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Abstract

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 folding intermediates losing the folding signal can be sorted out and
their folding signal is 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 process.

To elucidate the molecular mechanisms underlying restoring the folding process
mediated by glucosylation that involves specific protein-protein  and
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 f
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-["°Cq]glucose as donor substrate of UGGT was chemically
synthesized. By combining these techniques, the in vitro chemoenzymatic reaction
catalyzed by UGGT successfully provided uniformly and selectively '*C-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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Chapter 1. General introduction




1.1 Protein folding and quality control systems

To exert their biological activities, proteins need to fold into thermodynamically
stable three-dimensional (3D) structures within a short frame of time after
biosynthesis. In the cells, the spontaneous structural maturation of proteins is often
hindered because of the crowded, complex molecular environments. To prevent the
possibility that aberrant proteins tend to aggregate and become toxic to the cells,
transition from a random coil to a native structure requires the assistance of
chaperones controlled in a sophisticated fashion so as to allow folding efficiency and
avoid error'. Such mechanisms are best exemplified by an eukaryotic protein quality
control system in which the oligosaccharides serve as protein-fate determinants via
being monitored by a set of carbohydrate binding proteins collectively called

intracellular lectins®.

1.2 Oligosaccharides on glycoproteins

Glycosylation is one of the major covalent modifications of proteins in cells
(Figure 1.2.1.)°. Comparing to other post-translational modifications like
phosphorylation, which provides a digital two-state system®, glycosylation could
produce a diverse, dynamic property to the proteins. The great variation of
monosaccharide building blocks and possible glycosidic links as well as their high

degrees of motional freedom give rise to various 3D structures. Consequently, the



oligosaccharides can act as signaling tags through interacting with the intracellular
lectins (Figure 1.2.2.)>° thereby mediating various cellular events, including
pathogen infection, cellular communication and immune response’®. Recognition of
oligosaccharides displayed on glycoproteins also plays central roles in protein quality

control system.

Figure 1.2.1. Representation of a glycoprotein in which oligosaccharide chains are
covalently connected to the asparagine residues. Adapted from one subunit of
tetrameric influenza neuraminidase with high-mannose-type oligosaccharides attached
to Asn86, Asn146, Asn200 and Asn234 (PDB code: 1nn2)°. Two glycans at Asn146

and Asn200 are highly ordered.



Figure 1.2.2. Representation of oligosaccharides interacting with intracellular lectins.
Adapted from the crystal structures of (a) ERGIC53-CRD/MCFD2 (PDB code:
3WHT)’ and (b) VIP36-CRD (PDB code: 2DUO)°® co-crystalized with glycotope
di-saccharide, Manal-2Man. To model the entire ligand oligosaccharide,
Glc1Man8GIcNAc2, non-glycotope sugar moiety originated from the Asn196-glycan
of an insect arylphorin glycoprotein [PDB code: 3GWJ (molecule D)]° was
superposed with glycotope disaccharide Manal-2Man based on the torsion angle

energy estimated using the PDB-CARE program'’.

1.3 Protein folding and quality control in the endoplasmic reticulum

The endoplasmic reticulum (ER) in the eukaryotic cells is an intracellular
compartment for efficient protein folding. Proteins destined to the extracellular spaces
and cell membranes through secretory pathway are co-translationally translocated into
the ER, in which they attain their native structures before transport to their final

10



locations. A considerable proportion of these proteins are modified with
oligosaccharides attached to the asparagine residue(s) in the ER. The oligosaccharides
not only increase the solubility and stability of the polypeptides they modify'', but
also control quality of the proteins, regulating their structural maturation by

L - 2,12,13,14,15,16,1
functioning as fate determinants™ =" > > 7

Initially,  preassembled  precursor  high-mannose-type  oligosaccharide
(Gle3Man9GlcNAc2), that harbors three non-reducing terminal branches (termed D1,
D2 and D3 branch respectively) with three glucose residues capping the D1 branch, is
covalently attached to the emerging polypeptides (Figure 1.3.1.a). Immediately,
stepwise processing of the oligosaccharides begins to transiently create the quality
tags responsible for recruiting the ER-resident chaperones having lectin activity so
that the fates of the newly synthesized glycoproteins, i.e. folding, transport and
degradation, would be determined (Figure 1.3.1.a). Trimming of the first two glucose
residues generates the folding signal, a monoglucosylated high-mannose-type
oligosaccharide (Glc1Man9GIlcNAc2), which is responsible for recruiting the ER

12,14,18

chaperones to initiate the folding process The chaperoning process is

terminated by removing the innermost glucose residue'®'**. While correctly folded

glycoproteins  are transported to the Golgi apparatus for further

2,5,6,10,11,12,13,14

processing , severely misfolded glycoproteins experience extensive

removal of the terminal mannose residues leading to degradation

2,10,11,12,13,14,21,22 .
process” T (Figure 1.3.1.b).
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Figure 1.3.1. (a) Schematic representations of Glc3Man9GIcNAc2 oligosaccharide
residues, branches, and the glycoprotein fate determinants encoded in the triantennary
structure according to the custom stated by Vliegenthart J.F.G. et al.>> (b) Scheme of
high-mannose-type oligosaccharide dependent fate determination of glycoproteins in
the ER, which is coupled with oligosaccharide processing and interactions with a set

of ER-resident chaperones with lectin activities.

In some cases, one round association with the ER chaperones is not enough for
nascent glycoproteins to obtain their native structures®*. Indeed, they undergo several
round interactions with the ER chaperones. This is achieved by an elaborate backup
mechanism serving as molecular “gatekeeper” that can sort the deglucosylated folding
intermediates out and regenerate the monoglucosylated glycoform for sending them

back to the chaperone-assisted folding process.
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Sorting incompletely folded glycoproteins out and labeling them by
glucosylating their sugar chains are executed by one unique molecule, the folding
sensor enzyme UDP-glucose: glycoproteins glucosyltransferase (UGGT). This
enzyme functions as the molecular gatekeeper through its enzymatic specificity that
exclusively recognizes the incompletely folded glycoproteins exhibiting
high-mannose-type oligosaccharide(s) without terminal glucosylation as its potential
substrates and thereby labels them by transferring a monoglucose residue to their
oligosaccharide chains using uridine diphosphate (UDP)-glucose as glucose

18,19

donnor ™. The resulting product glycan, i.e. monoglucosylated high-mannose-type

oligosaccharide, enables the incompletely folded glycoproteins to re-engage with the

ER chaperones so that the folding process can be resumed'®".

With the help of the gatekeeper UGGT, several rounds of folding cycle including
re-glucosylation, association with ER chaperones, de-glucosylation, dissociation with
ER chaperones are supposed to occur until the glycoproteins acquire their native
structures, or until they are eventually marked for degradation'®'"*’ (Figure 1.3.2.).
Because the restoring process of folding maturation is mediated through specific
protein-protein and protein-carbohydrate recognitions, it is essential for understanding
the molecular mechanisms underlying this system to approach into the key enzyme

UGGT along with its substrate and product oligosaccharides.

14



l UDPe

ER-folding

chaperones
UGGT
@ %Glucose trimming

enzyme

Incompletely
folded
| )

Misfolded

uonepeisbag

Figure 1.3.2. Scheme of the folding cycle initiated by the molecular gatekeeper

UGGT.

1.4 The ER folding sensor enzyme UGGT

The folding sensor enzyme UGGT plays the key role in the glycoprotein quality
control system by serving as molecular gatekeeper. Glycoproteins with
high-mannose-type oligosaccharide(s), which are released from the ER chaperones,
are inspected by UGGT before they go ahead in the early secretory pathway. Only
those with structurally imperfect nature are sorted out and labeled by UGGT with
glucose residue attached to the D1 branch of their carbohydrate chain as a signature of

s 18,19

“folding intermediates . Whereas glycoproteins that have achieved native

25,26

structures are supposed to be ignored by this enzyme™ ™, suggesting that both protein

15



moieties and glycan moieties serve as determinants recognized by UGGT.

Extensive studies have been performed focusing on the substrate preference of
UGGT. Regarding the N-glycan moieties, accumulating data indicate that UGGT
recognizes the innermost GIcNAc residue in the N-glycan, which is supposed to be
imbedded in the correctly folded glycoproteins®~>’. Moreover UGGT exhibited
highest enzymatic activity to high-mannose-type oligosaccharides containing nine
mannose residues’**. Considering the variations of glycoproteins, UGGT is expected
to deal with a wide range of glycoprotein substrates in vivo, although very few
endogenous substrates have so far been identified due to their transient existence®. In
vitro, plenty of non-native glycoproteins with great variations in terms of size, shape,
and distance between the structurally defective site and the N-glycosylation site for
re-glucosylation, have been used as model substrates of UGGT>>2%282%30:3132.33.3435
Interestingly, small synthetic hydrophobic fluorophore conjugated with a
high-mannose-type oligosaccharide were used as defined probes for monitoring
UGGT activity'*’, suggesting that UGGT recognizes non-protein aglycone
determinant containing extensive hydrophobic stretch exposed to the solvent.
However, the molecular basis for the recognition mechanism of UGGT responding to
a wide range of incompletely folded glycoproteins as well as small analogues remains
unknown. No structural information explaining the unique enzymatic specificity of
UGGT, which only recognizes incompletely folded glycoproteins as its clients, has

been provided till now due to its largeness and instability of this enzyme for structural

study.
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1.5 Conformational dynamics of oligosaccharides

To understand how the specific protein glycoform can be precisely recognized
by molecular chaperons among all the possible counterparts containing homologous
antennae and identical residues except for one glucose difference, it is essential to
explore detailed conformational properties of the oligosaccharides.

The conformational variability exhibited by one certain glycoprotein glycan
often inhibits it from being crystallized or makes it barely visible in X-ray

12143637 By contrast, nuclear magnetic resonance (NMR)

crystallography
spectroscopy is a powerful tool for providing detailed information about the
conformational dynamics of carbohydrate chains in solution®®***’. The utility of
NMR spectroscopy is dramatically expanded by combining with stable isotope

124142 However, this attempt was hindered by the

labeling of the carbohydrate chains
limited availability of the stable-isotope labeled oligosaccharides that can be used as
probes in adequate quality and quantity for NMR measurements. The transient
existence makes it extremely difficult to obtain the glycans directly from natural
sources. Moreover, their branched structures make the synthetic approach even harder.

A feasible protocol for preparing the homogeneous monoglucosylated oligosaccharide

is badly needed.

1.6 Scope of this study

Recently, the quality control system unique to eukaryotic glycoproteins has been
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extensively studied. Despite of the biological and biophysical importance, the
physicochemical insights into this system are still unclear. For this reason, I was
motivated to provide the structural basis for understanding the molecular mechanisms
for restoring the folding process. Since this process is mediated by glucosylation as a
consequence of specific protein-protein and protein-carbohydrate recognitions, it is
essential to perform the structural analyses of the key enzyme UGGT itself along with
its substrate and product oligosaccharides. However, no structural information of this
key enzyme had been available so far due to its huge size and thermodynamic
instability. Furthermore, detailed conformational analyses of oligosaccharides remain
challenging because of their 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
in conjunction with a bioinformatics approach and also performed structural
characterization of the homogeneous high-mannose-type oligosaccharide with
terminal glucosylation by using NMR spectroscopy. These results would provide
physicochemical insights towards understanding the glycoprotein quality control

system in cells.
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Chapter 2. Elucidation of the structural basis of the

sensing mechanism of the ER folding sensor enzyme

UGGT

This chapter is adapted and modified from Zhu T, Satoh T, and Kato K, Structural
insight into substrate recognition by the endoplasmic reticulum folding-sensor
enzyme: crystal  structure = of  third  thioredoxin-like = domain  of
UDP-glucose:glycoprotein glucosyltransferase. Scientific Reports 4, Article number:

7322 (2014).
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2.1 Introduction

In the ER glycoprotein quality control system, a backup mechanism to sort the
folding intermediates lost the folding signal and prolong the process for obtaining the
correct three-dimensional structures is provided. The folding sensor enzyme UGGT
functions as the molecular gatekeeper which regenerates the monogulcosylated
glycoforms exclusively on the de-glucosylated glycoproteins yet to attain the native
structures' ', providing them additional opportunities to fold by interacting with ER
chaperones.

UGGT is a large enzyme, comprising approximately 1,500 amino acid residues.
It has been putatively divided into two functional regions: the N-terminal region
accounting for 80% of the enzyme with low similarity to any known structural
families is responsible for sensing the folding state, the C-terminal region which
comprised the remaining 20% of the enzyme which shows great similarity to the

glycosyltransferase 8 family'" '

, 1s responsible for the enzymatic activity. However,
no further structural information is available on this key enzyme to date.

To provide the molecular insights towards understanding the folding cycle, the
structural basis of the working mechanisms of the folding sensor enzyme UGGT was
explored. Considering the availability and stability of this enzyme, Chaetomium
thermophilum, a thermophilic fungus, which survives at temperatures of up to 60°C",
was selected as the source organism for the structural study of UGGT. The

bioinformatics and crystallographic data demonstrated that the folding-sensor region

of UGGT contains three tandem thioredoxin (Trx)-like domains. Moreover, the 3D
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structure of a Trx domain of UGGT was determined, thereby providing structural

insights into the mechanism of substrate recognition of the folding-sensor.

2.2 Results
Folding sensor region of UGGT possesses three tandem Trx-like domains

To investigate the structure of the N-terminal folding-sensor region of UGGT, I
subjected its amino acid sequence (residues 28—1198) to bioinformatics analysis using
the programs PSIPRED'* and DISOPRED2". The results indicate that the
folding-sensor region of UGGT exhibits well-formed secondary structures; a mixed
a/p region in the N-terminal part (residues 28-939) and a pB-strand-rich region (termed
the P-domain, residues 940—-1140) around the C-terminus (Figure 2.2.1.). Although
sequence homology of UGGT was modestly low (32.0%—-34.5% identities) between
the thermophilic fungus and humans (Table 2.2.1.), the secondary structure
distributions appeared highly conserved across species. A remarkably disordered
segment was identified at the connection between the - and C-terminal catalytic
domains (Figure 2.2.1.). This structural feature is consistent with previously reported

results of limited proteolysis'®.
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Table 2.2.1. Sequence identity of UGGT among species.

Chaetomium Schizosacchar Drosophila .
. o o Homo sapiens
thermophilum omyces pombe melanogaster
Full-length (28-1509)
Chaet()mu.lm i 35.3% 32.0% 34.5%
thermophilum
Sch Iz.o.?acchar 35.3% i 31.0% 29.9%
omyces pombe
Drosophila 32.0% 31.0% - 44.2%
melanogaster
Homo sapiens 34.5% 29.9% 44.2% -
Folding sensor region (28—1198)
Chaetomium
thermophilum ) 26.8% 24.6% 26.7%
Schizosacchar
omyces pombe 26.8% ) 22.6% 20.8%
Drosophila
melanogaster 24.6% 22.6% . 37.0%
Homo sapiens 26.7% 20.8% 37.0% -
Catalytic domain (1199-1509)

Chaet()mu.lm i 67.3% 58.5% 64.0%
thermophilum
Schizosacchar 67.3% - 60.7% 63.7%
omyces pombe
Drosophila 58.5% 60.7% - 73.9%
melanogaster
Homo sapiens 64.0% 63.7% 73.9% -
a .

Trx1 Trx2 Trx3 f-domain

28 168 379 467 624 671 831 940 1140 1199
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Figure 2.2.1. Bioinformatics study of full-length UGGT. (a) Domain structure of C.

thermophilum UGGT. The Trx3 domain (residues Asn671-Ala831) was crystalized in

this study. (b) Structure-based sequence alignment of full-length UGGT among

species. The predicted secondary structure elements are highlighted as in Figure

2.2.1.a. Predicted segments and residues involving the C-terminal a6 or detergent

interactions are highlighted in orange and green, respectively.
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Next, [ attempted to identify structural domain(s) within the N-terminal
folding-sensor region using InterPro'® and Phyre2'’. Regarding the p-domain, no
significantly homologous domains were identified. On the other hand, the
folding-sensor region of UGGT was found to harbor three tandem Trx-like domains:
Trx1 (residues 168-379), Trx2 (residues 467-624) and Trx3 (residues 671-831)
(Figure 2.2.1.). The arrangement of these domains is essentially identical across
species, suggesting that the 3D structural architecture of UGGT is evolutionarily
conserved, which is convinced by the previous report that the chimeric UGGTs
combining the C and N terminal regions that were originated from two species were

. . . 12
active in vivo ~.

Crystal structure of the third Trx-like domain of UGGT

Based on the finding that folding-sensor region of UGGT possesses three tandem
Trx-like domains, I performed bacterial expression, purification and crystallization of
a series of Trx domains. First, I expressed each of the three Trx domains. Although
Trx3 domain was able to be expressed as a soluble protein, the Trxl and Trx2
domains formed inclusion bodies in E. coli cells. Therefore, I made tandem constructs
for their expression. Consequently, I was able to express Trx1-Trx2, Trx2-Trx3 and
Trx1-Trx2-Trx3 proteins in their soluble form. Of these constructs, I successfully
crystallized the Trx3 domain with the optimization of its N- and C-terminal sequences
(residues 671-831), based on the identification of proteolytically stable fragments.
However, despite extensive trials, I could not obtain crystals of the tandem constructs

of Trx1-Trx2, Trx2-Trx3 or Trx1-Trx2-Trx3.
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Two forms of the crystal structure of Trx3 domain were determined at 3.4 and
1.7 A resolutions. The final model of Form 1, refined to a resolution of 3.40 A, had an
Ryork 0f 23.5% and Ryee 0f 29.2% (Table 2.2.2.). The crystal belonged to space group
123 with six molecules per asymmetric unit. The structures of molecules A—F were
highly similar to each other with an RMSD value of 0.11-0.37 A for superimposed
Ca atoms 94—-155. Molecule A in the crystal structure, which had the lowest average
B value (Table 2.2.2.), was used for the comparative analysis and will be primarily
described hereafter. On the other hand, Form 2 of the Trx3 domain of UGGT
belonged to space group €222, and diffracted up to 1.70-A resolution. In the crystal
structure, one molecule was contained per asymmetric unit. The final model of Form

2 had an Ry 0f 20.1% and Rgee 0f 24.6% (Table 2.2.2.).

Table 2.2.2. Data collection and refinement statistics for UGGT-Trx3 domain.

Form 1 Form 2

Crystallographic data
Space group 123 222,
Unitcell  a/blc (A) 196.4/196.4/196.4 46.2/93.6/81.9

o/Bly (°) 90.0/90.0/90.0 90.0/90.0/90.0
Data processing statistics
Beam line NSRRC 13B1 PF-AR NWI12A
Wavelength (A) 0.97888 0.97921
Resolution (A) 50-3.40 (3.52-3.40) 50-1.70 (1.73-1.70)
Total/unique reflections 778,614/17,411 134,741/20,1261
Completeness (%) 100.0 (100.0) 98.5 (98.9)
Rinerge (%) 12.7 (67.7) 8.2 (36.6)
I/o0() 34.1(6.7) 479 (7.2)
Refinement statistics
Resolution (A) 20.0-3.40 20.0-1.70
Ryvork / Riree (%) 23.5/29.2 20.1/24.6
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R.m.s. deviations from ideal

Bond lengths (A) 0.010 0.011

Bond angles (°) 1.28 1.47
Ramachandran plot (%)

Favored 96.5 98.3

Allowed 3.5 1.7

Number of atoms

1239/1246/1127/
Protein atoms (A/B/C/D/E/F) 1166
1231/738/871
Water molecules - 120
Detergent molecule - 37

Average B-values (A%)

79.7/80.6/92.6
Protein atoms (A/B/C/D/E/F) 23.8
95.2/135.1/139.8

Water molecules - 30.1

Detergent molecule - 64.9

As expected from the bioinformatics analysis, the crystal structure displayed a
typical Trx-like fold, i.e. a five-stranded f-sheet with a P1-f3—p2—L4-P5
arrangement surrounded by six a-helices (Figure 2.2.2.a and b). In the crystal
structure, the P5—06 loop (residues 816-818) was disordered. The C-terminal
06-containing segment showed a higher crystallographic B-factor (87.7 A?) than the
average value (79.7 A% Table 2.2.2.). Comparison of the structure of the Trx3
domain of UGGT with known protein structures using the DALI server revealed that
the protein disulfide bond isomerase (DsbA/C) homologue, Salmonella enterica
ScsC'®, was the most structurally similar protein (Z-score = 9.4; RMSD = 2.9; PDB
code: 4GXZ, Figure 2.2.2.c). As representative of the DsbA/C structure, the
well-characterized crystal structure of E. coli DsbC (PDB code: 1EEJ)" is also shown

in Figure 2.2.2.d. The overall folds were very similar between the Trx3 domain of
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UGGT and DsbC, except for the N-terminal al helix, which directly follows the
dimerization domain in DsbC, and variable a3/04 helices (Fig. 2.2.2.d). Compared
with the crystal structure of the E. coli thioredoxin trxA** (PDB code: 2TRX; Figure
2.2.2.e), which exhibits typical Trx fold, three contiguous helical insertions, a3, o4
and a5, were identified between 3 and 34, as observed in DsbC". Furthermore, an
N-terminal segment containing al and 1 regions of the Trx3 domain of UGGT was
significantly different from that of E. coli trxA in terms of topological arrangement.
In the folds shared by the Trx3 domain of UGGT and DsbC, al precedes 1, which
makes anti-parallel $-strands with 3 (Figure 2.2.2.b-d). In contrast, al was inserted

between 1 and 32, both of which were parallel with respect to B3 (Figure 2.2.2.e).

a

a2

Chaetomium thermophilum 671 RFREKSNDG 730

Schizosaccharomyces pombe 657 LLADLLSENKD 712
Drosophila melanogaster 705 GVAYKNLGNVGVLNRLSNRDMTATLMDNLKY FGGKKST--ELIGRASLOFLTIWVFADLET 782
Homo sapiens 711 ASNNFFVDDYARFTILDSQGKTAAVANSMNYLTKKGMSSKEIYDDSFIRPVIFWIVGDFDSPS 790
B3
Chaetomium thermophilum 731 VRLDIVHNPKDT: 781
Schizosaccharomyces pombe 713 ANLMLIQEGKN- vV 769
Drosophila melanogaster 783 VRVAFIPNTESSSASSRRNLL 847
Homo sapiens 791 VRISMINNPAKEISYENT 870
a5 B4 BS a6
Chaetomium thermophilum 782 NMKAGDNFVILNGRVLGPITSADDFKKEDFEVFLOA 831
Schizosaccharomyces pombe 770 SLTGECKS --ALLLNGRMICSFSV-DSLNTADLKMLMOM 815

Drosophila melanogaster 848
Homo sapiens 871

VLGLNKS QRLVIGNGRLYGPLSSDESFDSADFALLARFE 897
KLKKGQRAVISNGRIIGPLEDSELFNQDDFHLLENI 920
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Figure 2.2.2. Crystal structure of the Trx3 domain of UGGT comparing to
homologous structures. (a) Structure-based alignment of the Trx3 domain of C.
thermophilum UGGT (form 1). (b) Ribbon models of Trx3 domain of C.
thermophilum UGGT (form 1). The secondary structures are highlighted (a-helix, red;
[-sheet, blue) and the linker regions are shown in grey. The positions of N- and
C-termini are also indicated. Dotted line indicates disorder segment. (¢) DsbA/C
homologue, Salmonella enterica ScsC (PDB code: 4GXZ). (d) E. coli DsbC (PDB
code: 1EEJ). For clarity, the N-terminal dimerization domain (residues 1-60) is not
shown in the model. (e) E. coli thioredoxin trxA (PDB code: 2TRX). The secondary

structures are colored as in b.
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In addition, it is plausible that Trx1 and Trx2 also exhibit Trx-folds similar to
Trx3 and their structural homologs as suggested by homolog modelling, except for the

N-terminal and variable o helical segments between 3 and 4 as well as an insertion

loop (residues 226-293) in Trx1 (Figure 2.2.3.).

"""" . ; Insertion loop BARRELIN
* Insertion loo 4 K A
a " rosidues 226-203) (residues 226-293)
‘.“ -
180°
p>
180°
-
a3b J a3b,
C

Figure 2.2.3. Comparison of the Trx-like domains in UGGT. (a) Homology model of
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Trx1 domain (residues 168-379) of C. thermophilum using Neisseria gonorrhoeae
disulfide interchange protein (PDB code: 3GV1) as template. An insertion loop
(residues 226-293) is shown in dash line. (b) Homology model of Trx2 domain
(residuues 467-624) of C. thermophilum using Neisseria meningitidis Thiol:disulfide
interchange protein DsbA (PDB code: 3DVW) as template. (¢) Trx3 domain (residues
671-831) of C. thermophilum UGGT (form 1). The secondary structures are colored

as in Figure 2.2.2.

The C-terminal a6 helix, which is followed by a putatively flexible linker region
in UGGT, was completely disordered in the crystal structure of Form 2, suggesting
the instability of this helix (Figure 2.2.3.b, left). Because of the absence of the a6
helix, an extensive hydrophobic patch was exposed on the surface of the Trx3 domain
(Figure 2.2.3.b, centre). The detergent ANAPOE C12E8 was accommodated on this
exposed hydrophobic patch. The a6 helix was stabilized mainly through its
hydrophobic surface, containing Phe820, Phe825, Phe828 and Leu829, which made
contact with the hydrophobic patch, including Leu703 (B2), Leu717, Phe724 (a2),
Val804, Leu806 (p4), Leu811 (B5) and Ile814 (f5—a6 loop) (Figure 2.2.4.a, right).
Most of these hydrophobic residues were involved in the interaction with the
detergent in Form 2. Thus, the C-terminal a6 helix and detergent molecule occupy the
common hydrophobic surface of the Trx3 domain. These hydrophobic residues are

highly conserved among species (Figure 2.2.1.).
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Figure 2.2.4. An extensive patch of the Trx3 domain is concealed by a flexible
C-terminal helix. The crystal structures of the Trx3 domain in Form1l and Form?2 are
indicated in (a) and (b), respectively. The ribbon and surface models are shown in the
left and centre. Dotted lines indicate disordered segments. In the surface model
(centre), the hydrophobic residues are shown in green. Close-up views of the
C-terminal helix or detergent-interacting regions are represented on the right.
Residues involved in these interactions are highlighted in the pink stick model. In
Forml (a), the C-terminal a6 helix is highlighted in slate. In Form2 (b), the detergent

ANAPOE Ci;Egis shown as a stick model.

2.3 Discussions and conclusions

In this research, through comprehensive bioinformatics studies, I revealed the
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architectural structure of the N terminal folding sensor region of UGGT, in which
three tandemly lined-up Trx-like domains are arranged and followed by a B-sheet rich
domain. Moreover, I successfully resolved the crystal structure of the third Trx-like
(Trx3) domain, which could give the first structural information of UGGT with
atomic detail. As expected, this domain shows a typical Trx-like fold with the highest
similarity to bacterial DsbA/C: a central five-stranded 3-sheet flanked by six a helices.
Two crystal forms were resolved: an open form in which the hydrophobic patch was
exposed with the attachment of a substrate-mimicking detergent and a closed form in
which the hydrophobic patch was concealed by the flexible C-termianl alpha helix,
indicating the extensive hydrophobic patch may function as the putative substrate
binding site as well as the involvement of a regulation mechanism.

The Trx-like domain was commonly found in protein disulfide isomerase (PDI)
family members that are responsible for assisting protein folding”'. The bacterial PDI
members are expressed as monomer containing a redox active CXXC motif*'?,
However higher PDI members are evolved as multi-domain proteins containing both
redox-active and inactive Trx-like domains in different arrangment and actively
involved in protein folding maturation process in the ER*'*. In UGGT, none of the
three Trx-like domains contain the CXXC motif, excluding the possibility that UGGT
is directly involved in the thiol/disulfide modification reaction. In this context, the
cis-Pro loop adjacent to the CXXC motif, a hallmark of redox-active Trx-fold
proteins®' and involved in substrate recognition in DsbA*, is also not present in the

Trx3 domain of UGGT. Accumulating evidence indicated that noncatalytic Trx-like
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. . . . 25-27
domains are often involved in substrate recognitions

. The crystallographic study I
performed indicated that Trx3 domain may bind to incompletely folded protein
through its extensive hydrophobic patch. In addition, homolog modeling predicted
similar or even larger hydrophobic patches in the other two Trx-like domains (Figure

2.3.1.), suggesting Trx1 and Trx2 domain may have the similar structures and

functions to that of Trx3 domain.
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Figure 2.3.1. Surface hydrophobicity comparison of the Trx-like domains in UGGT.
Homology model of (a) Trx1 and (b) Trx2 domain are the same with Figure 2.2.3.a
and b. Crystal structure of (¢) Trx3 is the same with Figure 2.2.4.a Forml, The

hydrophobic residues are colored green.

UGGT consists of multi-domains with hydrophobic patches connected by
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flexible linkers in between, suggesting that UGGT may exhibit architectural
flexibility during substrate recognizing process instead of a rigid conformation, which
enables UGGT bind to the solvent exposed extensive hydrophobic region on the
glycoproteins with multi-hydrophobic patches in its Trx-like domains, so that UGGT
can catalyze the glucosylation reaction towards diverse non-native glycoproteins in
variations of shape, size and distance between the structural imperfect and its target
N-glycans' "

Moreover, a newly identified ER-resident 15 kDa selenoprotein (Sepl5) has
been found to form a tight complex with UGGT at a 1:1 ratio* (Figure 2.3.2.).
Sepl5 contains a Trx-like domain in which a selenocystein is involved in the
redox-active motif. Although the in vivo enzymatic activity of this enzyme is still not
clear, it is proposed to catalyze the isomerization or reduction of disulfide bonds
according to its redox potential®. In vitro data indicated that Sep15 is able to enhance
the glucosyltransferase activity of UGGT"'. It is plausible that Sepl5 serves as a
structural extension of UGGT with a complementary function, plays cooperative role

through binding with UGGT in the quality control system.
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Figure 2.3.2. Schematic drawing of the Sepl5 cooperate with the folding sensor

UGGT.

In summary, my bioinformatics and crystallographic analyses revealed that the
folding-sensor region of UGGT harbours three tandem Trx-like domains. Moreover, I
provided 3D structural snapshots of the third Trx-like domain, in which a putative
substrate-binding hydrophobic patch is intramolecularly masked or involved in an
intermolecular interaction. These findings offer a key breakthrough toward
understanding of the molecular recognition mechanisms of this ER folding-sensor

enzyme.

2.4. Methods and materials
Protein expression and purification

C. thermophilum var. thermophilum La Touche (DSM 1495) was obtained from
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DSMZ, Braunschweig, Germany. Total RNA was isolated using TRIzol® reagent
(Life Technologies). The cDNA was synthesized using SuperScript® III Reverse
Transcriptase (Life Technologies) with oligo d(T) primers according to the
manufacturer’s instructions. Full-length UGGT cDNA was cloned by PCR using a C.
thermophilum genomic DNA database”. Recombinant UGGT proteins were
expressed as glutathione S-transferase (GST)-fused proteins. The Trx1 (residues 168—
379), Trx2 (residues 467—624), Trx3 (residues 671-831), Trx1-Trx2 (residues 168—
624), Trx2-Trx3 (residues 467—831) and Trx1-Trx2-Trx3 (residues 168—831) domains
were amplified by PCR and subcloned into the BamHI and Xbal sites of a modified
pCold-GST vector (Takara Bio Inc.)*?, in which the factor Xa site was replaced with
the tobacco etch virus (TEV) protease recognition site. Recombinant proteins were
expressed in E. coli BL21 Star™ cells (Life Technologies) according to the
manufacturer’s protocols (Takara Bio Inc.). GST-fused proteins were purified using
glutathione-Sepharose™ columns (GE Healthcare). Subsequently, the GST tag was
removed by adding TEV protease to the resin for 12 h at 277 K, leaving two
additional residues Gly-Ser at the N terminus. The resultant proteins were further
purified by size-exclusion chromatography (Superdex-200; GE Healthcare) using a
buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl and 0.1 mM EDTA. The
selenomethione (SeMet)-labelled Trx3 domain was expressed in E. coli B§34 (DE3)
using M9 minimal medium with SeMet. Expression and purification were performed
following the same protocol as that for the native protein. Purified proteins were

dialyzed against a buffer containing 10 mM Tris-HCI (pH 7.5) and 100 mM NaCl.
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The integrity of the protein samples was validated by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS) analysis
using an AXIMA-CFR™ spectrometer (Shimadzu) and N-terminal Edman

sequencing with a Procise 494HT protein sequenator (ABI/Life Technologies).

Protein crystallization, X-ray data collection and structure determination

The crystals of the Trx3 domain of UGGT (Form 1, 10 mg/ml) were grown in a
buffer containing 60% Tacsimate (pH 7.0) for 2 weeks at 289 K. The crystals of the
Trx3 domain of UGGT (Form 2) were obtained by equilibrating a solution of 8 mg/ml
protein with 1.2 mM ANAPOE CI12E8 (polyoxyethylene[8]dodecyl ether -
3,6,9,12,15,18,21,24-octaoxahexatriacontan-1-ol) mixed with an equal volume of
precipitant solution containing 23% PEG3350, 0.1 M Tris-HCI (pH 7.0) and 0.2 M
ammonium acetate for 6 days at 289 K. The crystals were transferred into the
reservoir solution and flash-cooled in liquid nitrogen. Data sets for Forms 1 and 2
were collected using synchrotron radiation at 13B1 of the National Synchrotron
Radiation Research Center (Hsinchu, Taiwan) and AR-NW12A of the Photon Factory
(Tsukuba, Japan), respectively. All diffraction data were processed using HKL2000™.
Crystal parameters are summarized in Table 2.2.2.

The 1.70 A-resolution crystal structure of the Trx3 domain of UGGT (Form 2)
was solved using the SAD method. The initial phase was determined using the
SHELX C/D/E program>. The initial model was automatically built using
ARP/WARP?. Further manual model building into the electron density maps and

refinement were performed using COOT>® and REFMAC5”’, respectively. The 3.40

43



A-resolution structure of the Trx3 domain of UGGT (Form 1) was solved by
molecular replacement using the program Phaser’® with the crystal structure of Form
2 as a search model. The stereochemical quality of the final model was assessed by
RAMPAGE®. The final refinement statistics are summarized in Table 2.2.2. Graphic

figures were prepared using PyMOL (http://www.pymol.org/).

Additional information
The co-ordinates and structural factors of the crystal structures of the Trx3
domain of C. thermophilum UGGT (Forms 1 and 2) have been deposited in the

Protein Data Bank under the accession numbers 3WZT and 3WZS, respectively.
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Chapter 3. Exploration of the conformational space

occupied by the high-mannose-type oligosaccharide

functioning as the folding signal

This chapter is adapted and modified from Zhu T, Yamaguchi T, Satoh T, and Kato K,
A hybrid strategy for the preparation of '’C-labeled high-mannose-type
oligosaccharides with terminal glucosylation for NMR study, Chemistry Letters 44,

1744-1746 (2015).
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3.1 Introduction

During glycoprotein biosynthesis, the branched structures of N-linked
oligosaccharides displayed on the newly synthesized polypeptides play key roles. The
high-mannose-type oligosaccharides serve as protein quality tags, which indicate the
folding states of the glycoproteins and are recognized by a series of intracellular
lectins, and thereby contributing to intracellular fate determination of the

1,2,3,4,5,6,7,8,9 The

glycoproteins monoglucosylated high-mannose-type

dodecasaccharide (abbreviated as GM9) (Figure 3.1.1.) is displayed on proteins as a
tag indicating the incompletely folded status of glycoproteins, which is recognized by

the ER lectins operating as chaperones, i.e. calnexin and calreticulin'->>*>¢75?,
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Figure 3.1.1. Representation of the monoglucosylated high-mannose-type

dodecasaccharide GMO.

For a better understanding of the mechanisms underlying these molecular
processes, it is essential to investigate the conformational properties of carbohydrate

chains in both free and protein-bound forms at atomic resolution. Although X-ray
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crystallographic studies have provided many conformational snapshots of
carbohydrate-protein complexes, most of the studies were performed using smaller di-
or tri-saccharides as ligands instead of the entire oligosaccharides because the
intrinsic  flexibility of the carbohydrate chains hampers the -crystallographic

h'>!1%!"" " Moreover, such flexible properties of carbohydrate chains are

approac
vitally relevant to carbohydrate-mediated biomolecular interactions'®. Thus, the static
views given by X-ray crystallography may provide limited insight into the functional
mechanisms of the sugar chain recognition. In contrast, NMR is a one of the
potentially valuable tool for detailed evaluation of the conformational dynamics of
oligosaccharides'>'*'*. Stable isotope-labeling techniques of the carbohydrate chains
would provide the great advantages of this method">'®"".

For detailed conformational analyses, chemically synthesized di- or

18,19,20,21

trisaccharides were prepared with *C-labeling at specific positions , although

such synthetic approaches have been difficult to apply to larger, branched

22,23

oligosaccharides with a few prominent exceptions . In contrast, metabolic labeling

methods have been developed using a variety of production vehicles to produce
isotopically labeled glycoproteins using immunoglobulin G as a model

16.17.242326 1 the biosynthetic methods, control of glycoprotein glycoforms

system
remains challenging due to their transient existence. To address this issue, previously
my group employed genetically engineered Saccharomyces cerevisiae strains that
lack  specific genes involved in processing of  high-mannose-type

27,28,29

oligosaccharides . Using this method, overexpression systems of homogenous
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high-mannose-type oligosaccharides
Manal-2Manal-6(Manal-2Manal-3)Manal-6(Manal-2Manal-2Manal-3)Manf1-
4GIcNACcB1-4GlcNAc (abbreviated as M9) and its derivative (abbreviated as M8B)
that lacks the nonreducing-terminal mannose residue at the central D2 branch was
established. These oligosaccharides carry glycoprotein fate determinants in their
triantennary structures, directing the glycoproteins to vesicular transport to the Golgi
or ER-associated degradation'””. By cultivating the yeast cells using *C-labeled
glucose as the sole carbon source, these oligosaccharides in *C-labeled form could be
prepared for detailed NMR analyses of their dynamic conformations®’>".

For the exclusive production of GM9 by the yeast engineering technique, at
least six genes have to be deleted including alg8, gls2, mnnl, mnn4, mnsi, and ochl.
However, multiple gene knock-out is generally cumbersome and may result in a low
production yield. To approach the conformational space occupied by GM9
oligosaccharide functioning as the folding signal in the glycoprotein quality control
system, I developed a hybrid strategy that combines the yeast engineering with

chemoenzymatic synthesis to produce the uniformly as well as selectively '*C-labeled

monoglucosylated high-mannose-type dodecasaccharide GM9 (Figure 3.1.2.).
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Figure 3.1.2. The scheme depicting the hybrid approach mediated by UGGT for GM9

oligosaccharide production.

The ER glycoprotein quality control system involves a backup mechanism for
regenerating the folding signal of the folding intermediates, in which the glucose
residue is transferred to the nonreducing terminus of the D1 branch of the
high-mannose-type oligosaccharides (mainly M9) displayed on the proteins with

conformational defect by the action of a folding sensor enzyme, UGGT>*’

. In my
studies, I have successfully obtained this protein in milligram scale. Therefore, I
attempted to use this enzyme as catalyst for the terminal glucosyalation of M9. In this
chapter, I applied this method for exploration of the dynamic conformations of the

high-mannose-type oligosaccharides by NMR techniques in conjunction with

molecular simulation.

3.2 Results

A hybrid strategy mediated by UGGT for the preparation of high-mannose-type
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oligosaccharide with terminal glucosylation

The UGGT originating from Chaetomium thermophilum, a thermophilic
fungus®', was produced as recombinant protein in E. coli in a milligram scale. As a
donor substrate, UDP-[*Cg]glucose was chemically synthesized from D-[’*Cg]glucose
following the scheme reported by Dinev et al.*>.

Regarding the acceptor substrate, I used a glycoprotein mixture obtained from
the genetically engineered yeast strain that can homogeneously express M9
oligosaccharide bearing glycoproteins®. Because the monoglucosylation reaction
catalyzed by UGGT is specific for the high-mannose-type oligosaccharide displayed

on the incompletely folded glycoproteins®******

, | pretreated the glycoprotein mixture
by autoclaving with 100 mM citrate buffer, followed by ethanol precipitation. To
prepare the non-selectively '*C-labeled GM9 oligosaccharide, the synthetic
UDP-["Cg]glucose and the *C-labeled glycoprotein mixture obtained from the yeast
cells grown in the medium containing D-["°Cs]glucose as metabolic precursor were
subjected to the in vitro enzymatic reaction catalyzed by UGGT. The enzymatic
glucosylation reaction was performed based on a previous report with modifications
of the concentrations of UGGT and the substrates®. The condition of the reaction
buffer, 50 mM Tris-HCI (pH 8.0) containing 1.5%(w/v) NDSB-211 and 10 mM CaCl,,
was also rearranged. After the reaction the oligosaccharides were released by
hydrazinolysis followed by re-N-acetylation and fluorescent labeling with

2-aminopyridine at the reducing end. The pyridylamino (PA) derivatives were

subjected to high-performance liquid chromatography (HPLC) equipped with a
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TSK-gel Amide-80 column to monitor the product. Approximately 50% of the M9
oligosaccharide was converted to GM9 (Figure 3.2.1.), and the typical yield of the
PA derivative of the GM9 was 0.5 nmol from 4 mg of the glycoprotein mixture after

optimization of the reaction conditions.
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Figure 3.2.1. HPLC profile of oligosaccharide PA derivatives.

Multidimensional NMR  measurements of the  high-mannose-type
oligosaccharides

The PA derivatives were subjected to heteronuclear single—quantum coherence
(HSQC) measurements (Figure 3.2.2.). As demonstrated by HSQC spectra, PA
derivatives of GM9 that were selectively labeled with '*C were also prepared
following similar procedures using non-labeled UDP-glucose (Figure 3.2.2.b) or a
glycoprotein mixture prepared using conventional media (Figure 3.2.2.c). The HSQC

spectra of *C-labeled M9 (Figure 3.2.2.a) and GM9 in which only the M9 part was
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labeled with °C (Figure 3.2.2.b) were also compared. These spectra exhibited

similarities in the 'H and °C chemical shifts of each residue.
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Figure 3.2.2. Anomeric region of the "H-">C HSQC spectra of PA derivatives. (a) PA
derivatives of M9 labeled with ">C; PA derivatives of GM9 (b) the M9 part was
selectively labeled with ">C; (c) the terminal glucose residue was selectively labeled

with *C; and (d) both the glucose and M9 part were °C labeled.

In order to obtain the detailed conformational information of GM9, a lanthanide
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ion-assisted NMR approach was utilized. Introducing a paramagnetic metal ion into a
target molecule causes the NMR spectral perturbations due to the magnetic dipole—
dipole interactions between nuclei and an unpaired electron. Modulation of the
chemical shifts, pseudocontact shifts (PCSs), depends on the geometric relationship
between each nucleus and the paramagnetic center, thus PCS can provide the

conformational information of the target molecules (Figure 3.2.3.b)*>°.

a m
Paramagnetic

NMR Spectrum NMR Spectrum
> + paramagnetic ion — D
S PCS
> - - >

1

T

PCS = " Ay, (3cos’O-1)+ %Axm sin” 0+ cos 2(/)]

Figure 3.2.3. (a) NMR spectral perturbations caused by PCS. (b) The equation for
PCS, in which Ay.x and Ay, are the axial and rhombic components, respectively, of
the anisotropic magnetic susceptibility (4y) tensor. The polar coordinates of the
nucleus, r, 8, and ¢, are defined with respect to the paramagnetic center and the

principal axis of the Ay tensor.
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To introduce a paramagnetic ion to GM9 sugar, I conjugated an EDTA-based
lanthanide-chelating tag at the reducing terminus of GM9, in which only the M9 part
was selectively labeled with °C (Figure 3.2.4.a)"". Using Tm’" as a paramagnetic
source, PCS measurements were performed via observing the chemical shift
differences between the paramagnetic ion complex and the diamagnetic reference
La’ jon by their HSQC spectra (Figure 3.2.4.b). As shown in Table 3.2.1, the
observed PCSs were virtually identical between GM9 and M9 oligosaccharides,
suggesting that the attachment of the terminal glucose residue at the D1 branch of M9

has very little conformational impact on its triantennary structure.
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Figure 3.2.4. Paramagnetic lathanide ion-assisted NMR measurements of GM9. (a)
Schematic representation of GM9 attached with the paramagnetic ion-tag; (b) 'H-">C
HSQC spectra of the anomeric region of GM9, in which M9 part was selectively
labeled with "°C, tagged with Tm’" (red) or La’* (black). Chemical shift differences

induced by PCSs are indicated by arrows.

Table 3.2.1. PCS values (ppm) observed with Tm®" of anomeric regions of GM9 and

M9°7 oligosaccharides.

GM9 M9
ASH (ppm) | A8"3C (ppm) | AS'H (ppm) | 46'3C (ppm)
GlcNAc1 1.02 1.09 1.01 1.09
GIcNAc2 0.42 0.44 0.42 0.43
Man3 0.21 0.22 0.20 0.19
Man4 0.12 0.14 0.11 0.10
Man4’ 0.14 0.13 0.14 0.14
ManA 0.12 0.10 0.12 0.12
ManB 0.10 0.10 0.10 0.09
ManC 0.08 0.08 0.08 0.08
ManD1 0.05 0.02 0.05 0.05
ManD2 0.10 0.11 0.10 0.11
ManD3 0.09 0.10 0.08 0.10

NMR validated simulation

A computational method was employed for describing dynamic conformation of
the high-mannose-type oligosaccharide. To explore the conformational spaces of
GM9 in solution, I performed replica-exchange molecular dynamics (REMD)

simulations in explicit water, in which parallel replicas were run at different
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temperatures and the coordinates of the replicas were exchanged during the

calculation’®*’

. For effective exploration of the high-dimensional rough energy
landscapes, 64 replicas, each of which was simulated for 48 ns, were used.

The simulation results were experimentally validated by applying the
paramagnetism-assisted NMR method. The PCS values back-calculated from the
REMD-derived ensemble model were consistent with the experimental PCSs with a O
value of 0.13, which is a criterion of agreement between calculated and experimental
PCSs (Figure 3.2.5.a).

The conformational space occupied by the high-mannose-type oligosaccharide
GM9 was thus explored and compared with that of M9, which was recently reported
by our group®’. To characterize the dynamic conformations of these oligosaccharides,
the distribution of distances between the reducing terminal (GlcNAcl) and the other
residues was quantified (Figure 3.2.5.b). The result indicates that GM9 and M9 share
similar restricted conformations, indicating the terminal glucosylation at the D1
branch has little conformational impact. Furthermore, the ensemble model of GM9
was built by superimposing 240 conformers extracted from the REMD trajectory
(Figure 3.2.5.c), enabling me to make the direct comparison with that of M9 (Figure
3.2.5.d). As shown in the Figure 3.2.5.c and d, the conformational space occupied by
the mannose residues of GM9 is almost the same with that of M9. The conformational

ensemble model of GM9 also showed the dynamic behavior of the terminal glucose

residue.
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GM9

Figure 3.2.5. (a) Correlations between experimentally observed PCS values and
back-calculated from the REMD-derived ensemble model. Q is defined as
O=rmS(Adcalc-Adobs)/Tms(Adobs). Experimentally obtained PCS data for anomeric CH
groups except for Glcl were employed. (b) Histograms of the distance between the
anomeric protons of the reducing terminal GlcNAc1 residue and the other residues of
GM9 (blue) and M9 (red) obtained by using the 24,000 conformers extracted from the
REMD simulations. (¢) The ensemble model of GM9 and (d) M9 by superimposing

240 conformers extracted from the REMD trajectory.

3.3 Discussions and conclusions

In this study, recombinant UGGT was applied for the NMR study of
high-mannose-type oligosaccharides by developing the hybrid strategy employing
UGGQGT as catalyst for the terminal glucosylation. Considering the substrate specificity
of this enzyme, denatured glycoprotein mixture homogeneously expressing
high-mannose-type undecasaccharide derived from the genetically engineered yeast

cells were employed as the potential substrates. The in vitro chemoenzymatic reaction
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catalyzed by UGGT successfully provided uniformly and selectively *C-labeled
monoglucosylated high-mannose-type oligosaccharides which harbor intracellular
glycoprotein folding signal in the structure.

NMR analysis in conjunction with REMD simulation indicated that the
attachment of one glucose residue to the D1 branch of the high-mannose-type
oligosaccharide induces little conformational change between GM9 and M9. By
contrast, previous studies have revealed that the removal of one mannose residue from
D2 branch results in not only the local structural alteration but also the modification
of the dynamic behaviors of the carbohydrate chain, i.e. with increasing fold-back
conformers™. At the same time, the terminal glucose residue of GM9, which is
directly involved in the recognition by the ER chaperones, displays multiple
orientations. Considering the variation of the chaperone clients, which could be
structurally immature glycoproteins with different sizes and shapes, the plastic
geometry of the glucosyl branch serving as the folding signal may give rise to
opportunities for a wide range of incompletely folded glycoproteins bearing GM9 to
gain access to the chaperone molecules.

These results suggest that the stable isotope-labeled oligosaccharides could be a
useful probe for NMR analyses of its conformational dynamics in solution and its

interactions with the ER chaperones at the atomic level.

3.3 Methods and materials

Purification of UGGT
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Recombinant UGGT was produced as a GST-fused protein, as previously
described’', except that the protein was not subjected to gel filtration chromatography.
A gene encoding a UGGT mutant (28-1505) lacking the signal peptide and ER
retention signal at its N- and C-terminus, respectively, was subcloned into the BamHI
and Xbal sites of a modified pCold-GST vector. The GST-fused protein produced
using this vector was purified using a glutathione-Sepharose™ column (GE
Healthcare). The GST tag was then removed by adding TEV protease. Using this

process, UGGT protein was generated with a yield of 10 mg/liter culture.

Preparation of glycoprotein mixture bearing *C-labeled oligosaccharides

To overexpress the M9 oligosaccharide, cells of a AochliAmnniAmnn4Amnsl
quadruple mutant of S. cerevisiae were grown in a labeling medium containing 0.5%
BC-labeled D-glucose (Chlorella Industry Co. Ltd., Tokyo, Japan) and 0.67% yeast
nitrogen base without amino acids (Difco) that was supplemented with 0.3 M KCl for
72 h at 30°C, according to the literature®®. The cells were harvested by centrifugation
at 5000 x g for 10 min at 4°C, washed with distilled water, and then re-centrifuged.
The cells were resuspended in 4 mL of 100 mM citrate buffer (pH 7.0) per gram of
yeast cells and then lysed by autoclaving at 121°C for 120 min. After collection of the
supernatant by centrifugation at 8000 x g for 10 min, three volumes of cold ethanol
were added to precipitate the glycoproteins. The yield of the lyophilized glycoproteins

was around 0.8 g/litter culture.
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Synthesis of UDP-["*C¢]glucose

UDP-["Cg]glucose was synthesized from D-["’Cg]glucose using a previously
reported procedure® (Figure 3.3.1.). Tetraacetylated D-[?C¢]glucose 2 was prepared
by acetylation reaction using acetic anhydride and sulfuric acid, followed by
hydrazine acetate treatment. The tetraacetylated glucose 2 was reacted with
diphenylphosphoryl chloride to afford the monophosphate derivative. After removal
of phenyl groups under catalytic hydrogenation condition by using platinum oxide,
the derivative of glucose-1-phosphate 3 was coupled with uridine
5’-monophosphoromorpholidate in pyridine containing 1H-tetrazole. Deprotection
reaction of the precursor 4 was performed by treatment with triethylammonium
bicarbonate (TEAB) in MeOH/water at -20°C for 3 days to give UDP-[’Cg]glucose.

The yield of UDP-[*Cg]glucose was about 800 mg from 2 g of D-["*Cs]glucose.
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Figure 3.3.1. Synthetic scheme of UDP-["*Cg]glucose.

Glucosylation reaction mediated by UGGT
Glucosylation reaction was performed based on a previous report with
modifications®*. The reaction mixtures contained UGGT (0.2 mg/ml), yeast-derived

glycoproteins (8 mg/ml), and UDP-["’Cg]glucose (4 mg/ml) in 50 mM Tris-HCI
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buffer solution (pH 8.0, final volume 0.5 ml) containing 1.5%(w/v) NDSB-211 and 10
mM CaCl,. Reaction mixtures were incubated at 37°C for 24 h. Prolonged reaction
time was not effective regarding the production yield. After being dialyzed against
distilled water to remove salts and the detergent, the reaction mixture was lyophilized
for the following reaction. To release N-linked oligosaccharides, the lyophilized
mixture (4 mg) was re-dissolved in 0.3 mL of anhydrous hydrazine (TCI, Tokyo,
Japan) in a 10 mL glass tube, incubated at 100°C for 8 h, and then quenched with 3
mL of 50 mM ammonium acetate buffer (pH 7.0). The oligosaccharide solution was
loaded onto a GL-Pak Carbograph column. After the column was washed with 15 mL
of 50 mM ammonium acetate buffer (pH 7.0), the released oligosaccharides were
eluted with 3 mL of a mixture of 50 mM ammonium acetate buffer (pH 7.0):
acetonitrile (40:60) containing 2% acetic anhydride. Selectively *C-labeled GM9
oligosaccharides were prepared according to the above protocol except for use of

non-labeled acceptor or donor substrate.

Preparation of the PA derivatives of GM9 and M9 oligosaccharides

The eluted oligosaccharides were fluorescently labeled with 2-aminopyridine
(Wako Pure Chemical Industries, Ltd., Osaka, Japan). The PA derivatives were
sequentially fractionated and isolated by HPLC on a TSK-gel Amide-80 column

d***! Identification of the

(Tosoh Corporation, Tokyo, Japan), as previously describe
PA derivatives of GM9 and M9 oligosaccharides was based on their elution position

in comparison with PA-glycans in the GALAXY (Glycoanalysis by the three axes of
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MS and chromatography, available on the website,
http://www.glycoanalysis.info/ENG/index.html) database and MALDI-TOF-MS
analyses conducted using an Applied Biosystems Voyager DE-STR (at Instrument
Center, IMS). The typical yield of GM9 was 0.5 nmol per 4 mg of the glycoprotein

mixture.

Preparation of a lanthanide-tagged GM9 oligosaccharide

The oligosaccharides obtained from the glycoprotein mixture were converted to
a glycosylamine form by treating with an excess amount of NHsHCO3 in water (5 ml)
for 3 days at 30°C. The solvent and NH4HCO3 were removed by evaporation at 30°C
under reduced pressure, and then
4-[(R)-2',3'-bis[di(tert-butoxycarbonylmethyl)amino]-1'-oxopropyl]aminobenzoic
acid (7.2 mg) treated with an equivalent amount of
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride in DMSO (1 ml)

3742 The reaction was continued for 12 h at

was added to the glycosylamine residuum
room temperature. The mixture was diluted with an excess amount of water,
fractionated using a Waters Sep-Pak C18 column (with gradient elution from
water/acetonitrile = 100:0 to 50:50), and sequentially fractionated by HPLC on a
TSK-gel Amide-80 column (Tosoh Corporation, Tokyo, Japan). The chemically
modified oligosaccharide was characterized by MALDI-TOF MS analyses (Applied

Biosystems Voyager DE-STR at Instrument Center, IMS). The precursor obtained

after removing triethylamine using a Waters Sep-Pak C18 column was deprotected by
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treating with TFA (0.9 ml) and water (0.1 ml) for 12 h at room temperature. The
residue was then purified using a Waters Sep-Pak C18 column (gradient elution from
water/methanol = 100:0 to 95:5) to afford the tagged oligosaccharide. A D,0O solution
of TmCl; or LaCl; was added to the solution of tagged GM9 oligosaccharide for

NMR measurements.

NMR measurements and analyses

The purified oligosaccharides were dissolved in D,O. NMR spectra were
obtained at 27°C using a Bruker Avance 800 spectrometer equipped with a cryogenic
probe (at Instrument Center, IMS). 'H-">C HSQC spectra were recorded at a proton
observation frequency of 800.3 MHz with 256 (¢1) and 1,024 (£2) complex points. 'H
chemical shifts were referenced to DSS (0 ppm) and “C chemical shifts were
referenced indirectly, using the gyromagnetic ratios of °C and 'H (y’C/y/'H =
0.25144953). NMR spectra were processed using Bruker TopSpin 2.1 software and
analyzed with SPARKY (T.D. Goddard and D.G. Kneller, SPARKY 3, University of

California, San Francisco).

REMD simulation

The initial structure and topology file of the oligosaccharide was created by
employing the tLeap module of the AmberTools13 program. The REMD simulations
were performed by using the AMBER12 program package.

The GMO9 oligosaccharide was placed in boxes containing 4,876 water molecules.
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Periodic boundary conditions were imposed. The force fields used for the
oligosaccharide and the water models were GLYCAM 06" and TIP3P model,
respectively. The unit time step was set to 2.0 fs. The bonds involving hydrogen
atoms were constrained by SHAKE algorithm. The electrostatic interactions were
treated with the Particle Mesh Ewald (PME) algorithm. The cutoff distance for the
direct space sum of PME and van der Waals interactions was 12.0 A. Prior to
performing the production runs, energy minimizations by the steepest descent method
were carried out and then a 2.0 ns MD simulation at NPT ensemble with P = 1 atm
and 7 = 300 K. was performed. All production REMD simulations were done at
constant volume. REMD simulations were carried out for 48.0 ns with 64 replicas
with an exponential temperature distribution between 300 K and 500 K. Replica
exchange was attempted every 1,000 MD steps.

From the combined trajectories of the oligosaccharide, 24,000 conformers were
extracted at equal intervals, and the average position of the paramagnetic center was
defined by using a previously reported procedure’’. After superimposing each
reducing-terminal GIcNAc ring of the 24,000 conformers of GM9 oligosaccharide,
the averaged paramagnetic center relative to the GIcNAc part of the GIcNAc-linked
EDTA derivative was positioned in the ensemble model. The Ay tensor for the
ensemble model incorporating the paramagnetic ion was estimated by a modified
version of MSpin software (http://mestrelab.com/). A single Ay tensor was determined
for the conformational ensemble by using the experimentally obtained PCSs under the

assumption that every conformer contributes equally to the PCSs.
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Chapter 4. Conclusion and perspective
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In this study, I elucidated physicochemical basis of the molecular mechanisms
underlying intracellular quality control of glycoproteins mediated by their
glucosylation. The structural information of the glycoprotein folding sensor enzyme
UGGT and the high-mannose-type oligosaccharide with terminal glucosylation were
provided by X-ray crystallographic and NMR spectroscopic analyses performed
herein.

With the combination of bioinformatics and crystallographic analyses, I
proposed the structural architecture of UGGT. The folding sensor UGGT consists of
multiple domains including three tandem Trx-like domains, in which
multi-hydrophobic patches are harbored with flexible conjunctions. On the basis of
the obtained results in the present study, a plausible mechanism by which UGGT
exhibits binding ability to a wide range of incompletely folded glycoproteins is
speculated: UGGT exhibits architectural softness during substrate recognizing process
instead of fixing to one rigid conformation. UGGT conformationally fluctuates for
scanning the extensive hydrophobic stretch on the glycoproteins that is exposed to the
solvent. Once found, UGGT exposes its hydrophobic patch which is the most
proximal for the substrates to access the catalytic site on the C domain of UGGT,
while others maintain the hydrophobic patch concealed and function as the scaffold
for accommodating diverse substrates.

Furthermore, taking advantage of the unique substrate preference of UGGT, I
successfully established a hybrid approach for preparing the homogeneous

high-mannose-type oligosaccharide with monoglucosylation, which harbors
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intracellular glycoprotein folding signal. Multi-dimensional NMR analyses and
molecular simulations of the high-mannose-type oligosaccharides provided detailed
conformational information, suggesting that the terminal glucosylation catalyzed by
UGGT has little impact on the dynamic conformations of the substrate
high-mannose-type oligosaccharides, whereas the removal of one mannose residue
results in the modification of the dynamic behaviors of the carbohydrate chain. These
results have opened up a new avenue to elucidate the interaction modes of these
oligosaccharides with the ER chaperones at atomic level.

All the studies above would provide us molecular basis towards understanding
the working mechanisms underlying the folding process mediated by terminal
glucosylation in the glycoprotein quality control system. Meanwhile, new questions
are raised calling for the further studies towards a deeper understanding of the folding
process.

UGGT functions as gatekeeper through its unique property combining the typical
capacity of molecular recognition and enzymatic activity of glucosyltransferase. That
is to say, both the protein part and the oligosaccharide moiety of the glycoprotein
substrates serve as determinants recognized by UGGT. Once the folding signal is
regenerated by UGGT, the resultant glycoproteins bearing monoglucosylated
high-mannose-type oligosaccharides are supposed to be released from UGGT to
ensure that the folding maturation process of the aberrant glycoproteins can keep on
going. Taking the fact that UGGT only modifies the carbohydrate moiety of the

glycoprotein substrate, the hydrophobic patch displayed on the protein may remain
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accommodated in the folding sensor region of UGGT. What is the possible releasing
mechanism of non-native glycoproteins from UGGT? One possibility is that, the
gatekeeper UGGT and the ER folding chaperones may have the functional
interconnection through the formation of a “folding machinery” in order to send the
glycoprotein just marked by UGGT to the folding process efficiently and effectively.
In that case, releasing of the glycoproteins from UGGT may depend on other
component(s) in the folding machinery to ensure that the products could be correctly
passed to the ER chaperones so as to prevent the termination of the folding process by
unfavorable processing of the carbohydrate residues that may lead the non-native
glycoproteins to be subjected to the degradation process.

These questions are expected to be clarified in the further studies by a
combination of biophysical, bioinformatics, and biochemical approaches to provide
deeper insights toward understanding the working mechanisms of the folding

machinery in the cell.
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