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We found the CDP-glycerol (CDP-Gro), which is a novel sugar alcohol
nucleotide donor in mammals, and identified that the PCYT2 is CDP-Gro synthase. The biosynthesis of
functional 0-mannosyl glycans require the formation of tandem ribitol phosphate structure by
transfer from CDP-ribitol (CDP-Rbo), but glycerol phosphate (GroP) transferred from CDP-Gro
inhibited the formation of tandem ribitol phosphate structure. We also determined the crystal
structures of POMGNT2, POMK, and FKRP, which are biosynthetic enzymes of O-mannosyl glycans in
mammals, revealing the detailed mechanism of the glycosylation by each enzyme.



B X C—19. F—19—1, Z—19 (@)

1. WrEhmLy o R

REEH S IHAHEHOT O~/ —Z (Man) BIEEAFHA L, ZofEo 2w s T84
B BEREZ B & 21T LTz, 2 O CTARBEE O A ICEI D 5 B3 POMT1-POMT2, POMGNTI,
FKTN, FKRP, TMEM (RXYLT1), ISPD #[EE L7z ¥, TN b OBERI 2 THIXMIRRD
HHEEE KRG A b7 4 —EDJRKELRTFEYTH 5722 &5 6, O-Man BUFEH S E
WX BRI A a7 4 —fEL VI I L WREBERZIRB L 72V, AEIX, iR LV
e oMIfEXE £ v S 2 Ea-Y A a7 ) 71 (o-DG) @ O-Man BUBESEA 4T X 2 ffask
<~ Vw2 AGTT IV EDREAARRICERTZ 2 2ba-Y A a2 U A 8F — LIRFR
I b, IEHETIE O-Man BUPEBICIZ S B HE D FFED R S, Z D IEEEIC X b 3 Dok
(a7 ML, a7 M2, 27 M3) iKhfEns X5icho7zY, YA o7 4 —fEICB#ET
2HEEIZa T M3 THY, a-DG &7 I=vofifdiciiar M3EELRICERKE NS v
Vg (GlcA) ¥y m—2 (Xyl) O 0ELEE (GleA/Xyl Y v— ) AFIHI 2D, 35
WIAREFE S, a-DG ® O-Man BIpEgHIC, T CHIECL2R O o T o/ Bk —
LY Vg RboP) 8EFTND L EZRHE L, BILAET Y R v 7 4 —(EDJRKER FEY) FKTN
&z DR £ v ¥ 27'H FKRP 72° RboP SR ch s 2 L AL IC L2 Y, &9 L2REKH
5 O % i 1 O-Man BUBESH O HEE % MM R A A BB O TR EN R E o205 5, L
2L, 2 E TIZTRboP XU a7 M3 #idiZa-DG OB LN CIEEo > Twan, £
7o 3T ML & a7 M2 2o i 3FEEICE A RIEERHE SN Tw b2, FER L DX ) 7%
BEEZIHO T2 02I3IE LA D> TEL T, Bid N 2 v X I7EOWME L Vv, T
B, O-Man BIPEHICE L CIIBERECRTE. BRIz &, ERBIZIZLAE D> TV D
BEIRTH B,

2. WO H®

AL SR AEEDTFHERBLE M AEEE O 2 A =X LoHEHNE T 5, %72,
RboP FESH DIER & v X 7 PR TE. BERE & fRNT L. WHFLIE O 1 7= 7 BESAIE A o FEREARIA % H 45
T, M & D RS KE D L A AR PR AE DRI I3, SRR RERNIC X 2 Mok I B B M
FIHEERE O BRI~ L B3 ) | SR Y R b v 7 4 —JEDNREEMIH~D Hikd B¢ % 2,

3. Rk

(1) CDP-27"Y xu—n (Gro) 1T & % 27 M3 BEEE K O HliHERE

RboP offb Y ic 7V km—n ) v (GroP) P vz 27 M3 PEH G S b
59, GroPBffio A H = XLt ZDEFRICOWTHEIL 72,

GroP BffilZ N7 7V 7 cHbNTE Y54k L LT CDP-Gro 2SR E T 7225, THFLIED
GroP Effiic B3 2 &5 1272 < . CDP-Gro % GroP §5ffi#Es. CDP-Gro & KSR O FELE I3 AH
ThHot, 22T, UTOWa21To7%2, O EofeefEE 2otz vz LC-MS It X 3
CDP-7'V kv u— L OERAZZ ML, WELBW koS ic v T FEEgIiC CDP-7
Ve a —ABIEET 20895 0% H <72, @RboP & GroP If5&EA LT w5 2 &2 5, RboP
inf5#3% o FKTN & X Uf FKRP 28 GroP Wis#iGE %6 3 % 5 L 5 »i~7-, BCDP-Gro & 1#
ERFLLLTWB CDP-aY) v CDP-= 4%/ —17 3 v (Etn) OAWEETHS PCYTL B
X U'PCYT2 ic CDP-Gro &IEEDRH 5 hF~7-,

(2) HEXEMTIC X B1E8 A ) = X 2 DfiFAA

N KE[OMIZE F A A4 v & EEBE N A 4 v E2BRvizaES POMGNT2, POMK, FKRP %
HEK293 i CHRIL X &R L X BAG S FRE AT IS 72 o BEREfENT 2> b JLE 32 M ALAF
OGRS NAEET I 7 BIcowT, 7TV BEERLZERZ VIR IS,
PR 7R & DAL A E R RIT L 72, 7. 27 M3 FEHEE T @ [Xyl-RboP-RboP-] % &
B9 % BEEFS R fukutin, FKRP, RXYLT1 (V) a2 v v+ v MERIC X 3 PR ER» S C
NHEZF I 2EAERDOIEBTBI N TV b, NEEREEICY 2EAROEK %
LT,

4. WFFERCER

(1) CDP-27"Y xu—n (Gro) 1T & % 27 M3 BEEE K O HilfHERE

DOe FEEMTE X O~ v AR E T L 72688, 722 Cofiia - i#k< CDP-Gro 23#H
XN, WELIEIC CDP-Gro SFET A Z &3] THH L 22 i1c 7 5 72 Py CDP-Gro & CDP-Rbo
DFTE IR AR IC X © B > Tz 23, CDP-Rbo @ /5728 CDP-Gro X Y % f#EL T
Wiz, T2 v AR TIE CDP-Gro IFIRICIR D S K FHET D2 80> 7=,

@ 25 ) 7 ® CDP-Gro &% (GCT, AQ1368) %#HH\»T, GroP & CTP %*5 CDP-Gro
ZEHLL 72, CDP-Rbo O ft Vi CDP-Gro Zfit5ik L L THWw/= & 2 A, FKTN & FKRP (C
GroP it b7 8, a7 M3 B oA Tl FKTN icfiv>T FKRP 25 2 {E#H D
RboP % #iif% 9 % 23, GroP 235f% X - fisl1Z FKRP o HE 1c 7 b 3. Z Ao REE 13



Wz epREINAEY, £7-. CDP-Rbo & CDP-Gro o A2 T Cld &ty Ic{ER L. CDP-
Gro DIREMKIFIIC FKTN & FKRP @ RboP &G il X 7= &, Ml o Rz, CDP-
Rbo & CDP-Gro I X 2 EKTFRY 72 O-Man UG A AL O HITHEE O 2 R T 2 5 DTH
Y. CDP-Gro ¥ O-Man BIESHEA K O MK 1 CH 2 AlREMEDE 2 SNz, AREERIZ, HELH)
P12 CDP-Gro BAfEfET 32 2 L R LD COFRRETH Y . 5%, N ICE T 2 EEE 2
R E RS I L T BEDRD B,

O IC T % B X &, GroP & CTP # 58 & L T CDP-Gro AGEELZHIEL =8
%, CDP-Etn &f##£ CH % PCYT2 i CDP-Gro &IENERH 2 Z L B3 0h o727, X BT,
siIRNA 7RI X W filldo PCYT2 % FHEMHIT % &, MildN o CDP-Gro mAAEE I L2 7,
IS DfERD S, PCYT2 RIHALEYIC B 2 CDP-Gro &5 TH 5 Z LB O TR -
72o E7-. PCYT2 OFBHIHIC X V. a-DG OEERER L HESIEHiAHMT 2 2 &, XV a-
DG HiAoBE M+ 2 2 L2 /RHE L2, b ofE2 5, CDP-Gro iZ#lildic s \vT a-DG
DISHE Z I3 2 %8 %2 Ffo 2 L 2R X 7z

(2) WEXEMTIC X B1E8 A /) = X 2 DfiEAA
(D POMK o it © :POMK 13 =2 7 M3 BE#4A K 1< 3T Ser/The IZf5& L 72 Man @
6 LD Y VEELZH IR TH 5, BRAMIEEE & L T GalNAcB1-3GlcNAcB1-4Man-peptide
ZM\vT POMK & o4t 217 >72 & 25, POMK |3 Man % V V(L3 2RI, BEZA
HIE D [GalNAc-GlcNAc-Man-1 D 3 H# ML TS T2 2L BHL L o7,
2 POMGNT2 o St i&E T 10 © O-Man BUESE 0 £ &R Cl1E. /MER (ER) I2E5 T O-Man
ft%#% POMT1-POMT2 iC & b Man 2345f% & 1L7-#21C, GleNAc izt ##R POMGNT2 i X
Y GlcNAcBl-4Man 2K E 5 & 27 M3 B E 72 b, POMGNT?2 i X 2 &% 523 72 2> >
7861, I VBT IS O GleNAc iz POMGNT i< X D GIcNAcB1-2Man 23K X
Na7MlsXa7 M2 Z20b#HE 2% YV, 22 CTPOMGNT2 © X #ifEifE 2 L., =
7 M3 B OISR # R ET B A H = XL O WTHE L 72, 5 & 2 &5 POMGNT2 12 N
KRl ofisEIR & C Ko7 4 7uxt 75 v [ (Falll) BERE D 72 5 “BIERZTER L TW»
7o PEZAMILE (Man-peptide) & O IAESLENT 225, —J7 D o>+ O fil BiEAES © fH GARILE ©
UDP-GIcNAc & i RmikE D~y ) v AL 4= (Man-Thr) & % OFiBEELOT I/
xR L. b9 D7D Fnlll fEBIIEZAAIEED C KH7 I /BB EHEERL TWw
7oo WESZAMEE OFZFICIZ, Man-Thr 2 50 12 L0 T I/ BEYI A RDEETH LI L
PRI N7z,
@ FKRP DS & 1V : FKRP 13, il F 2 4 v ofdd2 5, XZ7LAFIA T v 7
7 —+% (NTase) A= X—7 7 I Y =BT L ERTFHRINT W0, REERIT 5. fil
IR A4 vic, NTase A—-%—7 7 3 ) —ic @ Da/B 7 & — b F OTEES L & 71, FKRP
BZD77 IV =BT 2 EPREMNT LN, £7/-, FKRP i3fERF©, —BRS B E2E
KT B THREUREEZEK L Tz, FKRP ZIER T COUEAKRE LCHEET 5 2 & AR X
N7z, oI, fHIYAbu 740 —EREPLAHINZWL O DEEIZ, FKRP 7’1 +~—[H
REEAA VDAV Z =T 2 —AfBLTWEZ EBNhoT2, 22T, 2D5H 3 HDOEHE

(Y88F, S221R, L2761) iz 2\ T, EHAWKRIHUIREE L BRIGEICS 2 2B LT, 2Dk
B OTNOLRERD UEREERCE T, BREED REKTLTwAEZ 225, FKRP ©
4 BRIEIIIEREMEICEETH 2 2 LR E N7z, KRIT, FKRP D MR % fRAT L 72,
MR ©H %5 CDP-Rbo D% T ~7- & 2 A, NTase DIEMEERALICH Y 3 3 {17 X
NT=T 2T X VB, 2B A4 4~ %/ LT CDP-Rbo @V v IBEE % 305k+ 5 2 & 23
Dotr, X HIT, HZEMAIEE  (RboP-GalNAc-GlcNAc-ManP-peptide) @ FEHkEERE % 5~ 7=
LA . FKRPUEAD I bD 2007 u b ~—%{fio CTHMEEAST 2 &\, EENIE
EBERERIH O 2 IC 572, TabBH. 1 DD FKRP 7’0 F=—0D R T L4 F X4 v 0RTTG
D~ ) —R) Vi (ManP) © V) VBEFEEZFRH L, 35 1 OD FKRP 7' v b ~—Dfifilt I 2 4
vHBYE =Y Vi (RboP) OV VAR T 2 2 L300 o7z, BEDRER S &, FKRP
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Ho T ers, HBERERIZ, HDRENICHEFRIC» OMEIICHE IS T2 2 L IcEFE5 LT
W3 EEZ LN,

<5 Sk >

1) Manya H, Endo T. Glycosylation with ribitol-phosphate in mammals: New insights into the
O-mannosyl glycan. (2017) Biochim. Biophys. Acta 1861, 2462-2472.

2)  Yoshida A, Kobayashi K, Manya H, Taniguchi K, Kano H, Mizuno M, Inazu T, Mitsuhashi H,
Takahashi S, Takeuchi M, Herrmann R, Straub V, Talim B, Voit T, Topaloglu H, Toda T,



3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

Endo T. Muscular dystrophy and neuronal migration disorder caused by mutations in a
glycosyltransferase, POMGnT1. (2001) Dev. Cell 1, 717-724

Manya H, Chiba A, Yoshida A, Wang X, Chiba Y, Jigami Y, Margolis RU, Endo T.
Demonstration of mammalian protein O-mannosyltransferase activity: coexpression of
POMT1 and POMT?2 required for enzymatic activity. (2004) Proc. Natl. Acad. Sci. U S A
101, 500-505.

Kanagawa M, Kobayashi K, Tajiri M, Manya H, Kuga A, Yamaguchi Y, Akasaka-Manya K,
Furukawa ], Mizuno M, Kawakami H, Shinohara Y, Wada Y, Endo T, Toda T. Identification
of a Post-translational Modification with Ribitol-Phosphate and Its Defect in Muscular
Dystrophy. (2016) Cell Rep. 14, 2209-2223.

Manya H, Yamaguchi Y, Kanagawa M, Kobayashi K, Tajiri M, Akasaka-Manya K, Kawakami
H, Mizuno M, Wada Y, Toda T, Endo T. The Muscular Dystrophy Gene TMEMS5 Encodes a
Ribitol B1,4-Xylosyltransferase Required for the Functional Glycosylation of Dystroglycan.
(2016) J. Biol. Chem. 291, 24618-24627

Yagi H, Kuo CW, Obayashi T, Ninagawa S, Khoo KH, Kato K. Direct Mapping of Additional
Modifications on Phosphorylated O-glycans of «-Dystroglycan by Mass Spectrometry
Analysis in Conjunction with Knocking Out of Causative Genes for Dystroglycanopathy.
(2016) Molecular & cellular proteomics : MCP 15, 3424-3434.

Imae, R, Manya H, Tsumoto H, Miura Y, Endo T. PCYT2 synthesizes CDP-glycerol in
mammals and reduced PCYT2 enhances the expression of functionally glycosylated «-
dystroglycan. (2021) J. Biochem., 170(2), 183-194.

Imae R, Manya H, Tsumoto H, Osumi K, Tanaka T, Mizuno M, Kanagawa M, Kobayashi K,
Toda T, Endo T. CDP-glycerol inhibits the synthesis of the functional O-mannosyl glycan of
a -dystroglycan. (2018) J. Biol. Chem., 293, 12186-12198.

Nagae M, Mishra SK, Neyazaki M, Oi R, Ikeda A, Matsugaki N, Akashi S, Manya H, Mizuno
M, Yagi H, Kato K, Senda T, Endo T, Nogi T, Yamaguchi Y. 3D structural analysis of protein
O-mannosyl kinase, POMK, a causative gene product of dystroglycanopathy. (2017) Gene
Cells, 22, 348-3509.

Imae R, Kuwabara N, Manya H, Tanaka T, Tsuyuguchi M, Mizuno M, Endo T, Kato R. The
structure of POMGNT?2 provides new insights into the mechanism to determine the
functional O-mannosylation site on a-dystroglycan. (2021) Gene Cells, 26, 485-494.
Kuwabara N, Imae R, Manya H, Tanaka T, Mizuno M, Tsumoto H, Kanagawa M, Kobayashi
K, Toda T, Senda T, Endo T, Kato R. Crystal structures of fukutin-related protein (FKRP), a
ribitol-phosphate transferase related to muscular dystrophy. (2020) Nat. Commun., 11, 303.
Nishihara R, Kobayashi K, Imae R, Tsumoto H, Manya H, Mizuno M, Kanagawa M, Endo T,
Toda T. Cell endogenous activities of fukutin and FKRP coexist with the ribitol
xylosyltransferase, TMEMS5. (2018) Biochem. Biophys. Res. Commun. 497, 1025-1030



15 11 0 9

Imae Rieko Manya Hiroshi Endo Tamao 26

Biosynthetic Mechanisms and Biological Significance of Glycerol Phosphate-Containing Glycan in 2021

Mammals

Molecules 6675 6675
DOl

10.3390/molecules26216675

Imae Rieko Manya Hiroshi Tsumoto Hiroki Miura Yuri Endo Tamao 170

PCYT2 synthesizes CDP-glycerol in mammals and reduced PCYT2 enhances the expression of 2021

functionally glycosylated a -dystroglycan

The Journal of Biochemistry 183 194
DOl

10.1093/jb/mvab069

Imae Rieko Kuwabara Naoyuki Manya Hiroshi Tanaka Tomohiro Tsuyuguchi Masato Mizuno 26

Mamoru Endo Tamao Kato Ryuichi

The structure of POMGNT2 provides new insights into the mechanism to determine the functional 2021

<i>0</i> - mannosylation site on a - dystroglycan

Genes to Cells 485 494
DOl

10.1111/gtc.12853

Manya Hiroshi Kuwabara Naoyuki Kato Ryuichi Endo Tamao 2132

FAM3B/PANDER-Like Carbohydrate-Binding Domain in a Glycosyltransferase, POMGNT1 2020

Methods in Molecular Biology 609 619

DOl
10.1007/978-1-0716-0430-4_52




Imae Rieko Kuwabara Naoyuki Manya Hiroshi Kato Ryuichi Endo Tamao

32

Biosynthetic Mechanisms of a Unique Ribitol Phosphate-containing Glycan by FKRP, a Ribitol 2020

Phosphate Transferase

Trends in Glycoscience and Glycotechnology E195 E200
DOl

10.4052/tigg.2008.1E

Kuwabara Naoyuki Imae Rieko Manya Hiroshi Tanaka Tomohiro Mizuno Mamoru Tsumoto Hiroki 11

Kanagawa Motoi Kobayashi Kazuhiro Toda Tatsushi Senda Toshiya Endo Tamao Kato Ryuichi

Crystal structures of fukutin-related protein (FKRP), a ribitol-phosphate transferase related 2020

to muscular dystrophy

Nature Communications 303
DOl

10.1038/s41467-019-14220-2

Manya Hiroshi 31

Mechanisms of <i>0</i>-Mannosyl Glycan Biosynthesis in Mammals 2019

Trends in Glycoscience and Glycotechnology SE63 SE64
DOl

10.4052/tigg.1930.2SE

Imae Rieko Manya Hiroshi Tsumoto Hiroki Osumi Kenji Tanaka Tomohiro Mizuno Mamoru 293

Kanagawa Motoi Kobayashi Kazuhiro Toda Tatsushi Endo Tamao

CDP-glycerol inhibits the synthesis of the functionalO-mannosyl glycan of a -dystroglycan 2018

Journal of Biological Chemistry

12186 12198

DOl
10.1074/jbc.RA118.003197




Nishihara Ryuta Kobayashi Kazuhiro Imae Rieko Tsumoto Hiroki Manya Hiroshi Mizuno Mamoru 497

Kanagawa Motoi Endo Tamao Toda Tatsushi

Cell endogenous activities of fukutin and FKRP coexist with the ribitol xylosyltransferase, 2018

TMEM5

Biochemical and Biophysical Research Communications 1025 1030
DOl

10.1016/j .bbrc.2018.02.162

Nagae Masamichi Mishra Sushil K. Neyazaki Makiko Oi Rika Ikeda Akemi Matsugaki Naohiro 22

Akashi Satoko Manya Hiroshi Mizuno Mamoru Yagi Hirokazu Kato Koichi Senda Toshiya Endo

Tamao Nogi Terukazu Yamaguchi Yoshiki

3D structural analysis of proteinO-mannosyl kinase, POMK, a causative gene product of 2017

dystroglycanopathy

Genes to Cells 348 359
DOl

10.1111/gtc.12480

Kanagawa Motoi Manya Hiroshi 27

Tatsushi Toda and Tamao Endo win 107th Japan Academy Prize 2017

Glycobiology 599 600
DOl

10.1093/glycob/cwx040

Yamashita Keitaro, et al. 4

Experimental phase determination with selenomethionine or mercury-derivatization in serial 2017

femtosecond crystal lography

1UCrJ 639 647

DOl
10.1107/S52052252517008557




Manya Hiroshi Endo Tamao

1861

Glycosylation with ribitol-phosphate in mammals: New insights into the O -mannosyl glycan 2017
Biochimica et Biophysica Acta (BBA) - General Subjects 2462 2472
DOI
10.1016/j -bbagen.2017.06.024
59
POMGNT1 2017
114 120
DOI
10.5940/jcrsj.59.114
89
0- 2017
605 612
DOI
10.14952/SEIKAGAKU.2017.890605
34 6 2

142

2022




CDP- PCYT2 CDP-

142

2022

RboP5-3GalNAch

2022

2022

2021

POMGNT2

44

2021




94

2021

CDP- PCYT2 CDP-

94

2021

94

2021

40

2021




40

2021

FKRP

93

2020

FKRP

39

2020

FKRP

141

2021




CDP-

38
2019 2020
CDP-
92
2019 2020
a - CDP-
140
2019 2020
TOBIRA 7

2018 2019




Naoyuki Kuwabara, Hiroshi Manya, Rieko Imae, Tomohiro Tanaka, Motoi Kanagawa, Kazuhiro Kobayashi, Tatsushi Toda, Mamoru
Mizuno, Toshiya Senda, Tamao Endo, Ryuichi Kato

Substrates recognition and oligomerization mechanism of Fukutin-related protein (FKRP).

11th International Symposium on Glycosyltransferases (GlycoT 2018)

2018 2019
fukutin
4
2018 2019
a_
37
2018 2019

CbP-glycerol a -

91

2018 2019




62

2018 2019

Rieko Imae, Hiroshi Manya, Hiroki Tsumoto, Tamao Endo

Inhibitory effect of CDP-glycerol on the synthesis of the O-mannosyl glycan of a -dystroglycan

2018

2018 2019

Hiroshi Manya

Biosynthesis of O-mannosyl glycan in mammals.

2018 2019

CDP- a -

139

2018 2019




139

2018 2019
TMEM5

36

2017 2018
, Sushil K. Mishra, , s ,
Protein O-Mannosyl Kinase (POMK)

36

2017 2018

Fukutin-related protein (FKRP)

36

2017 2018




Naoyuki Kuwabara, Hiroshi Manya, Takeyuki Yamada, Hiroaki Tateno, Motoi Kanagawa, Kazuhiro Kobayashi, Keiko Akasaka-Manya,
Yuriko Hirose, Mamoru Mizuno, Mitsunori lkeguchi, Tatsushi Toda, Jun Hirabayashi, Toshiya Senda, Tamao Endo, Ryuichi Kato

Carbohydrate-binding domain of the POMGnT1 stem region modulates O-mannosylation sites of o -dystroglycan

4th International Symposium on Glyconjugates (GlycoXX1V)

2017 2018

2017 ConBio2017

2017 2018

POMGNT1

2017 ConBio2017

2017 2018

Fukutin-related protein (FKRP)

2017

2017 2018




138

2017 2018

2021-174154

2021

2

Therapeutic agent for diseases associated with abnormalities in dystroglycan
sugar chain modification and method for assaying associated enzyme.

Toda T, et al.

Kobe univ. et
al

US11,040,087 B2

2021

7058417

2022

https://ww.tmghig.jp/research/index.html







