus nephritis, polycystic kidney dis-
ease, Fabry disease, renal cancer, hemolytic uremic syndrome and
diabetic nephropathy (Obrig et al. 1993; Zador et al. 1993;
Deshmukh et al. 1994; Biswas et al. 2006; Biancini et al. 2012;
Grove et al. 2014; Nowling et al. 2015; Subathra et al. 2015). A
2015 study showed involvement of glucosylceramide (GlcCer) and
lactosylceramide (LacCer) in fibrosis, extracellular matrix produc-
tion, and hypertrophy of kidney cells (Subathra et al. 2015). Aside
from this, little is known regarding roles of GSLs in pathophysiology
of diabetic nephropathy. GSLs evidently play important roles in
inflammatory responses contributing to various diseases (Kim et al.
2002; Ohmi et al. 2011; De Francesco et al. 2013), but no study to
date has focused on such role of GSLs in diabetic nephropathy.

To test the hypothesis that GSLs play a pathophysiological role
in inflammatory responses contributing to diabetic nephropathy, we
used a mouse model of T2DM with high-fat diet (HFD). T2DM and
diabetic nephropathy in humans are complex diseases that involve
polygenic factors and environmental factors, such as obesity and
sedentary lifestyle (Vardarli et al. 2002; Lee et al. 2005; Freedman
et al. 2007; Kanwar et al. 2011; Wu et al. 2014). We analyzed asso-
ciations between renal GSLs and renal inflammation using KK mice.
This strain is a useful model for studies of T2DM and diabetic
nephropathy because it displays correlations between polygenic fac-
tors and susceptibility to these disease processes (Shike et al. 2001;
Fan et al. 2003). We fed KK mice with HFD to more closely simu-
late pathological conditions associated with human T2DM and

diabetic nephropathy, and observed for the first time increased levels
of renal globo-series GSLs under such condition. Globo-series
GSLs enhanced TLR4-mediated inflammation in both mouse bone
marrow-derived macrophages (BMDMs) and human monocytes.
Our findings indicate that globo-series GSLs act as a positive modu-
lator on TLR4-mediated inflammatory response, and play a role in
pathophysiology of diabetic nephropathy.

Results

HFD feeding induces obesity, hyperglycemia and renal
inflammation in KK mice

Inbred mouse strain KK was established in 1957 from an inbred strain
of native Japanese mice that spontaneously developed diabetes of poly-
genic origin. Many diabetic characteristics (glucose intolerance, insulin
resistance, hyperinsulinemia, moderate hyperglycemia, hyperlipidemia,
hypercholesterolemia, hyperleptinemia, histological changes of renal
glomerulus) are associated with obesity in KK mice (Makino et al.
1985; Igel et al. 1998; Suto et al. 1998; Okazaki et al. 2002), and these
mice are often used in studies of diabetes and diabetic complications.
To elucidate the pathophysiological role of GSLs in diet-induced dia-
betic nephropathy, we introduced HFD at age 8 wk in one group of
KK mice, while another group was maintained on normal diet (ND) as
a control. Initial body weight (at age 8 wk) and final weight (at age 16
wk) for the two groups are shown in Figure 2A. Comparative values of
three parameters at 16 wk in the two groups (hereafter referred to sim-
ply as “HFD” and “ND” for convenience) were: final body weight
(ND, 35.4 +£2.5g; HFD, 45.9 + 2.4 g; P < 0.001) (Figure 2A), weight
gain (ND, 127 + 8.5%; HFD, 163 + 8.5%; P < 0.001) (Figure 2B),
non-fasting blood glucose (ND, 214 + 51 mg/dL; HFD, 328 + 126 mg/
dL; P < 0.01) (Figure 2C). Each of these parameters was significantly
increased in HFD relative to ND. Blood glucose level in HFD was indi-
cative of hyperglycemia. Renal inflammation was assessed by measur-
ing TNF-a gene expression level by quantitative PCR. TNF-a level was
significantly higher in HFD than in ND (Figure 2D). These findings
indicate that HFD feeding induced nephritis in KK mice.

Increased levels of renal GSLs in HFD-fed KK mice

GSL levels are elevated in kidneys of mice with various renal dis-
eases (diabetic nephropathy, lupus nephritis, polycystic kidney dis-
ease) (Deshmukh et al. 1994; Nowling et al. 2015; Subathra et al.
2015). We examined quantitative and qualitative changes of GSLs
in kidneys of ND and HFD. HPTLC analysis revealed that levels of
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Fig. 1. Biosynthetic pathways and structural diversity of glycosphingolipids. (A) GSL biosynthetic pathways. (B) Structures of GSL molecular species.
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neutral GSLs were significantly higher in HFD, whereas acidic GSL
levels did not differ notably between the two groups (Figure 3A, B).
Increase in HFD was particularly notable for globo-series GSLs
(Gb3Cer and Gb4Cer) (Figure 3A). We further analyzed Gb3Cer
level, which showed the greatest increase. Densitometric analysis of
HPTLC data showed a 4.7-fold increase of Gb3Cer level in HFD
(Figure 3C). Gb3Cer is synthesized from LacCer by A4GALT, and
is then converted to Gb4Cer by B3GALNT1 (Figure 1A). In a search
for possible causes of Gb3Cer metabolism abnormalities in HFD,
we assessed renal expression levels of A4galt (Gb3Cer synthase
gene) in HED vs. ND. A4galt expression level was significantly high-
er in HFD (Figure 3D). The higher contents of Gb3Cer/Gb4Cer in
HFD can therefore be explained, at least in part, by increased
Gb3Cer synthase expression level. LC-ESI-MS/MS analysis detected
26 molecular species of Gb3Cer and 18 molecular species of
Gb4Cer carrying ceramide (Figure 4A, B) or phytoceramide (phyto-
Gb3Cer, phyto-Gb4Cer) (Figure S1). These species were increased
significantly in HFD compared to ND. In particular, there were
elevated levels of three species, d18:1-16:0, d18:1-22:0 and d18:1-

A
60 OND 200 -
sk
50 { m HFD *%
= S 150 4
< 40 St T
= =
20 =z
g 30 b 100 -
=
g 20 3
= 2 50 -
10 4
0 T T 0 T
Initial Final ND HFD
(8wks) (16wks)

24:0, in Gb3Cer/Gb4Cer species (Figure 4A, B). Total Gb3Cer level
(calculated as sum of values from the 26 molecular species) was
6.2-fold higher for HFD than for ND (Figure 4C), consistently with
results from HPTLC/densitometry (Figure 3C). Total Gb4Cer level
(calculated as sum of values from the 18 molecular species) was
2.8-fold higher for HFD than for ND (Figure 4D).

For our analyses, we define fatty acids (FAs) with chain length
<20 carbons as long chain fatty acids (LCFAs) and those with chain
length >20 carbons as very long chain fatty acids (VLCFAs) accord-
ing to previous report (Kihara 2012). In KK mouse kidney, the three
most abundant species, d18:1-16:0, d18:1-22:0 and d18:1-24:0,
accounted for more than half of the total in Gb3Cer (Figure S1E) or
Gb4Cer (Figure S1F) species. Among these species, the proportion
of d18:1-22:0 species, VLCFA, was increased markedly in HFD
(Figure S1E, F). The elevated levels of renal Gb3Cer/Gb4Cer carry-
ing VLCFAs (saturated FAs: 22:0, 23:0, 24:0; monounsaturated
FAs: 24:1; o-hydroxy FAs: h22:0, h23:0, h24:0; monounsaturated
and o-hydroxy FAs: h24:1) were higher than the elevated levels of
Gb3Cer/Gb4Cer carrying LCFAs (saturated FAs: 16:0, 18:0, 20:0;
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Fig. 2. Obesity, hyperglycemia, and renal inflammation in HFD-fed KK mice (hereafter referred to as “HFD”). (A) initial (age 8 wk) and final (age 16 wk) body
weight (n = 8 for each group). (B) Weight gain (n = 8 for each group). (C) Non-fasting blood glucose of ND and HFD fed for 8 wk (n = 13 for each group). Data
shown are mean + SD. *P < 0.01, **P < 0.001 for comparison with ND (by Student’s t-test in A, B; Welch’s ttest in C). (D) mRNA expression level of TNF-a
shown as box plot (n = 4 for each group). *P < 0.05 vs. ND, by Mann-Whitney unpaired test.
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Fig. 3. Strong increase in renal globo-series GSL levels in HFD. (A, B) Neutral (A) and acidic (B) GSLs extracted from ND and HFD kidneys were spotted on
HPTLC plates and developed as described in Materials and methods. (C) Comparison of kidney Gb3Cer levels under ND and HFD. (D) Quantitative RT-PCR ana-
lysis of Gb3Cer synthase gene A4galtin kidney. n = 4 for each group. *P < 0.01, **P < 0.001 vs. ND, by Student'’s t-test. Data shown are mean + SD.
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Student’s t-test (F). Data shown are mean + SD.

a-hydroxy FAs: h16:0, h18:0, h20:0) in comparison between ND
and HFD (Figure 4E, F). These findings indicate that HFD feeding
produces quantitative and qualitative changes of renal Gb3Cer and
Gb4Cer, and suggest that these alterations of Gb3Cer and Gb4Cer
molecular species plays a pathophysiological role in diet-induced
diabetic nephropathy.

Involvement of globo-series GSLs in renal
inflammatory responses

In view of the greatly altered renal Gb3Cer/Gb4Cer levels in HFD-
induced diabetic nephropathy, we examined the roles of globo-series
GSLs in inflammatory responses associated with diabetic nephropa-
thy. Enzyme-linked immunosorbent assay (ELISA) was used to
measure production of TNF-a by mouse BMDMs or human mono-
cytes stimulated with LPS (0.25 ng/mL and 0.1 ng/mL, respectively)
plus Gb3Cer or Gb4Cer (each 0, 2.5, 5, 10 uM) (Figure SA, B). We
used commercially available Gb3Cer/Gb4Cer carrying VLCFAs
(C22, C24) as major molecular species (Figure S2), and these
molecular species were selectively increased in kidney by HFD feed-
ing (Figure 4A, B). A higher TNF-a level was produced by co-
stimulation with LPS and Gb3Cer/Gb4Cer than by stimulation with
LPS alone (Figure SA, B), but the degree of this effect declined as
Gb3Cer/Gb4Cer concentration increased (Figure SA). Human IL-6
and IL-12/23 levels also higher by co-stimulation with LPS and these
GSLs than by stimulation with LPS alone (Fig. S4).

23

To determine the selectivity of Gb3Cer/Gb4Cer for TLR4, we
assessed specificity of these GSLs for TLRs using TLR4/MD-2-over-
expressing HEK293T cells or TLR ligands for TLR4, 1/2, 5, 7/8 and
2/6. We observed that a higher NF-kB activity was induced in
response to co-stimulation with LPS (20ng/mL) and Gb3Cer/
Gb4Cer (each 3, 10, 30 ng/mL) than by stimulation with LPS alone
in TLR4/MD-2 overexpressing HEK293T (Figure 5C). The degree
of NF-«B activity declined as these GSLs increased, consistent with
the result of co-stimulation of mouse BMDMSs as shown in figure
5A. Gb3Cer/Gb4Cer also selectively enhanced human IL-6 (hIL-6)
production induced by TLR4 ligands, LPS and HMGB1, but not by
ligands for TLR1/2, 5, 7/8 and 2/6 (Figure 5D). However, these
GSLs alone did not have the ability to produce hIL-6 via TLR4.
These results indicated that Gb3Cer/Gb4Cer selectively and posi-
tively modulates TLR4-mediated inflammatory response in human
and mouse monocytes/macrophages.

Discussion

Diabetic nephropathy is a major complication of T2DM arising
from genetic factors and environmental factors. Associations
between renal GSLs and diabetic nephropathy have been reported in
several animal models (Masson et al. 2005; Grove et al. 2014;
Subathra et al. 2015). The db/db mouse model used in the above
studies has a diabetic phenotype resulting from a single gene

610z Jaquieldas GO uo Jasn ueyoyso| nyebieq exyeA Noyol Aq S/E6615/092/S/6210Bsqe-ajo1e/qooA|B/woo dnoolwepeose//:sdiy wWoll pepeojumod



264 T Nitta et al.
A mTNF-o B hTNF-o. C NF-xB
Mouse BMDMs _ Human monocytes HEK293T (TLR4/MD-2)
120 17 - 07 4. 127 5.
s O Gb3 2 354 [C1Gbh3 £ 104 [JGb3
210 1 mGhs R 7 5| WGH - Z W Gbd -
— sk — ,—l < XN
801 T 2. . S 81 i
-g ok g g S
S 60 S 20 & 6
= = 5
2 < 151 ]
407 g 2 4
< E 101 £
Z 20 ﬁ 7 5. |‘T‘| 3 2
0Ll—0"L 0L . . 0 |I|
GSL(uM) - - 25 5 10 25 5 10 GSL(uM) - - 5 5 GSL(uM) - N 3 10 30 3 10 30
LPS (0.25 ng/ml) LPS (0.1 ng/ml) LPS (20 ng/ml)
hIL-6
D Human monocytes
16 O-
141 O Gb3 (5 M)
M Gb4 (5 uM) s
127 1
=
"% 104 ook
o 8
E7 6 ,—l**
© £
4 - ,_l
N [] i il i Nfm
0 i T Ill T ,_-L‘ T T T T
LPS HMGB1 Pam3CSK4 Flagellin R848 MALP-2
" (0.2 ng/ml) (10 pg/ml) (0.4 pg/ml) (50 ng/ml) (0.5 pg/ml) (1.0 ng/ml)
TLR4 TLR1/2 TLR5 TLR7/8 TLR2/6

Fig. 5. Globo-series GSLs selectively affect inflammatory responses via TLR4. A: ELISAs for murine TNF-a in BMDM culture supernatant following treatment
with LPS (0, 0.25 ng/mL) plus Gb3Cer or Gb4Cer (0, 2.5, 5, 10 uM). TNF-a amount was normalized to nontreated control and expressed as ratio. n = 4 for each
group. **p < 0.01 vs. group treated with LPS only; Tp < 0.05, "'p < 0.01 vs. group treated with LPS only, by Dunnett's test. B: ELISAs for human TNF-« in human
monocyte culture supernatant following treatment with LPS (0, 0.1 ng/mL) plus 5 uM Gb3Cer or Gb4Cer. TNF-a amount was normalized to nontreated control
and expressed as ratio. n = 3 for each group. **p < 0.01, by Dunnett’s test. C: TLR4/MD-2-overexpressing HEK293T cells were transfected with NF-xB luciferase
construct and stimulated with LPS (0, 20 ng/mL) plus Gb3Cer or Gb4Cer (0, 3, 10, 30 uM). Luciferase activity was normalized to nontreated control and expressed
as relative luciferase activity. n = 4 for each group. **p < 0.01 vs. group treated with LPS only; "'p < 0.01 vs. group treated with LPS only, by one-way ANOVA.
D: ELISAs for human IL-6 in human monocyte culture supernatant following treatment with TLR ligands (TLR4: LPS, human recombinant HMGB1; TLR1/2:
Pam3CSK4; TLR5: Flagellin; TLR7/8: R848; TLR2/6: MALP-2) plus 5 uM Gb3Cer or Gb4Cer. n = 4 for each group. **p < 0.01, by Dunnett’s test. Data are shown as

mean + SD.

mutation for leptin receptor. However, obesity, T2DM, and diabetic
nephropathy in humans are polygenic diseases. We therefore used
mouse strain KK, a polygenic disease model, for analysis of diabetic
nephropathy. Levels of renal globo-series GSLs (Gb3Cer, Gb4Cer)
were strikingly increased in HFD (Figure 3A). These GSLs were also
increased by HFD feeding in nondiabetic C3H/HeN mice
(Figure S3). L.J. Siskind’s group (Subathra et al. 2015) and J.A.
Shayman’s group (Zador et al. 1993) reported increased levels of
renal GSLs (HexCer, LacCer, GM3) in db/db mice with diabetic
nephropathy and in Sprague-Dawley rats with streptozotocin-
induced diabetes. Our findings and previous reports implicated the
GSL species in pathophysiology of diabetic nephropathy.

In the present study, enhanced levels of globo-series GSLs
resulted, at least in part, from increased gene expression of Gb3Cer
synthase (Figure 3D). Increased Gb3Cer synthase expression has
been observed in response to LPS and inflammatory cytokines such
as IL-1 and TNF-a (van Setten et al. 1997; Hughes et al. 2000;
Okuda et al. 2010; Kondo et al. 2013). Indeed, renal expression of
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TNF-o gene was higher in HFD than in ND in the present study
(Figure 2D).

We used LC-ESI-MS/MS to evaluate differential levels of renal
Gb3Cer/Gb4Cer molecular species in HFD vs. ND. Contents of
d18:1-16:0, 22:0, 24:0 species were significantly higher in HFD than
in ND (Figure 4A, B). The proportion of d18:1-22:0, VLCFA, to the
total Gb3Cer/Gb4Cer species was increased markedly in HFD com-
pared to ND (Figure S1E, F). These results suggest that these species,
specifically VLCFA species, are involved in pathophysiology of
diabetic nephropathy. Hyperglycemia typically results in renal
macrophage infiltration and renal inflammation, both of which con-
tribute to pathogenesis and pathophysiology of diabetic nephropathy
(Chow et al. 2004; Navarro-Gonzalez et al. 2011). Therefore, we
assessed proinflammatory activity of Gb3Cer/Gb4Cer in TLR4/MD-
2-overexpressing HEK293T cells, mouse BMDMs and human
monocytes (Figure SA-D). Gb3Cer/Gb4Cer enhanced inflammatory
response in the presence of TLR4 ligands, LPS and HMGBI1, but nei-
ther in the absence of the ligands nor in the presence of the other
ligands (Figure 5D). The effects of Gb3Cer/Gb4Cer on TLR4-
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mediated inflammatory response declined as concentration increased
(Figure 5A, C). Furukawa’s group has reported that Gb4Cer is an
endogenous ligand of TLR4/MD-2, and that Gb4Cer negatively
regulated TLR4/MD-2 complex at a dosage higher than the one we
used for immune cells (Kondo et al. 2013). Therefore, Gb4Cer
appears to be capable of enhancing inflammatory response at lower
concentrations, and suppressing inflammatory response at higher
concentrations (Figure 5A, C). These results indicated that Gb3Cer/
Gb4Cer alone would not be able to induce inflammatory response
via TLRs but selectively and positively modulate TLR4-mediated
inflammatory response in presence of TLR4 ligands. However, the
mechanism how Gb3Cer/Gb4Cer enhances TLR4-mediated inflam-
matory response remains unclear. Previous studies have been demon-
strated that GSLs implicated in TLR4 signaling on the microdomain
(Cai et al. 2013; Nikolaeva et al. 2015; Mobarak et al. 2018).
However, our results support that Gb3Cer/Gb4Cer associates with
TLR4 as a modulator, and induces TLR4 signaling through trans-
interaction rather than cis-interaction between these GSLs and TLR4
on the microdomain because Gb3Cer/Gb4Cer did not enhance
inflammatory response via TLR1/2, TLRS, and TLR2/6 that located
on the plasma membranes. In addition, Furukawa’s group has
reported recently that Gb4Cer bind to MD-2 by binding assay using
radiolabeled Gb4Cer (Kondo et al. 2013). Therefore, we propose the
current model (Figure 6) whereby Gb3Cer/Gb4Cer modulates
TLR4-mediated inflammatory response in the presence of TLR4
ligands by binding to TLR4/MD-2 complex. It is known that TLR4
signaling is required for the homo-dimerization composed of two
units of TLR4/MD-2/LPS complex after LPS binding to TLR4/MD-2
units (Park et al. 2009). Interestingly, Saitoh et al. reported that, at
least, a single TLR4 ligand could induce TLR4 dimerization
(Figure 6A) (Saitoh et al. 2004), suggesting that there is still room
for one more ligand to interact with dimeric TLR4/MD-2 complex.
Therefore, Gb3Cer/Gb4Cer might bind to the empty side of TLR4/
MD-2 units, and enhances TLR4 signaling mediated by LPS which
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binds to the other side of TLR4/MD-2 units (Figure 6B). However,
Gb3Cer/Gb4Cer alone would not be able to induce activation of
TLR4/MD-2 complex (Figure 6C).

Previous reports (van Setten et al. 1997; Legros et al. 2017)
showed that Gb3Cer and Gb4Cer are abundant in human renal
glomerular cells, and that these cells and KK mouse kidney cells
have similar expression patterns of certain molecular species.
Gb3Cer in human renal glomerular cells is increased in response to
proinflammatory cytokines (van Setten et al. 1997). Circulating
endotoxin and HMGBT1 levels, TLR4 ligands, are elevated in both
humans and mice with T2DM (Brun et al. 2007; Creely et al. 2007;
Al-Attas et al. 2009; Wang et al. 2015). HMGB1 is also up-
regulated in mouse mesangial cells under high glucose levels (Chen
et al. 2015). Given that Gb3Cer and Gb4Cer are up-regulated by
proinflammatory cytokines and affect TLR4-expressing cells, such
as macrophage and mesangial cells (Kaur et al. 2012), these GSLs
might exacerbate and prolong renal inflammation in diabetic
nephropathy.

Taken together, our findings suggest that the effect of Gb3Cer/
Gb4Cer via TLR4 play an important role in the pathophysiology of
diet-induced diabetic nephropathy.

Materials and methods

Animals and feeding conditions

Eight-week-old male KK/Ta mice (CLEA Japan; Tokyo, Japan) were
divided randomly into two groups. The control group was fed nor-
mal diet (ND) (CE-2; CLEA Japan), while the HFD group was fed
high-fat diet (HFD) (D12492; Research Diet; New Brunswick, NJ)
ad lib for 8 wk. Kidneys and blood (from right ventricle) were har-
vested after sacrificing animals. Non-fasting blood glucose was mea-
sured using Accu-Chek Aviva strips (Roche DC; Japan).

Monomer

NF-kB

Fig. 6. Working hypothesis for the action of Gb3Cer/Gb4Cer on TLR4 signaling. (A) TLR4 signaling by LPS. Dimerization of TLR4/MD-2 units requires, at least,
one molecule of LPS (Saitoh et al. 2004). (B) Synergistic activation of TLR4/MD-2 by LPS and Gb3Cer/Gb4Cer. Gb3Cer/Gb4Cer associates with TLR4/MD-2 com-
plex as a modulator in presence of LPS, and enhances inflammatory response through trans-interaction. (C) Gb3Cer/Gb4Cer alone would not induce activation

of TLR4/MD-2 complex.
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Analysis of GSLs

Lyophilized kidney tissue was extracted with chloroform/methanol
(2:1 and 1:1, v/v). Total lipids were separated into acidic and neutral
fractions on DEAE-Sephadex A-25 anion-exchange columns (GE
Healthcare Life Sciences). Acidic and neutral lipids were de-
esterified by mild alkaline hydrolysis and desalted using a Sep-Pak
C18 cartridge (Waters; Milford, MA). Acidic and neutral GSLs
(respective protein equivalent 1000 pg and 200 pg) were spotted on
HPTLC plates, developed respectively with chloroform/methanol/
0.2% CaCl, (55:45:10, v/v/v) and chloroform/methanol/water
(60:25:4, v/v/v), and visualized by orcinol/sulfuric acid staining.

RNA isolation, reverse transcription and quantitative
PCR

Total RNA was extracted using Sepasol-RNA I super G (Nacalai
Tesque; Kyoto, Japan) and Fast Gene RNA Premium Kit (Nippon
Genetics; Tokyo). cDNA was generated from 500ng total RNA
using PrimeScript RT Reagent kit (Takara Bio). Primer-probe sets
for mouse A4galt (MmO01307145_m1) and Tnf (Mm00443258_m1)
were from Applied Biosystems (Foster City, CA) and mouse Gapdh
(Mm.PT.39a.1) was from Integrated DNA Technologies (Coralville,
TA). Quantitative PCR was performed on StepOnePlus Real-Time
PCR System (Applied Biosystems) using these primer-probe sets and
THUNDERBIRD Probe qPCR Mix (Toyobo Co.; Osaka, Japan).
Relative mRNA levels were calculated from a standard curve and
normalized to GAPDH expression.

Mass spectrometric (MS) analysis

Gb3Cer and Gb4Cer molecular species were quantified by HPLC
coupled with electrospray ionization tandem MS (LC-ESI-MS/MS)
in multiple reaction monitoring (MRM) positive ionization mode
(Supplementary Table 1). A triple stage quadrupole (TSQ) Vantage
AM instrument (Thermo Fisher; Waltham, MA) was calibrated by
directly infusing a neutral GSL mixture containing Gb3Cer and
Gb4Cer species. All ion source parameters and ionization conditions
were optimized to improve sensitivity. Neutral GSLs from mouse
kidney extract were dissolved in 100 pL. methanol, and 5 pL of the
solution was injected into an HPLC pump (model Accela 1250,
Thermo Fisher) and separated on a Develosil C30 column (C30-UG-
3-1 x 50 mm; Nomura Chemical Co.; Japan).

Gradient program and parameters were as follow: start with
100% solvent A (20% H,0/50% 2-propanol/30% methanol con-
taining 0.1% acetic acid and 0.1% ammonia) for 5 min; ramp up to
100% solvent B (2% H,0/50% 2-propanol/48% methanol contain-
ing 0.1% acetic acid and 0.1% ammonia) over 30 min; maintain
100% solvent B for 5 min; return to 100% solvent A over 1 min,
hold there for 9 min; flow rate throughout chromatographic run:
60 pL/min; +3000 V potential applied between ion source, electro-
spray needle, and nitrogen gas; collision energy 60eV for Gb3Cer
molecular species, 52eV for Gb4Cer molecular species. Gb3Cer
(d18:1-17:0) (Matreya, LLC; State College, PA) was added to neu-
tral GSL samples from mouse kidney extract as internal standard
and relative abundance of each Gb3Cer/Gb4Cer molecular species
was determined based on ratio to internal standard. Total Gb3Cer/
Gb4Cer value was calculated as sums of relative abundance for the
26 and 18 (respectively) molecular species detected. A caveat regard-
ing interpretation of these MS data is that ionization efficiencies are
not the same for all molecular species. In view of the limited avail-
ability of pure molecular species standards, we assumed that all
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species have ionization efficiencies comparable to those of the
internal standards used.

Purification of human monocytes

Heparinized fresh human peripheral blood was diluted to double
the volume with cold PBS (4°C; endotoxin-free; Nacalai Tesque)
containing 1 pg/mL polymyxin B (Sigma-Aldrich; St. Louis, MO).
Diluted blood was overlaid on cold lymphocyte separation solution
(4°C, Nacalai Tesque) containing 1 pg/mL polymyxin B, and centri-
fuged for 25 min at 4°C, 800 X g. Peripheral blood mononuclear cell
(PBMC) fraction was collected and diluted to double the volume of
wash solution (PBS, 1% heat-inactivated FCS (Biosera), 5 mM
EDTA, pH 7.5 (Nacalai Tesque), 1pg/mL polymyxin B). PBMCs
were separated by centrifugation for 10 min at 4°C, 600 X g, and
washed twice. PBMCs were resuspended in 750 pL wash solution
and incubated with 120 pL anti-human CD14 magnetic particles
(BD Biosciences) for 30 min at room temperature. CD14-positive
cells (monocytes) were separated by magnetic field and washed three
times with wash solution. Purified cells were resuspended in cold
low-glucose DMEM (Nacalai Tesque) with 0.75% FCS, left on ice
for 45 min, counted, diluted to 2.0 x 10°/mL with culture medium
(low-glucose DMEM,, 0.75% FCS, 40 ng/mL recombinant human
granulocyte-macrophage  colony-stimulating factor (GM-CSF)
(BioLegend; San Diego, CA), and cultured in 96-well plates (100 pL/
well) overnight at 37°C in 5% CO, atmosphere.

Differentiation of mouse bone marrow-derived
macrophages (BMDMs)

Femoral and tibial bone marrows of 12- to 16-wk-old nondiabetic
C3H/HeN mice (Japan SLC, Inc.) were collected in 1% FCS-
supplemented low-glucose DMEM, and erythrocytes were lysed in
RBC lysis buffer. Bone marrow cells were washed in 1% FCS DMEM,
and then cultured for 5-7 days in 10% FCS DMEM supplemented
with 40 ng/mL recombinant human macrophage colony- stimulating
factor (M-CSF) (BioLegend). Non-adhesive cells were washed out
with PBS. Differentiated macrophages were collected in ice-cold PBS
(with 1% FCS, S mM EDTA) by scraping, washed, counted, diluted
to 2.0 x 10%/mL in 1% FCS DMEM, and cultured in 96-well plates
(100 pL/well) overnight at 37°C in 5% CO, atmosphere.

Vector construction

Vector carrying murine MD-2 and TLR4 ¢cDNA (pDUO-mMD2/
TLR4) was from InvivoGen (San Diego, CA). cDNA fragments,
fused with a Kpnl site and one Kozak sequence (ACC) at 5’-end and
a Sall site at 3’-end, were amplified by PCR (KOD-Plus-Neo;
Toyobo), and inserted separately into pCDNA3 at Kpnl and Xhol
site (Invitrogen). A set of vectors for dual luciferase assay, NF-xB
reporter gene (pGL3-ELAM; a Firefly luciferase gene controlled by
NF-kB-dependent promoter of ELAM-1), and control reporter gene
(pRL-TK; a Renilla luciferase gene controlled by constitutive active
promoter of thymidine kinase) were gifts from Dr. Takayuki
Kuraishi (Kanazawa University, Japan).

Cell culture and transfection

HEK293T cells were obtained from RIKEN Bioresource Center
(Japan) and maintained in 10% FCS low-glucose DMEM at 37°C in
5% CO, atmosphere. Prior to transfection, cells were diluted to 2.0
x 10°/mL in 1% FCS DMEM and cultured in 96-well plates (100 pL/
well) overnight. Cells in each well were transfected with vectors
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(20ng pCDNA3-mMD-2, 0.1 ng pCDNA3-mTLR4, 40 ng pGL3-
ELAM, 20 ng pRL-TK), complexed with 0.5 pL Lipofectamine LTX
and 0.25 pL Plus reagent in 20 pL Opti-MEM (Invitrogen), and sub-
jected to stimulation 24 h after transfection.

Cell stimulation, enzyme-linked immunosorbent assay
(ELISA) and luciferase assay

Gb3Cer (from pig RBCs; Nacalai Tesque) and Gb4Cer (from pig
RBCs; Fuji-film Wako, Japan) were dissolved (1 mM) in DMSO,
and diluted with low-glucose DMEM to 100 uM just before experi-
ments. Cells were incubated with Gb3Cer/Gb4Cer, and stimulated
after 30 min with TLR ligands: LPS from E. coli O111:B4 (Sigma-
Aldrich); human recombinant HMGB1 (Biolegend, San Diego, CA);
Pam3CSK4 (Novus Biologicals, Littleton, CO); Flagellin from S.
Typhmurium (ENZO Life science, Farmingdale, NY); R848 (Fuji-
film wako, Japan); MALP-2 (Novus Biologicals, Littleton, CO).
After 18 h culture, media were collected and subjected to ELISA.
ELISA kits for human IL-6, human TNF-alpha, human IL-12/23
(p40), and murine TNF-alpha were from BioLegend. Firefly and
Renilla
Luciferase Assay System (Promega; Australia) on a microplate
reader (model Infinite 200 PRO; Tecan; Switzerland).

luciferase activities were measured using Dual-Glo

Statistical analysis

Data were analyzed by Student’s t-test, Welch’s #-test, Dunnett’s
multiple comparison test, one-way ANOVA, or Mann Whitney
unpaired test as appropriate, using the Microsoft Excel.

Supplementary data

Supplementary data is available at Glycobiology online.

Funding

This study was supported by JSPS KAKENHI Grants-in-Aid for Scientific
Research (B) (JP16H04767 to J.I.), Grants-in-Aid for Exploratory Research
(JP17K19569 to ].I.), and Grants-in-Aid for Young Scientist (B) (JP17K15450
to H.K.), Takeda Science Foundation (J.I), Fugaku Trust for Medicinal

Research (J.I.), and Mizutani Foundation for Glycoscience (J.L.).

Acknowledgements

The authors are grateful to the Center for Laboratory Animal Science,
Tohoku Medical and Pharmaceutical University, for their services, to Prof.
Koichi Fukase at Osaka university for helpful suggestions, to K. Miyahara,
N. Okajima, and M. Goto at Inokuchi laboratory for their skillful technical
support, and to Dr. S. Anderson for English editing of the manuscript.

Conflict of interest statement

The authors declare that they have no conflict of interest.

Abbreviations

BMDMs, bone ELISA,
immunosorbent assay; FAs, fatty acids; Gb3Cer, globotriaosylceramide;
Gb4Cer, globotetraosylceramide;  GlcCer, GSL(s),
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Abstract

The o2,3-sialylation of N-glycans is considered important but complicated because
the functions of the three 3-galactoside a2,3-sialyltransferases, ST3GAL3, ST3GAL4,
and ST3GALSG, could be compensating for one another. To distinguish their specific
functions, we established each individual knockout (KO) cell line. Loss of either the
ST3GAL3 or ST3GALG genes decreased cell proliferation and colony formation, as
opposed to the effect in the ST3GAL4 KO cells. The phosphorylation levels of ERK
and AKT were significantly suppressed in the ST3GAL6 KO and ST3GAL3 KO cells,
respectively. The cell aggregations were clearly observed in the KO cells, particularly
the ST3GAL3 KO and ST3GALG6 KO cells, and the expression levels of E-cadherin
and claudin-1 were enhanced in both those cell lines, but were suppressed in the
ST3GAL4 KO cells. Those alterations were reversed with an overexpression of each
corresponding gene in rescued cells. Of particular interest, the a2,3-sialylation levels
of B1 integrin were clearly suppressed in the ST3GAL4 KO cells, but these were in-
creased in the ST3GAL3 KO and ST3GALG6 KO cells, whereas the o2,3-sialylation
levels of EGFR were significantly decreased in the ST3GALG6 KO cells. The decrease
in a2,3-sialylation increased the a2,6-sialylation on 1, but not EGFR. Furthermore,
a cross-restoration of each of the three genes in ST3GAL6 KO cells showed that
overexpression of ST3GALG6 sufficiently rescued the total a2,3-sialylation levels, cell
morphology, and a2,3-sialylation of EGFR, whereas the a2,3-sialylation levels of 1
were greatly enhanced by an overexpression of ST3GAL4. These results clearly dem-
onstrate that the three o2,3-sialyltransferases modify characteristic target proteins and

regulate cell biological functions in different ways.

KEYWORDS
EGFR, glycoproteins, N-glycan, integrin 1, a2,3-sialyltransferase

Abbreviations: BSA, bovine serum albumin; ConA, concanavalin A; CRISPR/Cas-9, clustered regularly interspaced short palindromic repeats/caspase-9;

DMEM, Dulbecco's modified Eagle's medium; DOX, doxycycline; EGFR, epidermal growth factor receptor; FBS, fetal bovine serum; KO, knockout;
MAM, Maackia amurensis lectin; RES, rescued cell; SSA, Sambucus sieboldiana agglutinin; ST3GAL3, p-galactoside a2,3-sialyltransferase 3; ST3GAL4,
p-galactoside a2,3-sialyltransferase 4; ST3GALG, B-galactoside a2,3-sialyltransferase 6; STOGALI, p-galactoside o2,6-sialyltranferase 1; WT, wild type.
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1 | INTRODUCTION

N-Glycan biosynthesis is complex and involves many en-
zymes in the endoplasmic reticulum (ER) and the Golgi ap-
paratus, but small numbers of enzymes found in the Golgi
apparatus are responsible for branching and extending, as
well as for sialylation.1 In mammals, sialic acids usually serve
as the terminal monosaccharides of the glycans in glycopro-
teins and glycolipids.z’3 B-Galactoside a2,3-sialyltransferasel
(ST3GAL1) and ST3GAL2-6 and f-galactoside a2,6-sialyl-
transferase 1 (ST6GAL1) and ST6GAL?2 in the Golgi appa-
ratus are responsible for the syntheses of NeuSAc(a2,3)Gal
and Neu5Ac(oc2,6)Gal.4 ST3GALI and ST3GAL?2 are almost
exclusively used in the type III disaccharide Galp1-3GalNAc
that is found in O-glycans and glycolipids.” ST3GALS5 is
almost exclusively used in lactosyl-ceramide as an accep-
tor substrate for GM3 production, which is also known as
GMB‘)—synthase.6 In particular, ST3GAL3, ST3GAL4, and
ST3GALG6 are known to be involved in the synthesis of
N-glycans terminated with Neu5SAc(a2,3)Gal.” On the other
hand, ST6GALI1 appears to play an important role in the
synthesis of N-glycans terminated with NeuSAc(a2,6)Gal
in many kinds of cells and tissues.®'% There is ample evi-
dence that sialic acids are important bioinformatic molecules,
which play pivotal roles in biological, pathological, and im-
munological processes through modifying glycoproteins and
glycolipids on the cell surface, including nervous system
embryogenesis,” cell-cell interactions,'>"? signal transduc-
tion,14 bacterial and viral infection,15 16 ete

In addition, sialic acids on cell membranes are closely
related to tumor invasion and metastasis.'”'® Many studies
have shown that the expression of STOGALL is increased in
diverse carcinomas, which may highly correlate with tumor
progression. For example, ST6GAL1 regulates macrophage
apoptosis by controlling the «2,6-sialylation of tumor necro-
sis factor receptor—l.19 ST6GALL is up-regulated in colon
carcinoma, and its metastasis and poor prognosis is ascribed
to sialylation of the Fas death receptor by STOGAL] that pro-
vides protection against Fas-mediated apoptosis.20 Moreover,
differentiation of human dendritic cells is accompanied by
an increased expression of sialylated glycans, mainly through
the activities of ST3GALI and ST6GALI.”' However,
among the six enzymes of a2,3-sialyltransferases, ST3GALS3,
ST3GALA4, and ST3GALG6 participate mainly in the genera-
tion of NeuAca2,3GalP3/4GIcNAc, which is the precursor of
sLe? or sLe*,”** two important tumor-associated sialylated
glycoconjugates.”*?® In fact, the increased sialylation and
expressions of these sialyltransferases genes in cervical can-
cer were also rf:p()rtc:d.27'31 Therefore, study of the expres-
sion and biological functions of ST3GAL3, ST3GAL4, and
ST3GALG6 in tumors is of great importance.

Until now, several reports have chronicled the functions
of these cells in various types of tumors. For example, the
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expression of ST3GAL3 has been associated with tumor pro-
gression, differentiation, and metastasis in extrahepatic chol-
angiocarcinoma,32 and secondary tumor recurrence in gastric
cancer.>® ST3GALSG is known to promote cell adhesion and
migration of multiple myeloma cells by increasing the syn-
thesis of selectin ligands, and a knockdown of ST3GALG has
reduced the ability of multiple myeloma cells to home in the
bone marrow, which prolonged the rate of survival in a xeno-
graft mouse model.** On the other hand, there has been no
consensus on the clinical significance of ST3GAL4. Some
researchers reported a decrease in ST3GAL4 mRNA expres-
sion in gastrointestinal and ovarian cancer,35‘36 while others
have shown significant increases in cervical intraepithelial
neoplasia, colorectal cancer, and pancreatic adenocarcinoma
tissues.’” These different phenomena are yet to be clearly
explained. ST3GAL3, ST3GAL4, and ST3GAL6 show a sim-
ilar enzymatic substrate specificity in catalyzing the transfer
of sialic acid on the terminal Gal residue of the disaccha-
ride Galp1-3/4GIcNAc of glycoproteins,40 which makes it
plausible that the a2,3-sialylation modification of glycopro-
teins represents a co-involvement and/or a compensation. As
mentioned above, the tissue and tumor-specific expressions
of these enzymes have been extensively reported either by
comparing their contents in cancer tissues, as well as in the
tissues adjacent to cancers,*" ™ or by investigating their over-
expressions or the knockdown of a single g«.anf:.34’39’44 Such
approaches, however, are insufficient to explain the biologi-
cal functions of a2,3-sialylation, and its underlying molecu-
lar mechanisms.

To distinguish the respective functions of ST3GALS3,
ST3GALA4, and ST3GALG6, we used the clustered, regularly
interspaced, short palindromic repeats/caspase-9 (CRISPR/
Cas-9) system45 to establish individual gene knockout (KO)
HeLa cell lines, and restored the KO cells with the same or
different genes to compare their functions. We found that
the three enzymes differed in their modification of the a2,3-
sialylation of target proteins and in the distinct biological
functions each plays in cell adhesion, cell growth, and colony
formation.

2 | MATERIALS AND METHODS

2.1 | Antibodies and reagents

The experiments were performed with the following an-
tibodies: rabbit mAbs against Claudin-1 (#13255T), epi-
dermal growth factor receptor (EGFR) (#3777), ERK1/2
(#4695S), phospho-ERK1/2 (#4370S), AKT (#9272), and
phospho-AKT (#4060) were obtained from Cell Signaling
Technology; mouse mAbs against E-cadherin (#610182),
N-cadherin (#610920) and p1 integrin (#610468) were from
BD Biosciences; mouse mAbs against a-tubulin (#T6199)
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and FLAG (#F1804) was from MilliporSigma; rabbit mAbs
against GAPDH (FL-335, #SC-25778) were from Santa Cruz
Biotechnology, Inc Alexa Fluor 647 goat anti-mouse IgG and
streptavidin were obtained from Thermo Fisher Scientific;
Alexa Fluor 488 conjugated anti-mouse (#A11029) was from
Invitrogen; Alexa Fluor 568 phalloidin (#A12380) and TO-
PRO-3 (#T3605) was from Molecular Probes. The peroxi-
dase-conjugated secondary antibody against rabbit (#7074S)
was obtained from Cell Signaling Technology; peroxidase-
conjugated secondary antibodies against mouse (#AP124P)
were from MilliporeSigma; Maackia amurensis (MAM)
lectin (#BA-s7801-2) was from EY Laboratories, Inc;
Concanavalin A (ConA) lectin (#B-1005) from Seikagaku
Corporation; MAM-Agarose (J310) and SSA-Agarose (J318)
were from J-OIL MILLS, Inc An ABC kit was acquired from
Vector Laboratories; doxycycline hyclate (DOX) (#D9891)
was from Sigma-Aldrich; PrimeScript RT reagent Kit with
¢DNA Eraser (Perfect Real Time) (#RR047A) was from
Takara, Japan; Quick Taq HS DyeMix (DTM-101) was from
TOYOBO, Japan.

2.2 | Celllines and cell culture

The HeLa and 293T cell lines (RIKEN Cell Bank, Tsukuba,
Japan) were cultured at 37°C in Dulbecco's modified Eagle's
medium (DMEM) with 10% fetal bovine serum (FBS), in a
humidified atmosphere containing 5% CO2, except for the
virus production.

2.3 | Genomic deletion of ST3GAL3,
ST3GAL4, or ST3GALG in HeLa cells

The pSpCas9(BB)-2A-GFP  (PX458) plasmid and
pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid were pur-
chased from Addgene (PX458:Addgene plasmid #48138,
PX459:Addgene plasmid #62988) and were deposited by
Dr Feng Zhang.45 The target site on human ST3GAL4 exon
8 (TTGAACAATGCCCCAGTGGC), as previously de-
scribed,*® was cloned into PX458. The target site on human
ST3GAL3 exon 8 (TGCCGCCGCTGCATCATCGT) and
ST3GAL6 exon 5 (CTATGGGATGAGAACATCAG),
which were designed by guide design tool (https://zlab.bio/
guide-design-resources/), were cloned into PX459. The three
kinds of KO cell lines were created by electroporating cells
with the vectors containing the target sequences, accord-
ing to the manufacturer's recommendations (Amaxa cell
line Nucleofector kit; Lonza, Basel, Switzerland). One day
post-transfection, the cells transfected with ST3GAL3 KO
or ST3GAL6 KO plasmid and were selected with 1 pg/mL
puromycin for 48 hours. After further incubation for 5 days,
the cells were subjected to fluorescence-activated cell sorting
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(FACS) to isolate low MAM-binding transfectants. Stable
KO cells were cloned by a limiting dilution. For isolation of
ST3GALA4 KO cells, 3 days post-transfection, the cells were
subjected to FACS to isolate cells that highly expressed GFP.
Stable clones were isolated by a limiting dilution. The «2,3-
sialylation levels were confirmed by flow cytometry and
Western blotting using MAM lectin.

2.4 | ST3GAL3, ST3GALG6, and GFP-tagged
E-cadherin expression vectors

We used the Gateway cloning system from Invitrogen for
all overexpression experiments. The cDNAs of human
ST3GAL3 and ST3GAL6 were kindly provided by Dr H.
Narimatsu (National Institute of Advanced Industrial Science
and Technology, Japan). The Gateway entry vectors were
constructed as described previously.47 In brief, using LR
clonase (Invitrogen), the sub-cloned cDNAs in entry vec-
tors were transferred into CSIV-TRE-RfA-CMV-KT for the
doxycycline hyclate inducible overexpression. To express
GFP-tagged E-cadherin, expression vector pEGFP-N1-E-
cadherin-GFP was transfected using PEI MAX (molecular
mass, 40 kDa; Polysciences Inc) as previously described.*®

2.5 | Virus production and infection

The virus production and infection was performed as de-
scribed previously.47’49’5° Briefly, ST3GAL4 overexpression
viruses were prepared as previously described.*” To prepare
the ST3GAL3 and ST3GAL6 overexpression viruses, the
lentivirus vectors (CSIV-TRE-RfA-CMV-KT) were trans-
fected into 293T cells with packaging plasmids via PEI
MAX. The target cells were cultured for 24 hours to obtain
virus media for infection. After infection for 72 hours, cells
were selected using FACSAria II (BD bioscience) to obtain
Kusabira Orange-positive cells (CSIV-TRE-RfA-CMV-KT).
Stable clones were also isolated using a limiting dilution. The
stable cells that expressed Kusabira Orange-positive in fluo-
rescence microscopy were chosen and used in subsequent
studies.

2.6 | Western blot and immunoprecipitation
Western blot and immunoprecipitation were performed as
described previously with minor modifications.*”* In brief,
the indicated cells were rinsed twice with ice-cold PBS and
then lysed in a cell lysate buffer (20 mM Tris-HCI, pH 7.4,
150 mM NaCl, 1% Triton X-100) that included protease
and phosphatase inhibitors (Nacalai Tesque, Kyoto, Japan)
for 30 min. The protein concentrations of lysates were
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determined via BCA assay (Pierce). Equal amounts of cell
lysates from each sample were resolved by SDS-PAGE.
Then, the proteins were transferred to PVDF membranes
(MilliporeSigma) and detected with primary and second-
ary antibodies, and visualized by the Immobilon Western
Chemiluminescent HRP Substrate (MilliporeSigma), ac-
cording to the manufacturer's instructions. For immuno-
precipitates, equal amounts of protein lysates from each
sample were immunoprecipitated with MAM-agarose or
Sambucus sieboldiana Agglutinin (SSA)-agarose, which
specifically recognizes a2,3 or a2,6 sialylation, respec-
tively, for 1 hour at 4°C with rotation, and then the im-
munoprecipitates were washed twice with lysis buffer and
subjected to SDS-PAGE. The precipitated glycoproteins
were detected using different antibodies.

2.7 | Cell growth and colony
formation analysis

The cell growth curves and colony formation assays were
performed as described previously with minor modifica-
tions.”'? In brief, to assay cell growth, the cells (5 X 104)
were seeded in six-well culture dishes overnight and then
serum starved for 24 hours. After starvation, the cells were
supplied with DMEM containing 10% FBS. Cells in the same
areas on the cultured dishes were photographed and counted
at the indicated times (0, 24, 48, and 72 hours), the folds of
change in cell numbers were normalized to those at 0 hour and
statistically analyzed. To assay the colony formation, cells
(500/per well) were seeded in 6-cm dishes in DMEM con-
taining 10% FBS, incubated at 37°C and the cultured media
were changed twice weekly. After incubation for 14 days, the
formed colonies were stained with 0.25% crystal violet, and
images were taken. Colonies containing more than 50 cells
were counted and analyzed statistically from three independ-
ent wells of each sample.

2.8 | Flow cytometry analysis

Flow cytometric analysis was performed as described
previously with minor modifications.”>>* Briefly, the in-
dicated semi-confluent cells were detached from the cul-
ture dishes using trypsin containing 1| mM EDTA and were
subsequently stained with or without the primary bioti-
nylated MAM, followed by incubation with Alexa Fluor
647-conjugated streptavidin. After washing three times
with PBS, flow cytometric analysis was performed using a
FACSCalibur flow cytometer and Cell Quest Pro software
(BD Biosciences).
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2.9 | Immunofluorescence

Immunofluorescence staining was performed as described
previously with minor modifications.”’>* In brief, cells
were cultured on glass-bottom dishes, rinsed twice with
PBS and fixed with 4% paraformaldehyde for 20 min.
A nonspecific blocking solution was applied (PBS,
0.1% Triton X-100, 10% BSA) at room temperature for
1 hour. N-cadherin antibodies were used and followed
by incubation with anti-mouse Alexa Fluor 488 second-
ary antibodies (Invitrogen) and Alexa Fluor 568 phalloi-
din (Invitrogen), and then incubated with TO-PRO-3 for
20 min in the dark. After transfection for 48 hours, those
cells overexpressed GFP-tagged E-cadherin were rinsed
twice with PBS and fixed with 4% paraformaldehyde for
20 min, and incubated with TO-PRO-3 for 20 min in the
dark. Fluorescence images were observed via confocal
microscopy using a FluoView FV1000 (Olympus, Tokyo,
Japan).

2.10 | RT-PCR for detection of mRNA
expression levels

Total RNAs of all cell lines listed in Figure 1A were pre-
pared with TRI reagent (Invitrogen), and 1 pg of total RNA
was reverse-transcribed using a PrimeScript RT reagent
kit with gDNA Eraser according to the manufacturer's in-
structions. The primers for KO confirmation were designed
around the KO regions. The sequences of those primers are
shown in Table 1. The glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) mRNA was used as a control in PCR
runs, and the reaction products obtained were subjected to
electrophoresis using 2% agarose gels containing ethidium
bromide.

2.11 | Cell aggregation assay

Cell aggregation assay was performed as described
previously.” Briefly, cells (2 x 10° cells/mL) were re-
suspended in DMEM containing 1% BSA with or with-
out 2 mM EDTA. For each condition, 1 mL of the cell
suspension was added to a 15-mL tube, which was
followed by incubation in a rotator (MACSmixTube
Rotator; Miltenyi Biotec, Bergisch-Gladbach, Germany)
at 12 rpm for 6 hours at 37°C. The cell suspensions were
placed in six-well plates and the field of vision was ran-
domly selected for photography. Cell aggregation assays
were performed using three independent wells for each
sample.
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FIGURE 1 Abatement of a2,3-sialylation in ST3GAL3, ST3GAL4, or ST3GALG6 KO cells. A, The mRNA expression levels of a2,3-

sialyltransferases (1-6) and a2,6-sialyltransferase (ST6GALI) in nine cell lines were detected by RT-PCR. GAPDH was used as a control. B,

WT and three kinds of KO HeLa cells were collected and incubated with (bold line) or without (grey shadow) MAM lectin, which specifically
recognizes sialic acid a2,3 galactose, followed by incubation with Alexa Fluor 647 streptavidin subjected to flow cytometric analysis. The vertical
dashed line indicates the peak reacted with MAM lectin in WT cells. Equal amounts of cell lysates from WT and the three types of KO cells were
immunoblotted with MAM lectin (C) and ConA lectin (D), which preferentially recognizes high-mannose N-glycans. a-Tubulin was used as a
loading control. E, Comparison of the mRNA expression levels using RT-PCR between WT and KO cells. The results obtained from using the

normal primers and GAPDH were used as controls
2.12 | Statistical analysis

All data are expressed as the mean + standard derivation.
Statistical analyses were performed using either a Student's ¢
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test or one-way analysis of variance (ANOVA) by GraphPad
Prism version 5 (GraphPad Software, La Jolla, CA, USA).
Statistical significance was defined as P < .05 (*P < .05;
#EP < 01; ¥*P < .001).
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TABLE 1

Gene names Sense primer (5'-3")

1. Primers for detection of expression levels

ST3GAL1 GACTTGGAGTGGGTGGTGAG
ST3GAL2 CTCTCGGGCAAGAGCTGTG
ST3GAL3 CTATGACATTGTGGTGAGACTGA
ST3GAL4 TGAGGGTGGCCCGAGG
ST3GALS CCAATGCCAAGTGAGTACACC
ST3GAL6 AGGTGGCTGTTGGAATTGT
ST6GALL1 GAAAAATGGGCCTTGGCCTG
E-cadherin CGTAGCAGTGACGAATGTGGTAC
GAPDH CGGAGTCAACGGATTTGGTCGTA
1I. Primers for KO confirmation
ST3GAL3 CCGCCGCTGCATCATCGT
ST3GAL4 GAACAATGCCCCAGTGGC
ST3GAL6 CCCTATGGGATGAGAACATCAG
3 | RESULTS
3.1 | KOs of the ST3GAL3, ST3GAL4, or

ST3GALG genes reduced o2,3-sialylation

To investigate the roles of a2,3-sialylation on N-glycans,
first we screened nine cell lines that included Hela,
MDA-MB-231, MiaPaCa2, PANC-1, HuH-7, 293T, CW-2,
PMF-kol14, and Hep G2 cells based on RT-PCR (Figure
1A), to determine a suitable cell line highly expresses a2,3-
sialyltransferases (ST3GAL3, ST3GAL4, and ST3GALS6),
and marginally expresses ST6GAL1. Using primer se-
quences (Table 1), we found that the expression levels
of mRNA for those three a2,3-sialyltransferases in HelLa
cells were relatively higher, whereas o2,6-sialyltransferase
(ST6GALL) was relatively lower than those in the other
eight cell lines (Figure 1A). So, we chose the HeLa cell line
as a suitable cell model to study. And then to distinguish
the specific functions of the three o2,3-sialyltransferases
of ST3GAL3, ST3GAL4, and ST3GALG6, we established
each single KO cell line using the CRISPR/Cas9 system.
As expected, flow cytometric analysis using MAM lectin,
which specifically recognizes a2,3-sialylated galactose,
showed that the a2,3-sialylation levels were decreased in
the ST3GAL3 KO, ST3GAL4 KO, and ST3GAL6 KO
cells, compared with that in the wild type (WT) cells. The
degree of decrease in a2,3-sialylation seemed to be as fol-
lows: ST3GAL4 KO > ST3GAL3 KO > ST3GAL6 KO
(Figure 1B). The MAM lectin blot showed a similar ten-
dency (Figure 1C). There were no significant differences in
the reactive abilities of ConA lectin, which preferentially
recognizes high-mannose types of N-glycans, for either the
three KO cells or WT cells (Figure 1D). To further confirm

Primer sequences and annealing temperatures for RT-PCR

Annealing tem-

Antisense primer (5-3") perature (°C)
ACAAGTCCACCTCATCGCAG 57
CTGCAGCATCATCCACCACC 59
CTCTCTCCTTGTAGACGATGTATTT 51
CCGGGAGTAGTTGCCAAAGA 59
TGAGCTCTCTTTACATGGTCAGG 57
GTTGTTGGGTGTTTAGGTTTCTG 51
GAGCAGGAAAACAAGCCTGC 57
AACTGGAGAACCATTGTCTGTAGC 59
AGCCTTCTCCATGGTGGTGAAGAC 57
TGCACTCACTCTCTCCTTGTAGAC 68
GGGTTGAGAATCCGAATCTGTTTAG 66
TAGGGTCATTGTGAATAGGATCTG 66
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the KO results, we designed these primers for KO confir-
mation in the KO regions (Table 1). As shown in Figure
1E, compared with using normal primers or GAPDH, the
RT-PCR results obtained from using the primers for KO
confirmation were clearly lower in three KO cells than
those in each of the corresponding WT cells, suggesting
that the base sequences in the KO regions of three en-
zymes were changed. These results suggested that the KOs
of the ST3GAL3, ST3GAL4, and ST3GALG6 genes were
successful.

3.2 | Comparing cell proliferation and
cellular signaling among the ST3GAL3 KO,
ST3GAL4 KO, and ST3GAL6 KO cells

We used these KO cell lines to compare cell biologi-
cal functions. First, we investigated the effects of a2,3-
sialyltransferase KO on cell proliferation and found that
cell growth was significantly suppressed in the ST3GAL3
KO and ST3GALG6 KO cells, but not in the ST3GAL4 KO
cells, compared with the WT cells (Figure 2A). It is nota-
ble that the cell growth for ST3GAL4 KO cells seemed to
demonstrate a cell density-dependent manner, that is, when
cells were cultured at a much lower density, the growth
rate of ST3GAL4 KO cells was lower than that of the WT
cells, but once cells reached a certain density the growth
rate of ST3GAL4 KO cells was significantly increased
at a rate that was even faster than that of the WT cells
(Figure 2A). To confirm those phenomena, a clonogenic
assay was conducted to test the single-cell potential for sur-
vival and “unlimited” cell division.’**® The ST3GAL3 and
ST3GALG6 KO cells consistently formed smaller and fewer
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FIGURE 2 Effects of ST3GAL3 KO, ST3GAL4 KO, and ST3GAL6 KO on cell proliferation and cellular signaling. A, WT and the three
kinds of KO cells were seeded in six-well culture dishes overnight and then serum starved for 24 hours. After starvation, the cells were supplied
with DMEM containing 10% FBS, which was taken as the 0 point (0 hour), and further incubated for 72 hours. The cells in the same areas on
the cultured dishes were photographed and counted at the indicated times (0, 24, 48, and 72 hours), the fold changes in the cell numbers were
normalized to those at 0 hour. Data are represented as the mean + standard derivation (n = 3 individual experiments). B, C, WT and the three
kinds of cells (500/per well, suspended in a single cell) were grown for 14 days, and then stained with crystal violet and the foci in each well
were counted. B, Representative images for colony formation. C, The stained colonies were counted, and quantitative data are presented as the
means + standard derivation from three independent experiments. D, The expression levels of phosphorylated and total ERK and AKT in the four
cells were examined by Western blotting with the indicated antibodies. GAPDH was used as a loading control. E, Relative ratios of pERK/ERK
in these four cells were quantified (n = 3 independent experiments). F, Relative ratios of pAKT/AKT in these four cells were quantified (n = 3
independent experiments). All values are the means + standard derivation, one-way ANOVA; *P < .05; **P < .01; ***P < .001

foci, compared with those in the WT cells (Figure 2B,C). ST3GALSG6 differ in their effect on cell functions via dis-
Interestingly, the numbers of foci in ST3GAL4 KO cells tinct mechanisms.

were similar to those in the WT cells, but the foci seemed

smaller than those in the WT cells (Figure 2B,C), which

may support the notion again that cell growth exists ina 3.3 | Deletion of ST3GAL3, ST3GAL4, or
cell density-dependent manner in the ST3GAL4 KO cells.  ST3GALG6 genes altered cell morphology and
Western blotting was used to detect the activation of ERK  induced cell aggregation

and AKT that is related to cell proliferation and survival,

we found that the phosphorylation levels of ERK were de- Next, we noticed cell morphological changes after dele-
creased significantly in ST3GALG6 KO cells (Figure 2D.,E), tion of the three genes. The KO cells all tended to form is-
whereas the phosphorylation levels of AKT were signifi- lands, which were never observed in the WT cells. Among

cantly decreased in ST3GAL3 KO cells (Figure 2D,F), them, ST3GAL3 KO cells were the most obvious, followed
compared with WT or ST3GAL4 KO cells. Together, these by ST3GALG6 KO cells, while the effect in ST3GAL4 KO
results clearly indicated that ST3GAL3, ST3GAL4, and cells was much weaker. Immunofluorescent staining of
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FIGURE 3 Knockout of ST3GAL3, ST3GAL4, or ST3GALS6 in HeLa cells, altered cell morphologies, and induced cell aggregation. A,
WT and the three kinds of KO cells were stained with anti-N-cadherin antibody, followed by incubation with fluorescent secondary antibody.

Localization of F-actin was examined by staining with Alexa Fluor 568 phalloidin, and the nucleus by TO-PRO-3. B, The four kinds of cells were

detached from culture dishes and suspended at 2 x 10° cells/mL in 10% FBS culture medium with or without EDTA, followed by constant rotation

(12 rpm) for 6 hours at 37°C. An aliquot of each of these cell suspensions was photographed with a phase-contrast microscope. C, The same

amounts of cell lysates from the four cells were examined by Western blotting with the indicated antibodies, and a-tubulin was used as a loading

control. D, Fluorescence images of WT and the three kinds of KO cells overexpressed with E-cadherin-GFP, and the nucleus stained by TO-PRO-3.
E, The mRNA levels of E-cadherin in WT and three KO cells were detected by RT-PCR. GAPDH was used as a control

F-actin showed that the ST3GAL3 KO cells and ST3GAL6
KO cells exhibited cortical actin around the cell surface,
whereas ST3GAL4 KO cells did not (Figure 3A). We at-
tempted to perform immunostaining with E-cadherin anti-
body, but failed. Instead of E-cadherin, immunostaining with
N-cadherin was carried out. N-cadherin was highly expressed
in the cell-cell contacts in ST3GAL3 KO and ST3GAL6 KO
cells, which existed in a diffuse state in the cytoplasm and
in the cell surface in ST3GAL4 KO and WT cells (Figure
3A). Furthermore, we performed a cell aggregation assay in
the suspension. The three KO cells all tended to form many
aggregates, whereas the WT cells remained as either single
cells or as much smaller aggregates (Figure 3B). Those cell
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aggregates disappeared in the presence of EDTA, suggest-
ing that the cell-cell adhesion had proceeded in a calcium-
dependent manner. To better understand the underlying
molecular mechanisms, we compared the expression levels
of some adhesive molecules, which affect cell-cell adhe-
sion, such as claudin-1, E-cadherin, and N-cadherin. It was
interesting that the expressions of claudin-1 and E-cadherin,
which promote cell-cell adhesion, were greatly increased in
ST3GAL3 KO and ST3GALG6 KO cells, but were decreased
in ST3GAL4 KO cells (Figure 3C). On the other hand, the ex-
pression levels of N-cadherin were similar in all cells (Figure
3C). To further determine the changes of E-cadherin expres-
sion in four groups of cells, we performed an overexpression
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system with GFP-tagged human E-cadherin. The ST3GAL3
KO and ST3GAL6 KO cells expressed more E-cadherin on
the cell surface, compared to the WT cells and ST3GAL4 KO
cells (Figure 3D). In addition, E-cadherin proteins seemed
to be internalized in the ST3GAL4 KO cells. We also per-
formed a RT-PCR to examine E-cadherin expression levels
in those cells, and found that the pattern of E-cadherin ex-
pression at mRNA levels (Figure 3E) was similar to that at
the protein levels (Figure 3C). These results again indicated
that ST3GAL3, ST3GAL4, and ST3GALSG6 differ in their ef-
fect on cell morphology via different pathways.

34 | Restoration of ST3GAL3, ST3GALA4, or
ST3GALG genes in each of the corresponding
KO cells rescued a2,3-sialylation, cell
morphology, and expression of E-cadherin

Given the observations described in Figures 2 and 3, we at-
tempted to determine whether the phenotypes could be rescued
by the restoration of each gene in the corresponding KO cells
(RES). The a2,3-sialylation levels were compared between the
KO and RES cells using flow cytometry and Western blotting.
As expected, increased a2,3-sialylation was observed in each
of the RES cells by either flow cytometric analysis (Figure 4A)
or Western blotting with MAM lectin (Figure 4B). The cell
morphologies that tended to form aggregations in the KO cells
were reversed to separated or small aggregation morphologies
in each of the RES cells, particularly in the ST3GAL3 RES
or ST3GALG RES cells (Figure 4C). Although the restoration
of ST3GALA4 did not signal a significant change in E-cadherin
expression, the enhanced E-cadherin expression levels ob-
served in the ST3GAL3 KO and ST3GALG6 KO cells shown in
Figure 3C were greatly suppressed in the ST3GAL3 RES and
ST3GALG6 RES cells (Figure 4D). These results further sup-
ported the notion that ST3GAL3, ST3GALA4, and ST3GAL6
differ in their effect on cell morphology.

3.5 | ST3GAL3, ST3GAL4, or ST3GALG6
modified target glycoproteins differently

Sialylation is well known to play an important role in cancer cell
invasion and metastasis, as well as in cell growth. Here, we chose
three representative transmembrane glycoproteins, 1 integrin,
EGFR, and N-cadherin to detect the changes in a2,3-sialylation
and a2,6-sialylation levels in the KO cells. Of particular interest,
the a2,3-sialylation levels of f1 integrin were only decreased in
the ST3GAL4 KO cells, compared with those in the WT cells.
Conversely, the a2,3-sialylation levels were increased in the
ST3GAL3 KO and ST3GAL6 KO cells (Figure SA,D). The un-
derlying mechanisms for the enhancement remain unclear, but
it is reasonable that the KOs of ST3GAL3 and ST3GAL6 genes
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would decrease a competitor for a common donor substrate,
CMP-NANA, which could relatively increase the amounts of
CMP-NANA available for ST3GAL4 to catalyze the a2,3-
sialylation of 1 integrin. However, the a2,3-sialylation levels of
EGFR were only decreased in the ST3GAL6 KO cells, but not
in the other two KO cells (Figure 5B,E). Curiously, the changes
in the o2,3-sialylation of N-cadherin were similar among the
three KO cells (Figure 5C,F). On the other hand, the changes in
the o2,6-sialylation of the target proteins, with the exception of
EGFR in the ST3GAL6 KO cells, were the opposite (Figure 5),
suggesting that these o2,3-sialyltransferases may compete with
ST6GALLI for the same substrates. These results strongly sug-
gest that ST3GAL3, ST3GAL4, and ST3GALG6 differ in their
regulation of biological functions via the modification of dif-
ferent target glycoproteins, that is, each enzyme has preferential
target proteins.

3.6 | Cross-restoration using ST3GAL3,
ST3GAL4, or ST3GALG6 genes in ST3GALG6
KO cells differed in the rescued a2,3-
sialylation and cell morphology

To further confirm the specificities of the three o2,3-
sialyltransferases, we performed a cross-restoration with
ST3GAL3, ST3GALA4, or ST3GALG genes in the ST3GAL6
KO cells. The efficiencies for rescuing the a2,3-sialylation
levels in the ST3GALG6 RES cells, examined using flow cy-
tometry, were clearly higher than those in the cells expressed
with ST3GAL3 or ST3GAL4 (Figure 6A), which was fur-
ther confirmed by lectin blotting with MAM lectin (Figure
6B). The expression levels of each «2,3-sialyltransferase
were similar among these cells, as confirmed by Western
blotting with anti-Flag antibody (Figure 6B). In addition,
the cell aggregations induced by ST3GALG6 deficiency were
efficiently rescued to normal cell morphology, as with WT
cells, by overexpression of ST3GALSG, but neither ST3GAL3
nor ST3GAL4 overexpression had the same effect (Figure
6C). These results clearly indicated that the overexpressions
of ST3GAL3 or ST3GAL4 could not completely rescue the
decreased «2,3-sialylation levels and functions caused by
ST3GALG6 deletion, further suggesting that these three en-
zymes have preferential target proteins.

3.7 | Cross-restoration with ST3GALS3,
ST3GALA4, or ST3GALG genes in the ST3GALG6
KO cells differ in the rescue levels of a2,3-
sialylation and a2,6-sialylation on target
glycoproteins

Again, the o2,3-sialylation and a2,6-sialylation levels of
B1 integrin, EGFR, and N-cadherin were tested following
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FIGURE 4 Forced expression of ST3GAL3, ST3GAL4, or ST3GAL6 KO genes in each of the corresponding KO cells, and the rescued
cell morphologies and E-cadherin expressions. Each KO cells and restoration of each gene in the corresponding KO (RES) cells were cultured in

the presence of DOX at 1 pg/mL for 72 hours before the following experiments were performed. A, The KO and RES cells were collected and

incubated with (bold line) or without (gray shadow) MAM lectin, followed by incubation with Alexa Fluor 647 streptavidin and subjected to flow

cytometric analysis. The vertical dashed lines indicate the peaks reacted with MAM lectin in KO cells. B, Equal amounts of cell lysates from

these KO and RES cells were examined by immunoblot with MAM lectin and anti-Flag antibodies. GAPDH was used as a loading control. C,

Representative cell morphologies of each KO and RES cells were taken with a phase-contrast microscope. Arrows indicated cell aggregation. D,

The same amounts of cell lysates from each KO and RES cells were analyzed by Western blotting with the E-cadherin antibody, and a-tubulin was

used as a loading control

cross-restoration with ST3GAL3, ST3GAL4, or ST3GAL6
genes in ST3GAL6 KO cells. The increases in a2,3-
sialylation and decreases in a2,6-sialylation of Pl integ-
rin were much more obvious in the cells restored with the
ST3GAL4 gene compared with those restored using the other
versions (Figure 7A,D) while both the o2,3-sialylation and
a2,6-sialylation of EGFR that were down-regulated in the
KO of the ST3GAL6 gene were preferentially rescued by
an overexpression of ST3GALG6, but not by overexpressions
of either ST3GAL3 or ST3GALA4 (Figure 7B,E). Curiously,
consistent with the data shown in Figure 5B, the expression
of ST3GALG6 seemed correlated with both «2,3- and a2,6-
sialylation of EGFR. Compared with the other two genes, res-
toration with the ST3GAL6 gene in the ST3GAL6 KO cells
efficiently increased a2,3-sialylation levels and decreased
the a2,6-sialylation levels of N-cadherin (Figure 7C). These
results further clearly demonstrated that the three enzymes
have individual specific target proteins, and that ST3GAL4 is
the most critical for the a2,3-sialylation of 1 integrin while
ST3GALSG is the most important for the a2,3-sialylation of
EGFR.
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4 | DISCUSSION

In the present study, we used the same HeLa cell line to
investigate the functions of three «2,3-sialyltransferases,
ST3GAL3, ST3GAL4, and ST3GAL6, which are
the most important sialyltransferases for the o2,3-
sialylation of N-glycans. We found that (i) the three
a2,3-sialyltransferases had different functions in cell pro-
liferation and cell adhesion, as well as in cellular signal-
ing; (ii) the three «2,3-sialyltransferases individually
promote specific modifications for different target proteins
(Figure 8), for example, ST3GAL4 modifies f1 integrin,
while ST3GAL6 modifies EGFR; and (iii) the three a2,3-
sialyltransferases show negligible levels of compensation
for a2,3-sialylation, and may compete with ST6GALI
for sialylation of the same target protein. Our studies are
the first to characterize the a2,3-sialylation of the three
enzymes in the same cell line, which may help us to un-
derstand their functional expressions, and explain some
previous results or interpret some controversial observa-
tions obtained from different cells or tumor tissues.>>*>’
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FIGURE 5 Knockout of ST3GAL3, ST3GAL4, or ST3GALS6 in HeLa cells differed in the alteration of the levels of a2,3-sialylation and
a2,6-sialylation of specific glycoproteins. Equal amounts of cell lysates were immunoprecipitated with MAM-agarose or Sambucus sieboldiana

Agglutinin (SSA)-agarose which specifically recognizes a2,6-sialylation, for 1 hour at 4°C with rotation, and then the immunoprecipitates were

washed twice with lysis buffer and subjected to SDS-PAGE. The precipitated glycoproteins and cell lysates were immunoblotted for f1 integrin
(A), EGFR antibody (B), and N-cadherin (C) antibodies. The relative levels of a2,3 and a2,6 sialylation on 1 integrin (D), EGFR (E), and
N-cadherin (F) in these four kinds of cells were quantified (n = 3 independent experiments). All values are the means =+ standard derivation, one-

way ANOVA; *P < .05; **P < .01; ***P < .001

Glycan structures expressed on glycoproteins and glyco-
lipids of cells are essential for regulating normal cell func-
tions.”® Altered tumor-associated carbohydrate antigens have
been identified in many solid tumors, and the changes in ter-
minal sialylation are very important in malignant transfor-
mation and cancer progression.59’60 Until now, most studies
have focused on either the effects of three kinds of sialylation
linkages (02,3, 02,6, and 2,8) in tumors or on the expres-
sion levels of certain sialyltransferases in tumors. Examples
of these studies include the following: a2,3-sialylation of a2
integrin has been related to the bone metastatic behavior of
prostate cancer cells®; malignant transformation of oral ep-
ithelium was found to be accompanied by a2,3-sialylation,
wherein «2,6-sialylation was related to disease progression
and metastatic potentialsﬁl; melanoma progression has been
associated with a significant increase in «2,3-sialylation on
the surface®’; several sialyltransferase genes were found to
be highly expressed in human colon and gastric tumor tis-
sues®*%; and important functions of a single sialyltransferase
have been observed by manipulation of the gene expression
in a cell line.**#+%4 However, very little is known about which
sialyltransferase(s) is/are specifically responsible for the
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synthesis of these altered glycans on defined glycoproteins.
The main function of these three enzymes is to modify the
o2,3-sialylation of glycoproteins. As far as we could ascer-
tain, few studies have compared the functions of these genes
in the same cell line. The present study clearly demonstrated
that ST3GAL4 in HeLa cells significantly contributes to total
o2,3-sialylation levels, compared with the effect from either
ST3GAL3 or ST3GALSG, but each sialyltransferase has its
own specific target glycoproteins, which subsequently affects
cellular signaling. ST3GAL4 KO significantly decreases
the o2,3-sialylation of integrin 1, but not that of EGFR;
ST3GAL6 KO, however, greatly decreases the a2,3-sialyla-
tion of EGFR, but not that of integrin 1. Consistently, the
levels of p-ERK and cell proliferation were down-regulated
in ST3GAL6 KO cells, not in ST3GAL4 KO cells, com-
pared with WT cells. Curiously, the levels of p-AKT were
only suppressed in the ST3GAL3 KO cells, suggesting that
ST3GAL3 might specifically modify some glycoproteins that
promote AKT activation to regulate cell proliferation. Thus,
we speculated that the ranges for the a2,3-sialylation of gly-
coproteins affected by ST3GAL3, ST3GALA4, and ST3GAL6
are different. In fact, the present results were supported by a
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FIGURE 6 Restoration of either ST3GAL3 or ST3GAL4 genes could not completely rescue the a2,3-sialylation levels and cell morphologies
of impaired ST3GALG6 KO cells. The ST3GAL6 KO cells transfected with or without ST3GAL3, ST3GAL4, or ST3GAL6 genes were cultured
in the presence of DOX at 1 ug/mL for 72 hours before the following experiments were performed. A, These four kinds of cells were collected

and incubated with (bold line) or without (gray shadow) MAM lectin, followed by incubation with Alexa Fluor 647 streptavidin and subjected to

flow cytometric analysis. The vertical dashed lines indicate the peaks of the reaction abilities with MAM lectin in the ST3GALG6 KO cells rescued

with or without ST3GALS6 genes. B, Equal amounts of cell lysates were examined by immunoblotting with MAM lectin and anti-flag antibody.

a-Tubulin was used as a loading control. C, Representative cell morphologies of these four kinds of cells were taken with a phase-contrast

microscope. Arrows indicated cell aggregation

previous study, which found that the sialylation of a recombi-
nant glycoprotein, erythropoietin, was specifically modified
by ST3GAL4, and not by either ST3GAL3 or ST3GALSG6 in
Chinese Hamster Ovary cells.” An observation made in the
present study whereby the a2,3-sialylation of integrin 1 was
conversely increased in both the ST3GAL3 and ST3GAL6
KO cells could also be very important (Figure 5A). Although
the exact underlying mechanism in this novel result will re-
quire further studies, it would be plausible to speculate that
a KO of either the ST3GAL3 or ST3GAL6 gene may rel-
atively increase the amounts of a common donor substrate,
CMP-NANA, which would allow ST3GAL4 to modify inte-
grin B1, which further suggests that the KO effect of a gly-
cogene may be expressed as both a loss-of-function and a
gain-of-function.

The specificities of the three enzymes for their own tar-
get proteins were also proved by the cross-restoration exper-
iments. Overexpression of either ST3GAL3 or ST3GAL4
in the ST3GAL6 KO cells increased the levels of a2,3-si-
alylation to some extent, but the recovery level observed
in ST3GAL6 RES cells was never reached (Figure 6),
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suggesting ST3GALG6 has its own intrinsic target proteins, as
described above. In fact, the restorative ability with respect
to the «2,3-sialylation of integrin f1 was the highest in the
ST3GAL4 RES cells, while that of the «2,3-sialylation of
both EGFR and N-cadherin was the highest in the ST3GAL6
RES cells (Figure 7). Furthermore, cell morphology differed
among the three cross-restoration cells, and only the overex-
pression of ST3GALG6 could rescue it to the level of WT cells.
When the important functions of integrin p1,°>% EGFR,?’
and N-cadherin® are considered, there can be little doubt
that the three sialyltransferases differentially regulate cell bi-
ological functions, cancer progression, and tumor resistance.
Of course, the specificities of the three enzymes give them
a relative approach rather than an all-or-nothing effect. The
overexpression of ST3GAL4 in the ST3GAL6 KO cells also
slightly increased the o2,3-sialylation levels of EGFR, as
ST3GALG6 did.

Changes in the a2,6-sialylation levels of these KO cells
merit recognition, since o2,3- and o2,6-sialyltranfserases
may compete with common substrates to a certain extent,
and this competition is manifested in specific glycoproteins
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FIGURE 7 The cross-restoration of ST3GAL3, ST3GAL4, or ST3GALG in ST3GALG6 KO cells differed in the alteration of sialylation in
target proteins. As described in Figure 6, the ST3GAL6 KO cells transfected with or without ST3GAL3, ST3GALA4, or ST3GALG genes, were
cultured in complete medium with 1 pg/mL DOX for 72 hours before the following experiments were performed. Equal amounts of cell lysates

as indicated were immunoprecipitated with MAM-agarose or SSA-agarose for 1 hour at 4°C with rotation, and then the immunoprecipitates were
washed twice with lysis buffer and subjected to SDS-PAGE. The precipitated glycoproteins and cell lysates were immunoblotted for f1 integrin
(A), EGFR (B), or N-cadherin (C) antibodies. The relative levels of a2,3- and a2,6-sialylation on p1 integrin (D), EGFR (E), and N-cadherin (F) in
these four kinds of cells were quantified (n = 3 independent experiments). All values are reported the means =+ standard derivation (error bars), one-

way ANOVA; *P < .05; **P < .01; ***P < .001

such as P1 integrin. Interestingly, among all three genes,
ST3GALA4 deficiency alone reciprocally increased the levels
of a2,6-sialylation (Figure 5), while the overexpression of
ST3GALA4 conversely decreased the o2,6-sialylation levels of
B1 integrin (Figure 7). Therefore, when evaluating the effect
of o2,3-sialylation, the influences of a2,6-sialylation could
not be neglected, since the a2,6-sialylation of 1 plays im-
portant roles in cell adhesion and cell proliferation.’>® These
results could also partly explain the observation of different
phenotypes in these three KO cells. Although the decrease in
the o2,3-sialylation of 1 integrin was more obvious in the
ST3GAL4 KO cells, the phenomena of cell-cell aggregation
and cell proliferation were much weaker than that observed
in the ST3GAL3 KO cells, which might have been due to the
significant increase in the a2,6-sialylation of B1 integrin in the
ST3GAL4 KO cells. In fact, the expression of STO6GALLI is
important for not only f1-mediated cell adhesion but also for
cellular signaling such as that seen in the PI3K-AKT signal-
ing pathway.”*’" Our previous results showed that the up-reg-
ulation of o2,6-sialylation inhibited E-cadherin expression,’"
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which might partly explain why the expression levels of
E-cadherin were increased in ST3GAL3 or ST3GAL6 KO
cells, whereas it was decreased in the ST3GAL4 KO cells
in the present study, although we could not identify whether
the levels of sialylated E-cadherin changed after a KO of the
three enzymes. Nevertheless, we did not exclude other possi-
bilities that could affect E-cadherin expression.

It is noteworthy that the down-regulation of a2,3-sialyla-
tion decreased the a2,6-sialylation of EGFR in the ST3GAL6
KO cells (Figure 5) while up-regulation of a2,3-sialylation
increased it (Figure 7). Thus far, the details of this molec-
ular mechanism remain unclear, but a2,3-sialylation could
affect EGFR conformation changes, which could result in the
promotion of ST6GALI accessibility to some glycosylation
sites for a2,6-sialylation. In fact, EGFR contains 12 potential
N-glycosylation sites, and the N-glycans on EGFR have been
reported to play important roles in receptor functions that in-
clude ligand binding and tyrosine kinase activity.72 For exam-
ple, the Asn-420-GIn mutant EGFR did not bind to the EGF
ligand, but spontaneously induced oligomerization, resulting



QI ET AL

| EASEB o

Golgi Apparatus

Endoplasmic Reticulum

@ ST3Gal3 @ ST3Gal4 @ ST3Gal6

FIGURE 8 The proposed mechanisms for the modification of a2,3-sialylation by ST3GAL3, ST3GALA4, and ST3GALSG in glycoproteins
expressed on the cell surface in different domains. All membrane glycoproteins such as 1 integrin, EGFR, and N-cadherin were synthesized in

ribosomes and then transferred from the ER to the Golgi apparatus for oligosaccharide assembly, and then finally transported to the cell surface in

different domains. The present study clearly supported the notion that there are distinct functional units (80), referred to as “zones,” in the Golgi

apparatus (78, 79), that is, the a2,3-sialylation of p1 integrin was mainly catalyzed in zones containing ST3GAL4, whereas the a2,3-sialylation

of EGFR occurred in zones containing ST3GAL6. On the other hand, the a2,3-sialylation of N-cadherin was accomplished in zones containing
ST3GAL3, ST3GAL4, and ST3GALG6. Furthermore, it is worth noting that ST6GALI could be ubiquitously distributed in all of those zones. These
results clearly demonstrate that the three a2,3-sialyltransferases of ST3GAL3, ST3GAL4, and ST3GALG differed in their modification of target

proteins and in their regulation of cell biological functions

in phosphorylation of the receptor in the absence of a ligand,
further supporting the notion that glycans may be involved
in maintaining the proper structure of target proteins.73 of
course, we could not exclude the effects from glycolipids or/
and O-glycosylated proteins, since the sialyltransferases in
this study were also involved in the modification of glycolip-
ids and/or O—glycoproteins.23 +34,74-76

Most sialytransferases modify proteins in the Golgi ap-
paratus. Based on our results, we speculated that three
a2,3-sialytransferases modify glycoproteins (f1, EGFR, and
N-cadherin) through different pathways or functional distinct
Golgi units (Figure 8), which can also be referred to as the
“zones” of mitochondria’’ or Golgi appalrzltus.78'79 Hiroyuki
et al agreed with our observations and reported that func-
tional distinct Golgi units exist in Drosophila cells® to se-
lectively modify target proteins such as Notch and GAG core
proteins. Therefore, it is reasonable to postulate that distinct
Golgi zones containing different kinds of sialyltransferases
exist in HeLa cells, and that the majority of 1 integrin or
EGFR might be modified with a2,3-sialylation in the zones
containing ST3GAL4 or ST3GALSG, respectively. STOGALI
might ubiquitously exist in those zones together with
ST3GAL3, ST3GALA4, or ST3GALG. In addition, the spec-
ificities for target protein modification might also depend on
the acceptor structures, it is known that ST3GAL3 seems to
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prefer the Galp1-3GlcNAc disaccharide, whereas ST3GAL4
and ST3GALG6 appear to prefer the Galpl-4GlcNAc link-
age.zz’gl’82 The detailed mechanisms will require further
study.

In conclusion, using KO and cross-restoration techniques,
we clearly demonstrated that ST3GAL3, ST3GAL4, and
ST3GAL®G differ in their modification of target proteins and
in their regulation of cell biological functions. Clarifying the
specificities of the three sialyltransferases and the underly-
ing molecular mechanisms will shed light on the biological
functions of ST3GAL3, ST3GAL4, and ST3GALSG6 in various
tissues and cells, and could also provide insight into drug de-
velopments for cancer and infection therapies.
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Abstract

Fms-like tyrosine kinase 3 (FLT3) is a glycoprotein, that is a member of the class
IIT receptor tyrosine kinase family. Approximately one-third of acute myeloid leuke-
mia (AML) patients have mutations of this gene, and activation of the FLT3 down-
stream pathway plays an important role in both normal and malignant hematopoiesis.
However, the role of N-glycosylation for FLT3 activation remains unclear. In this
study, we showed that the N-glycan structures on wild type (WT), internal tandem
duplication (ITD), and tyrosine kinase domain (TKD) mutants of FLT3 were dif-
ferent. Interestingly, expression of either WT or mutant FLT3 in Ba/F3 cells, an
interleukin-3 (IL-3)-dependent hematopoietic progenitor cell, greatly induced core
fucosylation. To elucidate the function of core fucosylation in FLT3-mediated sign-
aling, we used a CRISPR/Cas9 system to establish al,6-fucosyltransferase (Fut8)
knockout (KO) cells. Surprisingly, the Fut8KO resulted in cell proliferation in an
IL-3-independent manner in FLT3-WT cells, which was not observed in the parental
cells, and suggested that this proliferation is dependent on FLT3 expression. Fut§KO
greatly increased cellular tyrosine phosphorylation levels, together with an activa-
tion of STATS, AKT, and ERK signaling, which could be completely neutralized
by restoration with Fut8 in the KO cells. Consistently, a tyrosine kinase inhibitor
efficiently inhibited cell proliferation induced by Fut8KO or specific fucosylation
inhibitor. Additionally, immunostaining with FLT3 showed that the proteins were
mainly expressed on the cell surface in the KO cells, which is similar to FLT3-WT
cells, but different from the ITD mutant. Finally, we found that Fut8 KO could induce
dimer-formation in FLT3 without ligand-stimulation. Taken together, the present
study clearly defines the regulatory function of core fucosylation in FLT3, which
could provide a valuable direction for development of drugs could be effective in the
treatment of AML.
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1 | INTRODUCTION

Acute myeloid leukemia (AML) is a heterogeneous ag-
gressive disease that accounts for approximately 12% of all
hematologic malignancies.! AML is characterized by the ex-
pansion of an abnormal stem cell clone and accumulation of
immature blasts in the bone marrow.” Over the past decade,
accumulating evidence has suggested that leukemogenesis
is a process in which multiple events involving independent
genetic alterations in proto-oncogene or suppressor genes, to-
gether with epigenetic or environmental factors, contribute to
the development of a full malignant phenotype.3 7

Fms-like tyrosine kinase 3 (FLT3) is a proto-oncogene ex-
pressed in both normal hematopoietic cells and AML cells.
FLT3 plays a pivotal role in hematopoiesis through regulating
the hematopoietic cell proliferation, survival, and differentia-
tion.* 2 Internal tandem duplication (ITD) of the juxtamem-
brane domain of FLT3 is the most frequent kinase mutation
in human AML (affecting 20%-30% of adult AML), and is
significantly associated with leukocytosis and a poor progno-
sis.!'1314 The predominant point mutation within the tyrosine
kinase domain (TKD) is D835Y mutation, which is found in
5%-10% of AML patients.'>'® FLT3-ITD and FLT3-TKD
are known to induce ligand-independent cell proliferation in
cytokine-dependent Ba/F3 and 32D cells via the display of
different signaling properties.”’zo The most significant dif-
ference in these signaling properties is STATS, which FLT3-
ITD strongly and constitutively activates.'”"” FLT3-ITD
mutations lead to an endoplasmic reticulum (ER)-retained in-
tracellular localization, and a change in the maturation of sur-
face glycosylation and autophosphorylation of the receptor
results in efficient activation of STAT5.2"** Mass spectrom-
etry analysis exhibited nine potential N-glycosylation sites in
the extracellular domain of FLT3.* These facts strongly sug-
gest that surface glycosylation changes in the FLT3 receptor
may affect the function and downstream signaling of FLT3.

N-Glycosylation plays critical roles in folding, stability,
and a vast degree of biological functions of glycoproteins.%'26
These different effects on glycoproteins mainly result from
the different N-linked glycan structures determined by vari-
ous glycosyltransferases. Among these, al,6-fucosyltransfer-
ase (Fut8) is the only enzyme that catalyzes the transfer of a
fucose from GDP-fucose to the innermost GlcNAc residue via
al,6-linkage to form al,6-fucosylation in mammals.”” The
resulting core fucosylated N-glycans are widely distributed
in a variety of glycoproteins.”® Accumulating data suggests
that Fut8 and its products may play important roles in vari-
ous physiological and pathological processes, such as tumor
formation,29’30 inflammation and immune response,3 133 as
well as in central nervous system diseases.**>® Core fuco-
sylation is known to be crucial for the ligand-binding affinity
of transforming growth factor (TGF)-p1 receptor,’’ epider-
mal growth factor (EGF) receptor,38 and integrin a3|3139 for
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their downstream signaling. Conversely, a deficiency in core
fucose leads to a marked enhancement of complex formation
such as activin recept0r40 and a-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionate receptor (AMPAR),* which con-
stitutively activated intracellular signaling. Depletion of the
core fucosylation of IgG1 is reported to be the most critical
role in the enhancement of antibody-dependent cellular cy-
totoxieityf“’42 Recently, the blocking of core fucosylation in
programmed cell death protein 1 (PD-1) was shown to re-
duce the cell-surface expression of PD-1 and enhance T cell
activation, which led to more efficient tumor eradication.®?
Those studies clearly suggest that core fucosylation plays im-
portant roles in cell-signal transduction.

In the present study, to clarify the impact of core fuco-
sylation on FLT3, we employed a CRISPR/Cas9 system to
knockout (KO) Fut8 gene in the Ba/F3 cell line, an interleu-
kin-3 (IL-3) dependent hematopoietic progenitor cell.* We
found that a deficiency of Fut8 increased the FLT3 dimeric
formation and intracellular signaling, which led to IL-3 in-
dependent cell growth of the FLT3- wild type (WT) cells,
but greatly chemosensitized the cells to PKC412, a tyrosine
kinase inhibitor. These novel findings suggest that core fu-
cosylation plays a pivotal role in both normal and malignant
FLT3 signaling.

2 | MATERIALS AND METHODS

2.1 | Antibodies and reagents

Experiments were performed with the following antibodies:
p-STATS (#4322S), ERK1/2 (#9102), p-ERK1/2 (#4370),
AKT (#9272), p-AKT (#4060), and FLT3 (#3462S), all
of which were acquired from Cell Signaling Technology
(Danvers, MA, USA); Total STAT5 (#13-3600) was from
Thermo Fisher, and monoclonal antibody against a-tubulin
was acquired from Sigma (St. Louis, MO, USA). Rabbit
polyclonal antibody against glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (#sc-25778) and Mouse monoclonal
antibodies against FLT3 (#sc-19635), p-Tyr (sc-7020), and
p-Tyr agarose (sc-508 AC), all were from Santa Cruz (Santa
Cruz, CA, USA). Biotinylated aleuria aurantia lectin (AAL)
and wheat germ agglutinin (WGA) were obtained from the
Seikagaku Corp (Tokyo, Japan). Biotinylated pholiota squar-
rosa lectin (PhosL), which specifically recognizes core fu-
cosylated N-glycans, was a generous gift from Dr Yuka
Kobayashi (J-oil Mills, Tokyo, Japan). TO-PRO-3 (#T3605)
was obtained from Molecular Probes, Inc (Thermo Fisher,
Waltham, MA, USA); The peroxidase-conjugated goat anti-
bodies against mouse and rabbit [gG were from Cell Signaling
Technology; Goat anti-mouse/rabbit IgG Alexa Fluor 568,
goat anti-rabbit/mouse IgG Alexa Fluor 488, streptavidin-
conjugate Alexa Fluor 647, and 488 were purchased from
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Invitrogen (Carlsbad, CA, USA). Recombinant murine IL-3
was obtained from PeproTech (London, United Kingdom).
Neomycin (G418) was purchased from Nacalai Tesque
(Kyto, Japan). BS® linker (A39266, 2 mg x 10) was ob-
tained from Thermo scientific; PKC412 (#M1323) and di-
methyl sulfoxide (DMSO) were (#276855) from Sigma; and
2-fluoro-L-fucose (2FF) was from Synchem, Inc, IL, USA.

2.2 | Cellline and cell culture
Parental Ba/F3 cells (CTR) were maintained in RPMI with
10% heat-inactivated fetal bovine serum (FBS), 1 ng/mL re-
combinant murine IL-3, and 50 pumol/L of 2-mercaptoethanol.
The stably transduced Ba/F3-FLT3-WT cell lines were main-
tained in RPMI containing 10% FBS, 1 ng/mL recombinant
murine IL-3, 400 ug/mL G418, and 50 umol/L 2-mercaptoe-
thanol.*’ Ba/F3-FLT3-ITD and Ba/F3-FLT3-TKD cells were
grown with 400 pg/mL G418 in RPMI containing 10% heat-
inactivated FBS and 50 umol/L 2-mercaptoethanol.45

The 293T (Human embryonic kidney cells) cell line was
obtained from the RIKEN cell bank (Tsukuba, Japan). The
293T cells were grown in Dulbecco modified Eagle medium
containing 10% FBS. Cells were cultured at 37°C in a humid-
ified 5% CO, atmosphere.

2.3 | Expression plasmids and transfection
To confirm the glycosylation status of FLT3 proteins, we
transfected them with expression pcDNA3.1 vectors con-
taining human FLT3-WT,* FLT3-ITD," or FLT3-TKD*
in 293T cells using PEI MAX (molecular weight, 40 kDa;
Polysciences Inc, PA) and followed the dictates of the US
patent document (US20110020927A1) with minor modifica-
tions. Briefly, 12 hours prior to transfection, 5 X 10° cells
were seeded on a 10 cm dish. Each expression vector (12 pg
dissolved in 1mL of dilution buffer (20 mM CH3COONa,
pH = 4.0, 150 mM NaCl) and PEI MAX (36 pg dissolved in
36 uL of 0.2 M HCI and then diluted with the dilution buffer
to 1 mL) were mixed and incubated at RT for 20 min, and
then 2 mL of the mixture was gently transferred to the cell
cultured dish for transfection. After incubation for 6 hours,
the conditioned medium was replaced with a normal culture
medium for further incubation for 48 hours.*® At 48 hours
post transfection, the cell lysates were treated with or without
peptide-N-glycosidase F (PNGase F) (New England BioLabs,
Ipswich, MA, USA) according to the manufacturer's in-
structions. Then, the digested cell lysates were analyzed by
Western blot. For immunoprecipitation, cell lysates (1 mg)
were immunoprecipitated with anti-FLT3 antibody (1.25 pg)
and 5 pL of Ab-Capcher Mag beads (P-050-1, Protenova).
The immunoprecipitates were analyzed by Western blot.
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2.4 | Plasmid constructions and
establishment of Fut8§KO cell

The pSpCas9 (BB)-2A-GFP plasmid was purchased from
Addgene (PX458: Addgene #48138), which was deposited
by Dr Feng Zhang.49 The target vector of mouse Fut8 gene
was constructed as previously described.® The plasmid
was transfected into cells according to the manufacturer's
instructions (Amaxa Cell Line Nucleofector kit V). After
2 days of transfection, GFP-positive cells were sorted using a
FACSAria II (BD Bioscience). Following 3 weeks of culture,
Fut8KO cells were sorted by PhosL lectin, and confirmed by
FACS analysis and lectin blotting as described above. Fut8
expression was rescued by electroporating the Fut§KO cells
with the pcDNA3.1 vector containing Fut8 gene as previ-
ously described.*’

To establish a stable rescue cell line, the CSIV-TRE-RfA-
CMV-KT-Fut8-lentivirus production and infection were
performed as described previously.51 In brief, the CSIV-TRE-
RfA-CMV-KT-Fut8 vectors were co-transfected with pCAG-
HIVgp and pPCMV-VSV-G-RSV-Rev into 293T cells through
calcium phosphate transfection method. After transfection
for 48 hours, the lentivirus supernatants were collected. The
Fut8KO FLT3-WT Ba/F3 cells were infected with the CSIV-
TRE-RfA-CMV-KT-Fut8-lentivirus. The infected cells were
first selected by the Kusabira Orange marker and then were
sorted two times with PhosL lectin using FACS Aria II. The
stable cell lines were used in subsequent studies.

2.5 | Flow cytometry analysis of cells

Flow cytometric analysis was performed as described be-
fore.”" Briefly, cells that indicated a semi-confluency were
collected from the 10 cm culture dishes and centrifuged at
90 g, for 10 minutes. Subsequently, collected cells were
washed with chilled phosphate-buffered saline (PBS) and
stained with biotinylated PhosL (1:1000) for 1 hour on ice,
followed by incubation with streptavidin-conjugate Alexa
Fluor 647 for 1 hour. During incubation, the cells were mixed
gently every 10 minutes by flicking. After incubation, cells
were washed three times with ice-cold PBS and then analyzed
using a FACS Calibur flow cytometer (BD Biosciences, San
Jose, CA, USA).

2.6 | RT-PCR for detection of mRNA
expression levels

Total RNAs of Ba/F3 cell lines were extracted by Trizol
reagent (Invitrogen), and then reverse-transcribed using a
Prime Script RT Reagent kit with gDNA Eraser (Takara,
Japan) according to the manufacturer's instructions. The
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specific primers used for the PCR amplification were
shown in Table 1. The GAPDH mRNA was served as a
control. The obtained reaction products were then sub-
jected to 1.2% agarose gels containing ethidium bromide
for electrophoresis.

2.7 | Western blotting and lectin blotting
Western blot analysis was performed as described previ-
ously.50 To prepare the cell lysate, cells were washed with
chilled PBS three times and then lysed with cold lysis
buffer (20 mM Tris-HCI1 (pH = 7.4), 150 mM NaCl, 1%
TritonX-100) containing proteases and phosphatase inhibi-
tor cocktail (Nacalai Tesque). After being subjected to a
rotor shaker for 40 minutes at 4°C, cell lysates were cleared
by centrifugation at 15000 rpm, for 15 minutes at 4°C,
and the supernatant was transferred to new marked tubes.
The protein concentration was determined using a Pierce
BCA protein assay kit (Thermo Fisher Scientific, Munich,
Germany). Equal amounts of protein lysate were resolved
by reducing SDS-PAGE. After electrophoresis, separated
proteins were transferred to PVDF membranes (Millipore,
Billerica, MA, USA) and incubated with indicated primary
and secondary antibodies or with biotinylated lectins as
indicated, and immunoreactive bands were detected using
either an Immobilon Western Chemiluminescent HRP
Substrate (Millipore) or a Vectastain ABC kit (Vector
Laboratories, Burlingame, CA, USA), according to the
manufacturer's instructions.

2.8 | Cell proliferation assay

After washing three times with prewarmed PBS, Ba/F3
parent cells then resuspended with the RPMI 1640 medium
containing 10% FBS, 1 ng/mL recombinant murine IL-3,
and 50 pmol/L of 2-mercaptoethanol. Ba/F3-FLT3-WT
cells then resuspended with the RPMI 1640 medium con-
taining 10% FBS, 1 ng/mL recombinant murine IL-3,
400 pg/mL G418, and 50 pmol/L of 2-mercaptoethanol.
Ba/F3-FLT3-ITD and Ba/F3-FLT3-TKD cells were main-
tained with RPMI 1640 medium containing 10% FBS,
400 pg/mL G418, and 50 umol/L of 2-mercaptoethanol. At
daily intervals, following staining with trypan blue, the vi-
able cell number was calculated by counting the unstained

TABLE 1

Gene names Sense primer (5’'-3")

FLT3 CCCAGTCAATCAGCTTTGGT
Fut8 AGATCTGACAGAGCTGGTCCAG
GAPDH ACCCAGAAGACTGTGGATGG
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cells with a hemacytometer. Experiments were performed
in biological triplicates.

2.9 | Confocal microscopy analysis

Cells were processed for immunofluorescence microscopy as
previously described.” Briefly, cells were washed and sus-
pended in cold PBS containing WGA lectin for 30 minutes
at 4°C to stain the cell membrane. For intracellular staining,
cells were fixed with 4% paraformaldehyde for 20 minutes at
room temperature (RT), and washed twice with wash buffer
(0.3% BSA in PBS). Cells were plated on poly-L-lysine
coated slides for 20 minutes at RT. To block nonspecific
staining, 400 pL of blocking buffer (10% normal donkey
serum, 0.3% TritonX-100) was added with incubation for
45 minutes at RT. Cells were then stained with FLT3 an-
tibody in dilution buffer (PBS, 1% bovine serum albumin,
1% normal donkey serum, 0.3% TritonX-100, and 0.01%
sodium azide) overnight at 4°C followed by washing with
wash buffer and incubation in secondary antibody and with
TO-PRO-3. Slides were rinsed with PBS and mounted using
coverslips, and fluorescence was detected via sequential ex-
citation using an Olympus FV1000 laser-scanning confocal
microscope with an UPlanSApo x 60/1.35 oil objective and
high-sensitivity gallium arsenide phosphide detector units
operated by F10-ASW version 4.02 software.

2.10 | MTT assay

To evaluate the cytotoxic effects of PKC412, an MTT
(#341-01823, Dojindo) assay was performed. The WT Ba/
F3 cells expressing FLT3 were pretreated with or without
2FF (100 uM) for 3 days. After 3 days, the WT Ba/F3 cells
were plated in quintuplicate at 2 X 10* cells per well in
96-well plates under normal media containing 2FF and
PKC412 at indicated concentrations for another 48 hours.
Then, a 10 pL of MTT solution (5 mg/mL in PBS) was
added to each well and let stand for 4 hours at 37°C. The
plate was then centrifuged at 2,000 rpm, for 10 minutes.
Subsequently, the supernatant was removed and 100 pL of
DMSO was added to each well at 37°C, which was let stand
for 10 minutes. Finally, absorption at 570 nm was meas-
ured using a microplate reader (Infinite M1000, TECAN,
Japan).

Primer sequences and annealing temperatures (Tm) for RT-PCR

Antisense primer (5'-3") Tm (°C)
CCTGGCTGGTGCTTATGATT 55
TCTGTGCGTCTGACATGGACTC 56
CACATTGGGGGTAGGAACAC 56
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2.11 | Chemical cross-linking of FLT3

To assay the dimerization of FLT3, a cross-linking experi-
ment was performed as previously described.” Briefly,
12 hours prior to transfections 1 x 10° cells were seeded on
a 6 cm dish, then, transfected with the FLT3-WT expres-
sion vector (1 pg) in 293T or Fut8KO 293T cells* using
PEI MAX as described above. The 293T cells were serum-
starved for 8 hours before incubation with or without human
FLT3 ligand (FL) at 100 ng/mL for 30 minutes in 4°C. Cross-
linking was performed by an incubation with 1 mM BS3 for
15 minutes at 4°C. The reaction was stopped by adding gly-
cine-HCl (pH = 7.5) to a final concentration at 150 mM and
incubating for 5 minutes. After wash three times with chilled
PBS, these cells were harvested with RIPA buffer (Tris-HCI
(pH =17.5), 150 mM NaCl, 1% TritonX-100, 0.1% SDS). The
cell lysates were subjected to 7.5% SDS-PAGE, and analyzed
by Western blot with anti-FLT3 antibody.

2.12 | Statistical analysis

Results are reported as the means + SEM. Statistical analy-
ses were performed using an unpaired Student's 7 test with
Welch's correction (one-tailed) using GraphPad Prism 5.0
software (GraphPad Software Inc). P < .05 was regarded as
statistically significant.

3 | RESULTS
3.1 | Comparing of the glycosylation status
of WT with that of FLT3 mutants

Glycosylation of proteins often results in a heterogeneous
pattern on Western blots. It is known that there are two forms
of human FLT3. One is a mature form at around 150 kDa,
which is thought to be completely glycosylated at the N-linked
glycosylation sites of the extracellular domain of the Golgi
apparatus to form complex types of N-glycans, and is then
expressed on the cell surface. The other is an immature form
around 130 kDa, which is incompletely glycosylated to form
a high mannose type of N-glycans, and is mainly localized in
the ER.?? To confirm the differences in the glycosylation sta-
tus of FLT3 WT and mutants, we transfected 293T cells with
expression plasmids encoded with FLT3-WT,* FLT3-ITD,"
or FLT3-TKD,* and extracted cell lysates after 48 hours for
Western blotting. The bands of FLT3-WT that migrated on
SDS-PAGE were totally different from the other two mutants
(Figure 1A), which could be neutralized by the removal of
N-glycans via treatment with PNGase F. All bands of FLT3
were shifted to around 120 kDa upon PNGase F treatment.
On the contrary, we also were curious about the effects of
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FLT3 on glycosylation. The expression levels of core fu-
cosylation confirmed by AAL lectin, which preferentially
recognizes core fucosylated N-glycans,40’50
by expression of FLT3 either WT or mutants (Figure 1B),
whereas the reactive abilities with WGA lectin, which recog-
nizes GIcNAc-containing total glycans were similar among
those cells (Figure 1C). To know whether or FLT3 was modi-
fied by core fucosylation, we performed an immunoprecipi-
tation with anti-FLT3 antibody in Ba/F3 cells. Unfortunately,
the experiment for detection of FLT3 protein expression was
failed in the Ba/F3 cell. So, we used the 293T cell instead of
Ba/F3 cell to improve protein expression levels, and found
FLT3 was core fucosylation confirmed by AAL lectin blot
as shown in Figure 1D, which was also confirmed in endog-
enous FLT3 expressed in THP-1 cells, a human acute mono-
cytic leukemia cell line (data not shown). To explore whether
the increased core fucosylation was due to a promotion of
Fut8 expression by FLT3, semi-quantitative RT-PCR was
performed and found that FLT3 did not express in CTR cell
(Figure 1E). Overexpression of either WT- or mutant-FL'T3
greatly induced Fut8 mRNA expression (Figure 1F). On the
contrary, the increased levels of core fucosylation in those
FLT3 expressing cells were inhibited by PKC412 (Figure
1G), a FLT3 kinase inhibitor, suggesting the FLT3-mediated
signaling may induce Fut8 expression. That result suggested
that core fucosylation is specifically increased by the expres-
sion of either WT or mutant FLT3.

were enhanced

3.2 | Establishment of FLT3-expressed
Fut8KO Ba/F3 cells

To understand the mechanisms of induction for core fucosyla-
tion by FLT3, we established Fut8§8KO cell lines using a mu-
rine Ba/F3 cell line, an IL-3-dependent cell line that exhibits
IL-3 independency in the presence of oncogenic signals such
as FLT3-ITD and -TKD.!” The pSpCas9 (BB)-2A-GFP vec-
tor containing target sequences were transduced into those
Ba/F3 cell lines as indicated by electroporation, and stable
cell lines were established by positive and negative sorting
with GFP and PhosL lectin as described in the “Methods
and Materials” section. Finally, we successfully confirmed
stable Fut8KO cell lines by flow cytometric analysis using
biotinylated PhosL lectin (Figure 2A) and lectin blotting with
AAL (Figure 2B), which specifically recognizes core fuco-
sylated N-glycans.so’54

3.3 | IL-3independent proliferation in
Fut8KO- FLT3-WT Ba/F3 cells

Fms-like tyrosine kinase 3 plays a crucial role in normal he-
matopoietic processes such as proliferation, differentiation,
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FIGURE 1 Glycosylation patterns of FLT3 proteins and the effects on fucosylation expression. A, The 293T cells were cultured at 70%
confluency, and then transfected with plasmids containing human FLT3-WT, FLT3-ITD, or FLT3-TKD. At 48 hours post transfection, the cell
lysates were treated with or without PNGase F, and analyzed by Western blot with anti-FLT3 antibody. The effects of FLT3 WT or mutants on
core fucosylation in Ba/F3 cells were examined by AAL lectin blot (B) or WGA lectin blot (C). The same amounts of cell lysates were separated
on 7.5% SDS-PAGE, and the membranes were probed with AAL (top panel), and then re-probed with anti-GAPDH antibody (bottom panel), which
was used as a loading control. D, The same amounts of cell lysates from those indicated transfected 293T cells were immunoprecipitated with
anti-FLT3 antibody, and then the immunoprecipitates were probed with AAL lectin (upper panel) and re-probed with anti-FLT3 antibody (lower
panel) as a loading control. E, RT-PCR using total RNA extracted from different Ba/F3 cells were carried out to examine the mRNA levels of
FLT3. GAPDH was used as control. F, RT-PCR was carried out to examine the mRNA levels of Fut8 in different Ba/F3 cells as indicated. GAPDH
was used as control. G, The same amounts of cell lysates from the different Ba/F3 cells treated with or without PKC412 (1 nM) for 48 hours, were
separated on 7.5% SDS-PAGE, and the membranes were probed with AAL (top panel), and then re-probed with anti-GAPDH antibody (bottom
panel), which was used as a loading control

and survival. !> To test whether Fut8KO regulates cell pro- FLT3-WT. To clarify FLT3 receptor activation mechanisms
liferation, we compared the viable cell number in different  related to core fucosylation depletion, we mainly focused on
Ba/F3 cell lines. Fut8KO slightly increased cell proliferation the FLT3-WT in subsequent studies.

in the presence of IL-3 in the CTR (Figure 3A). Quite in-

terestingly, Fut8KO induced cell proliferation in FLT3-WT

cells even in the absence of IL-3 (Figure 3B), whereas the 3.4 | Effects of Fut8KO on cellular signaling
Fut8KO CTR have no IL-3-independent proliferative activ-  in the FLT3-WT Ba/F3 cells

ity (Figure 3A). What is more, the restoration with Fut8 gene

in the Fut§KO WT cells (Rescue cell) resulted in an IL3- Next, we performed Western blotting to analyze the activa-
dependent cell growth (Figure 3B). The cell proliferation of tion status of STATS, AKT, and ERK signaling, which are
the rescue cells was completely blocked in the absence of  important pathways for FLT3 WT and mutant downstream
IL-3. These results suggest that FL T3 expression is necessary signaling.17’19’55 Consistently, FLT3-WT could not induce
for Fut8 KO-induced IL-3-independent cell proliferation. In  phosphorylation of STATS in the absence of IL-3. However,
addition, ablation of Fut8 partially blocked ITD (Figure 3C) Fut8KO greatly induced phosphorylation of STATS5 even
and TKD (Figure 3D) cell proliferation. These results sug- without IL-3 (Figure 4A). The activation of AKT and
gest that the lack of core fucosylation dramatically activate ERK was also observed in the Fut8KO cells (Figure 4A).
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FIGURE 2 Established Fut8 deficient Ba/F3 cells. A, The parent (CTR), FLT3 WT and mutants of Ba/F3 cells, and Fut8KO cells were
collected and incubated with (bold line) or without (gray shadow) the PhosL lectin, which preferentially recognizes core fucosylated N-glycans,

followed by incubation with Biotinylated Alexa Fluor 647 streptavidin and flow cytometric analysis. The vertical dashed lines indicate the peak

reacted with PhosL lectin expression in CTR cells. B, Equal amounts of cell lysates from CTR and stably expressed FLT3-WT or mutants were

analyzed by immunoblot with AAL lectin; GAPDH served as a loading control. Asterisks represent nonspecific bands

Importantly, these inductions were blocked by reexpression
of Fut8 in the KO cells (Figure 4A). The core fucosylation
was confirmed by AAL lectin blotting (Figure 4B).

3.5 | Deficiency of core fucosylation did not
affect FLT3 intracellular localization

Changes in FLT3 localization are known to influence down-
stream signaling. Mutations of FLT3 receptor result in lo-
calization in the ER, which affects surface glycoprotein
maturation and activates STATS5, while ligand-activated
WT FLT3 is mainly localized on the cell surface and acti-
vates MAP kinase.”'*%7 Therefore, we next performed im-
munostaining with FLT3 antibody to examine the effects
of core fucosylation on FLT3 intracellular localization. The
FLT3-WT proteins were mainly localized on the cell surface,
and co-localized with WGA staining (Figure 5, upper panel).
In Fut8KO cells, the FLT3-WT proteins were also localized
on the cell surface (Figure 5, middle panel). The localization
pattern was quite different that of FLT3-ITD, in which FLT3-
ITD proteins were mainly localized in the intracellular domain
(Figure 5, lower panel), presumably in the ER, as previously
described.?! These results suggest that the underlying mo-
lecular mechanism for the induction of FLT3-WT by Fut§KO
may be different from activation in the FLT3-ITD mutation.
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3.6 | Deficiency of core fucosylation
increased cellular tyrosine phosphorylation
levels and dimerization of FLT3

As we revealed that Fut8KO resulted in the activation of
FLT3-WT downstream signaling, we next examined the
tyrosine phosphorylation levels of FLT3. The intracellular
domain of FLT3 has 10 potential tyrosine phosphorylation
sites.””% The cell lysates and immunoprecipitates with p-Tyr
agarose (PY20) from indicated cells were examined. As a re-
sult, ablation of core fucosylation potently increased total ty-
rosine phosphorylation levels (Figure 6A). There is evidence
that the dimerization of FLT3-WT is an initial and essential
event in ligand-induced signal transduction.®’ Therefore, we
compared FLT3 dimerization in 293T and Fut8KO 293T
cells with or without FL. As shown in Figure 6B, the dimer
formation of FLT3 in WT or Fut8KO 293T cells could be
induced by FL. Interestingly, the dimerization was observed
in the Fut8KO 293T cells even without FL, but not in the
WT 293T cells. In addition, the upper band of FLT3 (around
150 kDa, so called mature form) rather than lower band
(around 130 kDa, so called immature form) participated in
the dimer formation. Collectively, these data suggest that the
deficiency of core fucosylation promotes the dimerization
of FLT3 and results in the aberrant activation of FLT3-WT-
mediated signaling such as p-STATS, p-ERK, and p-AKT,
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Influences of core fucosylation on Ba/F3 cell proliferation. A, The parent Ba/F3 cells (CTR) and CTR Fut8KO cells were

cultured under normal culture media with or without IL-3 at 1 ng/mL final concentration, and the cell numbers of living cells were measured by
trypan blue exclusion assay at indicated times. CTR KO with IL-3 versus CTR KO without IL-3. B, The parent cells expressing FLT3-WT (WT)
or Fut8KO cells expressing FLT3-WT (WT KO), and the WT KO cells restored with Fut8 gene (WT Rescue) were cultured. Cell numbers were
counted as described above. WT KO and WT Rescue with IL-3 versus WT KO and WT Rescue without IL-3, respectively. The parent or Fut§KO
cells expressing FLT3-ITD (C) or FLT3-TKD (D) were also cultured under normal culture media without IL-3 for 24, 48, and 72 hours. The
numbers of living cells were measured by trypan blue exclusion assay. Data represent the average of three independent experiments. All values are

Means + SEM (n = 3). *P < .05. **P < .01

which induces an IL-3-independent cell proliferation path-
way in the Ba/F3 cell system.

3.7 | PKC412 efficiently inhibited cell
proliferation of Fut8KO cells in a relatively
lower dose

Since Fut8KO greatly induced tyrosine phosphorylation
as described above, we examined the effects of PKC412,
a tyrosine kinase inhibitor, on cell proliferation. In fact, it
was reported that the inhibitory effects of PKC412 on cell
proliferation could be observed with usage at 500 nM, but
even at 100 nM in Ba/F3 cells expressed FLT3.%* However,
it was interesting, that PKC412 significantly inhibited cell
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proliferation even at 1 nM, which did not affect cell prolif-
eration of the WT cells (Figure 7A). A fluorinated analog of
fucose, 2FF, functions as a metabolic fucosylation inhibi-
tor, which is taken up by cells and converted to GDP-2FF
through endogenous salvage pathwalys.63’64 Therefore, 2FF
could be considered a specific inhibitor for fucosylation. In
fact, a treatment with 2FF at 100 uM could suppressed core
fucosylation in HepG2 cells.*® We also confirmed the inhibi-
tory effect on Ba/F3 cells. Similar to the Fut§KO cells, the
sensitivities for the inhibitory effects of PKC412 on cell pro-
liferation were also increased in the cells pretreated with 2FF
(Figure 7B). These results suggested that a deficiency of core
fucosylation induces a novel signal pathway, but not like the
IL-3-dependent signal pathway, which is more sensitive to
treatment with a tyrosine kinase inhibitor.
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of cell lysates were separated on 7.5% SDS-PAGE, and Western blotting with the indicated antibodies including both total and phospho-STATS,
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FIGURE 5 Effects of core fucosylation on FLT3 intracellular localization. The indicated cells were stained for plasma membrane using
WGA lectin (Green), fixation and then adhered to slides coated with poly-L-lysine for further staining with FLT3 (Red) and TO-PRO-3 (Blue).
Slides were visualized by immunofluorescence microscopy using an Olympus FV1000 laser-scanning confocal microscope as described in Methods

and Materials. Bar shows 30 um

4 | DISCUSSION

Fms-like tyrosine kinase 3 signaling is important for nor-
mal and oncogenic hematopoiesis, but the downstream ef-
fect from the modification of FLT3 surface glycoprotein
remains to be elucidated. In the current study, we used
the CRISPR/Cas9 system to establish Fut8KO Ba/F3 cell
lines, and found that a deficiency of Fut8 resulted in cell
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proliferation in an IL-3 independent manner in FLT3-
expressing cells, but not in FLT3-negative cells, which
suggests that this cell proliferation is dependent on FLT3
expression (Figure 8). Of course, we could not exclude in-
fluences of Fut8KO from other receptors including IL-3 re-
ceptor. We revealed a novel effect for a deficiency of core
fucosylation for FLT3 homodimerization and activation of
several downstream signaling pathways in the absence of
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Fut8KO (KO) of Ba/F3 cells expressing FLT3-WT were cultured in the presence of PKC412 at indicated concentrations, and then cell numbers
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Data are Means + SEM (n = 3). *P < .05

a ligand. Furthermore, blockage of core fucosylation by  reported that Fut8 deficiency increases sensitivities to in-
Fut8KO or 2FF, a fucosylation inhibitor, greatly increased flammatory stimulators such as IFN-y or IL-6 in glial cell
sensitivities for the suppression of cell proliferation by lines,”® and sensitivities for postsynaptic depolarization by
using PKC412, a tyrosine kinase inhibitor. Therefore, the enhancing the heteromerization of AMPARs,* suggesting

manipulation of the core fucosylation could provide valu- that without core fucosylation these receptors might exist in
able direction for the development of drugs that could be an active state. In contrast, core fucosylation represses sev-
effective in treating AML. eral receptor functions as well. Deletion of core fucosylation

As mentioned above, core fucosylation is an important  down-regulated the EGF-induced phosphorylation of EGF
regulator for receptor-mediated signaling. Our group recently receptor38 and TGF-P1 receptor-mediated Smad activation.’’
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Ba/F3 cells are an IL-3-dependent cell line, and in the

presence of IL-3, STATS is potently activated’® (shown in green arrow and green letters). The FLT3-WT signal mainly activates the ERK and

AKT pathway in the absence of FLT3 ligand”® (red arrow and red letters). In the present study, the deficiency of core fucosylation induced an

IL-3-independent cell proliferation pathway in the Ba/F3 cell system, in which the expression of FLT3 is essential. A lack of core fucosylation

triggers ligand-independent FLT3 dimerization on the cell surface, resulting in aberrant activation of FLT3-mediated signaling such as p-STATS,
p-ERK, and p-AKT (yellow arrow), which are different from the observations in the FLT3-ITD and -TKD mutants. Those two mutants are mainly

expressed in the ER, and participate in activation of the STATS signaling pathway, rather than the ERK and AKT signaling pathways.

2 Thus, the

underlying molecular mechanism for the induction of FLT3-WT by Fut8KO could be different from the activation in the FLT3-mutants, which
could provide valuable direction for the development of drugs that could be effective in the treatment of AML

Sialylation and fucosylation of EGF receptor suppress its
function and activation in lung cancer cells.®> These data
suggest that core fucosylation either positively or negatively
affects receptor functions. In the present study, we also found
that the effect of core fucosylation differs between WT and
FLT3 mutant receptors. Considering the FLT3-TKD or
-ITD mutant could activate downstream signaling pathways
through different mechanisms such as conformation change,
intracellular localization and/or modification status, which
might be quite different from WT FLT3. Therefore, we could
speculate that the disruption of Fut8 affects other glycopro-
teins, which interfere with those FLT3 signaling to down-reg-
ulate cell proliferation. Further clarifying the mechanisms of
how fucosylation inhibition activates/suppresses FLT3 recep-
tors may be helpful in developing novel targeted therapies for
hematological malignancies.

Several important residues in FLT3 activation have been
reported which includes tyrosine residues 589 and 591 for
ligand-dependent activation of FLT3-WT Ba/F3 cells.%
Tyrosine 589 and 591 are also reported to play important
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roles in STATS activation and transformation by FLT3-
ITD.%” Masson et al® reported that tyrosines 768, 955,
and 969 of FLT3, as phosphorylation sites, and mediators
of growth factor receptor binding protein (Grb2) interac-
tions lead to the association of Grb2-associated binder 2
(Gab2), which contributes to proliferation and survival.
They revealed that these residues are important for the ac-
tivation of STAT5 and AKT.”® STATS5 is mainly activated
by FLT3-ITD signaling via aberrant localization in the ER
of FLT3-ITD, but barely activated by FLT3-WT signaling.21
We observed that the depletion of core fucosylation did
not change the transmembrane localization of FLT3-WT.
However, FLT3-WT activates not only ERK and AKT, but
STATS in the Fut8KO cells (Figure 8). We postulate that
the activation of STATS via the depletion of core fucosyla-
tion happens not by an intracellular localization change in
FLT3, but by phosphorylation, or some modifications of the
important residues of FLT3. The activation mechanisms of
FLT3 receptor via the depletion of core fucosylation should
be clarified in the future.
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FLT3 is reported to undergo glycosylation in the ER,*
and several glycosylation inhibitors were examined for their
effect on the functions of FLT3. One of these compounds is
fluvastatin, already approved by the FDA and clinically ap-
plied inhibitor of mevalonate synthesis, which apart from
blocking cholesterol synthesis, also inhibits N-glycosylation
by depleting the cells of dolichol phosphate, thus leading to
a loss of surface expression and the induction of cell death
in Ba/F3 cell.”> The other compound is 2-deoxy-D-glu-
cose which not only depletes cells of ATP but also impairs
N—glycosylation.68 A possible reason for the selective inhi-
bition of FLT3-ITD-positive cells by compounds affecting
glycosylation may be a further shift of FLT3-ITD toward in-
tracellular localization, thereby abrogating signaling from the
cell surface and in turn cell transformation. Tunicamycin is
a bacterial antibiotic, which specifically inhibits the transfer
of activated sugars to dolichol phosphate, an essential step in
N-glycosylation of proteins in the ER.®" These effects are
partly mediated by arresting FLT3-ITD in an under-glyco-
sylated state and thereby attenuating FLT3-ITD-driven AKT
and ERK signaling.71 Because FLT3 plays a very important
role in the pathogenesis of AML, various FLT3 inhibitors have
been developed.72 However, their duration of clinical response
is short because of the rapid development of resistance.” We
found that depletion of fucosylation by Fut§8KO in combina-
tion with PKC412 efficiently decreases the factor-independent
growth of FLT3-WT cells. Inhibition of N-glycosylation may
be a possible approach for cancer therapy. Theoretically, how-
ever, inhibition of core fucosylation inhibitors is less harmful
and should have fewer side effects. To date, several fucosyla-
tion inhibitors have been developed,63’64’74 and there are many
good examples of combination therapy with FLT3 inhibitors
for AML.”77 Therefore, the modulation of FLT3 glycosyla-
tion may provide a hint for development of a new therapy for
different types of FLT3-mediated hematological malignancy.
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Gene
Svm bol

Description

Molecular functions

THY1

Thy-1 cell surface antigen

GPI anchor binding
GTPase activator activity
integrin binding

cte.

AKRI1BI15

Aldo-keto reductase family 1, member
B15

estradiol 17-beta-dehydrogenase
activity

oxidoreductase activity, acting on
the CH-OH group of donors, NAD
or NADP as acceptor

AKRI1B10

Aldo-keto reductase famuly 1, member
B10

aldo-keto reductase (NADP)
activity

geranylgeranyl reductase activity
indanol dehvdrogenase activity

SLCATA2

Solute carrier family 47 (multidrug and
toxin extrusion), member 2

drug:proton antiporter activity
drug transmembrane transporter
activity

CBR1

Carbonyl reductase 1

15-hydroxyprostaglandin
dehydrogenase (NADP+) activity
carbonyl reductase (NADPH)
activity

oxidoreductase activity, acting on

Table 1 Known molecular function of THY1, AKR1B15, AKR1B10, SLC47A2

and CBR1
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A 15-kDa lectin, termed Sevil, was isolated from Mytilisepta virgata
(purplish bifurcate mussel). SeviL forms a noncovalent dimer that binds
strongly to ganglio-series GM1b oligosaccharide (Neu5Aca2-3GalB1-3Gal-
NAcP1-4GalB1-4Glc) and its precursor, asialo-GM1 (Galf1-3GalNAcPI-
4Galp1-4Glc). SeviL also interacts weakly with the glycan moiety of
SSEA-4 hexaose (Neu5Aca2-3Galf1-3GalNAcB1-3Galal-4Galf1-4Glc). A
partial protein sequence of the lectin was determined by mass spectrome-
try, and the complete sequence was identified from transcriptomic
analysis. Sevil, consisting of 129 amino acids, was classified as an R(icin
B)-type lectin, based on the presence of the QxW motif characteristic of
this fold. SeviL mRNA is highly expressed in gills and, in particular,
mantle rim tissues. Orthologue sequences were identified in other species
of the family Mytilidae, including Mytilus galloprovincialis, from which
lectin MytiLec-1 was isolated and characterized in our previous studies.
Thus, mytilid species contain lectins belonging to at least two distinct
families (R-type lectins and mytilectins) that have a common -trefoil
fold structure but differing glycan-binding specificities. SeviLL displayed
notable cytotoxic (apoptotic) effects against various cultured cell lines
(human breast, ovarian, and colonic cancer; dog kidney) that possess
asialo-GM1 oligosaccharide at the cell surface. This cytotoxic effect was
inhibited by the presence of anti-asialo-GM1 oligosaccharide antibodies.
With HeLa ovarian cancer cells, SeviL showed dose- and time-dependent
activation of kinase MKK3/6, p38 MAPK, and caspase-3/9. The trans-
duction pathways activated by Sevil via the glycosphingolipid oligosac-
charide were triggered apoptosis.

Gb3, globotriaosylceramide; GM1, monosialotetrahexosylganglioside; MAPK, mitogen-activated protein kinase; MKK, MAPK kinase;
MytiLec-1, Mytilus galloprovincialis a-Gal-binding lectin; SevilL, Mytilisepta virgata R-type lectin; SSEA-4, stage-specific embryonal antigen 4.
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Nucleotide sequence data have been deposited in the GenBank database under accession num-
bers MK434191, MK434192, MK434193, MK434194, MK434195, MK434196, MK434197,
MK434198, MK434199, MK434200, and MK434201.

Introduction

Many marine invertebrates possess lectins (glycan-
binding proteins) with various glycan-binding proper-
ties [1-3]. In the differentiation of phylogeny, lectin-
mediated interactions between glycans and proteins
were adapted into various kinds of key pathways
involved in a variety of fundamental biological pro-
cesses, including embryonic development, immune
responses, and cell growth regulation [4-6]. During
this functional diversification, marine invertebrates
developed an unusually large number of lectins, many
having convergent structures that facilitate binding to
specific glycan structures exposed on the surface of tar-
get cells. This combination of functional divergence
and structural convergence has resulted in many
unique sequences and unusual glycan-binding specifici-
ties among lectins isolated from marine invertebrates
[7-11].

We described in 2012 a novel lectin (termed ‘Myti-
Lec-1"), isolated from the Mediterranean mussel Myti-
lus galloprovincialis (family Mytilidae), that had a
unique primary structure [12]. MytiLec-1 has a B-tre-
foil fold [13], a 3-D structure typically found in R-type
lectins, including ricin B-chain [14]. However, Myti-
Lec-1 bound specifically to the a-galactoside globo-
triose (Galal-4Galp1-4Glc) [12,13], whereas many
other R-type lectins bind to B-galactosides such as N-
acetyllactosamine. MytiLec-1 induced apoptosis in
GDb3-expressing human Burkitt’s lymphoma cells. Fol-
lowing the identification of similar lectins in various
other mussel species [15-17], we referred collectively to
such lectins as members of the ‘mytilectin family’ [18].
The taxonomic distribution of mytilectins known to
date is limited to the protostome clade Lophotrochozoa
and discontinuous; members of this family have been
identified only in the subclass Pteriomorphia (phylum
Mollusca) and the order Lingulida (phylum Bra-
chiopoda) [19].

Progress in ‘omics’ studies of mussels and other
bivalve mollusks during the past decade has greatly
enhanced our understanding of their genetics and
molecular biology, leading to major advances in basic
and applied scientific research. Mussels are a traditional
seafood consumed heavily in Europe and increasingly in
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other parts of the world and are widely used as ‘sentinel’
organisms for biomonitoring [20]. Molecular studies
have revealed the essential role of lectins as pattern
recognition receptors (PRRs) for microbe-associated
molecular patterns (MAMPs) in the innate immune sys-
tems of mussels [21,22]. A more complete understanding
of these lectins will therefore provide a useful basis for
improved mussel breeding practices and prevention of
infections. Physiological processes and the immune sys-
tem in mussels are strongly correlated with exposure to
biotic and abiotic stress factors [23,24]. Numerous mus-
sel immune system molecules including lectins were
recently shown to be functionally modulated by patho-
gen exposure and ocean acidification [25,26], so that
bivalve lectins are suggested to be important molecules
which respond to the marine environment. The large
and highly diverse lectin repertoire of mytilids [27,28],
which probably includes several components yet to be
identified, will facilitate effective new approaches for
monitoring health status of mussel species, associated
organisms, and their marine environments.

Since no R-type lectin had been biochemically puri-
fied from the family Mytilidae, mytilectins were con-
sidered for some time to be the only B-trefoil lectins
present in mytilids, and it was speculated that their
natural function related to the innate immune
response [12,15-17]. However, the isolation of a novel
lectin from the purplish bifurcate mussel (Mytilisepta
virgata) in this study suggests the possibility of
greater diversification among lectins in this family.
Furthermore, the transcriptome of this species
revealed a lack of mRNAs encoding mytilectins and
instead revealed the expression of multiple distinct
mRNAs encoding proteins characterized by the pres-
ence of a ricin B-chain domain, typical of R-type lec-
tins [29]. SeviL found from M. virgata shows
characteristics of sugar chain binding and cell toxicity
unlike any lectin reported to date. Sevil activated
intracellular signaling pathways that resulted in cell
death of mammalian carcinoma cells expressing
asialo-GM 1, whereas MytiLec-1 binds to Gb3 glycan.
This is the first report that two different B-trefoil lec-
tin families (each with its own glycan-binding speci-
ficity) coexist in the same animal species.
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Results

Purification of lectin (SevilL) from M. virgata

Supernatant ‘Sup 1°(see Materials and methods ‘Lectin
purification’) from homogenized M. virgata tissues dis-
played hemagglutination activity despite the absence of
MytiLec-1 from this species. Repeated homogenization
of precipitates yielded supernatants with successively
reduced activity (data not shown). The precipitates
were homogenized again with 50 mm lactose to obtain
supernatants. The hemagglutinating activity was recov-
ered by dialyzing the supernatant ‘Sup 2’ (see Materi-
als and methods ‘Lectin purification’). Sup 1 and 2
were applied to a lactosyl-agarose column, and the
new lectin could be eluted with TBS containing 50 mwm
lactose (Fig. 1A). The lectin was characterized as a sin-
gle polypeptide with molecular mass 15 kDa by SDS/
PAGE under both reducing and nonreducing condi-
tions (Fig. 1A) and was termed ‘Sevil’. Purification
from 400 g fresh tissue yielded 6.5 mg SeviL (Table 1).
Hemagglutination activity of Sevil was required to
the addition of calcium chloride (Fig. S1A), indicating
that the activity was dependent on divalent cations
such as Ca®". Analytical ultracentrifugation revealed
that SeviL was a tightly but noncovalently bound
dimer (Fig. 1B).

Sugar-binding specificity of SevilL

Sugar-binding specificity of SeviL is summarized in
Table 2. Hemagglutination activity was weakly inhibited
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by addition of monosaccharides such as D-Gal
(25 mm), D-GalNAc (25 mm), and D-Fuc (25 mm) and
of disaccharides such as melibiose (25 mm) and lactose
(25 mm). These findings suggest that the chirality of the
C3 and C4 carbons in galactose is essential for protein—
glycan interaction. Hemagglutination activity was inhib-
ited by administration of bovine submaxillary mucin
(0.125 mg-mL™"), but not porcine stomach mucin or
fetuin, even at concentrations > 1 mg-mL~" (Table 2).
These findings suggested that Sevil. does not bind to
porcine stomach mucin or fetuin, possibly because these
glycoproteins have clusters of GIcNAc or sialyllac-
tosamine at the reducing end [30].

Deduced primary structure of Sevil

The cDNA sequence of Sevil was identified using a
combination of de novo peptide sequencing and our
earlier transcriptomics results [29]. The peptide
sequence obtained from trypsin digestion of Sevil (m/
z 685.81 (MH,)*") was LDYN(M/T/S/C) GDLVANK
(Fig. SIB), which we compared with the mRNA
sequences of five M. virgata tissues determined previ-
ously. A single sequence match was found with one
protein product including the sequence
"“LDYNGGDLVANK'"® (Fig. 2A). The complete
129 amino acid residue sequence was classified as an
R-type lectin by the Pfam protein database (http://pfa
m.xfam.org/) but is unrelated to MytiLec-1. At least
two distinct lectin types (R-type lectins and mytilec-
tins) having the B-trefoil fold structure are evidently
present in the family Mytilidae.

0 10 20 30 40 50 60 70 80 90 100

Molecular mass [kDa]

Fig. 1. Purification of Mytilisepta virgata lectin, SeviL. (A) SDS/PAGE pattern under reducing (R) and nonreducing (NR) conditions. Numbers
on the left indicate molecular masses (kDa) of marker proteins (M). (B) The molecular weight of the native protein (30 kDa) obtained from
distribution of sedimentation coefficient by sedimentation velocity AUC. It indicates the presence of dimers in solution, with negligible
amounts of monomer. Concentration ¢(M) was measured in absorption units (Axg).
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Table 1. Purification of SevilL from Mytilisepta virgata.

A GM1b/asialo-GM1-binding R-type lectin of mussels

Titer Volume Total Protein conc. Protein Specific  Purification Recovery of
Fraction (HU) (mL) activity® (mg-mli~") amount (mg) activity®  ratio (fold)®  activity (%)°
Crude extract obtained by TBS 128 500 64 000 6.5 3525 0.04 1 100
Purified lectin 512 10 5120 0.27 2.7 190 4750 8
Crude extract obtained by lactose in 512 100 51 200 2.1 2100 0.24 1 100
TBS
Purified lectin 4096 10 40 960 0.38 3.8 1024 4491 80

@ Total activity is shown by Titer x volume; ° Specific activity was shown by titer per mg of protein; ¢ Purification ratio was shown by com-
paring the value of specific activity on the crude extract vs. purified lectin; ¢ Recovery of activity was revealed by comparing the value of

total activity on the crude extract vs. purified lectin.

Table 2. Saccharide and glycoprotein specificity of Sevil ®.

Saccharides Minimum inhibitory concentration (mm)
D-GalNAc 25

D-GIcNAc N.I.P

D-Gal 25

D-Glc > 50

D-Man > 50

D-Fuc 25

Lactose 25

Melibiose 25

Sucrose N.I.P

Minimum inhibitory

Glycoproteins concentration (mg-mL~")

Bovine submaxillary mucin 0.125
Fetuin N.I.¢
Porcine stomach mucin N.1.¢

@ Titer of Sevil was previously diluted to 16; ° Inhibition was not
occurred even at 200 mwm; © Fetuin and bovine submaxillary mucin
did not inhibit even at 2 mg-mL™".

Tandem-repeat structure of Sevil

SeviL has a triple tandem-repeat structure with three
subdomains, each consisting of ~ 40 amino acids, with
13-21% sequence similarity, consistent with a B-trefoil
fold (Fig. 2B). A QxW motif is conserved in each sub-
domain of R-type lectins, and SevilL shows a similar
pattern at residues 4042 (QxW), 79-81 (TxW), and
121-123 (ExW). The SeviL sequence included only one
Cys (C) residue, which does not form a disulfide bond
(Fig. 1A).

A second sequence, highly homologous to SevilL and
named Sevil-2, was identified in the M. virgata tran-
scriptome. The two sequences only differ at 10 out of
129 amino acid residues (Fig. S1C). Due to the high
heterozygosity of mussels, SeviL and SeviL-2 may
either represent allelic variants of the same locus or
the product of distinct orthologue genes, but the
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absence of a reference genome for this species ham-
pered an in-depth investigation. All the experiments
carried out and reported in this paper refer to SevilL-1,
as the analysis of RNA-sequencing data [29] revealed
that this variant was expressed > 4-fold higher than
SeviL-2 in all tissues.

Comparison of Sevil orthologues among mytilid
species

One or more SevilL orthologues are found in several
other members of the family Mytilidae, including
M. galloprovincialis, M. edulis, M. californianus, and
M. trossulus, P. purpuratus and L. lithophaga, with a
level of interspecies sequence conservation ranging from
25% to 99%, depending on the species considered
(Fig. S2A). Like the aforementioned case of M. virgata,
some species (i.e., P. purpuratus, M. galloprovincialis,
and L. lithophaga) display two sequence variants, which
were characterized more in detail in the Mediterranean
mussel genome [32], revealing a two exons/one intron
gene organization, with the ORF entirely contained
within exon 2 (Fig. S2B). The three Trp residues of
SevilL (residues 43, 81, 123; Fig. 3) are notably con-
served in all of Mytilidae SeviL-like proteins.

The distribution of SeviL-like R-type lectins and
mytilectins in the different mytilid subfamilies is vari-
able and partially overlapping (Fig. 4). Transcriptome
analysis suggests that R-type lectins (SeviL orthologues)
are present in the subfamilies Brachidontinae (Mytili-
septa, Perumytilus) and Lithophaginae (Lithophaga). On
the other hand, both R-type lectins and mytilectins were
found in the transcriptomes of Mytilinae (Mytilus,
Perna), and neither of the two lectin families were
detected in the genomes of Modiolinae, Bathymodiolinae
(deep-sea mussels), or Arcuatulinae. While no Sevil-like
R-type lectins could be found in the genomes of non-
mytilid bivalves, mytilectin genes are present in Pec-
tinidae (scallops). Overall, these observations reveal a
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A
1 gaa aca gcc 9

10 gcc aca cat gtg cac aaa tct age tgce gtg ggt cgt aca aag cat ata aaa aga gct gta 69
70 caa gac tgg tat gca gaa cca cta gaa gac att aca gaa gtc cag ttt aaa gac tta aaa 129

130 ATG AGT TCT GTT ACG ATT GGG AAA TGT TAT ATA CAG AAC AGA GAA AAT GGA GGG AGA GCC 189
1 M S s Vv T I G K C Y I Q N R E N G G R A 20

190 TTT TAT AAT TTG GGG CGT AAA GAC CTC GGA ATA TTT ACT GGA AAA ATG TAT GAT GAC CAA 249
21 F Y N L G R K D L G I F T G K M Y D D O 40

250 ATA TGG AGC TTC CAG AAA TCT GAT ACA CCA GGT TAT TAC ACC ATC GGA AGA GAG TCC AAG 309
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310 TTT TTA CAG TAC AAT GGG GAG CAA GTT ATA ATG TCT GAC ATC GAA CAA GAT ACT ACT TTA 369
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370 TGG TCA CTA GAA GAA GTA CCG GAA GAC AAA GGA TTC TAC CGT CTA CTG AAC AAA GTA CAC 429
81 W s L E E v p E D K G F Y R L L N K V H 100

430 AAG GCT TAT CTG GAT TAT AAC GGC GGG GAT CTT GTA GCA AAT AAG CAT CAA ACA GAA AGC 489
101 K A ¥ L b ¥ N G G D L V A N K H Q T E S 120

490 GAA AAA TGG ATC TTG TTT AAA GCA TAC TAA taa ctg aag gat gac atg act att atc gaa 549
121 E K W I L F K A Y * 129

550 ctt aaa tat cgg tct ata tag gac ggc ttt cat tat tca ctt tat tat taa taa att caa 609

610 gct tat ata ttt tct gaa gaa tag ttt aac tgt gct tat tat aaa aaa ttc tat gta aaa 669

670 att aaa t 676
s i i
Subdomain-1 - MSSUTHGKC NMMANRENGGR AENMNEGREBE GHETGEVEBE QWW- - - - - - 42

Subdomain-2 SHQK - SBTPG MMTHNGRESK- -EEQMNGEQM -NMvsSBUEQBT TEW- - - - - - 81
Subdomain-3 SHEEVPEBKGC ENMREENKVAK ANMEBMNGGBE -VANKHQTES ERWHEERAN 129

Consensus S XXXVXXXKG YYXXXXXXXX AFLXYNGXDL - I XXXXXXDX XXW- -----
100%

Conservatio()l; HI_II_II_IHI_II_II_IHH HHTII_II_II_II_II_II_IW HHHI_IHHHI_IHH I_IHI_II_II_II_II_II_IHI_I I

Fig. 2. cDNA sequence and deduced amino acid sequence of SevilL. (A) The asterisk indicates the stop codon. The peptide fragment
obtained from mass spectrometric analysis is underlined. (B) Amino acid sequence alignment of the internal tandem-repeat subdomains of
Sevil. The consensus at bottom summarizes the residues shared by the three domains. The sequence alignment within the polypeptide is
analyzed by using MUSCLE program [31].

markedly discontinuous distribution of Sevil-like lec- mantle rim. SevilL expression levels were much lower
tins and mytilectins in the bivalve tree of life, which sug- in the digestive gland and posterior adductor muscle
gests that their loss or retention may be dependent on and barely detectable in foot (TPM < 1). The high
unknown environmental or ecological factors. expression of SevilL in mantle rim was confirmed by

gqRT/PCR on individual mussels (Fig. 5B). The speci-
ficity of expression of SeviL in tissues (gills and man-
tle) that are constantly exposed to the external
RNA-seq mapping graphs based on various tissues environment suggests the possibility that this lectin is
collected from a pool of adult mussels (Fig. SA) show involved in recognition of glycans found on parasitic
high expression of SeviL (TPM > 10) in gills and or symbiotic microorganisms.

Expression of SeviL mRNA in M. virgata tissues
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Fig. 3. Multiple sequence alignment of Sevil orthologues in various mytilid species, detected in publicly available genomic or transcriptomic
resources. mytvirl (GenBank accession number MK434191) and mytvir2 (MK434192): Mytilisepta virgata, mytgall (MK434193) and mtgel2
(MK434194): Mytilus galloprovincialis; litlit1 (MK434195) and litlit2 (MK434196): Lithophaga lithophaga; mytedu (MK434197): Mytilus edulis;
mytcal (MK434198):  Mytilus californianus;, myttro (MK434199): Mytilus trossulus; perpurl (MK434200) and perpur2 (MK434201):
Perumytilus purpuratus. Names with numbers (e.g., mytvirl, mytvir2) indicate lectin variants from the same organism. Note that the
sequence perpurl and perpur2 display incomplete N-terminal and C-terminal regions, respectively. The sequence alignment within the

polypeptide is analyzed by using MUSCLE program [31].

Glycan-binding profile of SeviL

The glycan-binding profile of SeviL was determined by
array analysis using 52 representative glycans, as illus-
trated and numbered in Fig. S3A and Table S1. Sevil
bound significantly to the GMIb oligosaccharide
(Neu5Aca2-3GalB1-3GalNAcB1-4Galp1-4Glc; 36) and
its precursor asialo-GM1 oligosaccharide (GalP1-3Gal-
NAcB1-4Galp1-4Glc; 41) (Fig. 6B and Fig. S3B). The lec-
tin also interacted weakly with the glycan moiety of
asialo-GM2 (GalNAcP1-4GalB1-4Glc; 43) oligosaccha-
ride (which contains a GM1b or asialo-GM1 oligosaccha-
ride component) and the globo-series SSEA-4 hexaose
(Neu5Aca2-3GalB1-3GalNAcB1-3Galal-4GalB1-4Glc;
51) (Fig. 6B). The total amount of SeviL bound with these
three glycans was concentration-dependent (Fig. 6B and
Fig. S3B).

On the other hand, SeviL showed no notable bind-
ing to Thomsen—Friedenreich (TF-) antigen (Galpl-
3GalNAc; 9) nor GMla (GalBl-3GalNAcB1-4
[Neu5Aca2-3]Galf1-4Gle; 35). Sevil displayed no
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significant interaction with N-glycans (Fig. 6A: 1-7),
O-glycans (Fig. 6A: 8 and 9), and glycosaminoglycans
(Fig. 6A: 10-14), which are derived from glycopro-
teins.

Asialo-GM1 oligosaccharide-dependent apoptosis

Possible triggering of ganglioside-dependent signals by
SeviL was examined. Anti-asialo-GM1 pAb was
applied to HeLa, MCF7, BT474, Caco2, and MDCK
cells (see Materials and methods ‘Mussels, cell lines,
and reagents’) and caused surface staining of each cell
line except BT474 (Fig. 7A). Next, cells (10> mL™")
were incubated with various concentrations of SeviL
for 48 h, and cell viability and proportions of living
cells were determined by WST-8 assay. Increasing the
SeviL concentration from 25 to 100 pg-mL~" resulted
in apoptosis (cell death) for HeLa, MCF7, Caco2, and
MDCK (Fig. 7B), but not for BT474. Cotreatment
with anti-asialo-GM1 pAb blocked the cytotoxic effect
of SeviL (Fig. 7B, ‘SeviL + pAb’). These findings
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SL ML  Subfamily
——  Mytilisepta virgata \'4 X
] Brachidontinae
L——  Perumytilus purpuratus \'/ X
——  Perna spp. X \'}
] Mytilinae
L mytilus spp. \'/ \"/
Mytilidae Modiolus philippinarum X X Modiolinae
Bathymodiolus platifrons X X Bathymodiolinae
Pteriomorphia Lithophaga lithophaga \'4 X Lithophaginae
Limnoperna forunei X X Arcuatulinae
Pectinidae X \'}
Ostreidae X X

X Absent (confirmed from genome data)

X Putatively absent (transcriptome data)

V Present

Fig. 4. Comparative distribution of SevilL/R-type (SL) lectin and mytilectin (ML) family members in bivalves. The presence of ML and SL was
confirmed by genomic and/or transcriptomic data in the family Mytilidae, using Pectinidae, and Ostreidae as outgroups in the subclass
Pteriomorphia. The cladogram was drawn based on the classification of bivalve species based on WoRMS data [33]ription levels of SevilL in
various M. virgata tissues, calculated in silico from RNA-seq data in a pool of individuals and expressed as trascripts per milion (TPM) (panel
A), or determined in single individuals with gRT/PCR (panel B) (see Materials and methods). Each bar represents the mean plus standard

deviation of three technical replicates.

indicate that SevilL induced apoptosis mediated by
ganglioside at the cell surface.

Activation in HelLa cells of MAPK pathway and
caspases

In HeLa cells, SeviL activated the MAPK pathway of
extracellular signal-regulated kinase (ERK),, signaling
cascade in dose-dependent manner, as shown by Wes-
tern blotting (Fig. 8, P-ERK,,, vs. ERK;). SeviL
treatment also phosphorylated p38 mitogen-activated
protein kinase (Fig. 8, P-p38 vs. p38) and activated
caspase-3/9 (Fig. 9, procaspase-3 and 9 vs. activated
caspase 3 and 9). These findings suggest that SeviL
regulates cell physiological processes through similar
MAPK pathways, including MEK/ERK and p38, and
activate caspase-3 via mitochondrial cycles.

Localization of Sevil in M. virgata tissues

SevilL signals detected by the antiserum indicated its
specific presence in the outer part of the mantle rim and
gills (Fig. 10A,C), but not in the foot (Fig. 10E). This
localization pattern reflected the transcriptional levels of
SeviL-encoding mRNA coding in mussel tissues
(Fig. 5A). The signals detected by the anti-GM1 pAb
showed the same pattern of distribution as the expres-
sion of SeviL (Fig. 10B,D). These findings suggest that
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the main sites of expression of SevilL in M. virgata
match with the location of detection of the antigens
detected by the asialo-GM1 pAb. Since SeviL was
obtained by the elution with the sugar-containing buffer
from the mantle and gills of the mussels during the
purification, it seems reasonable for the lectin to be
found in these tissues with binding its ligands (Table 1).

Discussion

Over the past decade, glycobiological studies of nontra-
ditional model organisms (such as bivalve mollusks)
have revealed an unexpected diversity of lectins in vari-
ous taxonomic groups. In this study, we have demon-
strated the presence of an R-type lectin (Sevil) in
Mytilisepta virgata, a member of the family Mytilidae.
This lectin family is characterized by a B-trefoil fold
structure and occurs across a wide range of animals,
from microorganisms to humans. R-type lectins have
been reported previously from the invertebrate phyla
Porifera [34], Annelida [35], and Echinodermata [36].
SevilL was assigned to the R-type lectin family on the
basis of sequence similarities to the prototypical ricin B-
chain domain, but it displays features not found in other
members of this family. First identified in a plant, R-
type lectins are found in a wide variety of organisms
from bacteria to mammals, and numerous structures
from this group have been analyzed in detail. Although
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a QxW motif is conserved in each of the three subdo-
mains, no overall consensus sequence is found like that
of C-type lectins or galectins. The primary structure of
SeviL shares less than 20% similarity with other inverte-
brate R-type lectins (Fig. S2C), but there is much
greater similarity (40-90%) among mytilid proteins
(Fig. S2A). Both acidic and basic amino acids are found
throughout the sequence of Sevil, in contrast to Myti-
Lec-1, which has acidic amino acids only on the C-ter-
minal side of each subdomain [12]. Surprisingly, SeviLL
also possesses 6 hydrophobic amino acids at the C ter-
minus, as found with MytiLec-1 [12]. In the case of
MytiLec-1, these residues were essential for dimerization
[13], but structural analysis will be needed to determine
whether the same is true of SeviL.

Several similar sequences in other Mytilidae species
besides M. virgata (Fig. 3) define a cluster of ortho-
logues that we have named ‘SeviL-like R-type lectins’.
Curiously, the taxonomic spread of these lectins only
partially overlaps that of mytilectins [18]. While no
mytilectin was detected in the transcriptome of
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M. virgata, some mussel species (such as Mytilus gallo-
provincialis) possess both types of lectin, and others
(such as Modiolus philippinarum) have neither (Fig. 4).
The transcription of M. virgata SeviL-like lectin and
M. galloprovincialis MytiLec-1 was similarly confined
to mantle and gills in both species (Fig. 5), suggesting
that these lectins have similar roles in mussel physiol-
ogy. However, while only the R-type lectin family is
expressed in M. virgata, both members of the R-type
family and the mytilectin family are encoded by the
genome of M. galloprovincialis. 1t is presently
unknown whether these two lectin families display an
overlapping pattern of expression and are coregulated
in this species. Determining how the expression of
mussel lectins is modulated in response to external
stimuli may bring new insights into the molecular ecol-
ogy of these proteins, and helping to understand the
role of lectin-glycan interactions in the notable capac-
ity of bivalve mollusks to adapt to new environments.
SeviL was purified by using a lactose-conjugated
affinity column, and its ability to hemagglutinate was
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Fig. 6. Glycan-binding profile of Sevil.
HyLite555-labeled Sevil (0-100 pg-mL~":
right upper) was subjected to glycan array
analysis combining glycan-conjugated chips
in which 52 glycan structures were
immobilized and a surface plasmon
resonance scanning detector (numbering as
in Fig. S3A and Table S1). The evanescent-
field fluorescence occurring by the binding
between HyLiteb55-Sevil and the glycans
(Fig. S3B) is represented as net intensities
(y-axis of these graphs). (A) The chip
includes N-glycans, O-glycans,
glycosaminoglycans, Lewis type
oligosaccharides, derivatives of lactose and
N-acetyllactosamine and ABH-type
oligosaccharides (No. 1-28 in Table S1). (B)
The chip includes ganglio-series
oligosaccharides and globo-series
oligosaccharides (No. 29-52 in Table S1).
Arrows indicate positions (glycans number
36, 41 and 51) of glycans of GM1b, asialo-
GM1, and SSEA-4 hexsaose, respectively.
M. Internal standard marker for
fluorescence. C. The structural motif of the
glycans recognized by SevilL. The colored
part highlights the structure shared by
GM1D, asialo-GM1 and SSEA-4 hexa(ose),
whose glycans are bound by SevilL (see
panel B). GM1a, TF, and SSEA-4 tetra(ose)
are glycans that are not bound by the lectin.
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Anti-asialo-GM1 pAb

Hela

Fig. 7. Detection of asialo-GM1 expression
on cell membranes by immunostaining. (A)
Paraformaldehyde-fixed cells were stained
with anti-asialo-GM1 oligosaccharide pAb
and AF488-tagged goat anti-rabbit Ab
(green). Nuclei were counterstained with

MCF7 Caco2 MDCK

BT474

DAPI (blue). Magnification: x40. Scale bar:

10 mm. (B) Cytotoxic effects of SeviL on 1.5 |
human ovarian cancer (Hel.a), breast cancer
(MCF7, BT474), colonic cancer (Caco2), and
dog kidney (MDCK) cells. Cells were treated
with Sevil at various concentrations (0—
100 pug-mL~") for 24 h, and cell viability
(expressed as Agso; see M & M/ "Cell
viability and cytotoxicity assays’) was
determined by WST-8 assay. SeviL + pAb:
treatment with 50 pg-mL~" Sevil plus anti-
asialo-GM1 oligosaccharide polyclonal
antibody (pAb). pAb (Cont): anti-asialo-GM1
oligosaccharide pAb without Sevil, as
control. Data shown are mean + SE 0

10| g

0.5

Absorbance (A4s0)

25 50 100

SeviL+pAb pAb(Cont)

(n = 3). Pvalues (*P < 0.05) were obtained
with Dunnett's test.

inhibited in the presence of lactose and melibiose.
However, such inhibition required a high concentra-
tion, 20 mM or more of the sugars, roughly 100 times
the ligand concentration used in the glycan array anal-
ysis. This observation suggests that the binding by
these disaccharides does not occur under physiological
conditions.

SeviL, in same with an R-type lectin from sea
cucumber [36], requires divalent cations such as Ca*"
for its hemagglutination activity (Fig. S1A), whereas
MytiLec-1 shows no dependence on metal ions [12]. In
contrast to members of the mytilectin family, including
MytiLec-1 and CGL, which bind to o-Gal in Gb3
[13,37], SeviL strongly binds to ganglio-series GM1b
oligosaccharide (NeuSAca2-3GalB1-3GalNAcB1-4Gal
B1-4Glc) and asialo-GM1 (GalBl1-3GalNAcB1-4Gal
B1-4Glc). SSEA-4 hexaose (NeuSAco2-3Galfl-3
GalNAcB1-3Galal-4Galf1-4Glc) and asialo-GM?2
(GalNAcP1-4GalB1-4Glc), which weakly interacted
with Sevil, comprises a part of the structure of GM1b
(Fig. 6B and Fig. S3B). On the other hand, SeviL did
not bind to TF antigens (Galfl-3GalNAc), GMla
(Galp1-3GalNAcB1-4[NeuSAca2-3]Galf1-4Glc). These
results suggest that Galp1-3GalNAcB1-4GalB1-4Glc is
the core structure recognized by SeviL and that the
presence of NeuSAc at the nonreducing terminus is a

287 2612-2630 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Concentration of Sevil (ug.mL=T)

desirable feature for sugar binding (Fig. 6C). Further-
more, the hydroxyl group at the C-3 position of the
3rd Gal from the nonreducing terminus is required to
be free (Fig. 6C). SeviL displayed a different carbohy-
drate-binding specificity with GM1b and asialo-GM1
compared with the cholera toxin, which bound to
GMla and fucosyl-GM1 [38]. After all, this study
found that this R-type lectin of the mussels was gly-
cosphingolipid glycan-binding specific such as gan-
glioside and globoside, not but glycoprotein glycans
(Fig. 6A).

The binding of SeviL to two ganglio-series (GM1b
and its precursor asialo-GM1) and one globo-series
(SSEA-4 hexaose) oligosaccharides is very interesting,
since each glycan is expressed specifically by the target
antigen for Guillain—Barré syndrome (GMI1b) [39],
natural killer cells and basophils (asialo-GM1) [40],
and glioblastoma multiforme (SSEA-4) [41] in verte-
brates, respectively. SeviL has potential clinical appli-
cations, similar to those of other invertebrate R-type
lectins that recognize specific glycans such as TF anti-
gen (GalBl-3GalNAc) and LacdiNAc (GalNAcPI-
4GIcNAc) [42,43].

Exposure to SeviL led to increased metabolism and
induction of apoptosis in mammalian cells bearing
asialo-GM1 oligosaccharide (Fig. 7), indicating the
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Fig. 8. Phosphorylation of MAPKs by SeviL in Hela cells. Cells
(5 x 10° were treated with SeviL at various concentration (0—
100 pg-mL™") or durations (0-24 h). Phosphorylation of kinases
was evaluated by Western blotting of cell lysates. P-p38, P-ERKj,,

and P-MKK3/6: phosphorylated forms of p38, ERK;, and MKK3/6
kinase, respectively. MKK3/6 is the upstream kinase of ERKj,.

ability of the protein to regulate cell proliferation.
SeviL is a dimer like MytiLec-1 (Fig. 1B), whose self-
association is essential for cytotoxicity. The use of an
anti-asialo-GM1 polyclonal antibody (pAb), which
blocked the access to the target of SeviL, completely
abrogated the effect of the lectin (Fig. 7B). The cell
regulatory mechanisms triggered by the interaction
between SeviL and GM1b oligosaccharides will also be

Y. Fuijii et al.

SevilL etoposide
(lgmL™")  (um)
0 50 100 200 500 kD3

Activated |
Caspase-9

Procaspase-3 35
Activated : 19
Caspase-3 P

Fig. 9. Induction of caspase-3/9 cleavage by SeviL. Hela cells
were treated for 48 h with SeviL (50, 100 pg'mL’1), anticancer
reagent etoposide (200, 500 um) or lysates were prepared, and
caspase-3/9 activation was detected by Western blotting. Each
experiment was performed in triplicate.

clarified by using a specific anti-GM1b antibody in
future. Sevil activated various metabolic pathways
(including MKK3/6, ERK,,;, p38, and caspase-3/9).
Both MytiLec-1 and Sevil therefore can potentially
regulate the growth of human cancer cells by binding
their respective ligands and activating similar meta-
bolic pathways (Figs 8 and 9). The mytilectin family is
known to play roles not only in the regulation of cell
death [44] and also cell proliferation [45], through the
activation of kinases. SevilL and the other R-type lec-
tins isolated from Mytilidae may similarly have multi-
ple activities, and it is possible that their expression
may be regulated by signals external to the organism.
B-Trefoil lectins of mussels have been proposed to be
involved in defense against pathogenic microorganisms
typically encountered by bivalves due to their filter-
feeding habits [16,18,46]. By using immunohistochem-
istry techniques, the expression of SevilL was detected in
tissues which are in direct contact with the internal and
external environment (Fig. 10). The comparison
between the transcriptional levels of Sevil-like lectin
and mytilectin in mussels grown in different environ-
ments may clarify the specific role of these lectins in
immune defense against invading microorganisms. The
spatial overlap between the signals detected with the
anti-asialo GM1 polyclonal antibody and the anti-
SeviL antibody (Fig. 10) suggests the presence of similar
or identical antigens with asialo-GM1 in the mussel tis-
sues. The autoantibody which recognizes GM1b raised
in patients affected by the Guillain—Barré syndrome
arises from infection with Campylobacter, because
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Mantle Rim

A GM1b/asialo-GM1-binding R-type lectin of mussels

Gill Foot

Anti AsGM1

Anti SeviL

IF

Phase

Control

Anti SeviL

Anti AsGM1 Anti SeviL Anti AsGM1

Fig. 10. Localization of SevilL and substances which reacted with anti-asialo-GM1 polyclonal antibody in M. virgata tissues. Tissue sections
derived from mantle rim, gill, and foot were applied by anti-Sevil (column anti-SeviL: A, C, E, G, | and K) and anti-asialo-GM1 (column Anti
AsGM1: B, D, F, H, J, and I) polyclonal antibodies followed by Alexa 568 (red: for the detection Anti-Sevil) or Alexa488 (green: for the
detection of As asialo-GM1) conjugated secondary anti-rabbit IgG antibody. All sections were stained also with DAPI to detect nuclei (blule:
A-F and M-R). IF: immunofluoresence (A-F), phase: phase contrast (G-L) and control: applying nonimmune primary antibody (for SeviL: M,
0, and Q) and without primary antibody (for asialo-GM1 antibody reactant: N, P and R), respectively. Scale bars: 20 um each.

specific lipopolysaccharides of the bacteria possess
structures similar to gangliosides [39]. This evidence
may support the hypothesis that the glycans recognized
by SeviL may be present both in invading microorgan-
isms and in the tissues of species pertaining to the fam-
ily Mytilidae. It has been recently reported that the
lectin subunit of the cholera toxin, which is known to
bind GMIa, also binds to lipooligosaccharides and is
capable of inhibiting the growth of genus Campylobac-
ter [47]. The glycan structures of most invertebrates and
microorganisms remain to be thoroughly investigated
[48,49], and the application of structural glycobiology
approaches to these phyla will provide a significant
improvement in the knowledge on this subject.

Besides the immune response of bivalves in response
to infection by pathogenic microorganisms, the study
of the infection and defense mechanisms enacted by
these marine bivalves against neoplasia has also met a
considerable interest in recent years. The group of
Goff showed that horizontal transmission of cancer
cells in bivalves resulted from activation of the retro-
transposon gene ‘Steamer’ [50]. Such neoplastic cells
may be propagated from one individual and transmit-
ted to others through sea water [51]. In recent, the
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group of Metzger elucidated how the cancer cells of
mussels were transferred across the Atlantic and
Pacific Oceans and between the Northern and South-
ern hemispheres [52]. By knowing this situation, we
will have more interest in how the cancer cells transfer
into the mussels in the Asian area. In order to better
elucidate the physiological role of Sevil-like lectins,
one of our next goals will be to investigate whether
their administration to tumor cells derived from
bivalves may have a significant effect on cell growth
regulation.

SeviL and MytiLec-1 bind to B- and a-galactosides,
respectively, but it is not yet certain whether the natu-
ral ligand of these proteins is found within the organism
itself or in the surrounding environment. The physiolog-
ical roles of these proteins will remain unclear, however,
until their target glycans are identified. Certain mollusks
have characteristic glycosphingolipids with Gal or Gal-
NAc at their glycan termini [53,54]. Such glycans are
potential ligands for mytilectins, and similar ligands
may exist for SeviL as well. Although the protein
appears from its sequence to be a B-trefoil, it shows lim-
ited conservation to other such proteins at the sugar-
binding sites (Fig. S4). Characteristics of the molecular
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structure of the protein may help understand the func-
tion of lectins by revealing the modes of endogenous
and exogenous ligand binding. Although the history of
lectins in the mollusks is so long, the studies on the func-
tional characterization of the B-trefoil fold lectin in the
bivalves have just begun.

Materials and methods

Mussels, cell lines, and reagents

Mussels (M. virgata) were collected from the seashore at
Saikai City, Nagasaki prefecture, Japan, under the permis-
sion of the Saikai-Oosaki fisheries union. The shells were
removed, and bodies were stored whole at —80 °C. Human
cell lines HeLa (cervical cancer), MCF7 and BT474 (breast
cancer), and Caco2 (colonic cancer) were from American
Type Culture Collection (ATCC). Dog kidney cell line
MDCK was kindly provided by T. Fujiwara. Lactose, meli-
biose, sucrose, D-Gal, D-Glc, D-Man, D-Fuc, D-GalNAc,
D-GlcNAc, standard protein markers for SDS/PAGE, por-
cine stomach mucin, fetuin, and penicillin—streptomycin for
cell culture were from FUJIFILM Wako Pure Chemical
Corp. (Osaka, Japan). Bovine submaxillary mucin was
from MP Biomedical (Illkirch-Graffenstaden, France). Lac-
tosyl-agarose gel was from EY Laboratories (San Mateo,
CA, USA). RPMI 1640 medium and fetal bovine serum
(FBS) were from Thermo Fisher Scientific (Waltham, MA,
USA). Cell Counting Kit-8 including 2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetra-
zolium) monosodium salt (WST-8), HiLyte Fluor 555
labeling kit-NH, and Biotin Labeling kit-NH, were from
Dojindo Laboratories (Kumamoto, Japan). HRP-conju-
gated B-actin monoclonal antibody (mAb) was from FUIJI-
FILM. Anti-asialo-GM1 polyclonal antibody (pAb) (rabbit
immunoglobulin) was from Cedarlane (Ontario, Canada).
Anti-p38, antiphosphorylated p38 (pT180/pY182), anti-
Erkl, and antiphosphorylated ERK,, (pT202/pY204)
monoclonal antibodies (mAbs) were from Becton Dickin-
son (Franklin Lakes, NJ, USA). Antiphosphorylated
MKK3/6 (MKK3(S189)6(S207) 22A8) and anticaspase-9
mAbs were from Medical and Biological Laboratories
(Nagoya, Japan). Anticaspase-3 mAb was from Cell Signal-
ing Technology (Danvers, MA, USA). HRP-conjugated
anti-mouse or anti-rabbit IgG as secondary antibody was
from Chemicon International (Temecula, CA, USA). Alexa
Fluor® 568-labeled goat anti-rabbit IgG and Alexa Fluor®
488-labeled goat anti-rabbit IgG were from Abcam (Cam-
bridge, UK). Can Get Signal® Immunoreaction Enhancer
Solution 1 and 2 were from Toyobo Co. (Osaka, Japan).
Tissue-tek compound was from Sakura Finetek Co (Tokyo,
Japan). Low fluorescence and silicon-coated glass slides
were from Matsunami Glass Industry (Kishiwada, Osaka,
Japan).
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Lectin purification

Mussel mantles and gills were homogenized with 10 vol-
umes (w/v) 150 mm NaCl containing 10 mm Tris/HCI, pH
7.5 (TBS) with 10 mm CaCl,. Supernatant (Sup 1) was col-
lected by centrifugation at 27 500 g for 1 h at 4 °C as
described in our previous study [12], with some modifica-
tion. Precipitate was homogenized with 10 volumes (w/v)
TBS containing 50 mm lactose, and supernatant (Sup 2)
was collected as above. Sup 2 was dialyzed extensively
against TBS. Both Sup 1 and Sup 2 were applied to lacto-
syl-agarose column (5.0 mL), and the column was washed
with TBS until absorbance at 280 nm (A,g) of effluent
reached baseline level. Lectin was eluted with TBS contain-
ing 50 mMm lactose.

Hemagglutination assay and sugar-binding
specificity assay

Hemagglutination assay was performed in 96-well V-shaped
plates as described previously [55]. Twenty microliters of
twofold dilution of purified lectin in TBS was mixed with
20 pL of a 1% suspension (with TBS; v/v) of trypsinized,
glutaraldehyde-fixed rabbit erythrocytes, TBS, or TBS with
0.2% Triton X-100. Plates were incubated for 1 h at room
temp, and formation of a sheet (agglutination-positive) or
dot (agglutination-negative) was observed and scored as
lectin titer. For sugar-binding specificity assay, 20 pL of
sugar solution (200 mm) was serially diluted with TBS and
mixed with 20 pL of lectin solution (adjusted to titer 16),
trypsinized/glutaraldehyde-fixed rabbit erythrocytes, or
TBS containing 1% Triton X-100. Plates were incubated
for 1 h at room temp, and minimal inhibitory sugar con-
centration was determined.

Protein quantification and molecular mass
determination

Protein was quantified using a protein assay kit (Thermo
Fisher/ Pierce) based on the principle of bicinchoninic acid
for colorimetric detection [56,57], using ovalbumin as stan-
dard. SDS/PAGE [58] was performed in 15% (w/v) acry-
lamide gel under reducing or nonreducing conditions, and
gels were stained by Coomassie Brilliant Blue R-250.

Analytical ultracentrifugation

Sample concentration was estimated as 1.0 mg-mL~' from
A280 measurement. Sedimentation velocity experiments
were performed using an Optima XL-I analytical ultracen-
trifuge (Beckman Coulter, Brea, CA, USA) with An-50 Ti
rotor. Analytical cells (with standard Epon two-channel
centerpiece and sapphire windows) were loaded with
400 pL sample and 420 pL reference solution (50 mm
potassium phosphate, pH 7.4, 0.1 m NaCl). Prior to each
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run, the rotor was kept stationary at 293 K in vacuum
chamber for 1 h for temperature equilibration. A280 scans
were performed at 10-min intervals during sedimentation at
201 600 g and analyzed using the continuous distribution (c
(s)) analysis module in SEDFIT [59]. Frictional ratio (f]fo)
was allowed to float during fitting. c(s) distribution was
converted to molar mass distribution ¢(M). Partial specific
volume of protein, solvent density, and solvent viscosity
were calculated from standard tables using the program
SEDNTERP [60].

Determination of primary structure of SevilL by
mass spectrometry

The partial peptide sequence of SevilL was derived by Pro-
teomics International (Nedlands, WA, Australia). 200 pg
lectin was dialyzed extensively against distilled water to
remove salt, lyophilized, and digested by trypsin, and pep-
tides were extracted by standard techniques [61]. Peptides
were analyzed by electrospray ionization mass spectrome-
try using Prominence nano HPLC system (Shimadzu,
Kyoto, Japan) coupled to 5600 triple time-of-flight (TOF)
mass spectrometer (AB Sciex, Framingham, MA, USA).
Tryptic peptides were loaded onto Zorbax 300SB-CI18 col-
umn, 3.5 mm (Agilent, Santa Clara, CA, USA) and sepa-
rated on a linear gradient of water/ acetonitrile/ 0.1%
formic acid (v/v). MS/MS spectra were analyzed using
PEAKS Studio software platform v. 4.5 SP2 (Bioinformat-
ics Solutions, Waterloo, ON, Canada) with manual inter-
pretation.

Transcriptomic analysis of full-length cDNA

cDNA sequence of SevilL obtained as above was used to
screen de novo-assembled transcriptome data of M. virgata
obtained from four tissues (i.e., gills, mantle rim, posterior
adductor muscle, and digestive gland) from a pool of mus-
sels collected at the seashore of Saikai city [29].

The assembled contig corresponding to the putative
mRNA lectin sequence was identified by tBLASTn (e-value
threshold was set at 0.05). The partial peptides sequences
obtained as described in the previous section were used as
queries for BLAST searches against the transcriptome. Cor-
rect assembly of the consensus transcript was confirmed by
back-mapping RNA-seq reads to the sequence and by
assessment of uniform and homogenous mapping along the
entire coding sequence. The expression level of Sevil in
various tissues was calculated in silico as TPM (transcripts
per million) using CLC Genomics Workbench v.10 RNA-
seq mapping tool (Qiagen, Hilden, Germany), setting
length fraction parameter to 0.75, similarity fraction
parameter to 0.98, and match/mismatch/deletion penalties
to 3/3/3. RNA-seq datasets from the tissues mentioned
above were used for this analysis [29].
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To further confirm the tissue specificity of SeviL, qRT/
PCR analyses were carried out on three individual mussels,
as described in [29]. In this case, the sequence-specific pri-
mers designed for SeviL are (5’ -> 3'): AATTTGGGGCG
TAAAGACCT (forward primer) and GGACTCTCTTCC
GAGGGTG (reverse), aiming at the amplification of a
111-bp target sequence.

Sequence data availability

The cDNA sequence of Sevil, Sevil-2, and the orthologue
sequences identified in publicly available transcriptomes of
other mytilid species have been deposited in the GenBank
repository, MK434191-
MK434201. The sequence alignments among each ortho-
logue in the different species or the subdomains in the
polypeptide are analyzed by using the MUSCLE program
(http://www.driveS.com/muscle) [31].

under the accession numbers

Glycan array analysis

Glycan array analysis was performed by Sumitomo Bake-
lite Co. (Tokyo, Japan). SeviL was fluorescence-labeled
(Aexjem 555/570 nm) using HiLyte Fluor 555 labeling kit-
NH; as per the manufacturer’s instructions. A wide range
of 52 glycans including N-glycans, O-glycans, Lewis gly-
cans, lactosamine, blood-type glycans, gangliosides, and
globosides were immobilized on wells. Fluorescence-labeled
SevilL at concentrations ranging from 0 to 100 pg-mL ™!
were incubated overnight at 4 °C with shielding from
light. SeviL-binding glycans were detected by using Bio-
REX Scan 300,
(Rexxam Co. Ltd., Osaka, Japan). Wavelength of laser
light was used for Cy3, and the exposure time was 300 ms
[62].

an evanescent fluorescence scanner

Cell viability and cytotoxicity assays

Cells were maintained in RPMI 1640 supplemented with
heat-inactivated FBS 10% (v/v), penicillin (100 TU-mL™"),
and streptomycin (100 pg-mL~') at 37 °C. Cytotoxic effects
and cell growth following treatment with SeviL at concen-
trations ranging from 0 to 100 pg-mL~' were determined
using Cell Counting Kit-8 containing WST-8 [12]. Cells
(2 x 10*, in 90 pL solution) were seeded into 96-well flat-
bottom plates and treated with 10 pL lectin for 24 h at
37 °C. To evaluate glycan-inhibitory effects, anti-asialo-
GMI1 oligosaccharide pAb (50 pg-mL™") was co-incubated
with cells in addition to lectin for 24 h and then applied to
the assay system. For assay of effect on cell growth, each
well was added with 10 pnL. WST-8 solution and incubated
4 h at 37 °C. Cell survival rate was determined by measur-
ing Ayso (reference: Aggg) with a microplate reader (model
iMark; Bio-Rad, Tokyo, Japan).
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Detection of activated signal transduction
molecules and their phosphorylated forms

HeLa cells (5 x 10°) were cultured with SeviL (0-
100 pg-mL™") for 24 h and then lysed in 200 pL RIPA buf-
fer. Lysate was separated by SDS/PAGE and electrotrans-
ferred onto PVDF membrane as described previously [63].
Primary mAbs used were directed to p38 (1:3000; mouse),
phospho-p38 (1:3000; mouse), ERK; (1:3000; mouse),
phospho-ERK,,  (1:3000; mouse), phospho-MKK3/6
(1:3000; mouse), caspase-3 (1:5000; rabbit), and caspase-9
(1:5000; mouse). These antibodies were applied in Can Get
Signal solution 1. Membrane was incubated for 24 h at
4 °C. HRP-conjugated secondary antibody was diluted
1:5000 in Can Get Signal solution 2 [64].

Immunocytochemical analysis of asialo-GM1
oligosaccharide expression

Cells (1 x 10° were fixed with 4% paraformaldehyde in
PBS for 15 min at room temperature, washed 3x with
PBS, blocked with 1% BSA in PBS for 30 min at room
temperature. They were washed 3x with PBS, incubated
with or without 100 pL anti-asialo-GM1 oligosaccharide
pAD (dilution 1:200 with PBS) at 4 °C for 30 min, washed
3x with PBS, treated with 100 pL Alexa Fluor® 488-tagged
goat anti-rabbit IgG (dilution 1:200 in PBS) at 4 °C for
30 min. Cells were placed onto low fluorescence glass
slides, mounted with 50% glycerol solution, and examined
by confocal microscopy. Confocal images were obtained
using FV10i FLUOVIEW (Olympus, Tokyo, Japan).

Immunohistochemistry of SeviL expressions on
the mussel tissues

Mussel organs (gill, mantle rim, and foot) were cut into
around I-cm-square pieces, embedded in the Tissue-tek
compound and frozen in isopentane, cooled in by liquid
nitrogen. The frozen tissue block was sliced on 6-pum-thick
with Leitz cryostat (Leica Instruments, Nussloch, Ger-
many), placed on silicon-coated glass slides. Sections were
sequentially fixed in PBS containing 4% paraformaldehyde
for 15 min at room temperature, incubated in blocking
solution containing 0.05% saponin and 1% BSA in PBS
for 30 min, incubated with or without anti-SeviL or anti-
asialo-GM1 oligosaccharide pAb (dilution 1:100 with
blocking solution) at room temperature for 1 h. After
washing the tissues with PBS, they were treated with Alexa
Fluor® 568-labeled goat anti-rabbit IgG or Alexa Fluor®
488-labeled goat anti-rabbit IgG (dilution 1:100 in blocking
solution) at room temperature for 1 h, washed with PBS,
mounted with 50% glycerol solution, and observed by con-
focal microscopy FV10i FLUOVIEW. Nuclei were stained
by DAPI (364/454 nm) [64].
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Statistical analysis

Experiments were performed in triplicate, and results pre-
sented as mean =+ standard error (SE). Data were subjected
to one-way analysis of variance (ANOVA) followed by
Dunnett’s test, using spss STATISTICS software package, v. 10
(www.ibm.com/products/spss-statistics). Differences with
P < 0.05 were considered significant.
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Fig. S2. Pairwise sequence comparison of SevilL, and Fig. S4. A homology model of SeviL.

schematic Organization of M. galloprovincialis locus Table S1. List of 52 Oligosaccharides used for the gly_
encoding of SeviL-like lectin. can-array analysis.
Fig. S3. Glycan-array analysis.
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KN IREICHES LTV D BEHIE, BEx e ERRE 2 RBLL T D &
EZLNTEY, ZRETEL OWFREEN A 2T 7n—FI2k 0, ZOMEN
MHEZH OGN L TETWA. PEHOBKREEDZ I1X, PEEEX XV EThoH L
JF U RIKEDSFEFAEERZ N L CRESNTWD. Bl 1E, HRE o
B EAERSCIRIRE « U A WV ADBIIZB N THHEHE- 1 7 F U fHEAERH 3B
HLTW5., Fx i3 EEmFONIGIZESX, BEHOMEEZAL T 5729
21X, BSOS S Lo M AR L, L7 T2 - BiikR P L D B0
DOREER R 2 BT 5 2 ENVETH D LB TR ZED TV 5. 2019 4 X
D oA IO —B &7, ARIIEESEEM O T a7 v a v
ELTHEMEEL —BED D E LB, BERRBEEICN DT ITH LW B o Pk 4
L. REEIZZNETOFREEDOE EHEITH & & HIT, BRSO Hifl
FEOWEB L OB - A v T ~T 4 7 AOEBEEREZ B LTz,

I. PUEDOREHIZE & Huik-EWE S RO /ER

a7 ) X, FEHOWENR OIS RV BEO—D2 Lo T
HIAE TIEZRV. TF, Ao FEIEMS - JUR-FEME SR E L CoHUROFH 3 HE
MLUTEY, FEHOME S ZOWERICET ETEENEE > TND. FURIZ
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LTE LDl L72(3,4).

II. CHEIV I F U ZRIEOEE L HEEICE+ 2158

V7T I A R BRI T 2 0 & LTIRIASHEREL TV D, Ly F
FHBE ISR L COBFMEIE < mM BREOHEEER TH L), Z< DL F i
AV Tw—ic LV, BEROEEEMNEZIRRT 52 21280 AT otz m
EEETWE. LI FroTftER EOA T T U= 3 THY, HrxDL Y

IR B 5. V7 F U K D REHRRERER N2 M 5 2 L iE, B b
FEBERE DAERRIZ SR, OWTIELV 72 F o a2 X —7 v e LT-AIBKICERRT
L. TOREREZ O, L7 F U OREEREROMBYL A e 2RI E L
H7=(5).

ﬁﬁi*hifi*(ﬂ“v&%y§§%%¢b’%Ei%iﬁh%ﬁof%
o BRI CRIL 7 F U2 RO ISED 7 + — /L R BEEEE A D SEMIT Y 0 &
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PHRRFRIZ DWW COBUR OB 2 #8f & L TE LD 7-(6).

CHIL 7 F U RAKIIHEHFE A2 Ca2t A U DA TH 50, B0 7 +— v
NEFolz bbb 59, CazAo ﬁ/%%*biﬁb\vﬁ%/%ﬁfﬁ“é. CHlvL 7
FUNESZRIR E T, Dectincl 6 FD 77 I U —DO—EBToh 5. Dectin-1 3B
TN DZREE L THRBEL AT L E LTOREZ RS- L TWD, EELL
[RAFFEIZ LV, Dectin-1 1L B 7/ L3R rFEEOY Ho NELIEALED
ZEERLIE®M.

III. NMR ¥5IZ & 2 FESH O EMENT ST DR

NMR 5%, PESEDOILFARERE, FFCT /) ~— OWIE « HERE G EAL O RIEIZE
WTCE N ZRET 5. Mo FIETIZRENRE LS R TH Y . NMR £
I AR DO RN N EE NS =— Y B DD, ARERL, PEEE
PO ) r— 2 a U EM ORISR R Z L THET 5 2 &N TE 2.
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Abstract

Therapeutic monoclonal antibodies (mAbs) are the fastest growing group of drugs with 11 new
antibodies or antibody-drug conjugates approved by the Food and Drug Administration in 2018.
Many mAbs require effector function for efficacy, including antibody-dependent cell-mediated cyto-
toxicity triggered following contact of an immunoglobulin G (IgG)-coated particle with activating
crystallizable fragment (Fc) y receptors (FcyRs) expressed by leukocytes. Interactions between
IgG1 and the FcyRs require post-translational modification of the Fc with an asparagine-linked
carbohydrate (N-glycan). Though the structure of IgG1 Fc and the role of Fc N-glycan composition
on disease were known for decades, the underlying mechanism of how the N-glycan affected FcyR
binding was not defined until recently. This review will describe the current understanding of how
N-glycosylation impacts the structure and function of the IgG1 Fc and describe new techniques that
are poised to provide the next critical breakthroughs.

Key words: antibody, Fc gamma receptor, immunoglobulin G, N-glycosylation

Introduction Complex molecules have a long history in human health that

Monoclonal antibodies (mAbs) are powerful drugs for cancers, begins. with undefin'ed mixture? used as ve.lc'cines'and arrivingvat
autoimmune disorders and infection in addition to many other a semlnal moment in 1922 with the administration .Of a-b0v1¥1e
diseases. Positive drug attributes including high specificity and pancreatic extract to successfully treat a young male diabetic (Bliss
tolerance promote the development of mAbs for a wide variety of
targets. Antibodies are complex molecules with multiple polypeptide
chains and post-translational modifications; human immunoglobulin
G1 (IgG1) is a 150 kDa heterotetramer with two conserved Asn-
linked carbohydrate chains (N-glycans) and 16 disulfide bonds
(Figure 1) (Liu and May 2012). Furthermore, proper 3D structure
is critical for mAb function and an important quality attribute

concerning commercial mAb production (Berkowitz et al. 2012).

2007). Each basic discovery, from defining insulin as a protein to
sequencing the polypeptide chains to identifying residues that pro-
mote stability, has led to the improvement of human health through
enhancing insulin formulations, production and from protein engi-
neering (Brange et al. 1991). The development of modern insulin
variants informs the future development of IgG analogs as thera-
peutics. MAbs are predominantly built on an IgG scaffold though
atomic-level details governing critical interactions with the immune

Thus, the development, evaluation, validation and quality control of system remain undefined. Based on the recent development of mAbs

mAbs as drugs differs substantially from small molecule therapeutics
that previously represented the pharmaceutical industry’s primary
products.

and protein therapeutics in general, it is clear that basic descriptions
of IgG structure/function relationships will drive development of the

next generation of drugs.

© The Author(s) 2019. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 214
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IgG1 Fc Cy2 domain

(rotated to the right)

Figure 1. The IgG1 Fc N-glycan is essential for binding to the Fc y receptors. (A) IgG1 Fc is a heterotetramer consisting of two Fabs and a single Fc that binds
receptors. (B) The Fc N-glycan forms an interface with Cy2 residues through noncovalent intramolecular interactions. The volume of interacting residues is
shown with a gray background, and individual N-glycan and protein residues are highlighted. Blue squares represent N-acetylglucosamine residues; green

circles, mannose; and yellow circles, galactose.

Two heavy polypeptide chains and two light chains form an IgG
heterotetramer (Figure 1). IgG binds to a target through specifically
optimized loops contained in the antigen binding fragments (Fabs).
The C-terminal halves of the heavy chains form the crystallizable
fragment (Fc) that binds various surface-borne and soluble recep-
tors. IgG Fc contains an N-glycan at Asn297 that is required for
proper interactions with Fc y receptors (FcyRs) and the therapeutic
efficacy of mAbs that elicit antibody-dependent cell-mediated cyto-
toxicity (Nose and Wigzell 1983; Guillerey et al. 2016). Humans
express as many as five activating FcyRs including the high-affinity
FcyRI (CD64) and the low-affinity activating receptors FcyRlla,
FeyRlIlc (expressed by ~20% of individuals (Ernst et al. 2002;
Breunis et al. 2008)), Fcy RIlla and Fcy RIIIb (CD32a, CD32c, CD16a
and CD16b, respectively). Humans also express a single inhibitory
receptor FcyRIIb (CD32b). IgG also binds the C1q component of
complement to elicit complement-dependent cytotoxicity. Though
Clq binding requires oligomerized IgG and binds to a different Fc
surface than the FcyRs (Ugurlar et al. 2018), there are reports that
N-glycan composition affects efficacy (Peschke et al. 2017). The
neonatal Fc receptor and TRIM21 also bind IgG Fc and binding
may be influenced by N-glycan composition (James et al. 2007;
Jennewein et al. 2019). A few groups provided data that indi-
cated DC-SIGN and CD23 bind sialylated IgG (reviewed in Pincetic
et al. 2014), though recent results cast these conclusions into doubt
(Temming et al. 2019).

N-glycan composition impacts mAb recognition, and the com-
position of serum IgG shows strong correlations to disease. The
predominant structure found on serum IgG1 is a complex-type, core
fucosylated, biantennary N-glycan (Figure 2). Modifications at the
non-reducing termini can add one or two galactose residues that
each may be modified with one N-acetylneuraminic acid residue. A
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correlation between the degree of galactose modification on IgGl
and rheumatoid arthritis provided the first indication that Fc N-
glycosylation may impact antibody structure and function (Parekh
et al. 1985). More recently, strong connections between the addition
of a core fucose residue to autoimmune disorders among many
IgG studies in serum and in vitro demonstrated that IgG N-glycan
composition is a crucial factor in human health and disease (Figure 2,
residue “0”) (Shields et al. 2002; Lauc et al. 2013; Chung et al. 2014;
Kapur et al. 2014; Mahan et al. 2016; Sonneveld et al. 2017; Clerc
et al. 2018; Doherty et al. 2018).

Surprisingly, the first atomic-resolution structure showed no
direct contact between the Fc N-glycans and the FcyR (Sondermann
et al. 2000). Later x-ray crystallography studies revealed small
differences in IgG Fc quaternary structure, and solution nuclear
magnetic resonance (NMR) spectroscopy showed subtle changes
in Fc structure and FcyR binding that correlated with N-glycan
composition (Krapp 2003; Yamaguchi et al. 2006). These results did
not reveal how N-glycan composition impacted receptor affinity, a
fact complicated by the observation that the Fc N-glycans appeared
immobilized through contacts with the polypeptide (Huber et al.
1976). However, this interpretation was challenged by NMR data
showing that polypeptide contacts only partially restricted motion
of the N-glycan under more physiological conditions and led to the
hypothesis that the N-glycan modulated receptor binding through an
indirect mechanism (Barb and Prestegard 2011).

Here we will review the most recent developments toward under-
standing how N-glycan composition impacts IgG1 Fc structure and
receptor binding. An article that thoroughly covers this entire history
would prove too expansive for this format. The understanding of IgG
Fc structure and function has changed dramatically in recent years,
and recent studies will form the focus of this review.
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Figure 2. The different Fc N-glycan compositions provide Fc with variable affinity for CD16a. (A) N-glycan compositions as discussed in the text; note the
abbreviated identifier to the left of the cartoon figures. (B) IgG1 Fc with each different N-glycan binds with different affinity to CD16a. These Kp values were
adapted directly from (Subedi and Barb 2016) but are consistent with other reports (Yamaguchi et al. 2006; Thomann et al. 2015; Dekkers et al. 2017). GIcNAc,

N-acetylglucosamine; Neu5Ac, N-acetylneuraminic acid.

The structure and function of IgG1 Fc is mediated by
interactions between the Fc polypeptide and N-glycan
residues

IgG1 Fc N-glycan composition impacts FcyR binding. Systematic
investigations into the role of Fc N-glycan composition on FcyR
binding emerged in the past few years. Though it was known that
FeyR binding was sensitive to glycosylation, these recent efforts
probed interactions for the entire set of human FcyRs with high
sensitivity and a large number of Fc glycoforms. One common
feature of these studies is the unique sensitivity of CD16 affinity
to Fc N-glycan composition (Thomann et al. 20155 Subedi and Barb
2016; Dekkers et al. 2017). Though CD32 likewise requires Fc N-
glycosylation for binding, CD16a and CD16b show a much greater
sensitivity to IgG1 Fc N-glycan composition with longer N-glycans
promoting tighter interactions (Figure 2B).

The most dramatic affinity differences are due to the addition
of a fucose residue to the N-linked GlcNAc residue that reduces
affinity for CD16a in vitro (Shields et al. 2002; Shinkawa et al. 2003).
Two studies recapitulated the negative impact of core fucosylation
on CD16 affinity with a large number of Fc glycoforms, though
one study using isolated Fc showed a smaller 4 to 8-fold reduction
of binding (Subedi and Barb 2016) compared to another using full
length antibodies with a 40-fold reduction (Dekkers et al. 2017).
These differences may reflect additional sensitivity of the full-length
antibody to Fc N-glycan fucosylation. These studies also showed
a moderate benefit of galactosylation (~2-fold) and no consistent
measurable impact resulting from sialylation. One study reported
only a minimal effect of bisecting N-acetylglucosamine (linked 81-4
to the (3) mannose residue) (Dekkers et al. 2017).

Human IgG1 Fc displaying only a single N-acetylglucosamine
residue attached to N297 is produced in situ by the digestion of
IgG1 containing an afucosylated N-glycan by EndoS ((1)GlcNAc-Fc;
Figure 2B) (Collin and Olsen 2001). Surprisingly, this Fc glycoform
binds to CD16a, though with reduced affinity compared to Fc with
a larger N-glycan (Subedi and Barb 2015; Okbazghi et al. 2016).
Furthermore, human IgG trimmed to the single GIcNAc residue is
capable of clearing B cells in a mouse xenograft model (Kao, et al.
2015). These results may be explained by the identification of the
first N-glycan residue as contributing a greater degree of stability than
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any other residue in the glycan (Hanson et al. 2009). The structural
relationship of this unique glycoform and the IgG1 Fc structure will
be discussed below.

Interactions at the Fc N-glycan/polypeptide interface stabilize N-glycan
motion. Following the definition of how Fc N-glycan composition
affects receptor binding and the identification of N-glycan motion,
multiple studies investigated N-glycan motion further to probe the
relationship between N-glycan composition, motion and receptor
binding affinity. An all-atom solvated molecular dynamics study
demonstrated that the galactose residue attached to the (al1-
6mannose) branch of a complex-type N-glycan on Fc exhibited
motion (Frank et al. 2014). These simulations were initialized
with the starting coordinates observed by x-ray crystallography
and showed the detachment of this glycan branch from the
protein surface, further supporting the earlier observation by NMR
and revealing how the glycan might deform to accommodate
conformational exchange (Barb and Prestegard 2011).

Studies on the motion of the Fc N-glycan with multiple glyco-
forms in solution show that composition impacts glycan interactions.
Measurements of the galactose residues before and after sialylation
using NMR spectroscopy showed that the modification slightly
stabilized the (e 1-6mannose) branch (Barb et al. 2012). A later study
investigated the motion of the branch N-acetylglucosamine residues
during N-glycan maturation starting with a hybrid Mannoses + N-
acetylglucosamine form and ending with a core-fucosylated, complex
type N-glycan with N-acetylglucosamine termini (Barb 2015). These
results indicated that each remodeling step increased the contact
between polypeptide and N-glycan residues during the remodeling
of an oligomannose precursor to a final disialylated complex-type
N-glycan and are consistent with previous observations in vitro
and in vivo (Butler et al. 2003; Bowden et al. 2012). This result
suggests that the amannose residues on the (¢1-6mannose) branch
of the oligomannose N-glycan likely form unfavorable contacts with
the polypeptide and each subsequent glycosyltransferase reaction
exploited different contact surfaces.

Hydrogen-deuterium  exchange spectrometry  (HDX)
experiments supported the conclusion that extending the Fc N-

mass

glycan increases intramolecular interactions, revealing a reduction in
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Figure 3. 1gG1 Fc Cy2 domain structure. Residues that are within 5 A of CD16a are highlighted in red. These contacts are draw for residues that form contacts in

either the Fc a or b chain. Strands are labeled with letters.

deuterium uptake in the P245-T256 peptide following galactosyla-
tion (Kiyoshi et al. 2018). The galactose residue directly interacts
with residues on this peptide, potentially reducing deuterium uptake
by occluding solvent. The authors indicate these data represent
changes in the Cy2/Cy3 domain orientation. A comparable HDX-
MS study followed a greater number of N-glycan compositions,
including aglycosylated, (1) GlcNAc, Mannoses and a mixture of
Mannoseg-Mannosejy and identified less polypeptide flexibility
in Fcs with longer N-glycans (More et al. 2018). Interestingly, the
authors identified decreased flexibility in two key regions, the N297-
containing C’E loop and the region surrounding N315 and that
these two surfaces mediate aggregation. Consistent with the CD16a
binding data presented above, this study also reported a substantial
reduction in deuterium uptake for the (1)GlcNAc-Fc when compared
to the aglycosylated Fe.

Thus far, these data indicate a relationship between N-glycan
length and Fc affinity for CD16a. Furthermore, a longer N-glycan
appears to stabilize glycan motion and Fc structure. An experiment
to mutate phenylalanine residues at the intramolecular interface
directly probed this relationship. Prior studies showed that mutat-
ing residues at the interface increased N-glycan processing during
expression, potentially indicating increased motion of the N-glycans
on mutated Fcs and greater exposure to glycan modifying enzymes in
the Golgi (Lund et al. 1996; Yu, Baruah, et al. 2013). The observation
of Kelly and coworkers that aromatic residues form the strongest
interactions with carbohydrate residues through dispersive interac-
tions led to the choice to mutate the Phe241 and Phe243 residues
(Chen, Enck, et al. 2013). Mutated Fcs exhibited greater N-glycan
processing, with the proteins containing two Phe to Ser mutations
showing the greatest processing (Subedi, Hanson, et al. 2014). NMR
analyses of mutant Fcs, enzymatically remodeled to have nearly
homogeneous G2F glycans, indicated N-glycans on mutant Fcs expe-
rienced increased mobility resulting from reduced intramolecular
contacts.

Interactions at the Fc N-glycan/polypeptide interface stabilize Fc
polypeptide motion and receptor binding. The IgG1 Fc Phe mutants
showed greater N-glycan motion with double mutants revealing
greater motion than single mutants and single mutants characterized
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by greater motion than wild-type Fc. An additional experiment
demonstrated that these double Phe mutants, enzymatically
remodeled to display G2F N-glycans, also bound CD16a with less
affinity that the single Phe mutants that bound with less affinity
than the wild-type Fc (Subedi, Hanson, et al. 2014). Thus, weaker
intramolecular interactions between N-glycan and polypeptide
residues led to greater N-glycan motion and weaker receptor binding.
A 2D NMR fingerprint of the wild-type and mutant Fcs using
[N]-Tyr labeling indicated that Fc structure was largely preserved
in the mutants though one Tyr residue at position 300, near the
site of N-glycan attachment to Asn297, showed perturbation of
the local structure. A follow-up study indicated that the chemical
environment surrounding Tyr300 is uniquely sensitive to the N-
glycan composition and that the presence of an IgG1 Fc N-glycan
largely impacts structure of the C’ strand and C’E loop, minimally
affecting on other areas of the protein (shown in Figure 3) (Subedi
and Barb 2015). Furthermore, the N-glycan stabilized CE loop
motions on a ps-ms timescale.

Extensive molecular dynamics simulations show comparable
results with oligomannose-type N-glycans (Lee and Im 2017). These
glycans exchange with the Fc surface and form fewer intramolecular
contacts than complex type N-glycans particularly at the non-
reducing termini. Notably, the presence of a glycan stabilized the
C’E loop, leading to stronger receptor interactions.

Thus, the Fc N-glycan dampens motion of the C’ strand
and CE loop. This dampening is enhanced by extending the N-
glycan to utilize a greater number of intramolecular interactions.
Though CD16a does not directly contact the bulk of the Fc N-
glycan, and certainly not the non-reducing termini, CD16a does
contact the C’E loop (Sondermann, P., Huber, R., et al. 2000).
These results are consistent with the HDX-MS results discussed
previously indicating the presence of greater polypeptide structural
heterogeneity in Fcs with less stabilizing N-glycan contacts (Kiyoshi
et al. 2018; More et al. 2018). One exception to the statement
that extending the N-glycan enhances contacts and CD16a binding
affinity is modification of the core N-acetylglucosamine residue
with fucose. This topic will be specifically addressed in the
“IgG sialylation and fucosylation affects IgG Fc structure and
function” section below.
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Controversy: Does the N-glycan contribute to Fc quaternary structure?
Evidence to support the stabilization of the IgG1 Fc C’ strand and
C’E loop through intramolecular contacts mediated by the N-glycan
appears well established. However, recent evidence both supports and
contradicts the hypothesis that the N-glycan affects Fc quaternary
structure. Recent studies in this area have focused on comparing
glycosylated Fc with Fc that contains either a shortened (1) GleNAc
N-glycan or completely lacks modification.

It has been assumed that deglycosylation alters Fc conformation,
thereby reducing affinity for proteins that elicit effector functions.
This assumption has been examined by x-ray crystallographic anal-
ysis of deglycosylated Fc. The crystal structures of aglycosylated
human IgG1 Fe (produced in Escherichia coli) (Borrok et al. 2012)
and enzymatically deglycosylated murine IgG1-Fc (PNGase F treat-
ment) (Feige et al. 2009) showed a closed conformation of the two
Cy2 domains, as judged from Pro239-Pro239 Ce distances ranging
from 18.9A to 19.6 A. Hence, an idea was proposed that the closed
conformation prevents interaction with FcyRs and the N-glycan at
Asn297 stabilizes the open conformation of Fc. Another model of Fc
with the N-glycan truncated to a single GlcNAc residue following
digestion with EndoS revealed a similarly collapsed conformation
(Baruah et al. 2012); however, this glycoform binds CD16a with
moderate affinity (Subedi and Barb 2015), indicating that the quater-
nary structures observed by crystallography fail to clearly separate Fc
forms capable of binding receptor from inert forms.

In contrast to these observations, a crystal structure of fully
deglycosylated human IgG1 Fc (produced in E. coli) was revealed
with an open conformation with the Pro239-Pro239 Ca distance of
27.6 A (PDB ID: 3DNK). A later study reported a crystal structure of
enzymatically deglycosylated human IgG4-Fc (PNGase F treatment)
that also adopted an open conformation with the Pro239-Pro239
Ca distance of 29.1 A (Davies, Jefferis, et al. 2014). The results are
inconsistent with the earlier crystallographic results. Taken together,
it is likely that deglycosylated Fc adopts a set of conformations
(including open and closed) and the observed structures in the
crystal may be highly dependent on the crystal packing environment.
Therefore, the crystal structures of deglycosylated Fc might not reflect
the predominant conformation sampled in solution. Thus, other
biophysical techniques are required to characterize conformation in
the solution state.

One approach is small-angle x-ray scattering (SAXS), a method
to analyze the conformation of macromolecules in solution. Several
groups reported SAXS analysis of glycosylated and aglycosylated Fc.
The radius of gyration (Rg) was obtained from the SAXS analysis,
which is defined as the root mean square distance of all atoms
from the common center of mass. Borrok et al. (2012) reported
that the glycosylated human IgG1 Fc displayed a Rg of 27.4 A,
compared to 28.3 A for aglycosylated Fc (E. coli expression). They
suggest that in solution the absence of a glycan promotes a more
open conformation. Yageta et al. (2019) performed a similar SAXS
analysis of glycosylated and aglycosylated Fc (E. coli expression)
that is consistent with the former result with Rg values of 26.4 A
and 28.9 A, respectively. Owing to the availability of many Fc
crystal structures, these authors analyzed the theoretical SAXS pro-
files based on individual crystal structures. The data indicated that
both glycosylated and aglycosylated Fc adopt a “semi-closed” Cy2
domain orientation. The conclusion is rather different from that
of Borrok et al., but they reasonably assumed that the scattering
from the N-glycan itself reduces the Rg of glycosylated Fc compared
with the aglycosylated Fc, without any changes in the Cy2 domain
orientation. Comparable MD simulations identified smaller distances
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between the Cy2 domains for Fc with truncated N-glycans (Lee
and Im 2017). It is also possible that disorder of protein loops or
quaternary structure changes contributed to changes in Fc tumbling.

Relative orientation of the Cy2 and Cy 3 domains were also ana-
lyzed by stable isotope-assisted solution NMR spectroscopy (Subedi
and Barb 2015). Residual dipolar couplings (RDCs) can be used
to define the relative orientation of each observable amide N-H
bond vector for *N-labeled samples. RDCs from selectively *N-
labeled Fc samples (*N-Tyr and 'N-Lys labeled) were measured
for both glycosylated and aglycosylated (T299A) human IgG1 Fc.
RDCs reveal little difference between the predominant quaternary
structures of glycosylated and aglycosylated Fc in solution.

SAXS and NMR analysis were usually analyzed assuming a
single averaged conformation without consideration for a distri-
bution of multiple sampled conformations. Recent analysis using
single molecule Forster Resonance Energy transfer (FRET) is advan-
tageous, since this technique provides a histogram of the confor-
mations present in solution allowing conformational populations to
be detected (Kelliher et al. 2014; Piraino et al. 2015). To introduce
a probe into Fc, Ser258 of human IgG-Fc was mutated into Cys
and the acceptor and donor fluorescent dyes were introduced to
give antibody-dye conjugates with homo- and hetero-combinations
of acceptor and donor dyes. A comparison of the FRET efficiency
histograms obtained for glycosylated and deglycosylated human IgG
indicates that the Fc region becomes more flexible and can assume
a wider variety of structures upon deglycosylation with PNGase
F or EndoS. This observation further supports the idea that x-ray
crystallographic data of deglycosylated Fc captures one out of many
Fc conformations in solution.

Then why does removing the Fc N-glycan reduce the affinity with
effector molecules? Aglycosylated Fc likely samples a set of multiple
conformations while glycosylated Fc experiences a relatively limited
range of mobility. The more flexible nature of aglycosylated Fc may
be unfavorable for the interaction with effector molecules such as the
FcyRs. From a local viewpoint, the orientation of C’E loop, which
harbors the Fe N-glycosylation site at Asn297, is thought to be critical
for the binding to FcyRs. Solution NMR spectroscopy can provide
information on macromolecular motion by measuring the relaxation
parameters. By comparing the relaxation rates of glycosylated (WT)
and aglycosylated (T299A) human IgG1 Fc, it was found that the C’E
loop is relatively more flexible in aglycosylated Fc upon comparison
to glycosylated Fc (Subedi and Barb 2015). This is consistent with the
x-ray crystallographic data, in which human aglycosylated Fc struc-
ture displays high crystallographic temperature factors (B-factors) for
the C’E loop, relative to the core of the protein (Borrok et al. 2012).
These observations suggest that the conformation of the C’E loop is
stabilized by the presence of the N-glycan and the loop conformation
is essential for forming the Fcy R interface.

Fc engineering targeting the CE loop and glycan remodeling. The
ultimate goal of a structural definition is to generate sufficient data to
design Fcs with altered properties. A number of studies support the
role of the C’E loop and N-glycan in receptor binding and Fc stability.
A study by Isoda et al. (2015) tested the effect of each amino acid type
substituted at position 296. This residue is a Tyr in human IgG1 Fc
and located immediately adjacent to the glycosylated Asn297 residue.
Tyr300 may form contacts with the core fucose residue (Matsumiya
et al. 2007). With the exception of a Trp substitution, all residues
reduced affinity for CD16a and CD16b. A crystal structure of the
Fc Tyr296Trp variant indicated a presence of greater contacts that
slightly increase affinity for CD16a.
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The directed replacement of both the GIn295 and Tyr296 residues
increased Fc thermal stability and decreased N-glycan processing
(Chen et al. 2016). Based on an idealized structure, the Fc GIn295Phe
Tyr296Ala variant revealed reduced N-glycan processing evident
from the appearance of high levels of minimally-processed hybrid-
type N-glycans rarely observed on IgG1 Fc. The enhanced ther-
mal stability resulted from stabilization of the Cy2; however, this
mutation decreased binding to CD32a, CD16a and CD16b. It is
evident that decreased FcyR affinity in a mAb would severely limit
efficacy if Fcy R-mediated effector function is desired because the high
concentration of serum IgG (~10 mg/mL = 67 uM) is far above the
dissociation constant for IgG1 (50-400 nM).

A mutation to the Cy3 domain that disrupted Fc dimer forma-
tion also increased N-glycan processing (Rose et al. 2013). The Fc
Tyr403Glu variant of IgG1 and IgG4 showed increased N-glycan
processing similar to the Phe243 variant, indicating that Fc dimer
formation contributes to restricted processing of the Fc N-glycan.
These results are important for efforts to alter Fc properties by
modifying N-glycan processing during protein expression.

IgG sialylation and fucosylation affects IgG Fc structure
and function

Structural consequences of core fucosylation. Antibody-dependent cel-
lular cytotoxicity is a key effector function, relying on the binding
of antigen-antibody complexes to FcyRs. Most natural antibodies
are highly fucosylated. It was discovered that antibodies lacking core
fucosylation show a large increase in affinity for CD16a leading to an
enhanced ADCC activity. This discovery stimulated the development
of therapeutic antibodies with desired activity by specifically increas-
ing or decreasing fucosylation. Many therapeutic antibodies are,
however, modified with core fucose, which may indicate that FcyR-
mediated activity is not desired for therapeutic purpose. One possible
mechanism explaining affinity enhancement by defucosylation was
revealed from x-ray crystallographic analysis, using afucosylated Fc
and glycosylated CD16a. Ferrara et al. (2011) reported a crystal
structure of afucosylated human IgG1 Fc in complex with a glyco-
sylated CD16a. Afucosylated Fc was prepared by introducing the
GnTIII gene into the host cell to produce bisected and afucosylated N-
glycans. For the preparation of the human CD16a, three out of five N-
linked glycosylation sites (38,74 and 169) were removed by changing
the Asn residues (38, 74 and 169) to Gln. Asn162 and Asn45 were
kept because they are essential for the affinity toward IgG1 and for
expression, respectively. Further, the CD16a was expressed in the
presence of kifunensine, producing the oligomannose-type N-glycans.
In the crystal structure of the afucosylated Fc-glycosylated CD16a
complex, unique intermolecular carbohydrate—carbohydrate interac-
tions appeared, connecting N-glycans of the receptor the afucosylated
Fc N-glycan. In order to understand the regulatory mechanism of
IgG core fucosylation, fucosylated Fc was used for comparison.
In contrast to the complex with afucosylated Fc, carbohydrate—
carbohydrate contact area was significantly decreased in the complex
structure of fucosylated Fc with glycosylated CD16a. Core fucose
linked to the Fc is oriented toward the second N-acetylglucosamine
residue of the Asn162-glycan and as a result the Asn162-glycan must
move and hence carbohydrate—carbohydrate contact is not properly
formed.

Independently, Mizushima et al. (2011) reported the crystal
structure of afucosylated IgG1-Fc in complex with glycosylated
CD16a. In this case, CD16a possesses a complex-type biantennary
complex glycan at Asn45 and Asn162 and the other remaining N-
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glycosylation sites were similarly mutated to abolish N-glycosylation.
Although the CD16a glycan composition differs between the two
reports (high mannose vs complex), carbohydrate-carbohydrate
interactions were observed. Ten sugar residues were observed with
the oligomannose-type Asn162-glycan (Ferrara et al. 2011) and eight
residues were detected in the complex with the complex-type Asn162-
glycan (Mizushima et al. 2011).

Recently, Falconer et al. (2018) reported the crystal structure of
afucoyslated IgG1 Fc in complex with CD16a with Mannoses N-
glycans, which was different from the previous reports. Among the
CD16a glycoforms (Mannoses, Mannoseg and complex-type), the
Mannoses form showed the highest affinity toward afucosylated Fe.
In fact, CD16a isolated from NK cells contains a substantial amount
of oligomannose and hybrid-type glycans (Patel et al. 2018). In the
crystal structure of the complex, in contrast with earlier reports,
electron density was detected only from single N-acetylglucosamine
residue attached to Asn162 of CD16a. It is unclear why the inter-
molecular N-glycan contacts were not observed. It is possible that
intermolecular N-glycan contacts in the previous cases formed as a
result of the crystal contacts. To better understand this point, the
analysis of N-glycan dynamics is required.

MD simulations were performed to examine the effect of Fc afu-
cosylation on the dynamics of the CD16a Asn162-glycan (Sakae et al.
2017). The root mean square fluctuation of Asnl162-complex-type
glycan was significantly higher (5.5 A) in the fucosylated Fc system
than in the afucosylated Fc system (3.7 A). This can be interpreted as
a significant disruption of proper carbohydrate-carbohydrate inter-
actions upon Fc fucosylation. MD simulations were also performed
with CD16a displaying a Mannoses glycoform with either fuco-
sylated or afucosylated Fc (Falconer et al. 2018). The addition of
an Fc core fucose residue decreased the volume sampled by the
Asn162-linked glycan from 10,800 A3 to 9,100 A3. Falconer et al.
interpreted these results to indicate that the Fc core fucose restricts
the conformational space of Asn162, introducing a fucose-dependent
energetic penalty upon binding to Fc. This idea is opposed to the pre-
viously proposed mechanism that direct intermolecular glycan-glycan
contacts stabilized the complex (Ferrara et al. 2011; Mizushima et al.
2011). The mechanism of affinity enhancement upon defucosylation
is still controversial, but we must pay attention to the interpretation
of crystal structures which rather reflect a snapshot from many
possible conformations and are often affected by unwanted crystal
contacts.

Structural consequences of sialylation. Another topic regarding the
structure and function of the Fc N-glycan is sialylation. In general,
sialic acid can be incorporated in «2-3 or «2-6 linkages to a Gal
residue. Looking at the Fc part of natural IgG, sialylated glycans
are only a small population and are connected only through o2-6
linkages. «2-3 NeuSAc onto the ¢1-6 branch of the Fc glycan is
predicted to have a big impact on the native glycan-polypeptide inter-
face. In vivo studies have shown that intravenous immunoglobulin G
(IVIG) enriched in («2-6) sialylation of the Fc glycan increased anti-
inflammatory activity by up to 10-fold when compared to nonen-
riched IgG (Anthony, Nimmerjahn, et al. 2008; Anthony et al. 2011).
When IVIG was treated with a sialidase to remove the modification,
the anti-inflammatory activity was abrogated (Kaneko et al. 2006).
Furthermore, ADCC activity is enhanced by («2-6) sialylation in
the absence of core fucosylation in in vitro and in vivo assays
(Lietal.2017).

How sialylation regulates the Fc activity is still unclear, but several
mechanisms were discussed and proposed. One proposed mechanism
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is that sialylated IgG-Fc is recognized by a specific receptor. In vivo
experiments showed that the anti-inflammatory effect of Fc required
expression of the murine C-type lectin receptor SIGN-R1 (Anthony,
Wermeling, et al. 2008). A human orthologue for SIGN-R1 is the C-
type lectin DC-SIGN, and it is also proposed to bind to sialylated Fc
(Anthony, Wermeling, et al. 2008). Later, Sondermann et al. (2013)
showed that «2,6-sialylated IgG binds to the IgE receptor CD23
in a cell-based ELISA assay. The model was based on a hypothesis
that sialylation of IgG Fc leads to a conformational change, which
triggers receptor binding. It should be noted that conflicting results
have been reported (Yu, Vasiljevic, et al. 2013; Temming et al. 2019),
thus further analysis will be required for the identification of bona
fide receptor(s). Other candidate receptors are implicated, including
DCIR (Massoud et al. 2014) and Siglecs (von Gunten and Simon
2008; Seite et al. 2010).

Attention has been paid to examine the effect of sialylation on the
conformational property of Fc. Several crystal structures of sialylated
Fc have been reported from several groups (Crispin et al. 2013;
Ahmed et al. 2014; Chen et al. 2017). Overall, the conformations of
sialylated Fc are within the range of Fc structures without sialylation.
In a representative crystal structure of sialylated Fc, electron density
of NeuSAc residue is observed only on the (¢#1-6Mannose) branch
and NeuSAc interacted through water-mediated hydrogen bonds
with residues found at the interface formed between the Cy2 and
Cy 3 domains (Chen et al. 2017). The observed interaction between
NeuSAc and residues at the Cy2-Cy 3 interface may modulate the
orientation of the Cy2-Cy3 domain and affect the binding affinity
toward FcyRs and the neonatal Fc receptor (Chen et al. 2017).
Based on the observation that certain N-glycan compositions caused
increased variation in Fe crystal structures, Bjorkman and coworkers
suggested that sialylation increases conformational flexibility of the
Cy2 domain which is associated with anti-inflammatory activity
of the Fc (Ahmed et al. 2014). However, this hypothesis does not
explain how the conformational flexibility of Fc affects receptor
binding. Thus, the mechanism behind the anti-inflammatory activity
of sialylated IgG is still an open question.

Studies on other IgGs

There are four human IgG antibody subclasses: IgG1, 1gG2,IgG3 and
IgG4, which are homologous to over 90% at the amino acid level
(Vidarsson et al. 2014). The global structures of the four human IgG
subclasses are thus similar. However, the subclasses have sequence
variations especially in the hinge region and N-terminal Cy2 domain
(Vidarsson et al. 2014). This variation is likely linked to differing
affinities for the specific FcyRs and different abilities to activate
complement (Bruhns et al. 2009; Vidarsson et al. 2014). So far,
most studies have been conducted for human IgG1 subclasses and
a large set of human IgG1 crystal structures have been reported.
In contrast, the structural information on other subclasses is rather
limited.

Human IgG4 is the least abundant of the four classes of IgG in
serum, but displays unique biological properties. One is heavy chain
exchange, also known as Fab-arm exchange, to form a bispecific
but monovalent antibody (Aalberse and Schuurman 2002; Davies
et al. 2013). IgG4 binds Fcy receptors with lower affinity than
IgG3 with the exception of FcyRI (Bruhns et al. 2009) and does
not activate complement (van der Zee et al. 1986); these properties
make IgG4 suitable for therapeutics when effector functions are
undesired (Davies and Sutton 2015). For this reason, the IgG4
subclass is collecting a lot of attention as a preferred subclass for
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immunotherapy, exemplified by the anti-PD1 therapeutic antibodies
(pembrolizumab/Keytruda® and nivolumab/Opdivo®).

Davies, Rispens, et al. (2014) reported the high-resolution crystal
structure of human IgG4 Fe, prepared from papain digestion of serum
IgG4 and using recombinant Fc. The overall topology of human
IgG4 Fc is very similar to human IgG1 Fc fragments. The Asn297
glycans were facing each other in the cavity formed between two
Cy2 domains. Shortly thereafter, the crystal structure of full-length
human IgG4 antibody $228P (pembrolizumab) was reported at 2.3 A
resolution (Scapin et al. 2015). Looking at the Fc region, the orien-
tation of one Cy2 domain is different from the previously reported
IgG4 Fc structure. In the structure of the full-length antibody, the
orientation of one Cy2 domain (chain B) displayed a rotation of
120° relative to the position observed in the isolated Fc, maintaining
the immunoglobulin fold. Consequently, the Asn297 glycan on chain
B is more solvent-exposed than chain A. This nature is verified by
measuring the deglycosylation rate of IgG4 and a reference IgG1.
The rate of IgG4 deglycosylation by PNGase F is faster than for
IgG1, suggesting that IgG4 N-glycan is more solvent-exposed than
in IgG1. However, one cannot rule out the possibility that this
unusual Cy2 conformation represents only one of many possible
conformations.

IgG3 is the third most abundant human IgG subclass. It contains
a long hinge region which is thought to provide additional flexibility
toward antigen binding (Vidarsson, G., Dekkers, G., et al. 2014).
A high-resolution (1.8 A) crystal structure utilized human IgG3 Fc
expressed with a modified yeast strain that added homogeneous
Mannoses N-glycans (Shah et al. 2017). Out of the five sugar
residues, the first three sugar residues corresponding to Mannose(81-
4)N-acetylglucosamine(B1-4)N-acetylglucosamine revealed electron
density. The terminal mannose residues were not observed. The
protein-carbohydrate interactions for the three visible sugar residues
were identical to those previously reported for human IgG1 Fc
structures (Deisenhofer 1981, Nagae and Yamaguchi 2012).

Human IgG2 is known to form structural isomers that originate
from alternative disulfide bond formation of between the cysteines
in the hinge region (Wypych et al. 2008). It is suggested that the
activity of each human IgG2 isomer will be different (Dillon et al.
2008), and hence this point needs to be analyzed in detail. So far two
IgG2 Fe crystal structures were reported, one is isolated after papain
digestion and the other is from a recombinant construct (Teplyakov
etal. 2013). The human IgG2 Fec structures are very similar to human
IgG1 Fe structures. It is likely that sequence differences in the lower
high region between IgG1 and IgG2 account for differences in FcyR
binding affinity.

Structural studies on non-human IgG are limited. Recently, a
comprehensive study was performed for all IgG subclasses, IgG1,
IgG2, IgG3 and IgG4-Fc of an Old-World monkey, Rhesus macaque
(Macaca mulatta, Mm) (Tolbert et al. 2019). Crystal structures of the
Fc from MmlIgG1-4 were solved with resolutions from 2.8 A to 3.5 A.
The overall topologies of the MmIgG1—4 Fc resemble that of human
IgG1 Fc. Solution NMR spectroscopy was employed to analyze the
dynamics of the Fc-glycan at Asn297, with the aid of metabolic 13C-
labeling (Tolbert et al. 2019). N-glycan dynamics were evaluated
from the linewidth of anomeric 'H signals from Asn297-linked N-
acetylglucosamine residues. The linewidth is in the following order:
human IgG1-Fc (125 Hz) > Mm IgG1-Fc (102 Hz) > Mm IgG2-
Fc (83 Hz) > Mm IgG4-Fc (75 Hz) > Mm IgG3 (66 Hz). This
indicates that among Mm IgGs, the Fc N-glycan dynamics is the
most restricted in Mm IgG1. This data is supported by the obser-
vation that the N-glycan of Mm IgG1-Fc is more stabilized through
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glycan-polypeptide interaction than Mm IgG2—4. Interestingly, Mm
IgG1 experienced the most glycan processing as compared to other
Mm IgGs, suggesting that the Mm IgG1 N-glycan is more accessible
to glycosyltransferases (galactosyltransferase, sialyltransferase etc.)
and this may be correlated with the slowest dynamics of Mm IgG1
Fc glycan.

Mice express different IgG subclasses that vary by strain and
include IgG1, IgG2a, [gG2b, [gG2¢ and IgG3. Subclass nomenclature
has arisen independently for each species and there is no general rela-
tionship between the subclasses from different species. A recent study
indicates that mouse FcyRIV is the homolog of human FcyRIlla
(Dekkers et al. 2018). However, much less is known about mouse
IgG2 or mouse FcyRIV. Crystal structures of mouse IgG2¢ Fc have
been reported recently (Falconer and Barb 2018) and compared with
that of mouse IgG2b Fc. These two Fcs showed a high degree of
similarity with differences in loop residues including Tyr296. Solution
NMR analysis of the Asn297-linked N-acetylglucosamine residue
shows differences between mouse IgG2b, mouse IgG2¢ and human
IgG1, in terms of anomeric 'H chemical shift, and that correlates
to receptor binding affinity. Even in highly conserved molecules,
structural and functional differences are present which should be
further investigated to fully establish structure/function relationships
across important model species.

Noteworthy technical achievements

Recent technical advances have provided a wealth of new tools to
probe Fe structure and motion. Progress is focused in two primary
areas. Developments in IgG1 Fc expression, purification and glyco-
engineering are substantial; this topic is directly related to pharma-
ceutical development and too broad to appropriately cover here (see
Loos and Steinkellner 2012; Subedi et al. 2015; Mimura et al. 2018).
The second major group of advances results from improvements to
analytical techniques or new analyses of IgG. These reports have not
themselves elucidated new aspects of the IgG Fc structure/function
relationship; however, these techniques warrant a separate section
highlighting significant progress in the past few years that may be
a foundation for future advances.

Solution NMR studies designed to probe protein motion require
assignment of the backbone nuclei. This allows the extraction of
atomic-level detail regarding protein structure and motion. Kato
and coworkers reported a major advance with the backbone reso-
nance assignment of the glycosylated IgG1 Fc fragment (Yagi et al.
2015). Ordinarily, Fc would be a challenging NMR target due to
the size of the molecule alone (~52 kDa). However, the challenges
are magnified because appropriately glycosylated IgG1 Fc cannot
be expressed in prokaryotic hosts and mammalian hosts are often
used instead. This requirement introduces two additional limitations.
First, proteins expressed in mammalian hosts, like the CHO cells
used in this study, cannot be deuterated because high deuterium
content of the medium is toxic to the host. Second, labeling expressed
protein with stable *C and *N isotopes is much more expensive
in a mammalian host compared to a prokaryotic host. The authors
reported the nearly complete assignment of IgG1 Fc (99% of HN,
N and Ca). This assignment provided a crucial starting point for
at least two studies described above (Subedi et al. 2014; Subedi and
Barb 2015).

IgG1 Fc binds multiple protein ligands through many different
interfaces (Hanson and Barb 2015). The Fc-binding portion of one
ligand, protein A, was developed to simultaneously bind IgG1 Fc
and lanthanide ions with high affinity (Barb and Subedi 2016).
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Paramagnetic lanthanide ions provide a means to study distance and
orientation up to 50 A from the ion using solution NMR spec-
troscopy, but some ions also provide luminescence for microscopy
and fluorescence-type solution measurements, unpaired electrons for
EPR, and electron dense nuclei for electron and x-ray diffraction (Su
and Otting 2010; Koehler and Meiler 2011). This specific construct
revealed minimal motion of the paramagnetic ion relative to IgG1
Fc, expanding the utility of the tag for probing glycan and protein
motion and conformation (Barb and Subedi 2016).

An additional advance included the development of a suite of
NMR experiments to probe commercial antibodies and other ther-
apeutic proteins. One challenge facing the pharmaceutical industry is
appropriately validating the composition and structure of each prod-
uct batch. Unlike small molecule drugs, three-dimensional conforma-
tion is an essential property of therapeutic proteins and is challenging
to probe with traditional techniques used by the manufacturers.
A simple mass analysis is insufficient. Developing techniques with
suitable sensitivity, resolution and throughput represents a major
challenge. Marino and coworkers developed multiple methods that
provide sufficient resolution and are capable of characterizing phar-
maceutical products using natural abundance of 1*C and *N. One
method utilizes the unique property of methyl groups that provide
superior detection sensitivity and resolution (Arbogast et al. 2015).
Their developments reduced experimental time to 30 min and were
sensitive enough to show resolvable differences in antibodies with
different N-glycan composition. The next experiments correlated
backbone amide protons to the nitrogen nuclei, an approach that
is inherently less sensitive than detecting methyl correlations but
provides a fingerprint of the protein that is likely more influenced
by subtle conformational changes including changes in hydrogen
bonding (Arbogast et al. 2016). These experiments required more
instrument time of ~17 h for a single analysis, but provided a
greater magnitude of changes, detecting large differences in peak
positions following deglycosylation and applying a rigorous statis-
tical analysis to the spectra (Arbogast et al. 2017). Thus, NMR
is capable of detecting large conformational differences and small
structural differences resulting from processing (Brinson et al. 2019).
A related study by a group at Pfizer identified spectral features from
"H-3C methyl groups that correlated with aggregation (Majumder
et al. 2018). Aggregation is another significant problem in phar-
maceutical production, and is specific to individual mAb clones.
This report indicates that surprisingly melting temperature did not
correlate with aggregation behavior in a pilot study using three
mAbs, but spectral features measured by NMR did. This result may
represent a significant advance toward characterizing therapeutic
proteins, though future studies with a larger number of proteins
will determine if spectral features are reliable probes of aggregation
behavior.

Though the common application of mass spectrometry provides
mass information and generally does not probe molecular shape,
advances in ion mobility mass spectrometry are providing new
insight into protein structure and function. Tian and Ruotolo (2018)
reported the unfolding of different antibody glycoforms in the gas
phase. Though they observed greater sensitivity using the isolated
Fc fragment, this team differentiated antibodies that differed only in
glycoform.

Future considerations
Fundamental properties of IgG emerged in the past few years that
define how Fc composition impacts structure and receptor binding.
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This may appear surprising due to the importance and intense
scrutiny focused on this molecule since the description of IgG in 1939
and high-resolution models of the Fab and Fc in 1973 and 1976,
respectively (Tiselius and Kabat 1939; Poljak et al. 1973; Huber et al.
1976). Recent advances were largely driven by developments in phys-
ical techniques and Fc preparation methods, allowing researchers to
break free from the bounds imposed by the crystal lattice. It is then
worthwhile to consider which remaining undefined aspects may lead
to better therapies once defined. Here we identify three primary areas
for future research.

1. Future studies of unglycosylated antibodies may provide insight
into which conformations are disfavored by intramolecular N-glycan
interactions. A quantitative analysis of conformation states sampled
by the FcyR-binding loops of aglycosylated Fc that defines the pop-
ulations of each state will guide Fc engineering to limit the exposure
of residues that promote aggregation and potentially enhance FcyR
binding affinity. Similarly, it is likely that the Fc N-glycan completely
dissociates from the protein surface and becomes accessible to glycan
modifying enzymes. The structure of this state, and the definition of
the conformational rearrangements that promote sampling this state,
will impact Fc engineering to modify N-glycan composition during
expression.

2. IgG1 is now a well-defined molecule, though some questions
still remain. Much less is known about 1gG2,3,4, IgD, IgM and IgE.
Each of these share an N-glycan at a position homologous to N297
of IgG1 Fc and display an aromatic residue similar to F243 (Subedi,
G.P,, Hanson, Q.M., et al. 2014). IgE likewise shares a comparable
receptor binding mode though the role of N-glycosylation in recep-
tor interactions is less well defined thatn IgG (Shade et al. 2019).
It is currently not known how N-glycosylation impacts structure
and function for these less-studied antibodies. Furthermore, little is
known about antibodies from other species which may provide com-
plementary evolutionarily-selected solutions to stability and receptor
binding. Unique among the five human antibody classes, IgA is
much different, lacking homologous glycosylation, the key aromatic
residue, and IgA displays a different receptor binding mode (Herr
et al. 2003).

3. Differences between the behavior of IgG1 and isolated Fc and
how Fc modulates interactions between two antibodies may provide
insight into improving Fc designs. The 10-fold greater impact of
IgG1 Fc fucosylation when compared to isolated Fc in measurements
of CD16a binding indicates that the presence of Fab domains may
impact Fc activity. Detailed studies to define these interactions will
lead to a more complete definition of antibody function. Hints to
the presence of intra- and inter-antibody interactions exist, including
the observation that IgG1 forms hexamers on surfaces (Saphire et al.
2001; Ugurlar et al. 2018). N-glycans are poised to modulate these
interactions as well, though sensitive techniques must be developed
to investigate these phenomena further.

It is likely studies of antibody structure and function will continue
for decades into the future. The results of these studies stand to
improve existing therapies and create engineered mAb backbones
for a wide range of future clinical applications, if investigators are
sufficiently bold and inventive to identify key features and residues
that may be altered for improved drug properties.

Funding

This work was supported by the National Institutes of Health (grant
number ROT GM115489) to A.W.B. and by Japan Society for the

117

Promotion of Science Kakenhi (grant numbers JP16H04758 and
JP19HO03362) to Y.Y.

References

Aalberse R, Schuurman J. 2002. IgG4 breaking the rules. Immunology.
105:9-19.

Ahmed AA, Giddens J, Pincetic A, Lomino JV, Ravetch JV, Wang LX,
Bjorkman PJ. 2014. Structural characterization of anti-inflammatory
immunoglobulin G Fc proteins. | Mol Biol. 426:3166-3179.

Anthony RM, Kobayashi T, Wermeling F, Ravetch JV. 2011. Intravenous
gammaglobulin suppresses inflammation through a novel T(H)2 pathway.
Nature. 475:110-113.

Anthony RM, Nimmerjahn F, Ashline DJ, Reinhold VN, Paulson JC, Ravetch
JV.2008. Recapitulation of IVIG anti-inflammatory activity with a recom-
binant IgG Fec. Science. 320:373-376.

Anthony RM, Wermeling F, Karlsson MC, Ravetch JV. 2008. Identification of
a receptor required for the anti-inflammatory activity of IVIG. Proc Natl
Acad Sci U S A.105:19571-19578.

Arbogast LW, Brinson RG, Formolo T, Hoopes JT, Marino JP. 2016. 2D
(1)H(N), (15) N correlated NMR methods at natural abundance for
obtaining structural maps and statistical comparability of monoclonal
antibodies. Pharm Res. 33:462-475.

Arbogast LW, Brinson RG, Marino JP. 2015. Mapping monoclonal anti-
body structure by 2D 13C NMR at natural abundance. Anal Chem.
87:3556-3561.

Arbogast LW, Delaglio F, Schiel JE, Marino JP. 2017. Multivariate analysis
of two-dimensional (1) H, (13) C methyl NMR spectra of monoclonal
antibody therapeutics to facilitate assessment of higher order structure.
Anal Chem. 89:11839-11845.

Barb AW. 2015. Intramolecular N-glycan/polypeptide interactions observed
at multiple N-glycan remodeling steps through [(13)C,(15)N]-N-
acetylglucosamine labeling of immunoglobulin G1.
54:313-322.

Barb AW, Meng L, Gao Z, Johnson RW, Moremen KW, Prestegard JH.
2012. NMR characterization of immunoglobulin G Fc glycan motion on

Biochemistry.

enzymatic sialylation. Biochemistry. 51:4618-4626.

Barb AW, Prestegard JH. 2011. NMR analysis demonstrates immunoglobulin
G N-glycans are accessible and dynamic. Nat Chem Biol. 7:147-153.
Barb AW, Subedi GP. 2016. An encodable lanthanide binding tag with reduced
size and flexibility for measuring residual dipolar couplings and pseudo-

contact shifts in large proteins. ] Biomol NMR. 64:75-85.

Baruah K, Bowden TA, Krishna BA, Dwek RA, Crispin M, Scanlan CN.
2012. Selective deactivation of serum IgG: A general strategy for the
enhancement of monoclonal antibody receptor interactions. ] Mol Biol.
420:1-7.

Berkowitz SA, Engen JR, Mazzeo JR, Jones GB. 2012. Analytical tools for
characterizing biopharmaceuticals and the implications for biosimilars.
Nat Rev Drug Discov. 11:527-540.

Bliss M. 2007. The Discovery of Insulin. 25th anniversary ed. Chicago:
University of Chicago Press.

Borrok M], Jung ST, Kang TH, Monzingo AF, Georgiou G. 2012. Revisiting
the role of glycosylation in the structure of human IgG Fc. ACS Chem Biol.
7:1596-1602.

Bowden TA, Baruah K, Coles CH, Harvey D], Yu X, Song BD, Stuart DI,
Aricescu AR, Scanlan CN, Jones EY et al. 2012. Chemical and structural
analysis of an antibody folding intermediate trapped during glycan biosyn-
thesis. ] Am Chem Soc. 134:17554-17563.

Brange J, Dodson G, Xiao B. 1991. Designing insulin for diabetes therapy by
protein engineering. Current Opinion in Structural Biology. 1:934-940.

Breunis WB, van Mirre E, Bruin M, Geissler J, de Boer M, Peters M, Roos D,
de Haas M, Koene HR, Kuijpers TW. 2008. Copy number variation of
the activating FCGR2C gene predisposes to idiopathic thrombocytopenic
purpura. Blood. 111:1029-1038.



N-glycosylation in IgG Fc structure and function

223

Brinson RG, Marino JP, Delaglio F, Arbogast LW, Evans RM, Kearsley A,
Gingras G, Ghasriani H, Aubin Y, Pierens GK et al. 2019. Enabling adop-
tion of 2D-NMR for the higher order structure assessment of monoclonal
antibody therapeutics. MAbs. 11:94-105.

Bruhns P, Iannascoli B, England P, Mancardi DA, Fernandez N, Jorieux
S, Daeron M. 2009. Specificity and affinity of human Fcgamma
receptors and their polymorphic variants for human IgG subclasses.
Blood. 113:3716-3725.

Butler M, Quelhas D, Critchley AJ, Carchon H, Hebestreit HF, Hibbert
RG, Vilarinho L, Teles E, Matthijs G, Schollen E ez al. 2003. Detailed
glycan analysis of serum glycoproteins of patients with congenital dis-
orders of glycosylation indicates the specific defective glycan process-
ing step and provides an insight into pathogenesis. Glycobiology. 13:
601-622.

Chen CL, Hsu JC, Lin CW, Wang CH, Tsai MH, Wu CY, Wong CH, Ma C.
2017. Crystal structure of a homogeneous IgG-fc glycoform with the N-
glycan designed to maximize the antibody dependent cellular cytotoxicity.
ACS Chem Biol. 12:1335-1345.

Chen W, Enck S, Price JL, Powers DL, Powers ET, Wong CH, Dyson
HJ, Kelly JW. 2013. Structural and energetic basis of carbohydrate-
aromatic packing interactions in proteins. | Am Chem Soc. 135:
9877-9884.

Chen W, Kong L, Connelly S, Dendle JM, Liu Y, Wilson IA, Powers ET,
Kelly JW. 2016. Stabilizing the CH2 domain of an antibody by
engineering in an enhanced aromatic sequon. ACS Chem Biol. 11:
1852-1861.

Chung AW, Crispin M, Pritchard L, Robinson H, Gorny MK, Yu
X, Bailey-Kellogg C, Ackerman ME, Scanlan C, Zolla-Pazner S

2014.
that predict monoclonal antibody Fc-effector function. AIDS. 28:
2523-2530.

Clerc F, Novokmet M, Dotz V, Reiding KR, de Haan N, Kammeijer GSM,
Dalebout H, Bladergroen MR, Vukovic F, Rapp E et al. 2018. Plasma
N-glycan signatures are associated with features of inflammatory bowel
diseases. Gastroenterology. 155:829-843.

Collin M, Olsen A. 2001. EndoS, a novel secreted protein from streptococ-

et al. Identification of antibody glycosylation structures

cus pyogenes with endoglycosidase activity on human IgG. EMBO ]J.
20:3046-3055.

Crispin M, Yu X, Bowden TA. 2013. Crystal structure of sialylated IgG fc:
Implications for the mechanism of intravenous immunoglobulin therapy.
Proc Natl Acad Sci U S A. 110:E3544-E3546.

Davies AM, Jefferis R, Sutton BJ. 2014. Crystal structure of deglycosylated
human IgG4-fc. Mol Immunol. 62:46-53.

Davies AM, Rispens T, den Bleker TH, McDonnell JM, Gould HJ, Aalberse
RC, Sutton BJ. 2013. Crystal structure of the human IgG4 C(H)3 dimer
reveals the role of Arg409 in the mechanism of fab-arm exchange. Mol
Immunol. 54:1-7.

Davies AM, Rispens T, Ooijevaar-de Heer P, Gould HJ, Jefferis R, Aalberse RC,
Sutton BJ. 2014. Structural determinants of unique properties of human
IgG4-fc. ] Mol Biol. 426:630-644.

Davies AM, Sutton BJ. 2015. Human IgG4: A structural perspective. Immunol
Rev.268:139-159.

Deisenhofer J. 1981. Crystallographic refinement and atomic models of a
human Fc fragment and its complex with fragment B of protein A
from Staphylococcus aureus at 2.9- and 2.8-A resolution. Biochemistry.
20:2361-2370.

Dekkers G, Bentlage AEH, Plomp R, Visser R, Koeleman CAM, Beentjes A,
Mok JY, van Esch WJE, Wuhrer M, Rispens T et al. 2018. Conserved
FegammaR- glycan discriminates between fucosylated and afucosylated
IgG in humans and mice. Mol Immunol. 94:54-60.

Dekkers G, Treffers L, Plomp R, Bentlage AEH, de Boer M, Koeleman
CAM, Lissenberg-Thunnissen SN, Visser R, Brouwer M, Mok JY et al.
2017. Decoding the human immunoglobulin G-glycan repertoire reveals
a spectrum of Fc-receptor- and complement-mediated-effector activities.
Front Immunol. 8:877.

Dillon TM, Ricci MS, Vezina C, Flynn GC, Liu YD, Rehder DS, Plant M,
Henkle B, Li Y, Deechongkit S et al. 2008. Structural and functional

118

characterization of disulfide isoforms of the human IgG2 subclass. | Biol
Chem. 283:16206-16215.

Doherty M, Theodoratou E, Walsh I, Adamczyk B, Stockmann H, Agakov
F, Timofeeva M, Trbojevic-Akmacic I, Vuckovic F, Duffy F et al. 2018.
Plasma N-glycans in colorectal cancer risk. Sci Rep. 8:8655.

Ernst LK, Metes D, Herberman RB, Morel PA. 2002. Allelic polymorphisms
in the FcgammaRIIC gene can influence its function on normal human
natural killer cells. ] Mol Med (Berl). 80:248-257.

Falconer DJ, Barb AW. 2018. Mouse IgG2c fc loop residues promote greater
receptor-binding affinity than mouse IgG2b or human IgG1. PLoS One.
13:e0192123.

Falconer DJ, Subedi GP, Marcella AM, Barb AW. 2018. Antibody fucosylation
lowers the FcgammaRIIla/CD16a affinity by limiting the conformations
sampled by the N162-glycan. ACS Chem Biol. 13:2179-2189.

Feige M]J, Nath S, Catharino SR, Weinfurtner D, Steinbacher S, Buchner J.
2009. Structure of the murine unglycosylated IgG1 Fc fragment. | Mol
Biol. 391:599-608.

Ferrara C, Grau S, Jager C, Sondermann P, Brunker P, Waldhauer I,
Hennig M, Ruf A, Rufer AC, Stihle M ez al. 2011. Unique carbohydrate-
carbohydrate interactions are required for high affinity binding between
FegammaRIII and antibodies lacking core fucose. Proc Natl Acad Sci
US A.108:12669-12674.

Frank M, Walker RC, Lanzilotta WN, Prestegard JH, Barb AW. 2014.
Immunoglobulin G1 fc domain motions: Implications for Fc engineering.
J Mol Biol. 426:1799-1811.

Guillerey C, Huntington ND, Smyth MJ. 2016. Targeting natural killer cells in
cancer immunotherapy. Nat Immunol. 17:1025-1036.

Hanson QM, Barb AW. 2015. A perspective on the structure and receptor bind-
ing properties of immunoglobulin G Fc. Biochemistry. 54:2931-2942.

Hanson SR, Culyba EK, Hsu TL, Wong CH, Kelly JW, Powers ET. 2009.
The core trisaccharide of an N-linked glycoprotein intrinsically accelerates
folding and enhances stability. Proc Natl Acad Sci U S A. 106:3131-3136.

Herr AB, Ballister ER, Bjorkman PJ. 2003. Insights into IgA-mediated immune
responses from the crystal structures of human FcalphaRI and its complex
with IgA1-Fc. Nature. 423:614-620.

Huber R, Deisenhofer J, Colman PM, Matsushima M, Palm W. 1976. Crystal-
lographic structure studies of an IgG molecule and an Fc fragment. Nature.
264:415-420.

Isoda Y, Yagi H, Satoh T, Shibata-Koyama M, Masuda K, Satoh M, Kato K,
Tida S. 2015. Importance of the side chain at position 296 of antibody fc
in interactions with FcgammaRIIla and other Fcgamma receptors. PLoS
One. 10:0140120.

James LC, Keeble AH, Khan Z, Rhodes DA, Trowsdale J. 2007. Structural
basis for PRYSPRY-mediated tripartite motif (TRIM) protein function.
Proc Natl Acad Sci U S A. 104:6200-6205.

Jennewein MF, Goldfarb I, Dolatshahi S, Cosgrove C, Noelette FJ,
Krykbaeva M, Das J, Sarkar A, Gorman M], Fischinger S et al. 2019.
Fc glycan-mediated regulation of placental antibody transfer. Cell. 178
202-215.

Kaneko Y, Nimmerjahn F, Ravetch JV. 2006. Anti-inflammatory activity of
immunoglobulin G resulting from Fc sialylation. Science. 313:670-673.

Kao D, Danzer H, Collin M, Gross A, Eichler J, Stambuk J, Lauc G, Lux A,
Nimmerjahn F. 2015. A monosaccharide residue is sufficient to maintain
mouse and human IgG subclass activity and directs IgG effector functions
to cellular Fc receptors. Cell Rep. 13:2376-2385.

Kapur R, Kustiawan I, Vestrheim A, Koeleman CA, Visser R, Einarsdottir HK,
Porcelijn L, Jackson D, Kumpel B, Deelder AM et al. 2014. A prominent
lack of IgG1-Fc fucosylation of platelet alloantibodies in pregnancy.
Blood. 123:471-480.

Kelliher MT, Jacks RD, Piraino MS, Southern CA. 2014. The effect of sugar
removal on the structure of the Fc region of an IgG antibody as observed
with single molecule Forster resonance energy transfer. Mol Immunol.
60:103-108.

Kiyoshi M, Caaveiro JMM, Tada M, Tamura H, Tanaka T, Terao Y, Morante
K, Harazono A, Hashii N, Shibata H et al. 2018. Assessing the hetero-
geneity of the Fc-glycan of a therapeutic antibody using an engineered
FegammaReceptor [Ila-immobilized column. Sci Rep. 8:3955.



224

Y Yamaguchi and A Barb

Koehler J, Meiler J. 2011. Expanding the utility of NMR restraints with
paramagnetic compounds: Background and practical aspects. Prog Nucl
Magn Reson Spectrosc. 59:360-389.

Krapp S, Mimura Y, Jefferis R, Huber R, Sondermann P. 2003. Structural
analysis of human IgG-fc glycoforms reveals a correlation between gly-
cosylation and structural integrity. ] Mol Biol. 325:979-989.

Lauc G, Huffman JE, Pucic M, Zgaga L, Adamczyk B, Muzinic A, Novokmet
M, Polasek O, Gornik O, Kristic J et al. 2013. Loci associated with
N-glycosylation of human immunoglobulin G show pleiotropy with
autoimmune diseases and haematological PLoS Genet.

9:¢1003225.

Lee HS, Im W. 2017. Effects of N-glycan composition on structure and

cancers.

dynamics of IgG1 Fc and their implications for antibody engineering. Sci
Rep. 7:12659.

Li T, DiLillo DJ, Bournazos S, Giddens JP, Ravetch JV, Wang LX. 2017.
Modulating IgG effector function by Fc glycan engineering. Proc Natl
Acad Sci U S A. 114:3485-3490.

Liu H, May K. 2012. Disulfide bond structures of IgG molecules: Structural
variations, chemical modifications and possible impacts to stability and
biological function. MAbs. 4:17-23.

Loos A, Steinkellner H. 2012. IgG-Fc glycoengineering in non-mammalian
expression hosts. Arch Biochem Biophys. 526:167-173.

Lund J, Takahashi N, Pound JD, Goodall M, Jefferis R. 1996. Multiple inter-
actions of IgG with its core oligosaccharide can modulate recognition by
complement and human Fc gamma receptor I and influence the synthesis
of its oligosaccharide chains. | Immunol. 157:4963-4969.

Mahan AE, Jennewein MF, Suscovich T, Dionne K, Tedesco J, Chung AW,
Streeck H, Pau M, Schuitemaker H, Francis D et al. 2016. Antigen-
specific antibody glycosylation is regulated via vaccination. PLoS Pathog.
12:1005456.

Majumder S, Jones MT, Kimmel M, Alphonse IA. 2018. Probing conforma-
tional diversity of Fc domains in aggregation-prone monoclonal antibod-
ies. Pharm Res. 35:220.

Massoud AH, Yona M, Xue D, Chouiali F, Alturaihi H, Ablona A, Mourad
W, Piccirillo CA, Mazer BD. 2014. Dendritic cell immunoreceptor: A
novel receptor for intravenous immunoglobulin mediates induction of
regulatory T cells. | Allergy Clin Immunol. 133:853-863.

Matsumiya S, Yamaguchi Y, Saito J, Nagano M, Sasakawa H, Otaki S, Satoh
M, Shitara K, Kato K. 2007. Structural comparison of fucosylated and
nonfucosylated Fe fragments of human immunoglobulin G1. ] Mol Biol.
368:767-779.

Mimura Y, Katoh T, Saldova R, O’Flaherty R, Izumi T, Mimura-Kimura
Y, Utsunomiya T, Mizukami Y, Yamamoto K, Matsumoto T et al.
2018. Glycosylation engineering of therapeutic IgG antibodies: Chal-
lenges for the safety, functionality and efficacy. Protein Cell. 9:
47-62.

Mizushima T, Yagi H, Takemoto E, Shibata-Koyama M, Isoda Y, lida S,
Masuda K, Satoh M, Kato K. 2011. Structural basis for improved efficacy
of therapeutic antibodies on defucosylation of their fc glycans. Genes
Cells. 16:1071-1080.

More AS, Toth RT, Okbazghi SZ, Middaugh CR, Joshi SB, Tolbert TJ, Volkin
DB, Weis DD. 2018. Impact of glycosylation on the local backbone
flexibility of well-defined IgG1-Fc glycoforms using hydrogen exchange-
mass spectrometry. | Pharm Sci. 107:2315-2324.

Nagae M, Yamaguchi Y. 2012. Function and 3D structure of the N-glycans on
glycoproteins. Int | Mol Sci. 13:8398-8429.

Nose M, Wigzell H. 1983. Biological significance of carbohydrate chains on
monoclonal antibodies. Proc Natl Acad Sci U S A. 80:6632-6636.

Okbazghi SZ, More AS, White DR, Duan S, Shah IS, Joshi SB, Middaugh CR,
Volkin DB, Tolbert TJ. 2016. Production, characterization, and biological
evaluation of well-defined IgG1 Fc glycoforms as a model system for
biosimilarity analysis. ] Pharm Sci. 105:559-574.

Parekh RB, Dwek RA, Sutton BJ, Fernandes DL, Leung A, Stanworth D,
Rademacher TW, Mizuochi T, Taniguchi T, Matsuta K et al. 1985.
Association of rheumatoid arthritis and primary osteoarthritis with
changes in the glycosylation pattern of total serum IgG. Nature. 316:
452-457.

119

Patel KR, Roberts JT, Subedi GP, Barb AW. 2018. Restricted processing of
CD16a/Fc gamma receptor IIla N-glycans from primary human NK cells
impacts structure and function. J Biol Chem. 293:3477-3489.

Peschke B, Keller CW, Weber P, Quast I, Lunemann JD. 2017. Fc-
Galactosylation of human immunoglobulin gamma Isotypes improves
Clq binding and enhances complement-dependent cytotoxicity. Front
Immunol. 8:646.

Pincetic A, Bournazos S, DiLillo DJ, Maamary ], Wang TT, Dahan R, Fiebiger
BM, Ravetch JV. 2014. Type I and type II Fc receptors regulate innate and
adaptive immunity. Nat Immunol. 15:707-716.

Piraino MS, Kelliher MT, Aburas J, Southern CA. 2015. Single molecule Forster
resonance energy transfer studies of the effect of EndoS deglycosylation on
the structure of IgG. Immunol Lett. 167:29-33.

Poljak R], Amzel LM, Avey HP, Chen BL, Phizackerley RP, Saul F. 1973. Three-
dimensional structure of the Fab’ fragment of a human immunoglobulin
at 2,8-A resolution. Proc Natl Acad Sci U S A. 70:3305-3310.

Rose R], van Berkel PH, van den Bremer ET, Labrijn AF, Vink T, Schuurman
J, Heck AJ, Parren PW. 2013. Mutation of Y407 in the CH3 domain
dramatically alters glycosylation and structure of human IgG. MAbs.
5:219-228.

Sakae Y, Satoh T, Yagi H, Yanaka S, Yamaguchi T, Isoda Y, Iida S, Okamoto
Y, Kato K. 2017. Conformational effects of N-glycan core fucosylation
of immunoglobulin G fc region on its interaction with Fcgamma receptor
ITa. Sci Rep. 7:13780.

Saphire EO, Parren PW, Pantophlet R, Zwick MB, Morris GM, Rudd PM,
Dwek RA, Stanfield RL, Burton DR, Wilson IA. 2001. Crystal structure
of a neutralizing human IGG against HIV-1: A template for vaccine design.
Science. 293:1155-1159.

Scapin G, Yang X, Prosise WW, McCoy M, Reichert P, Johnston JM,
Kashi RS, Strickland C. 2015. Structure of full-length human anti-PD1
therapeutic IgG4 antibody pembrolizumab. Nat Struct Mol Biol. 22:
953-958.

Seite JF, Cornec D, Renaudineau Y, Youinou P, Mageed RA, Hillion S. 2010.
IVIg modulates BCR signaling through CD22 and promotes apoptosis in
mature human B lymphocytes. Blood. 116:1698-1704.

Shade KT, Conroy ME, Anthony RM. 2019. IgE glycosylation in health and
disease. Curr Top Microbiol Immunol. .

Shah IS, Lovell S, Mehzabeen N, Battaile KP, Tolbert TJ. 2017. Structural
characterization of the Man5 glycoform of human IgG3 fc. Mol Immunol.
92:28-37.

Shields RL, Lai J, Keck R, O’Connell LY, Hong K, Meng YG, Weikert SH,
Presta LG. 2002. Lack of fucose on human IgG1 N-linked oligosaccha-
ride improves binding to human Fcgamma RIII and antibody-dependent
cellular toxicity. | Biol Chem. 277:26733-26740.

Shinkawa T, Nakamura K, Yamane N, Shoji-Hosaka E, Kanda Y, Sakurada
M, Uchida K, Anazawa H, Satoh M, Yamasaki M et al. 2003. The
absence of fucose but not the presence of galactose or bisecting N-
acetylglucosamine of human IgG1 complex-type oligosaccharides shows
the critical role of enhancing antibody-dependent cellular cytotoxicity.
J Biol Chem. 278:3466-3473.

Sondermann P, Huber R, Oosthuizen V, Jacob U. 2000. The 3.2-A crystal
structure of the human IgG1 Fc fragment-Fc gammaRIII complex. Nature.
406:267-273.

Sondermann P, Pincetic A, Maamary J, Lammens K, Ravetch JV.2013. General
mechanism for modulating immunoglobulin effector function. Proc Natl
Acad Sci U S A.110:9868-9872.

Sonneveld ME, de Haas M, Koeleman C, de Haan N, Zeerleder SS, Ligthart
PC, Wuhrer M, van der Schoot CE, Vidarsson G. 2017. Patients with
IgGl-anti-red blood cell autoantibodies show aberrant Fe-glycosylation.
Sci Rep. 7:8187.

Su XC, Otting G.2010. Paramagnetic labelling of proteins and oligonucleotides
for NMR. ] Biomol NMR. 46:101-112.

Subedi GP, Barb AW. 2015. The structural role of antibody N-glycosylation in
receptor interactions. Structure. 23:1573-1583.

Subedi GP, Barb AW. 2016. The immunoglobulin G1 N-glycan composi-
tion affects binding to each low affinity Fc gamma receptor. MAbs.
8:1512-1524.



N-glycosylation in IgG Fc structure and function

225

Subedi GP, Hanson QM, Barb AW. 2014. Restricted motion of the conserved
immunoglobulin G1 N-glycan is essential for efficient FcgammaRIlla
binding. Structure. 22:1478-1488.

Subedi GP, Johnson RW, Moniz HA, Moremen KW, Barb A. 2015. High yield
expression of recombinant human proteins with the transient transfection
of HEK293 cells in suspension. | Vis Exp. 106:e53568.

Temming AR, Dekkers G, van de FS, Plomp HR, Bentlage AEH,
Szittner Z, Derksen NIL, Wuhrer M, Rispens T, Vidarsson G. 2019.
Human DC-SIGN and CD23 do not interact with human IgG. Sci Rep.
9:9995.

Teplyakov A, Zhao Y, Malia TJ, Obmolova G, Gilliland GL. 2013. IgG2 Fc
structure and the dynamic features of the IgG CH2-CH3 interface. Mol
Immunol. 56:131-139.

Thomann M, Schlothauer T, Dashivets T, Malik S, Avenal C, Bulau P,
Ruger P, Reusch D. 2015. In vitro glycoengineering of IgG1 and its
effect on Fc receptor binding and ADCC activity. PLoS Omne. 10:
e0134949.

Tian Y, Ruotolo B. 2018. Collision induced unfolding detects subtle differences
in intact antibody glycoforms and associated fragments. Int | Mass
Spectrom. 425:1-9.

Tiselius A, Kabat EA. 1939. An electrophoretic study of immune sera and
purified antibody preparations. ] Exp Med. 69:119-131.

Tolbert WD, Subedi GP, Gohain N, Lewis GK, Patel KR, Barb AW, Pazgier M.
2019. From rhesus macaque to human: Structural evolutionary pathways
for immunoglobulin G subclasses. MAbs. 11:709-724.

Ugurlar D, Howes SC, de Kreuk BJ, Koning RI, de Jong RN, Beurskens FJ,
Schuurman J, Koster AJ, Sharp TH, Parren P et al. 2018. Structures of
C1-IgG1 provide insights into how danger pattern recognition activates
complement. Science. 359:794-797.

van der Zee JS, van Swieten P, Aalberse RC. 1986. Inhibition of complement
activation by IgG4 antibodies. Clin Exp Immunol. 64:415-422.

120

Vidarsson G, Dekkers G, Rispens T. 2014. IgG subclasses and allo-
types: S:
520.

von Gunten S, Simon HU. 2008. Natural anti-Siglec autoantibodies medi-

From structure to effector functions. Front Immunol.

ate potential immunoregulatory mechanisms: Implications for the clin-
ical use of intravenous immunoglobulins (IVIg). Autoimmun Rev.
7:453-456.

Wypych J, Li M, Guo A, Zhang Z, Martinez T, Allen M]J, Fodor S,
Kelner DN, Flynn GC, Liu YD et al. 2008. Human IgG2 antibod-
ies display disulfide-mediated structural isoforms. | Biol Chem. 283:
16194-16205.

Yageta S, Imamura H, Shibuya R, Honda S. 2019. CH2 domain orientation
of human immunoglobulin G in solution: Structural comparison of gly-
cosylated and aglycosylated Fc regions using small-angle X-ray scattering.
MAbs. 11:453-462.

Yagi H, Zhang Y, Yagi-Utsumi M, Yamaguchi T, lida S, Yamaguchi Y, Kato
K. 2015. Backbone (1) H, (13) C, and (15) N resonance assignments of
the Fc fragment of human immunoglobulin G glycoprotein. Biomol NMR
Assign. 9:257-260.

Yamaguchi Y, Nishimura M, Nagano M, Yagi H, Sasakawa H, Uchida K,
Shitara K, Kato K. 2006. Glycoform-dependent conformational alteration
of the Fc region of human immunoglobulin G1 as revealed by NMR
spectroscopy. Biochim Biophys Acta. 1760:693-700.

Yu X, Baruah K, Harvey DJ, Vasiljevic S, Alonzi DS, Song BD, Higgins MK,
Bowden TA, Scanlan CN, Crispin M. 2013. Engineering hydrophobic
protein-carbohydrate interactions to fine-tune monoclonal antibodies.
J Am Chem Soc. 135:9723-9732.

Yu X, Vasiljevic S, Mitchell DA, Crispin M, Scanlan CN. 2013. Dissecting the
molecular mechanism of IVIg therapy: The interaction between serum IgG
and DC-SIGN is independent of antibody glycoform or fc domain. | Mol
Biol. 425:1253-1258.



Structural Aspects of Carbohydrate ®)
Recognition Mechanisms of C-Type i
Lectins

Masamichi Nagae and Yoshiki Yamaguchi

Contents

I INEOAUCHION ...ttt
2 C-Type Lectin Fold.........ccoccevereenene
3 Sugar Binding Motifs: EPN and QPD.........
3.1 Other Monosaccharide Binding Modes .
4 Oligosaccharide RECOZNITION......cc.eiitiriiiiiiriieiiriieteeie ettt
4.1 Oligosaccharide Recognition via EPN Motif ........ccccoceiiiiiiiinininiiiiiinccieeeene
4.2 Oligosaccharide Recognition of QPD Motif-Containing C-Type Lectins
4.3 Oligosaccharide Recognition of C-Type Lectin-like Domains ...........ccccceeeviieencnne
4.4 Genetic Variants of C-Type LEeCtins .....ccceeveeiereriiiniiiiniiricieeeeeeeteree e
5 Functional Oligomerization of C-Type Lectin Domains...........c.cccccoeveiviiiinniiiciinenns
6 Conclusion and Future Perspective.........coceuererieririiiieiinieeiei ettt
RETEICIICES ...ttt bttt a ettt besae e

Abstract Carbohydrate recognition is an essential function occurring in all living
organisms. Lectins are carbohydrate-binding proteins and are classified into several
families. In mammals, Ca®*-dependent C-type lectins, such as P-galactoside-
binding galectin and sialic acid-binding siglec, play crucial roles in the immune
response and homeostasis. C-type lectins are abundant and diverse in animals. Their
immunological activities include lymphocyte homing, pathogen recognition, and
clearance of apoptotic bodies. C-type lectin domains are composed of 110-130
amino acid residues with highly conserved structural folds. Remarkably, individual
lectins can accept a wide variety of sugar ligands and can distinguish subtle
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structural differences in closely related ligands. In addition, several C-type
lectin-like proteins specifically bind to carbohydrate ligands in Ca®*-independent
ways. The accumulated 3D structural evidence clarifies the unexpected structural
versatility of C-type lectins underlying the variety of ligand binding modes. In this
issue, we focus on the structural aspects of carbohydrate recognition mechanisms of
C-type lectins and C-type lectin-like proteins.

1 Introduction

Carbohydrates, most often linked to proteins or lipids, cover the surface of all living
cells and are fundamental determinants of health and disease. Carbohydrate-binding
proteins or lectins interact with glycans in specific ways, eliciting many important
cellular responses including those involved in immune cell homeostasis. The Ca**-
dependent or C-type lectins are the largest and most diverse lectin family found in
animals (Zelensky and Gready 2005; Drickamer and Taylor 2015). Well-studied
members include galectin and siglec in mammals. C-type lectins share highly
homologous structural modules in their carbohydrate recognition domains. These
domains are ubiquitously found both in soluble and membrane proteins. More than
100 human proteins contain at least one C-type lectin domain. The C-type lectin
family is subdivided into 16 groups (Groups 1-16) based on phylogenetic rela-
tionships and domain architecture (Cummings and McEver 2015) (Fig. 1a). Most of
these groups have a single C-type lectin domain. Exceptions with 8-10 C-type
lectin domains in their polypeptides (e.g. macrophage mannose receptor and
DEC-205) are found in Group 6. Also, many proteins have C-type lectin domains
that lack the conserved Ca’* binding site, designated as “C-type lectin-like
domains,” and thus do not always bind carbohydrate ligands (e.g., Group 5 in
Fig. 1a). This has allowed for distinction between sugar-binding C-type lectins and
the broader family of C-type lectin-like domains (Zelensky and Gready 2005).

C-type lectins accept a wide variety of carbohydrate and non-carbohydrate
ligands such as lipids and proteins via their lectin or lectin-like domains. Some
C-type lectins play specific roles in glycoconjugate recognition, with the aglycon
moiety of the ligand often contributing to the interaction. From an immunological
point of view, various C-type lectins work as pattern recognition receptors (PRRs)
which recognize highly conserved specific molecular signatures called
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs) that are crucial for discrimination of self from non-self (Varki
2017; Sancho and Reis e Sousa 2013). In order to understand the physiological
roles of C-type lectins in detail, 3D structural information is essential. We describe
our current knowledge of the carbohydrate recognition mechanism of C-type lectins
at monosaccharide, oligosaccharide, and polysaccharide levels.
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Fig. 1 a Domain architecture of representative C-type lectin-containing proteins described in this
issue. This figure is prepared from the review (Zelensky and Gready 2005) with modifications.
C-type lectins are classified into three sugar-binding motifs (EPN, QPD, and calcium
independent). Fn type 2: Fibronectin type 2, SCR: Short consensus repeat, EGF: Epidermal
Growth Factor, ASGPR: Asialoglycoprotein receptor, SRACLA: scavenger receptor C-type lectin.
b Overall structure of C-type lectin domain (Rat mannose binding protein A (MBP-A), PDB code
2MSB). Polypeptide, carbohydrate and calcium ions are shown in ribbon, stick, and sphere
models, respectively. The long loop region is colored in cyan. Disulfide bonds are shown in yellow
stick model. ¢ Close-up view of the primary binding site of MBP-A. The coordination and
hydrogen bonds are depicted with red dotted lines
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2 C-Type Lectin Fold

Since the pioneering work on the mannose-binding protein was reported (Weis
et al. 1992), hundreds of atomic structures have been elucidated for C-type lectins.
As of July 2019, over 250 atomic structures of C-type lectins were deposited in the
Protein Data Bank. Overall fold and disulfide bond pattern are highly conserved
among C-type lectins and C-type lectin-like domains. The C-type lectin domain is
typically composed of 110-130 amino acid residues and the overall fold is formed
by two o-helices and six or seven [B-strands forming two antiparallel B-sheets
(Fig. 1b). A long loop is found around the “top face” and inserted between two
B-strands (B2 and B3 in typical cases). This loop is characteristic of C-type lectins,
playing crucial roles in calcium coordination and sugar recognition (colored in cyan
in Fig. 1b). C-type lectin domains accept one to four calcium ions (Zelensky and
Gready 2005). The sugar-binding calcium ion is located at the top face of the
C-type lectin domain. In the sugar-binding site, the calcium ion makes coordination
bonds with both the lectin domain and bound monosaccharide (Fig. 1¢). The other
calcium ions mainly stabilize the 3D structure and occasionally form a secondary
sugar-binding site.

3 Sugar Binding Motifs: EPN and QPD

A calcium ion forms multiple coordination bonds with amino acid residues that are
well conserved among C-type lectins. The residues that define the sugar binding are
called motifs. The asparagine and aspartate from the WND (Trp-Asn-Asp) motif
and one carbonyl side chain (Glu side chain in Fig. Ic) form coordination bonds
with Ca®* in all C-type lectins. In addition, the EPN (Glu-Pro-Asn) or QPD
(GIn-Pro-Asp) motif contributes to calcium coordination and forms the
sugar-binding site. These motifs have two carbonyl groups separated by a proline
residue. Two adjacent hydroxyl groups from a monosaccharide make coordination
bonds with the calcium ion and hydrogen bonds with the EPN or QPD motif
(Zelensky and Gready 2005). C-type lectin-like domains lack these conserved
motifs and do not bind a calcium ion.

EPN and QPD motifs define the monosaccharide specificity of C-type lectins.
Hence, C-type lectins can be classified into three groups: (i) EPN motif-containing
C-type lectins, (i) QPD motif-containing C-type lectins, and (iii) C-type lectin-like
domains without these two motifs. EPN motif-containing C-type lectins usually
accept D-mannose, D-glucose, L-fucose, and N-acetyl-pD-glucosamine (GlcNAc)
through equatorial 3-OH and 4-OH groups (left panel in Fig. 2a). In contrast, QPD
motif-containing C-type lectins bind N-acetyl-p-galactosamine (GalNAc) and p-
galactose through equatorial 3-OH and axial 4-OH groups (right panel in Fig. 2a).
In both cases, bound monosaccharide is stabilized through hydrogen bonds with the
carboxyl (-COO") and amide (-CONH) groups from these motifs. Importantly,
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hydrogen donors and acceptors are switched in the two cases. In this way, the
hydrogen bond network defines the position and orientation of the bound
monosaccharide. In fact, replacing the EPN motif with QPD in mannose binding
protein A (MBP-A) changes the binding ability to favor galactose. This result
proves the role of these motifs in monosaccharide specificity (Drickamer 1992). In a
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«Fig. 2 a Monosaccharide recognition by EPN (MBP-A, PDB code 2MSB, left panel) and QPD
motifs (ASGPR, PDB code 5JPV, right panel). The amino acid residues which contribute to
calcium ion coordination and sugar binding are shown in stick models. The positions of EPN and
QPD motifs are indicated. b Galactose recognition by TC14 (PDB code 1TLG, left panel) and
ASGPR (PDB code 5JPV, right panel). The tryptophan residues (W100 in TC14 and W243 in
ASGPR) are shown in stick model and make stacking interactions with galactose rings. ¢ Sulfated
galactose recognition by langerin (PDB code 3P51). The amino acid residues interacting with the
sulfate group are highlighted. d Sialic acid recognition by murine SIGN-R1 (PDB code 4CAlJ).
Coordination and hydrogen bonds are depicted with red dotted lines. An additional hydrogen bond
with asparagine (N288) is also shown. e Heparin disaccharide recognition by EMBP (PDB code
2BRS). One disaccharide unit (colored in white) is surrounded by three EMBP molecules (shown
in semitransparent surface models, and colored in green, cyan, and magenta). Direct intermolecular
hydrogen bonds are shown in red dotted lines. f Calcium-independent GalNAc recognition by
SPL-2 (PDB code 6A7S). Direct intermolecular hydrogen bonds are shown in red dotted lines.
Y66 contacts the GalNAc residue

ligand-free form, two water molecules occupy the positions which will be taken
over by 3-OH and 4-OH groups of the binding sugar residue, forming an
eight-coordinated calcium ion (Ng et al. 1996; Feinberg et al. 2000). The orienta-
tion of the sugar ring at the primary binding site is affected by the surrounding
amino acid residues. Occasionally, the bound sugar occurs as a mixture of the two
orientations in a single crystal structure (Ng et al. 2002).

3.1 Other Monosaccharide Binding Modes

Monosaccharide specificities of C-type lectins are generally defined by these two
motifs, but there are several known exceptions. A tunicate lectin TC14 from
Polyandrocarpa misakiensis has an EPS motif and a sea cucumber lectin CEL-IV
from Cuvumaria echinate has the EPN motif. Contrary to the motif rule, they bind
galactose at the primary binding site (Poget et al. 1999; Hatakeyama et al. 2011). In
each structure, a tryptophan side chain stacks with the apolar face of the galactose
ring (left panel in Fig. 2b). In the case of galactose recognition by the QPD motif,
the sugar is typically stabilized with the tryptophan side chain, which is located on
the opposite side (right panel in Fig. 2b). Consequently, the orientation of the
galactose ring observed in TC14 and CEL-IV is inverted compared with the typical
galactose-QPD motif interaction.

A second example is the mammalian C-type lectin receptor langerin which is
expressed on Langerhans cells and mediates carbohydrate-dependent uptake of
pathogens. Langerin has an EPN motif but, atypically, it accepts glycans with
terminal 6-sulfated galactose. A crystal structure of langerin complexed with 6SO,-
GalP1-4GlcNAc shows that the galactose residue coordinates a calcium ion and
the sulfate group forms salt bridges with two lysine residues located close to the
primary binding site. This electrostatic interaction appears to compensate for the
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nonoptimal binding of galactose with the EPN motif (Fig. 2c) (Feinberg et al.
2011).

Another exception is the interaction between SIGN-R1 and sialic acid (NeuSAc)
(Silva-Martin et al. 2014). SIGN-R1, also known as CD209a, is a murine C-type
lectin receptor with an EPN motif and is expressed in myeloid cells. A crystal
structure of SIGN-R1 in complex with Neu5Ac shows that the carboxylic group,
not the hydroxyl groups, of the sialic acid makes coordination bonds with the
calcium ion of SIGN-R1 and hydrogen bonds with adjacent amino acid residues
(Fig. 2d). One asparagine residue (N288) contributes to sialic acid binding, inde-
pendent of calcium coordination.

C-type lectin-like domains without an EPN or QPD motif are predicted to lack
typical sugar-binding ability. Nevertheless, several do bind carbohydrate ligands.
For instance, the eosinophil major basic protein (EMBP) is a constituent of the
eosinophil secondary granule and has a C-type lectin-like domain. Surface plasmon
resonance assay demonstrated that EMBP directly binds to heparin and heparan
sulfate, but not to hyaluronic acid (Swaminathan et al. 2005). A crystal structure of
human EMBP in complex with heparin disaccharide has been reported
(Swaminathan et al. 2005). The authors introduced the disaccharide ligand by
soaking into ligand-free crystals. Three EMBP molecules in the crystal lattice
contact one heparin disaccharide unit. The major contact site is located close to the
primary binding site of typical C-type lectins and the bound disaccharide unit is
mainly stabilized by electrostatic interactions and hydrogen bonds (Fig. 2e).

One more example is the bivalve lectins SPL-1 and SPL-2, which show high
affinities for GIcNAc or GalNAc containing glycans. Intriguingly, RPD and KPD
motifs are found in SPL-1 and SPL-2, instead of EPN or QPD. Crystal structures of
SPL-2 in complex with GalNAc demonstrated that the sugar binds near the putative
primary binding site. However, the interaction mode is different from typical sugar
binding via an EPN or QPD motif (Unno et al. 2019). 3-OH and 4-OH groups of
GalNAc make hydrogen bonds with the putative primary binding site of the C-type
lectin, and the acetamido group is sandwiched by tyrosine and histidine side chains
via a stacking interaction (Fig. 2f).

A shrimp C-type lectin MjGCTL has a QAP (GlIn-Ala-Pro) motif which was
predicted to not to have calcium binding ability. However, a recent study shows that
the lectin has sugar-dependent hemocyte encapsulation activity (Alenton et al.
2017). The carbohydrate recognition mechanism of this C-type lectin-like domain
could be different. Structural analysis of carbohydrate recognition mechanisms with
novel motifs will expand our understanding of this lectin family.

4 Oligosaccharide Recognition

C-type lectins have individual specificities despite the high sequence and structural
similarities. For instance, langerin binds a diverse range of carbohydrates including
high-mannose-type glycan, fucosylated blood group antigens, and glycans with

127



8 M. Nagae and Y. Yamaguchi

terminal 6-sulfated galactose. Meanwhile, a C-type lectin receptor DCAR specifi-
cally recognizes phosphatidylinositol mannoside (PIM), a mycobacteria glycolipid,
promoting a Thl response during infection (Toyonaga et al. 2016). A fundamental
question is how highly conserved C-type lectins recognize various types of glycan
ligands.

Monosaccharide binding preference is defined by an EPN or QPD motif, while
the specificity toward oligo- and polysaccharides is determined by the secondary
binding site which is located near the primary binding site. The amino acid residues
coordinating calcium ions are highly conserved, while the amino acid residues
located within ~15 A from calcium ion are less so. In particular, the secondary
binding site is often formed by amino acid residues on the top face, where three
B-strands (B2—p4), the long loop region and a part of two o-helices are located. The
specific residues in the secondary binding site usually contribute additional inter-
actions, or conversely, work to discourage binding of certain ligands.

From a structural aspect, it is important to understand how each C-type lectin
attains specificity for the target glycan. To get a broader picture, 3D structures of
C-type lectin domains in complexes with oligosaccharide ligands were extracted
from the PDB and these are summarized in Table 1. In this chapter, we describe the
structural basis for the specific oligosaccharide recognition mechanism of C-type
lectins.

Table 1 List of 3D structures of C-type lectins and C-type lectin-like domains complexed with
glycan ligands. The glycan complex structures were extracted to include more than just the
disaccharide units. Crystal structures of C-type lectins in ligand free forms and complexed with
monosaccharide or non-carbohydrate ligands were omitted

Receptor Source Ligand PDB References
ID
(i) EPN motif
High-mannose-type N-glycan
MBP-A Rat Mans 2MSB | Weis et al. (1992)
MBP-A Rat Mana1-3Man IKWY | Ng et al. (2002)
MBP-A Rat Mana1-3Man 1IKWZ | Ng et al. (2002)
(HI89V)
MBP-A Rat MangGlcNAc, 1KX1 | Ng et al. (2002)
SP-D Human Mana1-2Man 3G83 Crouch et al. (2009)
SP-D (R343V) | Human Mana1-2Man 3G84 Crouch et al. (2009)
DC-SIGN Human Man, 1SL4 Guo et al. (2004)
DC-SIGN Human Mang 2ITS Feinberg et al.
(2007)
DC-SIGN Human Man, 2IT6 Feinberg et al.
(2007)
DC-SIGN Human Pseudo-dimannose mimic 2XRS5 | Sutkeviciute et al.
(2014)
(continued)
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Table 1 (continued)
Receptor Source Ligand PDB References
ID
DC-SIGN Human Pseudo-trimannose mimic 2XR6 | Sutkeviciute et al.
(2014)
Dectin-2 Human Mang 5VYB | Feinberg et al.
(2017)
L-selectin Human MansGlcNAc, 5VC1 Wedepohl et al.
(2017)
L-selectin Human MansGlcNAc, 3CFW | Mehta-D’souza
et al. (2017)
Langerin Human Mano1-3Man (Mans) 3PSD | Feinberg et al.
(2011)
Langerin Human Mano1-2Man 3PSF Feinberg et al.
(2011)
Complex-type N-glycan
DC-SIGN Human GlcNAc,Man; 1K9I Feinberg et al.
(2001)
DC-SIGNR Human GlcNAc,Man; 1K9 J | Feinberg et al.
(2001)
hDCIR Human GIcNAcB1-2Man 5B1X | Nagae et al. (2016)
mDCIR2 Mouse Bisected glycan 3VYK | Nagae et al. (2013)
BDCA-2 Human GalB1-4GIcNAcB1-2Man 4ZET | Jegouzo et al.
(2015)
Codakine Bivalve Biantennary glycan 2VUZ | Gourdine et al.
(2008)
SP-D Porcine Biantennary glycan 6BBE | van Eijk et al.
(2018)
Fucose-containing glycan
P-selectin Human PSGL-1 1GIS Somers et al. (2000)
P-selectin Human Sialyl-LewisX (soaked) 1GIR | Somers et al. (2000)
E-selectin Human Sialyl-Lewis™ (soaked) 1GIT | Somers et al. (2000)
DC-SIGN Human Lacto-N-fucopentaose III 1SL5 Guo et al. (2004)
DC-SIGNR Human Lewis™ 1SL6 Guo et al. (2004)
MBP-A (K3) Rat 3’-NeuAc-Le* 2KMB | Ng and Weis (1997)
MBP-A (K3) Rat 3’-sulfo-Le* 3KMB | Ng and Weis (1997)
MBP-A (K3) Rat 4’-sulfo-Le* 4KMB | Ng and Weis (1997)
E-selectin Human Sialyl-LewisX 4CSY | Preston et al. (2016)
Langerin Human Galo1-3[Fucal-2]Gal 3P5G | Feinberg et al.
(2011)
Glucose-containing glycan
SP-D Human Maltose 1PWB | Shrive et al. (2003)
Mincle Cow Trehalose (Glcal-a1Glc) 4KZV | Feinberg et al.
(2013)
Mincle Cow Trehalose monobutylate 4ZRV | Feinberg et al.
(2016)
(continued)
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Receptor Source Ligand PDB References
ID
Mincle Cow Trehalose 4ZRW | Feinberg et al.
(2016)
Mincle Cow KMJ1 SKTI Feinberg et al.
(2016)
Mincle Cow Brartemicin SKTH | Feinberg et al.
(2016)
Langerin Human Laminaritriose 3P5H | Feinberg et al.
(2011)
Langerin Human Maltose (Glcal-4Glc) 3P7H Chatwell et al.
(2008)
SIGN-R1 Mouse Dextran sulfate 4C9F Silva-Martin et al.
(2014)
Others
CEL-IV Sea cucumber Raffinose 3ALU | (Hatakeyama et al.
(Galo1-6Glcp1-2Fru) 2011)
CEL-1V Sea cucumber Melibiose (Galal-6Glc) 3ALT | Hatakeyama et al.
(2011)
Langerin Human 6S0,4-GalB1-4GIcNAc 3P5I Feinberg et al.
(2011)
Langerin Human GlcNACcB1-3GalB1-4Gle 4N33 | Feinberg et al.
(2013)
Langerin Human (K313I) GlcNAcB1-3GalB1-4Gle 4N35 Feinberg et al.
(2013)
Langerin Human (N288D/ | GIcNAcP1-3GalB1-4GIcNAc | 4N38 | Feinberg et al.
K313I) (2013)
(ii) QPD motif
RSL Rattlesnake Lactose (GalB1-4Glc) 1JZN Walker et al. (2004)
SCARA4 Mouse Lewis™ 20X9 | Feinberg et al.
(2007)
ASGPR Human Lactose (GalB1-4Glc) 5IPV Sanhueza et al.
(2017)
(iii) C-type lectin-like domains
EMBP Human Heparin 2BRS | Swaminathan et al.
(2005)
Dectin-1 Mouse Glcp1-3GIcB1-3Gle 2CL8 Brown et al. (2007)
CLEC-2 Human O-glycosylated podoplanin 3WSR | Nagae et al. (2014)

4.1 Oligosaccharide Recognition via EPN Motif

The structural basis for the specific oligosaccharide recognition of EPN
motif-containing C-type lectins has been well studied. Here, we introduce the
recognition mechanism of EPN motif-containing C-type lectins toward represen-
tative oligosaccharides such as high-mannose type, complex-type N-glycans,

130



Structural Aspects of Carbohydrate Recognition Mechanisms ... 11

sialyl-Lewis™, and glucose-containing glycans. The primary binding sites of cor-
responding C-type lectins bind mannose, fucose, and glucose residues of these
oligosaccharides, and the secondary binding sites define their specificities.

4.1.1 Oligosaccharide Recognition of EPN Motif-Containing C-Type
Lectins Through Mannose

(I) Recognition of high-mannose-type N-glycan through mannose

High-mannose-type N-glycans are often found in viral and fungal glycoproteins as
well as in nascent mammalian glycoproteins. A representative structure of mam-
malian high-mannose-type N-glycan is shown as MangGIlcNAc, which contains
mannose residues of ol1-2, o1-3, and a1-6 linkages (Fig. 3a). The Manal-2 Man
unit is a common terminal structure on mannans of yeast and other fungi. Therefore,
this disaccharide unit can be a target for several C-type lectins working as pattern
recognition receptors in the immune system. Crystal structures of 16 EPN
motif-containing C-type lectins have been reported in complexes with
high-mannose-type glycans (Table 1). Of these, mannose-binding protein A
(MBP-A) and pulmonary surfactant protein D (SP-D) are soluble proteins catego-
rized as the collectin family (Group 3). DC-specific intercellular adhesion
molecule-3-grabbing nonintegrin (DC-SIGN), langerin, and DC-associated C-type
lectin-2 (Dectin-2) are type Il membrane proteins which belong to the NK receptors
family (group 5). L-Selectin is an adhesion receptor of the selectin family (Group 4)
(Fig. 1a). The interaction modes of these lectins with high-mannose-type glycans
are visualized in Fig. 3b. C-type lectins accept o1-2, 1-3 and 1-6 linkages of the
mannose disaccharide unit at their primary binding sites with several variations. In
this section, the atomic recognition modes of high-mannose-type glycan are dis-
cussed for each glycosidic linkage.

(I-1) Manal-2Man unit recognition

There are two known binding modes for the o1-2 linkage: (a) mannose at the
non-reducing end (non-reducing mannose) bound to the primary site (SP-D wild
type and MBP-A in Fig. 3b), and (b) mannose at the reducing end (reducing
mannose) bound to the primary site (Dectin-2, SP-D R343 V mutant, DC-SIGN
and langerin in Fig. 3b). The surrounding amino acid residues determine the choice
of the binding modes. In SP-D, Arg313 is located close to the primary site and the
replacement of this arginine with valine dramatically changes the disaccharide
binding mode (Crouch et al. 2009). The R343 V mutant accepts reducing mannose
at the primary binding site and forms additional hydrogen bonds with the
non-reducing mannose via the secondary binding site (Fig. 3b). Compared with
mode (a), the orientation of mannose in mode (b) is flipped in the primary binding
sites of Dectin-2, SP-D R343 V and DC-SIGN. Dectin-2 mainly recognizes inner
mannose residues of Man; glycan (Man-A and C) and the disaccharide recognition
mode seems similar to that of DC-SIGN. However, in DC-SIGN-Man, complex,
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«Fig. 3 a A typical high-mannose-type glycan (MangGlcNAc,, left panel) and biantennary
complex-type glycan (right panel) linked to asparagine. Monosaccharide symbols follow the
SNFG (symbol nomenclature for glycans) system (Varki et al. 2015). The glycosidic linkages and
residue numbers are labeled at each position. b Summary of the interaction between
high-mannose-type glycan and C-type lectins. Structures are classified based on the glycosidic
linkages (Mana1-2Man, Mana1-3Man and Mano1-6Man) of the mannose residues. The positions
of reducing and non-reducing mannose residues are labeled as “R” and “NR,” respectively. The
residue names are also labeled. ¢ Three cross-linked structures of C-type lectin-high-mannose
glycan complexes. Two MBP-A glycan complexes (PDB code 2MSB, left and PDB code 1KX1,
middle panels) and one Dectin-2 complex (PDB code 5VYB, right panel) are shown. The mannose
residues at the primary binding sites are labeled. d Complex-type N-glycan recognition by
BDCA-2 (PDB code 4ZET, left panel), hDCIR (PDB code 5B1X, middle panel), and mDCIR2
(PDB code 3VYK, right panel). e The branch-specific interaction with complex-type N-glycan. All
four C-type lectins (mDCIR2 (PDB code 3VYK), DC-SIGN (PDB code 1K91), Codakine (PDB
code 2VUZ), and SP-D (PDB code 6BBE)) accept mannose residues (Man-4) of the a1-3 branch
at the primary binding sites. It should be noted that the relative position of the a1-6 branch of the
mDCIR2 complex is different from the other C-type lectins. C-type lectin domains are shown in
surface models

2-OH and 3-OH groups of the non-reducing mannose residue are adjacent to
phenylalanine (F313 in Fig. 3b), which prevents further extension toward the
non-reducing side. A structure of langerin with a Mano1-2Man oligosaccharide has
also been described (Fig. 3b right panel), showing that the bound reducing mannose
residue is flipped 180° compared with the other complexes in mode (b). Since the
reducing mannose residue is clamped between asparagine (N287) and lysine
(K299), the 1-OH group cannot be used for extension to a larger glycan. Another
conformation has also been reported in which the non-reducing mannose resides in
the primary binding site, though the electron density of reducing mannose is
missing. Langerin preferentially binds the reducing mannose of the disaccharide,
but rather binds the non-reducing end of whole high-mannose glycan.

(I-2) Manal-3Man unit recognition

C-type lectins can bind the terminal and inner Manal-3Man unit of N-glycan
(Fig. 3b). Langerin and MBP-A HI189 V mutant recognize the non-reducing
mannose residue of Manal-3Man unit. Langerin Mano1-3Man disaccharide unit
complex was obtained by using core Mans oligosaccharide (Manal-3[Manol-3
[Manal-6]Manol-6]Man). In this complex, non-reducing mannose tightly interacts
with the primary binding site, while the reducing ends are exposed to solvent
(Fig. 3b). Wild-type MBP-A recognizes the reducing end of the Manol-3Man
disaccharide unit, and however, introduction of an H189 V mutation causes a
change in the bound residue (non-reducing end) as well as a 180° flip of the bound
ligand (Ng et al. 2002) (Fig. 3b). The position of this histidine in MBP-A is
different from that of R343 in SP-D, indicating that the binding mode is determined
by a marginal balance of the surrounding residues.

DC-SIGN recognizes inner o1-3 linked mannose residues. A DC-SIGN-Many
(Mano/1-3[Manal-6]Manol-6Man) complex shows that all four mannose residues
(corresponding to Man-A, Man-B, Man-4’ and Man-3 in Fig. 3a) are uniquely
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Fig. 3 (continued)
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defined. In DC-SIGN-Mang (Manaol-2Manal-3Man[Manaol-2Manaotl-6]Man)
complex, Manal-2Mana1-3Man, which is a part of the D2 arm, interacts with
DC-SIGN in a major conformation. In addition, only the terminal Mana1-2Man
unit (Man-A and Man-D2 residues) binds in a minor conformation. The interaction
mode of the major conformation is similar to that of the Man, complex and these
two glycans are well superimposable (Fig. 3b). This observation indicates that
DC-SIGN tightly associates with the inner tetrasaccharide unit (Manol-2Mana1-
3Manal-6Man) of high-mannose-type glycan. The mannose residue (Man-A in
Fig. 3b) coordinates with the calcium ion and both ends of the mannose residues are
located at the secondary binding sites. The minor conformation of Mang complex is
similar to the major conformation of Man, complex. Hence, DC-SIGN can rec-
ognize the inner o1-3 linked mannose residue as well as terminal ol1-2 linked
mannose of high mannose glycan. These multiple binding modes of DC-SIGN may
enhance its apparent affinity towards glycoproteins carrying high-mannose glycan
under physiological conditions.

L-selectin is a member of the selectin family and mediates cell adhesion and
signaling in inflammation. A major physiological ligand of L-selectin is thought to
be sialyl-Lewis™ (sLe™) as described in a later section. In addition to this ligand,
L-selectin binds inner o1-3 linked mannose residues of high-mannose-type glycan.
Interestingly, the binding mode is different from that of DC-SIGN. Crystal struc-
tures of N-glycosylated L-selectin were reported by two groups (Wedepohl et al.
2017; Mehta-D’souza et al. 2017). In these structures, L-selectin tightly binds to the
N-glycan (MansGlcNAc;) from the symmetry related L-selectin molecule via the
sugar-binding site. The mannose at o1-3 branch (Man-4) resides in the primary
binding site and the adjacent sugar residues, GlcNAc, B-mannose (Man-3) and o1-6
branched mannose (Man-4’), interact with L-selectin via the secondary binding site
(Fig. 3b).

(I-3) Manal-6Man recognition

To date there is only one example showing the binding mode of al-6 linked
mannose. The 3D structure is obtained from an MBP-A-Mans (Mano1-2Mano1-3
[Mano1-3Manal-6]Man) complex (PDB code: 2MSB). Remarkably, one
high-mannose -type glycan bridges two MBP-A molecules (discussed in the next
section). The Man-B residue at the non-reducing end of the Manol-6Man unit
binds to MBP-A. However, there is no apparent interaction between MBP-A and
the mannose at the reducing side (Fig. 3b).

(I-4) Cross-linking by high-mannose-type glycan

High-mannose-type glycan can function as a multivalent ligand for C-type lectins.
Three cross-linked structures have been reported so far (Fig. 3c). Two out of three
are MBP-A-high-mannose-type glycan complexes, while the other structure is
Dectin-2-high-mannose-type glycan complex. Crystal structure of an MBP-A-Mans
(Mana1-2Mana1-3[Manal-3Manal-6]Man) complex (PDB code: 2MSB) shows
that one high-mannose-type glycan is simultaneously recognized by two MBP-A
molecules (Weis et al. 1992). One MBP-A molecule binds to the Mana1-2Man unit
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of the a1-3 branch (especially the Man-C residue), and the other MBP-A molecule
binds to the Mano1-3Man unit of the a1-6 branch (Man-A, left panel in Fig. 3c). In
both molecules, non-reducing mannose residues occupy the primary binding sites.
The other complex, MBP-A-MangGIcNAc, complex, shows that one high-mannose
glycan bridges two MBP-A trimers (Ng et al. 2002). In this MBP-A complex, one
MBP-A molecule interacts with the Manoal-2Man unit, and the other MBP-A
molecule interacts with the Mano1-6Man units of the o1-6 branches (especially the
Man-B residue, middle panel in Fig. 3c). Comparing the two MBP-A cross-linked
structures, all four MBP-A molecules recognize Man-C residues at the
non-reducing end.

The Dectin-2-high-mannose-type glycan complex differs from the MBP-A
complexes in terms of glycan binding mode. A crystal structure of Dectin-2 in
complex with Mang glycan shows that two Dectin-2 molecules sandwich one
high-mannose-type glycan (Feinberg et al. 2017). One Dectin-2 recognizes the
Mana1-2Man unit (Man-C and D1 residues) of the D1 arm, and the other Dectin-2
molecule interacts with the same disaccharide unit (Man-A and D2 residues) of the
D2 arm (right panel in Fig. 3c). The interaction modes of the two Dectin-2
molecules are the same. The reducing end of the disaccharide resides in the primary
binding site, while the non-reducing end is located at the secondary binding site.
The recognition mode of inner mannose residues seems suitable for binding fungal
mannans which have variable structures at their non-reducing ends.

(II) Complex-type N-glycan recognition via mannose

Complex-type N-glycan is synthesized from high-mannose-type glycan by a series
of enzymatic processes (Fig. 3a). Several C-type lectin receptors encoded in the
Dectin-2 cluster on the natural killer gene complex preferentially interact with
complex-type N-glycans, such as blood DC antigen 2 (BDCA-2), human DC
immunoreceptor (hDCIR), and murine DCIR2 (mDCIR2) (Fig. 1a). These C-type
lectins share high amino acid sequence identities; however, their ligand preferences
are slightly different.

BDCA-2 binds to galactose-terminated biantennary glycans, defining an epitope
found on a limited number of bi- and triantennary glycans (Riboldi et al. 2011).
Unusually, BDCA-2 with an EPN motif binds galactosylated glycan. A crystal
structure shows why. BDCA-2 primarily recognizes a mannose residue of the
trisaccharide unit (Galp1-4GIcNAcB1-2Man) with a serine residue (S139) and
additional interactions define the specificity between BDCA-2 and GalPB1-4GIcNAc
(Fig. 3d (Jegouzo et al. 2015)).

In contrast, human DCIR (hDCIR) binds to GlcNAc-terminated biantennary N-
glycan. The binding mode of hDCIR toward the disaccharide unit
(GIcNAcP1-2Man) is similar to that of BDCA-2 [Fig. 3d, (Nagae et al. 2016)].
However, the serine residue (S139) interacting with galactose in BDCA-2 is not
conserved in hDCIR (A162). This indicates that the specificity is defined by the
additional interaction with the terminal glycan residue.

BDCA-2 and hDCIR can interact with both o1-3 and a1-6 arms of biantennary
complex-type N-glycan. mDCIR2 has unique specificity toward GlcNAc-
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terminated biantennary glycan with bisecting GIcNAc (Nagae et al. 2013).
mDCIR2 shows arm preference, and the galactosylation of the o1-3 branch strongly
inhibits binding. A crystal structure of a mDCIR2-bisected glycan complex
demonstrated that mDCIR2 strictly recognizes the disaccharide unit (GlcNAcf1-
2Man) of the o1-3 arm as well as bisecting GIcNAc (Fig. 3d). The binding mode of
GlcNAcB1-2Man is similar to those of BDCA-2 and hDCIR. However, aspartate
(D223) tightly interacts with the bisecting GlcNAc (Fig. 3d), which is not con-
served in BDCA-2 or hDCIR. Due to the simultaneous interaction with both
GIcNAcP1-2Man and bisecting GIcNAc, mDCIR2 selects the o1-3 branch. Such
simultaneous interaction is impossible using the o1-6 branch because it is located
slightly too far from the bisecting GlcNAc.

As described in the previous paragraph, DC-SIGN (and DC-SIGNR) preferen-
tially interact with high-mannose-type glycans and 3D structures of DC-SIGN have
been reported bound to high-mannose glycan. Additionally, DC-SIGN and
DC-SIGNR bound to complex-type glycans have been reported (Feinberg et al.
2001). The interaction modes of these receptors are different from those of
BDCA-2, hDCIR, and mDCIR2. The mannose residue of the a1-3 branch (Man-4)
coordinates a calcium ion, but the orientation is flipped compared with the
mDCIR2-bisected glycan complex (Fig. 3e). The GIcNAc residue of the ol-3
branch is located away from the secondary binding site due to this flipping and the
al-6 branch is located on the surface of DC-SIGN. The mannose (Man-4’) and
GlcNAc residues of the a1-6 branch form hydrogen bonds with DC-SIGN.

The bivalve lectin, codakine, from Codakia orbicularis binds a biantennary
complex-type glycan (Gourdine et al. 2008). The binding mode of codakine is
similar to that of DC-SIGN rather than mDCIR2 (Fig. 3e). The o1-3 branched
mannose (Man-4) makes coordination bonds with a calcium ion and the ol-6
branch interacts with codakine via its secondary binding site.

A crystal structure of glycosylated porcine SP-D demonstrates that the
sugar-binding site of SP-D accepts complex-type N-glycan attached on
symmetry-related SP-D (van Eijk et al. 2018). The interaction mode is similar to
those of DC-SIGN and codakine. The a1-6 branch is strongly kinked, possibly due
to crystal packing (Fig. 3e).

4.1.2 Oligosaccharide Recognition of EPN Motif-Containing C-Type
Lectins Through Fucose

C-type lectins primarily recognize mannose residues of high-mannose and
complex-type N-glycans. In contrast, several C-type lectins such as selectins rec-
ognize the OH3 and OH4 groups of the fucose residue in sialyl-Lewis™ (sLe™,
Neu5Aco2-3Galp1-4[Fucal-3]GIctNAcP1-R). sLe™ is a terminal component of N-
and O-glycans on hematopoietic and endothelial cells. L-selectin prefers sLe™
modified with sulfate on the GIcNAc residue. Selectins are expressed on vascular
endothelium, platelets, or leukocytes and bind to cell surface glycoproteins har-
boring sLe® glycans such as PSGL-1. Upon ligand binding, selectins show the
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catch-bond behavior which is essential for initial tethering and rolling along the
vascular endothelium and subsequent firm adhesion (Kansas 1996).

Crystal structures of E- and P-selectins complexed with sLe™ have been reported
(Somers et al. 2000; Preston et al. 2016). These lectins recognize a fucose residue at
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«Fig. 4 a Sialyl-Lewis™ recognition by P- and E-selectins. Bent conformations (low affinity state)
of P-selectin (PDB code 1G1R) and E-selectin (PDB code 1G1T) are shown in left panel. Extend
conformations (high affinity state) of P-selectin (PDB code 1G1S) and E-selectin (PDB code
4CSY) are shown in right panel. Two amino acid residues (N83 and E88) which take different
positions in two conformations are shown in stick models. b Structural superposition of
E-selectin-sialyl-Lewis™ complex (PDB code 4CSY, left panel) and DC-SIGN-LNFP3 complex
(PDB code 1SL5, right panel). ¢ Structural comparisons between E-selectin (PDB code 4CSY),
MBP-A K3 mutant (PDB code 2KMB) and Langerin (PDB code 3P5G) in complexes with
fucose-containing glycans. d Aglycon recognition observed in P-selectin-PSGL-1 complex (PDB
code 1G1S). The interactions between P-selectin and sulfated tyrosine residues of PSGL-1 are
highlighted and labeled. The P-selectin molecule is shown in surface model

the primary binding site and form additional interactions with adjacent residues
(GIcNAc, Gal, and Neu5Ac). A structural comparison of four structures shows that
the positions of fucose, GlcNAc, and Gal are well superimposable, while the
position of the terminal Neu5Ac is variable (Fig. 4a). Interestingly, a 3D structural
difference is observed between sLe™ co-crystallized and soaked complexes. In the
soaked complexes, asparagine (N83) makes coordination bonds with the calcium
ion (left panel in Fig. 4a). In contrast, glutamate (E88) makes coordination bonds
with the calcium ion in co-crystallized complexes (right panel in Fig. 4a). This
difference causes a positional shift of the flexible loop, leading to a global con-
formational change from bend (low affinity) to extend (high affinity) forms. The
glutamate is therefore a key residue in stabilizing the high affinity conformation
(Mehta-D’souza et al. 2017).

The structure of L-selectin in complex with high-mannose-type glycan is similar
to the co-crystallized complex, rather than the sLe™ soaked complex, even though it
assumes a bend conformation (Fig. 3b). The glutamate coordinates with the cal-
cium ion and the flexible loop takes a similar position as in the co-crystallized
complex.

Other C-type lectins, such as DC-SIGN, MBP-A mutant, and langerin, also bind
to fucose-containing glycans. A crystal structure of DC-SIGN in complex with
lacto-N-fucopentaose I (GalPB1-4[Fucal-3]GIcNAcB1-3Galp1-4Glc) shows that
the position of the fucose coincides well with those of selectins. However, the
positions of GIcNAc and galactose are slightly different. This subtle difference may
be derived from differences in the secondary binding site of DC-SIGN (Fig. 4b).

The introduction of a triple mutation (K211-K212-K213) in MBP-A (K3
mutant) enables it to accept a series of Lewis™ glycans as P- and E-selectins do (Ng
and Weis 1997). However, the binding mode is quite different from those of
selectins and DC-SIGN (middle panel in Fig. 4c). In this case, 2-OH (equatorial)
and 3-OH (equatorial) groups of the fucose make coordination bonds with the
calcium ion. One of three lysine residues (K211) makes a hydrogen bond with the
galactose residue.

The fucose recognition mode of langerin is also different from those of selectins
and DC-SIGN (Feinberg et al. 2011). In the structure of langerin-blood group B
trisaccharide (Galol-3[Fucal-2]Gal) complex, 2-OH and 3-OH groups of the
fucose residue also coordinate with the calcium ion (right panel in Fig. 4c).
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The aglycon moiety of PSGL-1 contributes to the specific interaction with
selectins. Of particular note, the physiological interaction between human P-selectin
and PSGL-1 requires both sLe™ capped core 2 O-glycan and one or more sulfated
tyrosine residues in the N-terminal region of PSGL-1. In the crystal structure
(Somers et al. 2000), human P-selectin recognizes both the sLeX attached to thre-
onine and the sulfated tyrosine residues of human PSGL-1 (Fig. 4d). P-selectin also
binds to the N-terminus of murine PSGL-1, although the sequence is different from
human PSGL-1. Cell-based biochemical assays suggest that sulfation of tyrosine
(Y13) and the O-glycan on T17 are necessary for murine PSGL-1 to bind optimally
to P-selectin (Xia et al. 2003). The spacing of these residues in the sequence is
considerably closer than the corresponding residues in the human PSGL-1 sequence
(Y7, Y10 and T16). It is likely that murine PSGL-1 binds to P-selectin using a
different conformation of the polypeptide.

4.1.3 Oligosaccharide Recognition of EPN Motif-Containing C-Type
Lectins Through Glucose

A representative glucose specific C-type lectin is Macrophage inducible
calcium-dependent lectin (Mincle), also known as CLEC4E. Mincle is expressed on
macrophages and interacts with trehalose-6-6"-dimycolate (TDM), a glycolipid
found on the surface of Mycobacterium tuberculosis (Matsunaga and Moody 2009;
Ishikawa et al. 2009). TDM comprises a trehalose (Glcol-o1Gle) headgroup and
two complex branched and hydroxylated acyl chains. The acyl chains are attached
to the 6-OH groups of each of the sugar residues. Crystal structures of bovine
Mincle C-type lectin domains in complexes with a series of ligands allow visual-
ization of the interaction modes with glycolipids. A Mincle-trehalose complex
structure shows that both glucose residues interact tightly with Mincle. The 3-OH
and 4-OH of one glucose coordinate with the calcium ion and the second glucose
contacts a second binding site via hydrogen bonds (Feinberg et al. 2013) (Fig. 5a).
The additional interaction of the aglycon moiety, such as the lipid part, should
greatly improve the specificity. The Mincle—trehalose monobutyrate complex
shows that the alkyl chain is located near the hydrophobic groove of Mincle
(Feinberg et al. 2016). These hydrophobic residues likely form the extended
binding site for the lipid moiety.

In addition to Mincle, langerin, SP-D, and SIGN-R1 can bind glucose residues at
their primary binding sites. The structure of a langerin-laminaritoriose
(GlcB1-3GlcP1-3Glc) complex contrasts markedly with the Mincle-trehalose
complex structure. In the langerin complex, the 1-OH and 2-OH of the glucose at
the reducing end resides in the primary binding site and the other glucose at the
non-reducing end points away towards solvent (Feinberg et al. 2011) (Fig. 5b). The
langerin—maltose (Glca1-4Glc) complex reveals that the 3-OH and 4-OH of glucose
at the reducing end also coordinate with the calcium ion, but the orientation is
totally flipped compared with that in the Mincle—treharose complex (Chatwell et al.
2008). The glucose at the non-reducing end is also exposed to solvent (Fig. 5¢).
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(a) Mincle trehalose (4ZRW) (b) Langerin Laminaritriose (3P5H)(c) Langerin Maltose (3P7H)

Fig. 5 Glucose recognition mechanism of EPN motif-containing C-type lectins: a Mincle-
trehalose complex (PDB code 4ZRW). b Langerin-laminaritriose complex (PDB code 3P5H).
¢ Langerin-maltose complex (PDB code 3P7H). d SP-D-maltose complex (PDB code 3PTH).
e Dextran sulfate recognition of SIGN-R1 (PDB code 4C9F). Four complexes in the asymmetric
unit are superimposed. f Two sugar-binding sites (top face and side face) of SIGN-R1 (PDB code
4C9F)

In contrast, the orientation of glucose in a SP-D-maltose complex is the same as
in the Mincle complex (Fig. 5d). A crystal structure of SIGN-R1 in complex with
oligo-dextran sulfate (a1-3 and ol-6 linked glucose polymer with sulfation)
demonstrates a somewhat unusual binding mode (Silva-Martin et al. 2014). The
glucose at the primary binding site is positioned differently compared with typical
C-type lectins. Although the top face of the lectin accepts at least four glucose
residues, only 4-OH of Glcal-6Glc is located within the coordination bond in the
primary binding site (Fig. 5e). In the case of sulfated glucose, ring oxygen (O5)
seems to make a coordination bond with the calcium ion. It is noteworthy that
“side” face of SIGN-R1 can accept the repetitive molecular patterns of the
polysaccharide chain (Fig. 5f). This binding mode seems favorable for an inter-
action of a small globular domain with long polysaccharide chains.

4.2 Oligosaccharide Recognition of QPD Motif-Containing
C-Type Lectins

QPD motif-containing C-type lectins have been less studied than those with EPN.
Only three structures, Rattlesnake venom lectin (RSL) in complex with lactose
(Walker et al. 2004), asialoglycoprotein receptor (ASGPR) lactose complex
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Fig. 6 Carbohydrate recognition of QPD motif-containing C-type lectins: a RSL-lactose complex
(PDB code 1JZN). b ASGPR-lactose complex (PDB code 5JQ1) and ¢ SCARA4-LewisX complex
(PDB code 20X9)

(Sanhueza et al. 2017) and scavenger receptor C-type lectin (SRACLA4) in com-
plex with Lewis™ trisaccharide (Fucol-3[GalB1-4]GIcNAc) (Feinberg et al. 2007),
are deposited in the PDB. In these structures, the 3-OH and 4-OH groups of
galactose form coordination bonds with the calcium ion and the apolar face of the
galactose is stabilized by a stacking interaction with hydrophobic amino acid
residues (Fig. 6a—c). RSL recognizes only the galactose residue of lactose. In
contrast, the BOH1 group of the glucose residue makes a hydrogen bond with
arginine (R236) in an ASGPR-lactose complex (Fig. 6a and b). In the
SRACLA4-Lewis® complex, the fucose residue makes additional hydrophobic
contact with isoleucine (I712) and hydrogen bonds with lysine (K691) (Fig. 6¢).
A structural comparison among the three complexes clarifies that the aromatic
residues (Y100 in RSL, W243 in ASGPR, and W698 in SRACLA4) are located in
equivalent positions and positively charged residues (R236 in ASGPR and K691 in
SRACLA4) occupy similar positions in two of the complexes, evidently engaged in
ligand recognition.

It is tempting to compare the recognition modes of Lewis™ by the EPN and QPD
motifs. In EPN motif-containing C-type lectins, fucose coordinates a calcium ion in
the primary binding site and galactose resides in the secondary binding site (Fig. 4a,
b). In the case of the QPD motif, by contrast, galactose resides in the primary
binding site and fucose is located in the secondary binding site. Interestingly, the
conformation of the Lewis™ trisaccharide is similar in both complexes. This
observation suggests that both lectins recognize a stable conformation of the glycan.
Glycan array analysis revealed that SRCL preferentially binds to Lewis® and
Lewis™, while DC-SIGN widely accepts various types of glycan such as Lewis®,
Lewis®, LewisX, and Lewis" (Feinberg et al. 2007; Guo et al. 2004). This may
originate from differences in the binding modes of galactose/fucose.
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4.3 Oligosaccharide Recognition of C-Type Lectin-like
Domains

C-type lectin-like domains do not bind calcium due to the lack of conserved cal-
cium binding motifs. However, some C-type lectin-like domains directly bind to
carbohydrates in calcium independent ways. The sugar-binding modes of C-type
lectin-like domains are thus expected to be completely different from those of
typical C-type lectin domains and can be expected to be diverse.

Dectin-1 is a C-type lectin-like receptor having a single extracellular C-type
lectin-like domain, a short stalk region, a single transmembrane helix and a cyto-
plasmic ITAM. Dectin-1 is a B-glucan receptor and shows preference for the B1-3
linked glucose polymer (Palma et al. 2006). Since the C-type lectin-like domain of
Dectin-1 lacks a QPD or EPN motif, it loses its calcium binding ability at the
primary site. A crystal structure of Dectin-1 complexed with laminaritriose shows
that two C-type lectin domains sandwich one laminaritriose via their lateral faces
(Brown et al. 2007) (Fig. 7a). Laminaritiose assumes a planar conformation and is
stabilized by several hydrogen bonds. It should be noted that mutational experi-
ments suggested that the top face of the Dectin-1 C-type lectin-like domain con-
tributes to B-glucan binding, which is located far from the binding site observed in
the crystal structure (Dulal et al. 2018). Direct evidence, as for example solution
NMR analysis, is strongly needed to solve this discrepancy.

Another example is C-type lectin like receptor 2 (CLEC-2), also known as
CLECI1B. CLEC-2 is a type II transmembrane receptor with a short N-terminal
cytoplasmic tail containing a single tyrosine-based activation motif (hemITAM), a
transmembrane segment, an extracellular stalk region and a C-type lectin-like
domain which has no calcium binding activity. Podoplanin is a transmembrane O-
glycoprotein that binds to CLEC-2 in a glycosylation-dependent manner.

(a) Dectin-1 Laminaritriose (2CL8) (b) CLEC-2 Podoplanin (3WSR) (C) CLEC-2 Rhodocytin (3WWK)
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Fig. 7 Ca’*-independent carbohydrate recognition of C-type lectin-like domain: a Dectin-1-
laminaritoriose complex (PDB code 2CL8). b CLEC-2-O-glycosylated (Neu5Aca2-6[Galp1-3]
GalNAc-O-Thr52) podoplanin complex (PDB code 3WSR) and ¢ CLEC-2-rhodocytin complex
(PDB code 3WWK). Carbohydrate, Glu-Asp motif, and C-terminal Y136 are shown in stick
models
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Crystallographic analysis revealed that two consecutive acidic residues (Glu-Asp
motif) as well as an o2-6 linked sialic acid residue attached on the O-glycan interact
with the lateral face of CLEC-2 (Nagae et al. 2014). Four arginine residues of
CLEC-2 interact with the sialic acid and the two acidic residues of podoplanin
(Fig. 7b). Interestingly, snake venom rhodocytin also binds to CLEC-2, however
the interaction mode is somewhat different. Although the Glu-Asp motif is con-
served in rhodocytin, rhodocytin is not O-glycosylated. Instead, the carboxylate of
the rhodocytin C-terminus contributes to an electrostatic interaction with the argi-
nine residue of CLEC-2 (Fig. 7c¢).

4.4 Genetic Variants of C-Type Lectins

Specific sugar recognition is affected by changes in amino acid residues.
Single-nucleotide polymorphisms (SNPs) and genetic variations are potentially
involved in the susceptibility for developing disease and disease outcomes. Various
SNPs and disease causative mutations of C-type lectins have been reported (Goyal
et al. 2016). The effects of SNPs and species-dependent sugar binding are not well
studied and are limited to a few examples. In human langerin, the W264R mutation
was found in an individual who lacks Birbeck granules in the Langerhans cells
(Verdijk et al. 2005). This mutation results in the loss of mannose-binding ability
(Ward et al. 2006). W264 is located inside the protein, and thus this mutation
destabilizes the local folding of langerin. At present several SNPs, A278 V,
N288D, A300P, and K313I, in the human langerin C-type lectin domain are
deposited in the SNP database (Ward et al. 2006; Feinberg et al. 2013). Of note,
K313 is one of the two lysine residues which are critical for recognition of sulfated
galactose (Fig. 2c). The affinity for sulfated galactose is dramatically reduced,
instead, the affinity against terminal GIcNAc is increased (Feinberg et al. 2013).

Surfactant protein A (SP-A) consists of two isoforms, SP-Al and SP-A2,
encoded by separate genes. SP-A defends against invading pathogens in the lung.
The missense mutations of SP-A2 C-type lectin domain result in idiopathic pul-
monary fibrosis (IPF), a serious lung disease affecting older adults (Wang et al.
2009). These mutations, like F198S and G231 V, dramatically reduce the expres-
sion level of the protein probably due to the disruption of normal protein folding. In
addition, the K223Q mutation in the C-type lectin domain is one of the SNPs which
are significantly associated with tuberculosis (Malik et al. 2006). This replacement
could affect the glycan recognition of SP-A2, though as yet the mechanism has not
been revealed.

For SP-D, three SNPs, M11T, A160T, and S270T, have been reported
(Leth-Larsen et al. 2005). These residues are located in the signal peptides of
collagen-like and C-type lectin domains. The S270T mutant is located on the
opposite side of the sugar binding site and the effect of the mutation on sugar
binding is obscure. Another example is Dectin-1. The Y238X mutation of Dectin-1
is found in Africans and western Eurasians (Ferwerda et al. 2009). The Y238X
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mutant is poorly expressed and lacks B-glucan activity. Y236 in mouse Dectin-1,
corresponding to human Y238, is buried inside the C-type lectin domain. Thus, the
mutation likely inhibits proper folding. Although the binding of B-glucan is sig-
nificantly lower in Y238X patients, fungal phagocytosis and fungal killing are
normal, suggesting the presence of alternative receptors for phagocytosis.

The species-dependent sugar recognition mechanism has also been investigated.
Human and murine langerin share 66% amino acid similarity, but show different
ligand preferences for bacterial polysaccharides (Hanske et al. 2017). A crystal
structure of murine langerin shows that the different residues map to the secondary
binding site, which possibly accounts for the different ligand specificities.

S Functional Oligomerization of C-Type Lectin Domains

C-type lectin and lectin-like domains often form stable homo- or heterodimers that
are critical for their physiological functions. For example, C-type lectin-like
domains of NK receptors (Group 5) such as Ly49s and NKGs accept various
ligands via homo or heterodimers (Li and Mariuzza 2014). The C-type lectin
domain itself forms a monomer in solution. However, many sugar-binding C-type
lectins such as collectin and DC receptor families form multimers via their stalk or
coiled-coil regions. Biochemical studies of murine Dectin-1 suggests that mono-
meric C-type lectin-like domain cooperatively forms an oligomer upon B-glucan
binding (Dulal et al. 2018).

Domain swapping is a mechanism for two or more protein molecules to form a
dimer or higher oligomer by exchanging an identical structural element (Liu and
Eisenberg 2002). Oligomerization by domain swapping is often found in snake
venom C-type lectin-like proteins (Eble 2019). In these proteins, the long loop
between B2 and B3 strands extends away from the core of the protein to form a
domain-swapped dimer. Various snake venom C-type lectin-like proteins form
ordered heterooligomers via domain-swapping. Interestingly, domain-swapped
heterodimers, bitiscetin, botrocetin, and rhodocetin, functionally grab their target
platelet receptors such as von Willebrand factor (VWF) Al domain, GPIba, GPVI,
and 02B1 integrin via an extended surface formed by an extended loop region
(Maita et al. 2003; Fukuda et al. 2005; Eble et al. 2017).

In mammalian C-type lectin receptors, domain-swapped dimers can form under
crystallization conditions. Crystal structures of several C-type lectin receptors are
reported as domain-swapped dimers in a ligand-free state, such as CRD-4 of
macrophage mannose receptor (Feinberg et al. 2000), BDCA-2 (Nagae et al. 2014),
and NKRpla (Kolenko et al. 2011). These domain-swapped dimers are similar to
those of snake venom C-type lectin-like proteins. An interesting point is that the
functional states of BDCA-2 and NKRpla are monomeric and the domain-swapped
dimers are thought to be an inactive state.

Of note, the BDCA-2 C-type lectin domain forms a domain-swapped dimer
under three different crystallization conditions (Nagae et al. 2014). Although 1 mM
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calcium chloride was present during protein purification, no calcium ion was found
in the calcium binding site. The side chain of E178, which is critical for calcium
coordination, points away from the putative calcium binding site. This indicates that
the domain-swapped BDCA-2 cannot accept a carbohydrate ligand. Subsequently, a
crystal structure of BDCA-2 in complex with trisaccharide was reported. BDCA-2
is a monomer in the crystal and binds the sugar at the calcium binding site (Jegouzo
et al. 2015).

In the case of NKRpla, the extended loop points away from the central core and
mediates formation of a domain-swapped dimer in the crystal (Kolenko et al. 2011).
Although the refolding buffer contains a high concentration of calcium chloride,
there is no calcium ion in the structure. In contrast, a solution structure determined
by NMR is monomeric with the loop tightly anchored to the central region
(Rozbesky et al. 2016). Calcium titration analysis suggests monomeric NKRpla
binds a calcium ion weakly with a dissociation constant in the mM range.

Although the physiological relevance of domain-swapped dimer formation is
still obscure, the domain-swapped dimer is likely a metastable conformation.
Formation of the domain-swapped dimer may be used as a temporary inactive state
under certain conditions.

6 Conclusion and Future Perspective

C-type lectins accept various glycans via highly conserved binding sites. Although
the primary binding site is the most conserved, there are differences in the sec-
ondary binding site that enable various types of glycans to bind. Furthermore,
accumulating of 3D structural information demonstrates that C-type lectin-like
domains also recognize sugar ligands in a calcium-independent manner. The rela-
tionship between SNP and sugar-binding activity has a direct bearing on the sus-
ceptibility for pathogens, and however, the mechanism is largely unknown.
Structural analysis of C-type lectins from individuals is a promising avenue to our
understanding of individual variations in the immune system.
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