K %

AL (B 243 )

¥R & T

paill

AL GO B A

EINVE I AL R T

LA S H

£
Wt
B
Izt
bl
‘mn

* ¥
i+ (B 52)
TR 1817 &

[

Rk 2843 H 24 H

uh

WERL LR RS TR
%

it
SN B 6 5% 5 1 TH R

k=i

Structural basis of the molecular mechanisms underlying
intracellular quality control of glycoproteins mediated by
their glucosylation

¥ & ik HH OEA

Bz ik R—

Bk Bk E

Bz WP ek

WEHR 7k LR RO
wHE hn R%E

A 5 g Bk 2 B A R B K5




G 2)
(Separate Form 2)

i LN DOEE
Summary of thesis contents

A considerable number of proteins are modified with oligosaccharides that serve as
the protein-quality tags. Enzymatic trimming of the oligosaccharides displayed on
newly synthesized glycoproteins are coupled with exposure of the protein-fate
determinants for interacting with a set of carbohydrate recognition proteins as guides
for folding, secretory, and degradation processes. Despite of the biological importance,
the physicochemical insights into the quality control system of glycoproteins remain
unclear. For this reason, I was motivated to provide the structural basis for
understanding the molecular mechanisms of the glycoprotein fate-determination
process in my PhD thesis. It contains four chapters, including Chapter 1 “General
introduction”, Chapter 2 “Elucidation of the structural basis of the sensing
mechanism of the ER folding sensor enzyme UGGT”, Chapter 3 “Exploration of the
conformational space occupied by the high-mannose-type oligosaccharide functioning
as the folding signal”, and Chapter 4 “Conclusions and perspective”.

The endoplasmic reticulum (ER) in the eukaryotic cells is one of the main
compartments for efficient protein folding. In the ER, a high-mannose-type
oligosaccharide functions as folding signal for recruiting molecular chaperones to
facilitate the folding of newborn glycoproteins. Correctly folded glycoproteins with a
transportation tag are moved to the Golgi apparatus, while terminally misfolded ones
are marked by extensive processing of the carbohydrate residues and thereby
subjected to the degradation process.

The glycoprotein-fate determination system also involves a backup mechanism, by
which the intermediates losing the folding signal can be sorted out and their folding
signal 1s regenerated to prolong the process for obtaining the correct
three-dimensional (3D) structures. To accomplish this unique mechanism, a molecular
“gate keeper” that recognizes the folding intermediates conjugated to a certain type
of oligosaccharide and labels them for bringing into additional folding pass plays a
key role. An ER-located enzyme, UDP-glucose: glycoproteins glucosyltransferase
(UGGT) is considered as the glycoprotein folding sensor. The incompletely folded
glycoproteins with a high-mannose-type undecasaccharide are the potential
substrates of UGGT which exclusively modifies them by selective glucosylation. The
resulting product, a monoglucosylated high-mannose-type oligosaccharide, is
responsible for recruiting the ER molecular chaperones to resume the folding

maturation.

To elucidate the molecular mechanisms underlying restoring the folding process

mediated by  glucosylation that involves specific protein-protein and
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protein-carbohydrate recognitions, it is essential to perform the structural analysis of
the key enzyme UGGT itself as well as its substrate and product oligosaccharides.
However, no structural information of UGGT had been available so far due to its huge
size and instability. Furthermore, detailed conformational analyses of
oligosaccharides remain challenging because of the heterogeneous and flexible
properties.

In my thesis, I have overcome these obstacles and elucidated the structure of the
glycoprotein folding sensor enzyme UGGT based on X-ray crystallographic analyses,
as well as the homogeneous high-mannose-type oligosaccharide with terminal
glucosylation by using nuclear magnetic resonance (NMR) spectroscopy.

To clarify the mechanisms of the recognition towards the incompletely folded
glycoproteins, I described the architectural study of UGGT by the combination of
bioinformatics analysis and biophysical approaches. To solve the instability problem,
UGGT originating from a thermophilic fungus was chosen for operating detailed
structural analyses. Encouragingly, the fungal UGGT was successfully obtained in a
milligram scale by using E. coli system. The bioinformatics analysis of fungal UGGT
suggested that the N-terminal region possesses three-tandem thioredoxin (Trx) -like
domains (termed Trx1, Trx2 and Trx3 respectively), followed by a domain rich in B
sheet and C-terminal catalytic domain. I also performed architectural prediction of
UGGT originating from other species and the results showed that the structural
domain arrangement is quite conserved among species, indicating the significance of
these domain characters for the function of UGGT. To understand the detailed
structure at atomic resolution, crystallization of a series of UGGT constructs were
performed. Consequently, I successfully resolved the crystal structure of Trx3 domain,
which could give the first structural information of UGGT with atomic detail. The
crystallographic study of Trx3 domain revealed that Trx3 contains an extensive
hydrophobic patch that may serve as putative substrate-binding site. It is plausible
that Trx1 and Trx2 also share the similar 3D structure and have the similar function,
suggesting that UGGT recognizes the hydrophobic surface of the incompletely folded
glycoprotein through the extensive hydrophobic patch harbored in its multiple Trx
domains.

The recombinant UGGT thus obtained was also applied for the NMR study of
high-mannose-type oligosaccharides by developing a method employing UGGT as
catalyst for the terminal glucosylation. Considering the substrate specificity of this
enzyme, denatured glycoprotein mixture derived from the genetically engineered
yeast cells, which homogeneously expressed a specific high-mannose-type
undecasaccharide, were employed as potential substrates. In order to conduct
detailed conformational analyses of the oligosaccharides by stable isotope-assisted

NMR measurements, UDP-[*3Cg]glucose as donor substrate of UGGT was chemically
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synthesized. By combining these techniques, the in vitro chemoenzymatic reaction
catalyzed by UGGT successfully provided uniformly and selectively '2C-labeled
monoglucosylated high-mannose-type oligosaccharides harboring intracellular
glycoprotein folding signal.

Multidimensional NMR measurements of the high-mannose-type oligosaccharides
indicated that attachment of one glucose residue induces little conformational
changes, whereas the removal of one mannose residue results in significant
modification of the dynamic behaviors of the carbohydrate chain. These results
suggest that the '°C-labeled oligosaccharides could be a useful probe for NMR
analyses of their conformational dynamics in solution and their interactions with the
ER chaperones at the atomic level.

These studies would provide the structural basis for understanding the interaction
mechanisms between UGGT and structurally imperfect glycoproteins, giving new

insights into quality control of glycoproteins in cells.
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Summary of the results of the doctoral thesis screening

FESHIX, MIBANDOZ R BEOMEZRTIT OE#RE L THERL TS, Mo

ANIEARIZ I, YR AR REIE R R L R B R EN L, BAET LD O
mEEHEEENMED o TS, LMLAERDL, 2OV AT AOH A ) B i 5
D7 ERS LOEIEEBOMIZIIEAEEA T RN, RiGXiXTZ o> L
WHICEA T, #EFEFZETH D UDP- 7/ v a— AL VX IE T )V a— AEBEESE
(UGGT) . 2 b NICZF OIS KB IR Th D m~ v /) — AT O #EE F 94 %
Tol2bDTH D,

BHINZHE, AELPOERSNATVWS, 1 ETHE., FIEOFERICHOV TR
RENTWDS, XY RN EREEEEECIX, 74— VT 4 VIR RERIES
NRIBOREHRMGIZ IV a— 2B EE2MML, ZhERB#ET 20 vy Xe rOEDN
ELTWD, ZOYATAICEBNT, MEXKELELTHEETLDON UGGT THDLH, ZD
B, 74— VT 4 VT RRERRE VAR BIZH L TORT NV a— AR
THILET, 74— AT 47y —LLTOHELZRERZLTVS, L»L, UGGT
D FEDIRELS DORLETHDLHZ LMD, TOBEERENIENLEN TE T,
Flo, E#RE L THETOEMHICEL YL, MEORY —M L I LY, M
FHRICIIREL o7, HEFILIINOOMBEOMRERY | FEX 7 BEMEE
HEgHEomBE LR BR 2 RAamMICHE]MITsZ L2 HIELE,

W2 ETIE, HEHIL, UGGT 2L ENHOKEICHM T 5 HFIELAHSL L, F0HEE
Bk A=A LOEENM L EZSRH LIk LTe, bbb, XM AL T 4~T
4 7 AN KD, UGGT O 7 4 — /T 4 > 72V —f@EKIZIEIC 3 >OF AL R %
VUK R AL BRSNS Z LR A LD, 51T, X MRS AR EAEAT I K o T
SEHDOF ALV RF LV URNAAL VD3 REELZMYPI T2 LICHIILEE. 2 b0
fERIZE D, UGGT REE N A A OBKMEEBEEZHWCTEEREY "7 BEx kv
VT BHAN = RARHER S,

B 3ETIE, AR L7 UGGT 2753 2% 2 & T, IR T O RES 05 72 1 1 MR AT
AL LT-, BMEBEAREKEZA WG~y ) — 2B O K ERRE LB E G R
LaxfAabtd, H—FTRNOICZERMBERLIE L 72T/ 723 v bfl 8
DO E LML LTz, 50N 7L ERNMAREESHZ AW T NMR B LU0 78 %
HEIC L AT L, KPP OREEO S IREERRESD Z IR LT,

B4 BT AERFEORIEL, SBOBENBERLNLTWD, K XOMIEAMEIC
0, UGGT N7+ — T o7 H—L L THETIHELES, 7La—Rig
BRSO EO N EEELZLZHONCTA LN TE T, 5% EHIC, MlN
BT DX R EORMEER AT AOEEIA D= LOFFMIZBDLZ ENEE
ELTEEDLNTVND,

PbEDXHic, HEZ T ERGICHIZICE Y 1. B2 L 7 8 RS A o
BERTBEONAERBEERZALLT L2 LICHBILTNDE, I5I1C, Ei#HELT
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