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of hyperglycemia during decompensation.*® Decreased
npRQ was correlated with glucose intolerance and fibro-
sis stage, suggesting that the clinicopathogenesis of
NAFLD is closely associated with glucose intolerance,
and that early intervention for glucose intolerance is
important in clinical practice.

To examine the utility of npRQ as a marker of disease
progression in NAFLD, we compared AUROC for npRQ
with those for various other parameters and scoring
systems in three patterns to discriminate NASH from
NAFLD (stage O vs stages 1-3), significant fibrosis
(stages 0-1 vs stages 2-3) and advanced fibrosis (stages
0-2 vs stage 3). As the decrease in npRQ became signifi-
cant at stage 2 (Fig. 2a), the AUROC for npRQ for dif-
ferentiation of stages 2-3 from stages 0-1 was superior
to other parameters. Therefore, our results indicate that
decreased npRQ can be used to detect NASH, including
relatively early stage NASH in many NAFLD patients. In
addition to npRQ, AUROC for HOMA-IR, AUC glucose,
fasting insulin and NAFIC score were each approxi-
mately 0.850 and also showed differences for each
of the three differentiation patterns. Therefore, these
parameters also have the ability to detect NASH from
the early stages to the development of severe fibrosis.
NAFIC score, the scoring system for fibrosis proposed by
Sumida et al.,** comprises three measurements (serum
ferritin, insulin and type IV collagen 7S) and is easy to
calculate. A validation study by the Japan Study Group
of NAFLD (JSG-NAFLD) reported that NAFIC score was
superior to other several previously established scoring
systems in detecting NASH with fibrosis among Japa-
nese NAFLD patients, and also for predicting severe
fibrosis.* In the present study, AUROC for NAFIC score
for differentiation of stage 3 from stages 0-2 was 0.9200
and was the highest among the various parameters, sup-
porting the conclusions of the JSG-NAFLD report."
NAFLD fibrosis score,” which consists of six variables
(age, BMI, hyperglycemia, platelet count, albumin and
AST/ALT ratio) has been reported to reliably predict
advanced fibrosis. In a meta-analysis by Angulo et al.,*
NAFLD fibrosis score had an AUROC of 0.85 for pre-
dicting advanced fibrosis (stages 3-4). The fact that sub-
jects with stage 4 were excluded from the present study
but were included as “advanced stage” in previously
reported studies,'*'>** may also contribute to the lower
value of AUROC in the present study. In addition, it is
uncertain whether a scoring system established using
data from Caucasian populations is applicable to Asian
patients, because Asian patients tend to develop NASH
and other metabolic complications at a lower BMI than
Caucasians.’ The FIB-4 index was developed as a scoring
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system for estimation of liver fibrosis in subjects with
HIV and hepatitis C virus co-infection.'® It relies on
patient age, AST, ALT and platelet count. The advantage
of FIB-4 index is that it is easy to calculate and does not
require the use of BMI. In a validation study of JSG-
NAFLD,* FIB-4 index was superior to other fibrosis
scoring systems in Japanese NAFLD patients for exclud-
ing advanced fibrosis. In our study, the AUROC for
FIB-4 index for discrimination of stage 3 from stages 0-2
was not satisfled (0.7143) and was inferior to NAFIC
score. As described above, the lower AUROC for FIB-4
index than in previous reports* may be due to the fact
that stage 4 patients were excluded from the present
study, but were included in previous reports. As the
number of subjects in the present study was small, we
cannot conclude which parameters and scoring system
is best for the estimation of severity of NAFLD, nor we
can definitively state that npRQ is the best method for
differentiation of NASH from NAFLD. However, Table 4
shows that npRQ, HOMA-IR, AUC glucose, fasting
glucose, insulin and NAFIC scores all could provide
useful information for the detection of NASH, including
patients in the early fibrosis stage, whereas NAFLD fibro-
sis score and type IV collagen were useful for identifica-
tion of advanced fibrosis. It is important to select these
parameters and scoring systems according to the
purpose: to differentiate early-stage NASH from NAFLD,
or to detect advanced fibrosis.

Although we believed that npRQ is useful for the
estimation of disease severity in NAFLD patients, unfor-
tunately, npRQ measurement is not always possible in
clinical practice. This is because indirect calorimetry for
measurement of npRQ was primarily used in inpatient
and research settings’ and not all clinicians are familiar
with the equipment used. In addition, patients must be
tested in the early morning after fasting, and 24-h urine
specimens must be collected for calculation of npRQ.
Okumura et al.* investigated the use of serum biochem-
istry to predict npRQ in patients with viral cirrhosis.
That report concluded that serum NEFA can be used to
predict npRQ. However, in the present study, npRQ was
not correlated with NEFA. This may be because the sub-
jects in the present study were NAFLD patients without
cirthosis, and not viral cirthosis patients with decreased
glycogen storage.*® In NAFLD patients with glucose
intolerance, HOMA-IR may be useful for prediction of
npRQ without calorimetry, because these two param-
eters were negatively correlated.

In conclusion, npRQ is useful for the estimation of
disease severity in NAFLD patients with glucose intoler-
ance. It enables the detection of NASH with relatively
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early-stage fibrosis among NAFLD patients. As this mea-
surement can provide useful information without
the burden of blood collection, it should be included

in

clinical practice in addition to anthropometry and

blood analysis. When an NAFLD patient exhibits low
npRQ, the patient should undergo further examination
such as a liver biopsy to allow for early intervention.
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In four yeast strains, Ogataea minuta, Candida parapoly-
morpha, Pichia anomala and Zygosaccharomyces rouxii, we
identified endo-B-N-acetylglucosaminidase (ENGase) hom-
ologous sequences by database searches; in each of the four
species, a corresponding enzyme activity was also con-
firmed in crude cell extract obtained from each strain. The
O. minuta ENGase (Endo-Om)-encoding gene was directly
amplified from O. minuta genomic DNA and sequenced.
The Endo-Om-encoding gene contained a 2319-bp open-
reading frame; the deduced amino acid sequence indicated
that the putative protein belonged to glycoside hydrolase
family 85. The gene was introduced into O. minuta, and the
recombinant Endo-Om was overexpressed and purified.
When the enzyme assay was performed using an agalacto-
biantennary oligosaccharide as a substrate, Endo-Om
exhibited both hydrolysis and transglycosylation activities.
Endo-Om exhibited hydrolytic activity for high-mannose,
hybrid, biantennary and (2,6)-branched triantennary
N-linked oligosaccharides, but not for tetraantennary,
(2,4)-branched triantennary, bisecting N-acetylglicosamine
structure and core-fucosylated biantennary N-linked
oligosaccharides. Endo-Om also was able to hydrolyze
N-glycans attached to RNase B and human transferrin
under both denaturing and nondenaturing conditions.
Thus, the present study reports the detection and charac-
terization of a novel yeast ENGase.
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Introduction

Endo-B-N-acetylglucosaminidase (ENGase, EC 3.2.1.96) hy-
drolyses the N,N'-diacetylchitobiose core of asparagine-linked
oligosaccharides on glycopeptides and glycoproteins. The
ENGase’s are detected among various organisms, where the
enzymes are classified into two groups, glycoside hydrolase
(GH) families 18 and 85, based on their amino acid sequence
similarity to homologues found within the carbohydrate-active
enzymes (CAZy) database (http:/www.cazy.org). GH family
18 enzymes are known to comprise bacterial and fungal
enzymes, such as Endo-H from Streptomyces plicatus (Tarentino
and Maley 1974), Endo-F;, -F, and -F; from Elizabethkingia
meningoseptica (Trimble and Tarentino 1991), Endo-S from
Streptococcus pyogenes (Collin and Olsén 2001), Endo-T
from Trichoderma reesei (Stals et al. 2010) and Endo-FV
from Flammulina velutipes (Hamaguchi et al. 2010). These
enzymes are thought to contribute to the acquisition of nutri-
ents while providing defense against the host anti-infective
immune response (Collin and Olsén 2001; Renzi et al. 2011).
GH family 85 enzymes are widely distributed from bacteria to
mammals, and the genes of some these enzymes have been
cloned and characterized, including those encoding Endo-A
from Arthrobacter protophormiae (Takegawa et al. 1997),
Endo-D from Streptococcus pneumoniae (Muramatsu et al.
2001), Endo-BH from Bacillus halodurans C-125 (Fujita,
Takami et al. 2004), Endo-M from Mucor hiemalis (Fujita,
Kobayashi et al. 2004), Arabidopsis thaliana At5g05460
and At3g11040 (Fischl et al. 2011), Endo-CE from
Caenorhabditis elegans (Kato et al. 2002) and HsENGase
from Homo sapiens (Suzuki et al. 2002).

Recent structural and mutational studies of the ENGases
have identified key residues implicated in the enzyme activity
and reaction mechanism (Abbott et al. 2009; Ling et al. 2009;
Yin et al. 2009). Moreover, many application studies of
transglycosylation, which is an alternative reaction of ENGase
transferring a glycan to an alcoholic acceptor, have been
performed for the purposes of the chemoenzymatic synthesis
of glycopeptides and glycoproteins carrying homogeneous
N-glycan decoration (Umekawa et al. 2008, Umekawa,
Higashiyama et al. 2010; Umekawa, Li et al. 2010; Huang
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et al. 2012). The physiological significance of GH family
85 ENGases in eukaryotes is poorly understood, whereas the
bacterial paralogues are regarded as having same roles as GH
family 18 enzymes in vivo. Additionally, although the both
biological and enzymatic knowledge of ENGases has been
increasing gradually, the existence of ENGase in yeasts (e.g.
Saccharomyces cerevisiae and Schizosaccharomyces pombe,
which are model organisms for use in eukaryotic glycobiologi-
cal studies) has not (to our knowledge) been previously
reported. Hence, little information appears to be available con-
cerning the role of ENGases in yeasts.

In a preliminary study, we detected an ENGase activity
toward complex oligosaccharides when assaying a crude cell
extract prepared from the yeast Ogataea minuta. This organism
is a methylotrophic yeast that utilizes methanol as a sole carbon
source; as we proposed in previous reports (Kuroda et al. 2006,
2007, 2008), O. minuta might serve as a useful host for exogen-
ous glycoprotein production. In the present study, we identified
ENGase homologous sequences from four yeast strains includ-
ing O. minuta by database searches; in each of the four species,
a corresponding enzyme activity also was confirmed in crude
cell extract obtained from each strain. Moreover, we describe
the cloning, expression and functional characterization of the
O. minuta ENGase (Endo-Om)-encoding gene.

Results

Measurement of endogenous ENGase activity from

O. minuta

We attempted to measure endogenous ENGase activity in crude
cell extracts prepared from O. minuta by using 9-fluorenyl-
methyloxycarbonyl (Fmoc)-labeled asparagine-linked agalacto-
biantennary oligosaccharide (NGA2-Asn-Fmoc, Figure 1A) as
an artificial substrate. The commercially available Endo-M from
M. hiemalis was also assayed as a positive control. The reaction
mixture was analyzed by high-performance liquid chromatog-
raphy (HPLC). On a chromatogram of an Endo-M reaction
mixture, a peak corresponding to NGA2-Asn-Fmoc (10.9 min)
decreased concomitantly with the appearance of a hydrolysis
product (N-acetylglucosamine (GIcNAc)-Asn-Fmoc) at 6.7 min
(Figure 1B). Correspondingly, the product was also detected in
the O. minuta reaction mixture (Figure 1B). For O. minuta,
mean specific activity (measured in triplicate) was 7.3 pU/mg.

Cloning of an Endo-Om gene from O. minuta

To identify the ENGase homologous gene from O. minuta, a
BLAST search against an in-house database of a sequence
collection of genomic DNA from O. minuta (unpublished
data) was carried out by using the amino acid sequence of
Endo-M (accession no. BAB43869). A sequence encoding a
putative ENGase from O. minuta was identified; the predicted
protein shared 33% amino acid sequence identity and 45%
amino acid sequence homology (E-value =6e—050) with the
conserved N-terminal domain of Endo-M. Based on this se-
quence, the full-length gene was amplified from O. minuta
genomic DNA by polymerase chain reaction (PCR), and then
subcloned and sequenced. The Endo-Om gene was intronless
and contained an open-reading frame of 2319 bp encoding
772 amino acids (Figure 2). We deposited this sequence in
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Fig. 1. Detection of endogenous ENGase activity from yeasts. Crude extracts
(50 pg/reaction) prepared from yeast cells were incubated with 100 pmol of
NGA2-Asn-Fmoc (A) in 100 mM sodium acetate buffer (pH 5.3) containing
0.5 M NaCl at 30°C for 3h (B) or 12 h (C). Endo-M (0.1 pg/reaction) was
used as positive control. Reaction mixtures were subjected to HPLC as
described under Materials and methods. ND, not detectable.

DNA Data Bank of Japan (accession no. AB762085). The
deduced amino acid sequence contained the region conserved
among GH family 85 ENGases, including putative N-terminal
active sites. Notably, the predicted protein included conserved
residues Glul96 and Asnl194, corresponding to the catalytic
general acid/base and the essential residue for oxazolinium
ion intermediate formation, respectively, as seen in Endo-M
and other ENGases (Fujita, Kobayashi et al. 2004; Umekawa
et al. 2008). The predicted molecular mass (Mr) and predicted
isoelectric point based on amino acid sequence were 87,398
and 5.59, respectively.

Database searching and measurement of endogenous

activity of ENGases from yeasts

The National Center for Biotechnology Information sequence
database (http:/www.ncbi.nlm.nih.gov) was surveyed to find
other yeast ENGase homologues using the amino acid se-
quence of Endo-Om. The protein sequences encoding putative
ENGase homologues were detected for three yeasts: Candida
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N 6 L QW AULUDIKSDA ATFUHGUGA ATCTLE 440
atcaagtacagtgagataaaagacgaaaacggatatcaaattttcaacaaccaaatggtc 1380
I X ¥ §S EEIT KDEUHNUGYQTU FNNOOQMYUVY 460
agcgatttcaccctgttcaatttcaccaaagagtgtcatttcccaaccgtcaacgtcaag 1440
§ D F 'L FNET XK ECHFPTVR VK 480
gtgacctacaagctaaaccacaaaacaaaatcaactttcaagatcaaaatcaagtatate 1500
VYV ¥ E L R H X T X 8§ T F T X I X ¥ I 500
attgaaagaagattcagatctgttcaaacagtecgcacgggcotacctecactattccactt 1560
I ERRER S VYO TYVERTGY L TIFTL 520
ctttcaacctctggaaaatggttcacggttgaagaateccttccaaatcaacttgecaaace 1620
L S TS G KWVFTUVEEST FOQINILOQT 540
tctcacgagtacattgtectcgaaagtgoccacgtecacgtacgatgaagacagaagtgea 1680
S H E ¥ I VL ESAHUYV T Y DETUDTR S A 560
gacagttttttcagatcttacatcgtggaagactetgectatcacgtcagtcattgacaac 1740
DS FP FR SY I VEDSAITSVIDN 580
gaggagtacgaaaagctgatcaacagcgagatttacaatgacgatgaagacgaggactgg 1800
E E Y E K L I NS ETI Y NDUDTETDTET DWW 600
attctcgtteccctctgacgtttcaataagctecctcagagagccagagtaacgactccaag 1860
I L VP S DV S I S s S E S QS ND s K 620
acccagtatctgggtcgaaagctcttcggaaacaaaagtacgcccaaaacccgaaccetg 1920
T Q YL GREXKULVEFGNIKSTUPI KTRTL 640
gaaggcacggctcccctactcagaataggcgagtttgcaatcatcagtgcaaacaact&t 1980
BE G T AP L RTITG E P I I 8§ A NN Y 660
ccctcctccaacttcctcgctgttaccagtgtcaagtcgatcgagtcaagccggttggea 2040
P S S N F L AV TSV K S IESSURILE 680
ggggattctttggtgctgctgaattggcaggtgggggagqgacaccagaaaggggtctgc 2100
G D S L V L L N Q E G H Q K G V C 700
tactatataatttatgtgaatggcgcggtcgtgggactctcagttgctectaagtttatc 2160
¥ Y I I ¥ V NGAV V GULS VAU PIKTFTI 720
taccaggataccgagttggcgteggagaacagtgocatetgetegttogaattacaagaaa 2220
¥ Q DT E LASENSA ASA ARSUNZY KK 740
agcgggcttgggtcocteccagegataggaaatcaaaggtgagagttgactetgtcgacaaa 2280
8 G L G S 8§ S DRIEKSKVRVD S VDK 760
ttgggcaatgttttcacggggagtgaggtttgggtgtga 2319
L GNVF TGS E V WV *» 772

Fig. 2. Nucleotide sequence of the Endo-Om-encoding gene and the deduced
amino acid sequence. Underlining indicates regions conserved among GH
family 85 ENGases. The putative active sites are highlighted in black.

parapolymorpha (synonymous with Hansenula polymorpha,
a methylotrophic yeast; accession no. EFW94296), Pichia
anomala (accession no. CAC69142), and Zygosaccharomyces
rouxii (accession no. XP_002495262). The amino acid
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Fig. 3. Phylogenetic analysis of GH family 85 ENGases from yeasts and
other organisms. The phylogenetic tree is based on an alignment of total
length amino acid sequences and was constructed by the Clustal W web tool
(http:/www.genome.jp/tools/clustalw) with the neighbor-joining method. The
dashed box indicates a group of yeasts. For yeast homologues and
representative ENGases, amino acid numbers and homologies against
Endo-Om are shown in parentheses. Accession numbers are as follows:
Insects, Anopheles gambiae str. PEST (XP_310876) and Drosophila
melanogaster (NP_573215). Plants, Arabidopsis thaliana ORF At3g11040
(NP_187715), ORF At5g05460 (NP_196165) and Oryza sativa Japonica
Group (NP_001055263). Nematode, Caenorhabditis elegans (BAB84821).
Fish, Danio rerio (NP_001074047). Bird, Gallus gallus (XP_427660).
Mammals, Homo sapiens (AAM80487) and Mus musculus (NP_766161).
Bacteria, Arthrobacter protophormiae (AAD10851), Bacillus halodurans
C-125 (NP_241651), Bifidobacterium longum NCC2705 (NP_696499),
Lactobacillus plantarum WCFS1 (NP_784014), Lactococcus lactis subsp.
lactis 111403 (NP_26764R), Clostridium perfiingens str. 13 (NP_561734) and
Streptococcus pneumoniae (BAB62042). Fungi, Mucor hiemalis
(BAB43869), Arthrobotrys oligospora (EGX51101), Ashbya gossypii
(NP_986144) and Eremothecium cymbalariae (XP_003645294).

sequence homologies to Endo-Om were 53.9, 42.5 and
30.6%, respectively (Figure 3). According to our search, no
other sequence homologous to GH family 85 ENGase was
detectable among published nucleotide and protein sequences
for yeasts. A rooted phylogenetic tree of the GH family
85 ENGases from yeasts and various organisms is represented
in Figure 3. The yeast ENGase homologues, including
Endo-Om, clustered with putative fungal enzymes.

We also confirmed the presence of endogenous ENGase
activity in crude cell extracts prepared from C. parapolymor-
pha, P anomala and Z. rouxii (Figure 1B and C). The mean
specific activities (measured in triplicate) were 3.8, 0.2 and
0.02 pU/mg, respectively. In contrast, the hydrolysis product
was not detected even after 12 h in extracts of S. cerevisiae or
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Pichia pastoris, two yeasts that do not harbor apparent ENGase-
encoding sequences within their genomes (Figure 1C).
Additional control experiments (data not shown) demonstrated
that the enzyme activity was not detected in culture supernatants
from any of these yeasts, including O. minuta.

Overproduction and purification of recombinant Endo-Om

The Endo-Om-encoding open-reading frame was amplified and
expressed in O. minuta as described in our previous studies
(Kuroda et al. 2007, 2008). The recombinant Endo-Om with
N-terminal His-tag and 3 x FLAG epitope tag (Sigma-Aldrich,
St. Louis, MO) was produced under the control of a
methanol-inducible alcohol oxidase promoter in O. minuta
protease-deficient strain TK10-1-2. The recombinant Endo-Om
was purified using a HisTrap HP affinity column, and separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). A primary band was observed at a position corre-
sponding to 91 kDa (Figure 4), which is consistent with the
calculated Mr of Endo-Om with His-tag and 3 x FLAG-tag. The
purified enzyme exhibited 9.92 mU/mg of specific activity
under the standard assay conditions. Almost 100% of the activ-
ity was retained after 5 months’ storage at —20°C in a solution
of 10% glycerol solution at pH 7.4.

Various properties of recombinant Endo-Om

We analyzed the kinetic parameters of the purified Endo-Om.
K., and k. values of the recombinant Endo-Om toward
NGA2-Asn-Fmoc were 5.54 mM and 5.91s7', respectively.
The enzyme exhibited optimum activity at 50°C and pH 5.5,
and the activity was decreased <20% at pH 4.5 or 8.0. The
effects of various divalent cations (10 mM) and chelators
(5 mM) on the activity also were examined. The enzyme was
inactive in the presence of Fe**, Cu®*" or Zn*" ions; activity
was unchanged in the presence of ethylenediaminetetraacetic
acid (EDTA) or ethylene glycol tetraacetic acid (EGTA)

(Figure 5).

kDa M S
250 = W
150 =— s
100 = s
——

75 =8

50 —
-

Fig. 4. SDS-PAGE of recombinant Endo-Om. The purified Endo-Om (lane S,
total 2 pug) was separated using a 7.5% gel. M, molecular mass markers.

Identification and characterization of ENGase from yeast

Transglycosylation activity of recombinant Endo-Om

The transglycosylation activity of recombinant Endo-Om was
assayed using NGA2-Asn-Fmoc as a donor and 4-nitrophe-
nyl-B-p-glucopyranoside (pNP-Glc) as an acceptor. The reac-
tion mixture (with or without acceptor) was incubated at 30°C
for 3 h, and the reaction products were subjected to HPLC
(Figure 6A). A peak of transglycosylation product appeared at
4.3 min only in the sample with acceptor. The transglycosyla-
tion product was fractionated and subjected to matrix-assisted
laser desorption ionization-quadrupole ion trap-time-of-flight
mass spectrometry (MALDI-QIT-TOF MS). In MALDI-QIT-
TOF MS, all mass spectra are obtained for Na* adduct ions,
and sometimes K adduct ions appear in mass spectra. The
m/z values of molecular ions from the transglycosylation
product are shown in Figure 6B. These values corresponded
to the calculated value for GlcNAc,MansGlcNAcGlc-pNP
(Mr=1397.44), indicating that GIcNAc,Man;GIcNAc was
transferred to pNP-Glc. Likewise, the transglycosylation activ-
ity of recombinant Endo-Om was also confirmed using
GlcNAc as an acceptor (data not shown).

Substrate specificity of recombinant Endo-Om

Substrate specificity was examined with various pyridylamino
(PA)-sugar chains as summarized in Table I. Relative activity
was calculated by defining trimannosyl core structure (M3B)
as 100%. The recombinant Endo-Om exhibited hydrolysis ac-
tivity toward high-mannose, hybrid, biantennary and
(2,6)-branched triantennary oligosaccharides, but not toward
tetraantennary, (2,4)-branched triantennary, bisecting GIcNAc
structure and core-fucosylated biantennary oligosaccharides.
The enzyme exhibited substrate preference for high-mannose
oligosaccharides (with the exception of M5A). The hydrolysis
rate for biantennary oligosaccharides increased as the length
of the sugar chain shortened. The recombinant Endo-Om
showed almost the same relative activity for both biantennary
(37%) and (2,6)-triantennary oligosaccharides (35%), and also
for both hybrid (10.6%) and asialo biantennary (8.3%)
oligosaccharides.

We also evaluated the hydrolytic activity under denaturing
and nondenaturing conditions for N-glycoproteins (Figure 7).
With RNase B, which carries a single high-mannose oligosac-
charide composed of Mans_o¢GlcNAc,, the recombinant Endo-
Om was able to almost completely hydrolyze the

20.0

15.0 4
10.0 A

5.0 4

ok =1 -

>
O% O% O 0.0 O . OF OF O &Y A8
S FLEEEFEFIS S

Enzyme activity [mU/ml]

Fig. 5. Effect of divalent cations and chelators on enzyme activity. The
recombinant Endo-Om was incubated with various divalent cations (10 mM),
EDTA (5 mM), or EGTA (5 mM) at 30°C for 10 min, and then residual
activity was assayed. Values are expressed as means+ SD (n=3).
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Fig. 6. Analysis of the transglycosylation activity of recombinant Endo-Om.
(A) HPLC analysis of the transglycosylation reaction. The recombinant
Endo-Om (4.2 pU) and 2 mM NGA2-Asn-Fmoc was incubated with or
without 50 mM pNP-Glc as acceptor. (B) MALDI-QIT-TOF MS analysis of
the transglycosylation product.

oligosaccharide under both conditions (Figure 7A). Human
transferrin harbors two N-glycosylation sites and contains
mainly sialylated biantennary and triantennary oligosacchar-
ides in the ratio 85:15 (Fu and van Halbeek 1992). With
human transferrin, the recombinant Endo-Om partially hydro-
lyzed the oligosaccharide under nondenaturing conditions
(Figure 7B, left). Additionally, removal from the substrate of
terminal sialic acids (by sialidase treatment) enhanced the
hydrolytic activity (lane labeled “Endo-Om + Sialidase”). The
signal corresponding to the position of unhydrolyzed transfer-
rin still remained under denaturing conditions even in the
sialidase treatment sample with long incubation up to 26 h
(Figure 7B, right). Fu and van Halbeek (1992) have reported
that the human transferrin carries both (2,4)- and
(2,6)-triantennary oligosaccharides. Based on the results pro-
vided in Table I, the signal is likely to be due to a transferrin
molecule carrying (2,4)-triantennary oligosaccharides resistant
to the hydrolysis by Endo-Om.

Discussion

Recent studies have revealed the distribution of members of
GH family 85 ENGase in various organisms from bacteria to
mammals, although ENGase homologues have not been
reported in yeasts. In the present study, we identified the
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Table L. Relative activity of Endo-Om toward various PA-oligosaccharides

PA-oligosaccharide Structure Relative
activity (%)*
PA-trimannosyl core (M3B) - 100
PA-high-mannose oligosaccharide (M5A) 24.5
PA
PA-high-mannose oligosaccharide (M6B) 184
PA

PA-high-mannose oligosaccharide (M8A) 3.’ 179
PA

PA-high-mannose oligosaccharide (M9A) a 146
PA

PA-hybrid oligosaccharide 10.6
PA

E ND”

p‘
cone® e

PA-hybrid oligosaccharide (bisecting
GleNAc)

PA-sialyl biantennary oligosaccharide

PA-asialo biantennary oligosaccharide ::)"” 8.3
PA-core-fucosylated biantennary m ND®
oligosaccharide A

PA-agalacto-biantennary oligosaccharide :>“ 5 37

PA-agalacto-biantennary oligosaccharide ND°
(bisecting GlcNAc) oo

PA-agalacto (2,6)-branched triantennary s 35
oligosaccharide bﬂ PA

PA-agalacto (2,4)-branched triantennary
oligosaccharide

PA-agalacto tetraantennary
oligosaccharide

P
P T

@Mannose; @ GicNAc. O Galactose; A Fucose; & NeuSAc

*The value obtained with M3B taken as 100.
"ND, not detectable.

Endo-Om-encoding gene of the yeast O. minuta, and used the
cloned gene to produce, purify and characterize the recombin-
ant enzyme. To the best of our knowledge, this is the first
report of the cloning and characterization of an ENGase gene
isolated from yeast. The Endo-Om exhibited high activity
toward an agalacto-biantennary oligosaccharide, NGA2-
Asn-Fmoc, whereas the bacterial ENGases (e.g. Endo-A, -D
and -BH) do not hydrolyze complex oligosaccharides
(Takegawa et al. 1989; Muramatsu et al. 2001; Fujita, Takami
et al. 2004). Moreover, Endo-Om also exhibited transglycosy-
lation activity. The substrate specificity of Endo-Om was
closely similar to that reported for Endo-M (Fujita, Kobayashi
et al. 2004) and Endo-CE (Kato et al. 2002). Endo-Om pre-
ferred high-mannose oligosaccharides than hybrid and
complex oligosaccharides as substrates. The core fucose and
bisecting GIcNAc structures are not suitable for substrate.
Furthermore, Endo-Om showed almost same relative activity
for both biantennary and (2,6)-triantennary oligosaccharides,
whereas no activity for (2,4)-triantennary and tetraantennary
oligosaccharides. The relatve activity is also similar between
the substrates of hybrid and asialo biantennary structures.
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Fig. 7. Digestion of N-glycan on the glycoproteins by recombinant
Endo-Om. RNase B (A) and human transferrin (B) were incubated with
recombinant Endo-Om (4.49 pU) under denaturing or nondenaturing
conditions as described under Materials and methods ”. Appropriate negative
(lacking enzyme) and positive (Endo-H and PNGase F) control reactions are
provided. The positions of Endo-H (A) and Endo-Om (B) are indicated by
asterisks.

These results suggest that the substrate recognition of
Endo-Om depend on the structure attached to o-1,3-linked
mannose residue of the trimannosyl core on the N-glycan; the
Endo-Om activity is reduced by the addition of galactose and
sialic acid residues and inhibited by B-1,4-branching structure.
In our study, sequences encoding putative ENGases of GH
family 85 were identified from O. minuta, C. parapolymor-
pha, P anomala and Z. rouxii by searching sequence data-
bases, and corresponding enzyme activities were detected in
these yeasts. Interestingly, genes encoding GH family 85
ENGase homologues were not identified among any other
published yeast sequences, including those of S. cerevisiae,
S. pombe, P. pastoris and Candida boidinii. Consistent with
these in silico results, no ENGase enzyme activity was
detected in crude cell extracts of S. cerevisiae or P pastoris.
Previously, Suzuki et al. (1998, 2002) made the same obser-
vation regarding the absence of ENGases in S. cerevisiae.
These facts suggest that yeasts can be classified into two
groups based on the presence of ENGase activity. In other
work (data not shown), we constructed and characterized the
growth phenotype of O. minuta Endo-OmA cells (i.e. a strain
deleted for the Endo-Om-encoding gene). We did not detect

Identification and characterization of ENGase from yeast

any difference in growth phenotype in comparison with the
parent wild-type strain (data not shown), suggesting that the
ENGase-encoding gene is not essential in O. minuta. Similar
lack of apparent phenotypes were reported for an A. thaliana
At5¢05460 and At3g11040 double-knockout line (Fischl et al.
2011) and for a C. elegans eng-1 (Endo-CE) gene-deletion
mutant (Kato et al. 2007).

Previous studies have shown that prokaryotic ENGases
both GH families 18 and 85 contain an N-terminal signal se-
quence and are secreted into growth media and/or retained on
cell surfaces (Fujita, Takami et al. 2004; Renzi et al. 2011). It
is also known that some eukaryotic GH family 18 ENGase
homologues have a signal sequence (Stals et al. 2010;
Tzelepis et al. 2012). In contrast, the GH family 85 enzymes
from eukaryotes such as HsENGase, Endo-CE and 4. thali-
ana ENGases do not contain a signal sequence and are cyto-
solic proteins (Kato et al. 2002; Suzuki et al. 2002; Fischl
et al. 2011). The yeast ENGase homologues reported here
appear not to contain a signal sequence by hydropathy plot
analysis and some web tool for the prediction of protein local-
ization sites (data not shown). Consistent with these analyses,
ENGase enzyme activity was not detected in culture superna-
tants, confirming that yeast ENGases are likely to be localized
to the cytosol.

Our results suggest a possible function for yeast ENGases.
We note that recombinant Endo-Om preferred high-mannose
oligosaccharides as substrates and that the enzyme also was
able to hydrolyze oligomannosyl N-glycan on RNaseB effi-
ciently under both denaturing and nondenaturing conditions.
In multicellular organisms, it has been reported that the
various kinds of high-mannose-type free oligosaccharides
(fOSs) that bear N,N'-diacetylchitobiose (GN2) or single
GlcNAc (GN1) at the reducing end accumulate in the cytosol
(Spiro 2004; Suzuki and Funakoshi 2006; Chantret and Moore
2008). Recent studies have demonstrated that the GN2-form of
fOSs is generated through two distinct pathways. In the first
route, fOSs are generated from dolicholpyrophosphate-linked
oligosaccharides by an unknown mechanism in the endoplas-
mic reticulum (ER) lumen, and are exported to the cytosol in
an adenosine triphosphate-dependent manner (Moore et al.
1995; Haga et al. 2009). In the second route, fOSs released by
cytosolic peptide:N-glycanase (PNGase) from misfolded
glycoprotein are retrotranslocated from the ER to the cytosol
by an “ER-associated degradation” pathway (Spiro 2004;
Chantret and Moore 2008; Yoshida and Tanaka 2010), where
the GN2-form of fOSs is sequentially converted into
GNl-form by cytosolic ENGase and then further
de-mannosylated by o-mannosidase (Chantret et al. (2003);
Chantret and Moore 2008). In S. cerevisiae, it has been
reported that almost all GN2-form fOSs are generated through
the latter pathway and that no GN1-form fOS is observed, a
result that is in agreement with the absence of an
ENGase-encoding gene in this yeast (Hirayama et al. 2010).
Additionally, an increase of GN2-form fOSs and marked
decrease of the GNI1-form have been observed in ENGase-
encoding gene-deficient lines of A4. thaliana (Fischl et al.
2011) and C. elegans (Kato et al. 2007). Based on these obser-
vations, we propose that Endo-Om acts in vivo to trim
GN2-form oligosaccharides to GNI1-form oligosaccharides
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and/or to directly digest oligosaccharides off of misfolded
glycoproteins.

In summary, we identified the GH85 family ENGase genes
from several yeast strains. The O. minuta gene was cloned
and overexpressed. This ENGase enzyme, Endo-Om, showed
hydrolyzing activity toward high-mannose, hybrid, biantenn-
ary and (2,6)-branched triantennary N-glycans, while also
demonstrating transglycosylation activity. The physiological
role of Endo-Om remains unclear, and further experiments are
in progress to evaluate the difference between the Endo-OmA
and wild-type O. minuta cells.

Materials and methods

Yeast strains and preparation of crude extract from yeast
cells

Ogataea minuta IFO10746, Candida parapolymorpha DL-1
ATCC26012, Pichia anomala ATCC36904 and Zygosacc
haromyces rouxii ATCC2623 were obtained from American Type
Culture Collection (Manassas, VA). Saccharomyces cerevisiae
W303-1A and Pichia pastoris SMD1168 were obtained from
commercial vendors. Yeast cells were cultured at 26°C for 48 h in
YMB medium (0.3% yeast extract, 0.3% malt extract, 0.5%
peptone, 1% glucose) and then harvested and re-suspended in
protein extraction buffer (50 mM sodium phosphate buffer (pH
7.4) containing 1.25 M NaCl, 1 mM phenylmethylsulfonyl fluor-
ide (PMSF), 0.5% glycerol and 1 x complete protease inhibitor
cocktail (Roche Diagnostics K.K., Tokyo, Japan)). The cells were
disrupted with glass beads and the supernatant was assayed as a
crude extract.

Cloning and expression plasmid construction of
Endo-Om-encoding gene

Genomic DNA from O. minuta IFO10746 was prepared using
Dr. GenTLE (Takara Bio, Shiga, Japan). Based on an in-house
sequence database (unpublished data), the Endo-Om-encoding
gene was amplified by sense primer (5-CGATGACAAGG
GATCATGGCGCAATCTCAGCTACTGG-3") and antisense
primer (5'-GCACCGTCTCGGATCTCACACCCAAACCTCA
CTCC-3), and then subcloned into pCR-Blunt II-TOPO vector
using Zero Blunt TOPO PCR Cloning Kit (Invitrogen,
Carlsbad, CA). After confirmation of the sequence, the PCR
product was inserted into the BamHI site of pOMEA1-6H3F
using In-Fusion Advantage PCR Cloning Kit (Clontech
Laboratories, Inc., Mountain View, CA) and recovered in
E. coli DH5a. cells. pPOMEA1-6H3F is an expression vector for
O. minuta that places the inserted gene under control of a
methanol-inducible promoter while encoding an N-terminal
His-tag and 3 xFLAG epitope tag. The pOMEA1-6H3F-
Endo-Om was prepared by using a QIAprep Spin miniprep kit
(Qiagen, Hilden, Germany), and then linearized with Nofl and
used for transformation of O. minuta protease-deficient strain
TK10-1-2 (ochlA, pep4A, prblA, ura3A, adelA; kindly pro-
vided by Kyowa Hakko Kirin Co., Ltd.). Ogataea minuta com-
petent cells were prepared as described by Kuroda et al.
(2006). Transformants were selected at 30°C for 48 h on plates
of SDC—Ade medium (0.67% yeast nitrogen base without
amino acids, 2% glucose, 0.5% casamino acid, 0.1 mg/mL
uracil).
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Expression and purification of recombinant Endo-Om

Transformed O. minuta was precultured at 30°C in 250 mL of
YPD medium (1% yeast extract, 2% peptone and 2%
glucose). To induce protein expression, cells were harvested
and re-suspended in 200 mL of BMMYC medium (1% yeast
extract, 2% peptone and 1.34% yeast nitrogen base without
amino acids, 1% methanol, 2% casamino acid, 0.2 mg/mL
adenine, 0.1 mg/mL uracil, 0.1 M potassium phosphate buffer
(pH 6.0)) and cultured at 20°C for 48 h. Cells then were har-
vested and re-suspended in 20 mL of the protein extraction
buffer described above. Cells were disrupted with glass beads
and centrifuged. The supernatant was dialyzed against equili-
brating buffer (20 mM sodium phosphate buffer (pH 7.4) con-
taining 0.5 M NaCl and 0.5 mM PMSF). The dialyzed protein
solution was centrifuged (27,000 x g, 4°C, 20 min), adjusted
to 50 mM imidazole, and then filtered using a GD/X syringe
filter (GE Healthcare Bio-science Corp., Piscataway, NJ). The
protein solution was applied to a HisTrap HP column (GE
Healthcare Bio-science Corp.) previously equilibrated with
equilibrating buffer containing 50 mM imidazole. After the
column had been washed, proteins were eluted by stepwise
elution with equilibrating buffer containing 50, 100 and
200 mM imidazole. Endo-Om eluted with the 200 mM imid-
azole solution. The enzyme fraction was concentrated and
exchanged with equilibrating buffer by using Amicon Ultra
centrifugal filter units (Merck Millipore, Billerica, MA), and
glycerol was added to a final concentration of 10%.

Enzyme assay

ENGase activity was assayed using NGA2-Asn-Fmoc (kindly
provided by Otsuka Chemical Co., Ltd., Osaka, Japan) as a
substrate. Commercially obtained Endo-M (0.1 pg/reaction;
Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) was used as
a positive control. For each 10-uL reaction, 2 pL of enzyme so-
lution was incubated with 100 pmol of NGA2-Asn-Fmoc in
100 mM sodium acetate buffer (pH 5.3) containing 0.5 M
NacCl to enhance the stability of the enzyme. After incubation
at 50°C for 1 h, the reaction was terminated by heating to 95°C
for 5 min. The reaction mixture was subjected to HPLC with a
hydrophilic interaction chromatography column, Shodex
Asahipak NH2P-50 4E (4.6 x 250 mm; Showa Denko K. K.,
Tokyo, Japan). Elution was performed by isocratic elution with
acetonitrile/0.2 M triethylamine acetate (pH 7.0) (at 57/43) ata
flow rate of 1.0 mL/min at 40°C. Fmoc fluorescence was
monitored at 315 nm with excitation at 265 nm. One unit
was defined as the activity yielding 1 pmol of GlcNAc-
Asn-Fmoc per minute under the assay conditions.

Substrate specificity for PA-sugar chains (Takara Bio, or
Masuda Chemical Industry Co., Ltd.,, Kagawa, Japan) was
determined using the same conditions as described above,
except that 10 pmol of substrate was used for one reaction.
The resulting reaction mixture was subjected to reverse-phase
HPLC with a Cosmosil 5C;g-AR-II (2.0 x 150 mm; Nacalai
Tesque, Kyoto, Japan). Elution was performed using a linear
gradient of 0.025-0.25% 1-butanol in 0.1 M ammonium
acetate buffer (pH 4.0) at a flow rate of 0.5 mL/min at 40°C
over 24 min. Elution was monitored at 400 nm with excitation
at 320 nm.
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