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ABSTRACT: Because of its ability to selectively glucosylate
misfolded glycoproteins, UDP-glucose:glycoprotein glucosyl-
transferase (UGGT) functions as a folding sensor in the
glycoprotein quality control system in the endoplasmic
reticulum (ER). The unique property of UGGT derives
from its ability to transfer a glucose residue to N-glycan
moieties of incompletely folded glycoproteins. We have
previously discovered nonproteinic synthetic substrates of
this enzyme, allowing us to conduct its high-sensitivity assay in
a quantitative manner. In this study, we aimed to conduct site-
selective affinity labeling of UGGT using a functionalized
oligosaccharide probe to identify domain(s) responsible for recognition of the aglycon moiety of substrates. To this end, a probe
1 was designed to selectively label nucleophilic amino acid residues in the proximity of the canonical aglycon-recognizing site of
human UGGT1 (HUGT1) via squaramide formation. As expected, probe 1 was able to label HUGT1 in the presence of UDP.
Analysis by nano-LC-ESI/MSn identified a unique lysine residue (K1424) that was modified by 1. Kyte−Doolittle analysis as well
as homology modeling revealed a cluster of hydrophobic amino acids that may be functional in the folding sensing mechanism of
HUGT1.

A majority of nascent polypeptides that enter the secretory
pathway are subject to N-glycosylation, which occurs in the

lumen of the endoplasmic reticulum (ER). This modification
occurs co-translationally1 or post-translationally2 by en bloc
transfer of a Glc3Man9GlcNAc2 oligosaccharide bound to
dolichol pyrophosphate to Asn residues embedded in a Asn-
Xaa-Ser/Thr consensus triad (where Xaa is any amino acid
except Pro)3 through the action of oligosaccharyltransferase. The
outermost and penultimate glucose residues are successively
removed by sequential action of glucosidase I (G-I) and
glucosidase II (G-II) to generate a monoglucosylated glycoform
GlcMan9GlcNAc2, a key biosynthetic intermediate in the
glycoprotein folding process in the ER. Glycoproteins that
have acquired this glycoform are captured by lectin-like
chaperones, calnexin (CNX) and calreticulin (CRT), which
share specific affinity for monoglucosylated high-mannose-type
glycans. By virtue of their intrinsic chaperone activity along with
association with a protein disulfide isomerase-like protein,
ERp57, CNX and CRT assist in correct folding of client
glycoproteins.4

Further trimming of glucose residue by G-II leads
glycoproteins to the Man9GlcNAc2 glycoform, allowing them
to dissociate from CNT or CRT.4 Whereas glycoproteins that
have achieved mature folding are exported to the Golgi
apparatus, incompletely folded glycoproteins are reglucosylated
by UDP-glucose:glycoprotein glucosyltransferase (UGGT), so

that they can reassociate with CNT/CRT.5 Intriguingly, UGGT
transfers a glucose residue predominately to the glycoprotein
that displays a non-native conformation such as a molten
globule-like folding intermediate, while both correctly folded and
irreparably misfolded glycoproteins are poorly glucosylated by
UGGT.5,6 Namely, in the N-glycan-dependent protein folding
process called the CNT/CRT cycle,4 UGGT functions as the
folding sensor, as it can survey folding state of glycoproteins.5

UGGT is a soluble glycoprotein of approximately 160 kDa,
which is widespread in various organisms.7 The enzyme exists in
a monomeric form composed of at least two domains, the N-
terminal domain that comprises 80% of the protein and the C-
terminal domain that corresponds to the rest of the molecule.8

Whereas the former does not show any similarity to other
proteins, the latter has considerable similarity to members of
glycosyltransferase family 8. Consequently, it has been suggested
that the C-terminal domain is responsible for the glucosyl-
transferase activity, while the larger N-terminal domain
participates in conformation sensing.5 To understand the unique
specificity of UGGT, a large body of work in which denatured
glycoproteins were used as model substrates has been
conducted.9−12 Although these studies have revealed certain
properties common to substrates of UGGT, an unambiguous
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conclusion could not be drawn because of the intrinsic
heterogeneity of glycoproteins.
Addressing these problems, we previously developed non-

proteinic substrates of UGGT, composed of high-mannose-type
oligosaccharide and aglycon with chromophoric or fluorophoric
properties.13−15 Utilization of these substrates allowed us not
only to unambiguously determine glycan structures recognized
by UGGT13 but also to reveal the glucosyltransferase activity of
UGGT2,16 an isoform of UGGT that had been believed to be
enzymatically inactive.17,18 In these studies, we have also revealed
the influences of aglycon structure on the activity of synthetic
substrates.14

In these cases, it was assumed that the aglycon moieties of the
glycoconjugates mimic the hydrophobic motif of unfolded
proteins. Indeed, glycopeptides with a cluster of hydrophobic
amino acids were shown to be reactive substrates of UGGT.6,9

This speculation was supported by a recent study by Izumi et
al.,19 which employed chemically synthesized glycoproteins as
substrates of UGGT. The study allowed creation of homoge-
neous glycoproteins in folded as well as intentionally misfolded
forms and clarified that their surface hydrophobicity parallels the
reactivity toward UGGT. Although efforts have been made to
elucidate the characteristic properties of UGGT, howUGGT can
recognize the hydrophobic moiety of its substrate has been
poorly understood. While it has been suggested that the 80% N-
terminal domain is involved in the recognition of the
hydrophobic surface of misfolded proteins,18 a possibility that

catalytic as well as folding recognition sites reside in the C-
terminal domain has not been ruled out.8

This study aimed to localize the conformation-sensing region
of UGGT using a nonproteinic synthetic substrate. For this
purpose, we planned to conduct site-selective labeling using an
affinity probe, an approach often used to seek ligand binding sites
of proteins,20 especially when ligand-interacting proteins are
large, as in the case of UGGT, whose structural characterization
by X-ray or nuclear magnetic resonance (NMR) is difficult.
Usually, execution of this approach calls for a strategy that allows
covalent linkage formation with nucleophilic amino acid
residues, typically lysine21 or cysteine,22 proximal to ligand
binding site. Namely, labeling with an analogue bearing a reactive
electrophile20 is followed by characterization of tryptic peptide
fragments of labeled protein. For selective labeling of the aglycon
binding sites, it would be most pertinent to target amino groups
of lysine residues, as they are far more abundant than cysteine. In
this context, we focused our attention on using a squarate group
as an electrophile, which is known to be reactive toward amine
yet stable in aqueous environments.23−25 As BODIPY-modified
Man9GlcNAc2 derivatives with various spacer lengths were
shown to be excellent substrates of UGGT,13 an oligosaccharide
probe 1 was designed, which was equipped with a squaric amide
ester as a reactive group (Figure 1).

■ MATERIALS AND METHODS
All chemical reagents were purchased from commercial sources
and used without further purification. Preparative high-perform-

Figure 1. (a) Structure of probe 1 and (b) labeling of Lys proximal to the canonical aglycon binding site.
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ance liquid chromatography (HPLC) was conducted on JASCO
PU-2087 and UV-2070 instruments with an InertSustain C18
column (5 μm particle size, 14 mm × 250 mm, GL Science).
Analytical HPLC was performed on Waters e2695 and 2475
instruments with an InertSustain C18 column (3 μmparticle size,
0.46 cm × 25 cm, GL Science) or a C18 Mightysil column (5 μm
particle size, 0.46 cm × 25 cm, KANTO). 1H NMR spectra were
recorded employing a Bruker Avance 500 spectrometer at 25 °C.
Chemical shifts were referenced to HCD2OD [δ 3.31 in
CD3OD/D2O (4/1, v/v)], HOD (δ 4.79 in D2O), or
HCD2CN [δ 1.94 in CD3CN/D2O (1/1, v/v)]. Coupling
constants are given in hertz. Signal splitting patterns are
described as singlet (s), doublet (d), triplet (t), double of
doublet (dd), multiplet (m), and broad signal (brs). MALDI-
TOF mass spectra (MALDI-TOF MS) were recorded on a
Bruker Daltonics autoflex speed instrument using SDHB (9/1
mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-methox-
ybenzoic acid) as a matrix. Sequencing grade modified trypsin
was purchased from Promega.
Expression of Human UGGT1 (HUGT1) Is Truncated in

293T Cells. A cDNA encoding HUGT1 (38−744 amino acids)
with a stop codon at the 3′-terminus was inserted between NotI
and XbaI sites of p3XFLAG-CMV-9 (Sigma-Aldrich, St. Louis,
MO), which is constructed for the attachment of an N-terminal
FLAG tag. Similarly, a cDNA encoding HUGT1 (745−1555
amino acids) or its full-length form (38−1555 amino acids) was
inserted into the same plasmid. Expression of these recombinant
proteins and their purification using anti-FLAG M2 agarose
beads (Sigma-Aldrich) were performed as described previ-
ously.15

Labeling of HUGT1 and Truncates. The following
solutions were prepared. Solution 1 contained 55.6 mM Tris-
HCl (pH 8.0), 1.1 mM CaCl2, 1.1 mM 2-mercaptoethanol, and
1.1 mMUDP-Glc. Solution 2 contained 55.6 mM Tris-HCl (pH
8.0), 1.1 mM CaCl2, 1.1 mM 2-mercaptoethanol, 1.1 mM UDP-
Glc, and 1.1 μM probe 1. Solution 3 contained 55.6 mM Tris-
HCl (pH 8.0), 1.1 mM CaCl2, 1.1 mM 2-mercaptoethanol, and
1.1 μM probe 1. Solution 4 contained 55.6 mM Tris-HCl (pH
8.0), 1.1 mM CaCl2, 1.1 mM 2-mercaptoethanol, 1.1 mM UDP,
and 1.1 μMprobe 1. To 9 μL of each of these solutions was added
1 μL of an ≈50% slurry suspension of M2 agarose beads
containing ≈0.37 μg of immobilized HUGT1 (or truncated
HUGT1), 20 mM HEPES-NaOH (pH 7.2), and 10% glycerol.
The samples were incubated at 37 °C for 12 h in the dark before 1
μL of a 100 mM lysine solution in 40 mMTris-HCl (pH 8.0) was
added. After incubation at 37 °C for 2 h, 4 μL of LDS sample
buffer (Life Technologies) containing 10 mM 2-mercaptoetha-
nol was added. The samples were heated at 100 °C for 5 min and
then separated on a NuPAGE 4 to 12% Bis-Tris gel (Life
Technologies) using MOPS running buffer (Life Technologies)
by electrophoresis (run for 50 min at 200 V). The gel was rinsed
with deionized water over 2 h and then laser-scanned with the
Molecular Imager FX system (Bio-Rad) using an excitation/
emission filter set for Alexa488. After a fluorescence image had
been recorded, the gel was stained with Quick-CBB PLUS
(Wako) and photographed with an ImageQuant LAS-4000
system (GE Healthcare).
Preparation of Labeled HUGT1 for Tryptic Digestion. A

solution containing 55.6 mMTris-HCl (pH 8.0), 1.1 mMCaCl2,
1.1 mM 2-mercaptoethanol, 1.1 mM UDP, and 1.1 μM probe 1
was prepared with a total volume of 450 μL and divided into 9 μL
aliquots. To each solution was added 1 μL of an ≈50% slurry
suspension of M2 agarose beads containing 0.37 μg of

immobilized HUGT1, 20 mM HEPES-NaOH (pH 7.2), and
10% glycerol. The samples were incubated at 37 °C for 12 h
before 1 μL of a 100 mM lysine solution in 40 mMTris-HCl (pH
8.0) was added. After being incubated at 37 °C for a further 2 h,
all samples were transferred to a filter, and the soluble
components were removed by filtration. The beads were then
washed three times with deionized water, recovered, and
resuspended in deionized water (total volume of ≈100 μL).

Tryptic Digestion of Labeled HUGT1. To 70 μL of 71.4
mMTris-HCl (pH 8.0) buffer was added 20 μL of the suspension
containing labeled HUGT1, and then 10 μL of a trypsin solution
(0.1 μg/μL) in resuspension buffer (Promega) was added to the
suspension. After incubation at 37 °C for 3 h, the suspension was
transferred to an Ultrafree centrifugal filter device (Durapore,
PVDF 0.1 μm, Millipore) and centrifuged at 7500g for 1 min.
The beads were suspended in deionized water and centrifuged at
7500g for 1 min. The filtrates were combined and freeze-dried.

Reverse Phase HPLC Fractionation and LC−MS
Analysis of the Digested Peptide Mixture. The peptide
mixture was subjected to reverse phase HPLC using a Vydac C4
reverse phase column (4.6 mm × 250 mm, 214TP54, GRACE)
and eluted at a flow rate of 1.0 mL/min, first isocratically with 5%
aqueous acetonitrile for 5 min, followed by a liner gradient up to
100% acetonitrile in 95 min. Fractions were collected by
fluorescent emission signals at 520 nm after excitation at 488 nm
and dried in vacuo.
The fractions were further separated using a Nano Frontier

nLC digital nanoflowHPLC system (Hitachi High-Technologies
Corp., Tokyo, Japan). A tapered capillary column was used as a
sprayer tip and was filled with C18 silica particles [particle size of
3 μm, 75 μm (inside diameter) × 150 mm (length); Nikkyo
Technos Co., Ltd., Tokyo, Japan]. Mobile phase A was 0.1%
formic acid in water, whereas mobile phase B was 0.1% formic
acid in acetonitrile (LC−MS grade; Merck, Darmstadt,
Germany). Gradient conditions were as follows: 0 to 5 min,
isocratic 10% B; 5.1 to 30 min, linear gradient from 10 to 90% B;
30.1 to 120 min, isocratic 95% B.
AnOptitool FLE1100 Type B instrument (Ikeda Scientific Co.

Ltd., Tokyo, Japan) equipped with a fiber optic cable and a
collimator was used for irradiating excitation light (excitation at
470 nm) and acquiring emission light (emission at 520 nm). The
collimator was fixed at a distance of 2 mm from the tapered
sprayer tips and approximately 5 mm from the edge of the tip
using a three-axis oil hydraulic micromanipulator. Data were
collected at 200 ms intervals using Smart Chrom software (KYA
Technologies Co., Tokyo, Japan).
The samples were analyzed using a quadrupole ion trap mass

spectrometer (QIT-MS) coupled with a nanoelectrospray
interface (amaZon ETD, Bruker Daltonics GmbH, Bremen,
Germany), which is attached to a three-dimensional manipulator
for fluorescence detection. The parameters for analysis were as
follows: (1) dry temperature, 120 °C; (2) dry gas (N2), 3.0 L/
min; (3) scan range, m/z 600−2250; (4) compound stability,
100%; (5) target mass, m/z 1750; (6) ion charge control (ICC),
on, target, 400000; (7) maximal accumulation time, 200 ms; (8)
average, five spectra; and (9) polarity, positive. In MS/MS
experiments, the end-cap radiofrequency amplitude was 1.2 V
and the isolation width was m/z 4.0.

Kyte−Doolittle Hydropathy Analysis and Homology
Modeling. Multiple-sequence alignments were performed with
ClustalX 2.1.26 Kyte−Doolittle hydropathy27 analyses were
performed using ProtScale on the ExPASy server of the Swiss
Institute of Bioinformatics (http://web.expasy.org/protscale/).

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00785
Biochemistry 2015, 54, 4909−4917

4911

http://web.expasy.org/protscale/
http://dx.doi.org/10.1021/acs.biochem.5b00785


The Phyre2 web server28 was used for protein structure
homology modeling in intensive mode (http://www.sbg.bio.ic.
ac.uk/phyre2/). The Protein Data Bank (PDB) file was then
visualized using the PyMOL Molecular Graphics System
(DeLano Scientific, San Carlos, CA).

■ RESULTS

To begin, synthesis of probe 1 was conducted through formation
of an amide bond between glycine-modified undecasaccharide
229 and activated ester 330 to afford 4 (Scheme 1). Removal of
the Fmoc group gave 5, treatment of which with excess diethyl

squarate in the presence of diisopropylethylamine furnished the
designed probe 1.
Compound 1 was then evaluated for its ability to label UGGT.

As the enzyme source, we chose recombinant human UGGT1
(HUGT1) expressed in 293T human kidney cells, as it was
shown to have a high enzymatic activity.31 To begin, a mixture of
HUGT1 and probe 1was incubated in the presence or absence of
1 mMUDP-Glc and 1 mMCaCl2 under slightly basic conditions
(pH 8.0), which was, after incubation at 37 °C for 12 h, resolved
by sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS−PAGE). The gels were visualized by fluorescent imaging

Scheme 1. Synthesis of Probe 1a

aReagents and conditions: (a) DIPEA, DMF, rt, 60%; (b) 5% piperidine, DMF, 0 °C, 73%; (c) diethyl squarate, DIPEA, MeOH/H2O (1/1, v/v),
room temperature, 44%.

Figure 2. SDS−PAGE analysis of the labeling of HUGT1 with probe 1:
lane 1, HUGT1 incubated without a labeling agent; lane 2, HUGT1
incubated with probe 1 (1.0 μM) in the presence of UDP-Glc (1.0 mM);
lane 3, HUGT1 incubated with probe 1 (1.0 μM) in the absence of
UDP-Glc; lane 4, HUGT1 incubated with probe 1 (1.0 μM) in the
presence of UDP (1.0 mM).

Figure 3. SDS−PAGE analysis of the labeling of the truncated HUGT1
with probe 1: lane 1, truncated HUGT1 incubated without a labeling
agent; lane 2, truncated HUGT1 incubated with probe 1 (1.0 μM) in the
presence of UDP-Glc (1.0 mM); lane 3, truncated HUGT1 incubated
with probe 1 (1.0 μM) in the absence of UDP-Glc; lane 4, truncated
HUGT1 incubated with probe 1 (1.0 μM) in the presence of UDP (1.0
mM).
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and Coomassie Brilliant Blue (CBB) staining (Figure 2). While
almost no labeling was observed in either case (lanes 2 and 3),
analysis of the reaction mixture by MALDI-TOF MS revealed
that probe 1 was glucosylated when UDP-Glc was included
(Figure S1 of the Supporting Information). This result indicates
that the compound was recognized as a substrate of HUGT1. On
the other hand, HUGT1 was strongly labeled when the
incubation was conducted in the presence of 1 mM UDP
(Figure 2, lane 4). Under the same conditions, the protein was
not labeled with oligosaccharide 5 lacking the squarate group
(Figure S2 of the Supporting Information). These results
strongly suggest that HUGT1 was labeled via squaramide
formation. Because probe 1 scarcely reacted with free lysine even
at high concentration (1 μM probe 1 with 1 mM lysine) (Figure
S3 of the Supporting Information), smooth formation of the
squaramide between HUGT1 and probe 1 was attributed to a
proximity effect caused by their association.
The C-terminal catalytic region of UGGT belongs to

glycosyltransferase (GT) family 8 and possesses two Asp-X-
Asp (DXD) triads, which are found in many GTs.32 These
enzymes transfer sugar residues from the corresponding sugar
nucleotide with retention of configuration. To explain the

stereochemical outcome, a double-displacement mechanism via
a covalently bound glycosyl−enzyme intermediate is widely
accepted, in which a leaving nucleoside diphosphate is bound to
the enzyme by coordinating a divalent metal cation with a
carboxylate group of the DXD motif, while its diphosphate
moiety acts as a base catalyst to activate an incoming hydroxyl
group of an acceptor.32 Hence, it is likely that the binding of
probe 1 to HUGT1 was enhanced by the complexation of UDP
with the enzyme active site.
We subsequently conducted the labeling experiments using

FLAG-tagged fragments 38−744 and 745−1555, the former
corresponding to the 50% N-terminal domain of HUGT1 and
the latter to the 50% C-terminal domain. A mixture of the
polypeptides obtained by co-expression of these sequences
showed an enzymatic activity comparable with that of the full-
length enzyme, as reported by Guerin and Parodi8 for
Schizosaccharomyces pombe UGGT. It was assumed that these
polypeptides associate noncovalently to form an enzymatically
active complex. As anticipated, fluorescent labeling was observed
only in the presence of UDP (Figure 3, lane 4). Noticeably, the
sequence of residues 744−1555 was more strongly labeled than
the sequence of residues 38−744, indicating that the labeling

Figure 4. (a) Reverse phase (C4) fluorescent (excitation at 488, emission at 520) HPLC chromatogram of the tryptic products of labeled HUGT1. (b)
Reverse phase (C18) fluorescent (excitation at 470, emission at 520) HPLC chromatogram of fraction 3. (c) ESI-MS spectrum of peak 1. (d) MS/MS
spectrum of a precursor ion (m/z 1435.3).
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occurred predominantly toward the C-terminal half of the
molecule.
To determine the site that was covalently modified by 1,

labeled HUGT1 was digested with trypsin and the resulting
fragments were fractionated on a reverse phase C4 column using
gradient elution with acetonitrile and water (Figure 4a). As a
result, three fluorescent fractions (designated fractions 1−3 in
Figure 4a) were obtained, which were analyzed by a nanoliquid
reverse phase C18 chromatography (LC) system equipped with
an LED-induced fluorescent detector (FLD) connected to a
nanoelectrospray-tandem mass spectrometry (nano-ESI-MSn)
system.33 Among the fluorescent peaks observed by LC-FLD
chromatograms (Figure 4b), only peak 1, which was eluted in
fraction 3 of the reverse-phase C4 chromatogram, gave an
assignable MS signal that exhibits a characteristic spectrum of the
glycopeptide following MS/MS analyses (Figure 4c,d). As other
peaks did not show any signal characteristic of glycopeptide
(Figure S4 of the Supporting Information), they were not
analyzed further. As shown in Figure 4c, peak 1 generated a
doubly charged ion at m/z 1435.3, which corresponds to a
doubly protonated ion of glycopeptide 6 (Figure 5a) (calcd for
[M + 2H]+ m/z 1435.1). This glycopeptide was assigned as
squaramide formed between the amino group of K1424 and
probe 1 and by the subsequent tryptic cleavages at the peptide
bonds between K1423 and K1424 and between R1426 and
K1427 (Figure 5b). The structure was confirmed by MS/MS
analysis of the precursor ion (m/z 1435.3), which showed a
fragment ion resulting from the loss of Man9GlcNAc at m/z
1207.4 (Figure 4d).

■ DISCUSSION
Because of its ability to discriminate the folding state of
glycoproteins, UGGT functions as a folding sensor in the ER. It
preferentially accepts incompletely folded glycoproteins having
nonglucosylated high-mannose-type glycans. Whereas this
specificity is pertinent to its function in the glycoprotein folding
cycle, the molecular basis of its unique property has been poorly
understood. As an exposed hydrophobic patch is a hallmark of

folding defective proteins, it would be most logical to speculate
that hydrophobic interaction is responsible for its substrate
recognition.19 The fact that the enzyme itself has a surface-
exposed hydrophobicity reinforces the speculation.34 However,
no extensive effort has been made to narrow the region that plays
a role in substrate recognition.
In this study, we made at attempt to search the aglycon

recognition site(s) of UGGT by means of affinity labeling. For
this purpose, a tripartite oligosaccharide probe 1was synthesized,
which is composed of a high-mannose-type oligosaccharide, a
fluorophoric aglycon, and a cross-linking handle equipped with a
squaric acid amide ester. Although squarate chemistry has been
extensively employed for conjugation of biomolecules to
proteins,23−25 its application to site-selective labeling of proteins
is nearly without precedent.
Indeed, probe 1was able to label the enzyme in the presence of

UDP. By contrast, the labeling was barely detectable in the
absence of UDP, excluding the possibility that the labeling was
caused by nonspecific binding of 1 to the enzyme. Somewhat
unexpectedly, only extremely faint staining was observed even in
the presence of UDP-Glc, a donor substrate of the enzyme. This
result may indicate that UDP-Glc, once incorporated into the
active site, rapidly delivers Glc residue to 1 to give the
glucosylated product, which is immediately released from the
enzyme.
To locate the modified site, labeling experiments using the N-

terminal half (residues 38−744) as well as the C-terminal half
(residues 745−1555) of HUGT1 were conducted (Figure 3).
More intense labeling was observed for the latter, indicating that
the C-terminal half of the protein was modified predominantly.
Although this result reconciles with the recent report by Kato et
al., who suggested the role of thioredoxin-like domain 3 (Trx-3)
as a folding sensor region,35 our attempt was continued to
identify the modified location, which unexpectedly revealed the
involvement of the C-terminal domain in substrate recognition.
Namely, LC−MS analysis of a fluorescently active fraction (peak
1) derived from the labeled protein allowed us to assign it as
glycan-modified tripeptide 6. Because the tripeptide sequence

Figure 5. (a) Structure of glycopeptide 6. (b) Labeling and tryptic cleavage sites of HUGT1. The labeled lysine residue is indicated in bold, and the
arrows indicate the tryptic cleavage points.
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(KFR) is unique in the sequence of HUGT1, we identified
K1424 as the labeled amino acid residue.
In an effort to deduce the location of the aglycon binding site,

we searched hydrophobic sequences in the proximity of K1424.
For this purpose, analysis based on a Kyte−Doolittle hydropathy

plot,26 which allows prediction of the hydrophobic region of the
protein based on its amino acid sequence, was conducted. For
comparison, hydropathy plots of other GT-8 family enzymes,
Anaerococcus prevottiGT8 andNeisseria meningitides LgtC, whose
tertiary structures have been characterized by X-ray crystallog-

Figure 6.Amino acid sequence profiles of the catalytic region of HUGT1 and glycosyltransferase family 8 (GT8) proteins. (a) Alignment of theHUGT1
and GT8 sequences. (b) Kyte−Doolittle hydrophobicity analysis (seven-residue window). The consensus abbreviations and coloring scheme are as
follows. Anaerococcus GT8 indicates the sequences of A. prevotii glycosyl transferase family 8 (GenBank entry ACV28465.1); Neiseria LgtC indicates
the sequences of N. meningitidis LgtC (GenBank entry AAL12839.1). The labeled lysine and the corresponding residues are colored blue; 1340-
ILFLDVLFPL-1349 of HUGT1 and the matching sequences are colored red, and 1417-LYVVDL-1422 of HUGT1 and the matching sequences are
colored pink.
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raphy and whose activities are not affected by the existence of
hydrophobic moieties in glycosyl acceptors, were also acquired,
as they have high degrees of sequence similarity with the catalytic
domain of HUGT1 (Figure 6a). The analysis revealed two
hydrophobic regions, 1417-LYVVDL-1422 and 1340-ILFLDV-
LFPL-1349 (Figure 6b). The former sequence composed of six
amino acids is located only one residue upstream of K1424, while
the latter decapeptide lies more distant from the labeled lysine
residue. However, hydrophobic segments similar to HUGT1
residues 1417−1422 were also found in Anaerococccus GT8 and
Neisseria LgtC, while both of them are devoid of the additional
hydrophobic stretch that corresponds to HUGT1 residues
1340−1349 (Figure 6b). As UGGT is distinct from other GT-8
family enzymes in its ability to recognize the hydrophobic
aglycon, the sequence of residues 1340−1349 is likely to be
involved in sensing protein folding.
The fact that the K1424 residue was labeled by probe 1

suggests the presence of a folding sensor region in the C-terminal
part of UGGT. The conclusion is, however, contrary to the
widespread belief that the N-terminal domain serves as the
folding sensor. However, it has been postulated that the C-
terminal domain of UGGT might be involved not only in the
catalytic activity but also in the recognition of the hydrophobic
region of substrate protein, while the N-terminal domain
facilitates proper folding of the catalytic domain.8 However,
given that UGGT needs to accept various glycoproteins, UGGT
might have multiple folding sensor regions consisting of clusters
of hydrophobic amino acids. Indeed, our analysis using HUGT1
fragments (Figure 3) provided fluorescent staining of the N-
terminal half (residues 38−744) in addition to more intense
staining of the C-terminal fragment (residues 745−1555),
suggesting the presence of an additional folding sensor
domain(s) distant from the catalytic domain. Furthermore,
Kato and co-workers recently reported the three-dimensional
structure of the third Trx domain (Trx-3) of UGGT derived from
Cheatromium thermophilium, which revealed the presence of an
extensive hydrophobic patch in its flexible C-terminal helix.34

As a small molecule probe was used in our study, it is plausible
that the hydrophobic region most proximal to the catalytic site
was preferentially recognized. Although our analysis identified a
unique lysine residue that is likely to be in the proximity of the
substrate binding site of the enzyme, it is also possible that the
binding pocket is formed by both C-terminal and N-terminal
domains, while the squarate moiety was adventitiously oriented
toward the amino group of the side chain of K1424. Nevertheless,
our results gave an indication that a hydrophobic sequence
consisting of 10 amino acids (1340−1349), possibly in
combination with another hydrophobic patch(s), serves as one
of the folding sensor domains of HUGT1.
Homology modeling analysis of the C-terminal catalytic

domain consisting of 312 residues, based on the A. prevoti
glycosyltransferase family structure (PDB entry 3TZT) and N.
meningitides LgtC (PDB entry 1GA8), suggested that the
canonical folding sensor domain (residues 1340−1349) is
exposed on the surface, while the hexapeptide (residues 1417−
1422) is buried inside (Figure 7). Intriguingly, the decapeptide
(ILFLDVLFPL) is fully conserved among UGGTs derived from
Cheatromium thermophilium, Shizosaccharomyces pombe, Droso-
phila melanogaster, and Homo sapiens,34 reinforcing its
importance for the function of these enzymes.
To further substantiate the conclusion, docking simulation

studies as well as labeling experiments using HUGT1 mutants
will be subjects of future study.
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respectively.
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mannose; UDP, uridine diphosphate; UGGT, UDP-glucose:-
glycoprotein glucosyltransferase.
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