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Occurrence

of a D-arabinose-containing
complex-type free-N-glycan
in the urine of cancer patients
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Urinary free-glycans are promising markers of disease. In this study, we attempted to identify

novel tumor markers by focusing on neutral free-glycans in urine. Free-glycans extracted from the
urine of normal subjects and cancer patients with gastric, colorectal, pancreatic and bile duct were
fluorescently labeled with 2-aminopyridine. Profiles of these neutral free-glycans constructed using
multidimensional high performance liquid chromatography separation were compared between
normal controls and cancer patients. The analysis identified one glycan in the urine of cancer patients
with a unique structure, which included a pentose residue. To reveal the glycan structure, the linkage
fashion, monosaccharide species and enantiomer of the pentose were analyzed by high performance
liquid chromatography and mass spectrometry combined with several chemical treatments. The
backbone of the glycan was a monoantennary complex-type free-N-glycan containing B1,4-branch.
The pentose residue was attached to the antennal GIcNAc and released by al,3/4-L-fucosidase.
Intriguingly, the pentose residue was consistent with D-arabinose. Collectively, this glycan structure
was determined to be GalB1-4(p-AraP1-3)GIcNAcB1l-4Manal-3ManB1-4GIlcNAc-PA. Elevation of
p-arabinose-containing free-glycans in the urine of cancer patients was confirmed by selected reaction
monitoring. This is the first study to unequivocally show the occurrence of a b-arabinose-containing
oligosaccharide in human together with its detailed structure.

Glycans in living organisms, which exist on the cell surface in the form of complex carbohydrates attached to
proteins and lipids, act as modulators of intercellular communication'. These glycans also play a role in the cel-
lular protein quality-control system®*. During the protein quality-control process in the endoplasmic reticulum,
misfolded proteins are discharged into the cytoplasm. Misfolded protein-attached glycans are thought to be
detached by enzymatic digestion and transported from the cytoplasm to lysosomes, where they are degraded
into monosaccharides by lysosomal enzymes. However, it has been reported that some oligosaccharides exist as
free forms in the intracellular and extracellular regions without being bound to proteins or lipids*®. Indeed, a
large amount of free-glycan is detected in urine of patients with lysosomal storage disease caused by deficiency
of lysosomal enzymes, suggesting that urinary free-glycans may be disease markers’=’.

It is known that glycan structures on the cell surface are altered during malignant transformation. Therefore,
glycan structures such as sialyl Lewis A and sialyl Tn, which are present in cancer cells, have been used as tumor
markers for clinical diagnosis. To identify novel glycan tumor markers, we previously conducted O-glycan pro-
filing of human sera by multi-step high performance liquid chromatography (HPLC) analysis'®, which detected
a group of acidic O-glycan tumor marker candidates that are predominantly elevated in the sera of cancer
patients!!~'3. Moreover, earlier glycomics analysis of cancer tissues had revealed an unusual accumulation of
N-acetylneuraminic acid (Neu5Ac)- and deaminoneuraminic acid (KDN)-linked N-type free-glycans'*!*. Taken
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Figure 1. Reversed phase-HPLC chromatograms of PA-labeled neutral free-glycans prepared from the urine of
normal individuals and cancer patients. PA-labeled neutral free-glycans fractionated by NP-HPLC were further
separated by RP-HPLC. Chromatograms corresponding to RP-HPLC of NP-fraction 8 eluted by NP-HPLC

are shown. These chromatograms contain neutral free-glycans in urine equivalent to 50 pg of creatinine.
Representative chromatograms of seven normal individuals (N6, N7, N11, N14, N15, N19, N21), four gastric
cancer patients (G2, G5, G8, G10), three pancreatic cancer patients (P2, P3, P5) and two bile duct cancer
patients (B2, B4) are shown. The red dotted line indicates the peak containing the pentose-attached glycan,
which was increased in cancer patients. The gray dotted line peak contains the xylose- and fucose-attached
glycans measured by SRM (see Fig. 6). The black inverted triangles represent glucose units based on the elution
time of PA-labeled isomaltooligosaccharides.

together, these results suggested that free-glycans might be candidate tumor markers. Importantly, free-glycans
are rapidly excreted from the bloodstream into the urine. Hence, in an effort to identify novel tumor markers we
have conducted precise structural analyses of free-glycans found in urine. Our initial studies focused on identify-
ing tumor markers comprising acidic free-glycans. The structures of 135 free-glycans were identified, and several
free-glycans that were elevated in the urine of gastric, pancreatic cancer and cholangiocarcinoma patients found's.
In a subsequent study, structural analyses of neutral free-glycan in urine of healthy subjects were conducted"’.
This analysis revealed the presence of novel glycans, 1,3-galactosylglucose-core (Galp1-3Glc) glycans, as major
components, in addition to previously reported neutral free-glycans such as lactose core (Galp1-4Glc) glycans,
type II N-acetyllactosamine core (GalB1-4GlcNAc) glycans, hexose oligomers, N-glycans.

Here, the profiles of neutral free-glycans in normal subjects and patients with gastric, colorectal, pancreatic
and bile duct cancer were compared in an attempt to identify neutral tumor marker candidates. The analysis
identified a novel pentose-containing complex-type free-N-glycan that was present at elevated levels in the
urine of cancer patients. The linkage fashion, monosaccharide species and enantiomer of the pentose residue
were determined using various approaches such as periodate oxidation, permethylation, derivatization of the
isolated pentose and al,3/4-L-fucosidase treatment. The backbone structure of the glycan was analyzed using
acid hydrolysis, and enzymatic digestion. The results of the analysis showed the pentose to be p-arabinose that
was B1,3-linked to the subterminal GlcNAc of the Galp1-4GlcNAcf1-4Manal-3Manf1-4GlcNAc backbone.
Intriguingly, p-arabinose has not been reported to be biosynthesized in humans. Indeed, to date, there have
been few studies showing the unequivocal occurrence of p-arabinose-containing glycan in human or its precise
structure. Finally, the quantification of this p-arabinose-containing glycan by selected reaction monitoring (SRM)
confirmed that it was elevated in cancer patients.

Results

Preparation and separation of PA-labeled neutral free-glycans derived from urine. To search
for potential tumor markers in human urine, urine specimens were obtained from 22 gastric, 25 colorectal, 11
pancreatic and 4 bile duct cancer patients and 21 normal subjects, which were collected in the early morning
after fasting. Clinical information on all specimens is shown in Supplementary Table S1. Urinary free-glycans
were prepared as previously reported for acidic glycans'®. The reducing ends of the free-glycans purified from
creatinine-corrected urine were labeled with a fluorophore, 2-aminopyridine (PA), by a reductive amination
reaction. The PA-glycan mixture was separated according to charge by DEAE anion-exchange HPLC, and
the neutral fractions collected. The neutral glycan mixture was fractionated into twelve fractions by normal
phase (NP)-HPLC (NP-fractions 1-12, Supplementary Fig. S1), and each NP-fraction was further separated
by reversed phase (RP)-HPLC. The elution patterns of each chromatogram of RP-HPLC obtained from cancer
patient specimens was exhaustively compared with those of normal subjects (Fig. 1). Peaks markedly elevated in
the cancer specimens were identified as potential tumor marker candidates and subjected to MS/MS.
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Figure 2. LC-MS/MS of the pentose-containing glycan. MS? spectrum of the pentose-containing PA-glycan at
m/z 1143 [M +Na]* is shown. Symbol representations of glycans are as follows: circle, hexose; square, HexNAc;
star, pentose. The asterisk indicates an unassigned fragment mass.
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Figure 3. LC-MS/MS of the pentose-containing glycan after periodate cleavage. The periodate oxidation
products were analyzed by LC-MS/MS. M$? spectrum of the periodate-cleaved hexasaccharide at m/z 1059

[M +Na]* (Hex;HexNAc,Pen,-PA + 3 x 2H, - 3x CH,0) in positive ion mode MS is shown. The MS? fragment
ions were assigned as shown in the illustration. Assignments were based on a combination of results from other
structural analyses. Note, it was not possible to determine whether the linkage positions of the terminal hexose
and pentose residues was C-3 or C-4, respectively. Asterisks indicate dehydrated products.

Identification of the pentose-containing free-N-glycan elevated in the urine of cancer
patients. Most urinary neutral free-glycans corresponded to ABO-blood group antigens as previously
reported in our analysis of normal urine specimens!”. Comparison of free-glycan profiles in the urine from
normal subjects and cancer patients identified several peaks that were elevated in cancer patients. As expected,
most of these elevated peaks were composed of glycan structures with blood group antigens. However, free-
glycans with ABO-antigens were unreliable as tumor marker candidates because there was significant variability
in the level of these glycans across only a small number of patients. Therefore, we focused on blood type-inde-
pendent glycans as potential tumor marker candidates. A peak that was clearly elevated in the urine of several
cancer patients, but present at negligible levels in normal subjects, was observed in RP-chromatograms of NP-
fraction 8 (Fig. 1, red dotted line). This peak was primarily composed of a single glycan species with a unique
structure. The spectrum obtained from LC-MS/MS showed that this novel glycan structure was composed of
Hex;HexNAc,Pen,-PA (m/z 1143 [M +Na]*), comprising a Hex-HexNAc-Hex-Hex-HexNAc backbone with a
pentose residue and pentose-containing free-Gnl N-glycan (Fig. 2).

Structural analyses of the pentose-containing free-N-glycan. The structure of this characteristic
glycan was determined using periodate oxidation, partial acid hydrolysis (PAH), enzymatic digestion and per-
methylation. Periodate oxidation products were subjected to MS with sodium adduct ions for inhibition of pen-
tose migration'®!?. The MS? spectrum of the periodate-cleaved product from the sodiated precursor ion at m/z
1059 indicated the glycan structure was Hex1-3/4(Penl-3/4)HexNAcl-4Hex1-3Hex1-4HexNAc-PA (Fig. 3).
The pentose residue was subsequently released by PAH with 0.1 M TFA. The backbone structure with the
pentose removed corresponded to the authentic standard, Galp1-4GlcNAcP1-4Manal-3Manf1-4GlcNAc-PA
(Fig. 4 and Supplementary Fig. S2), but not the other Gn1 free-glycans, Galp1-4GlcNAcp1-2Manal-3Manf1-
4GIcNAc-PA and GalP1-4GIcNAcP1-2Manal-6Manp1-4GlcNAc-PA. The backbone structure was also con-
firmed by sequential enzymatic digestions of the PAH product, Hex;HexNAc,-PA, with P4-galactosidase,
N-acetyl-B-glucosaminidase and a-mannosidase (Fig. 4). Additionally, permethylation of this glycan was per-
formed to determine the linkage position of the pentose residue. Permethylated products were subjected to MS
with sodium adduct ions and detected as a precursor ion at m/z 1423. The MS? spectrum of the antennal B-ion
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Figure 4. Two-dimensional mapping of the pentose-containing N-glycan treated by partial acid hydrolysis
or sequential enzymatic digestions. Elution positions of PA-glycans on normal phase- and reversed phase-
HPLC are represented by glucose units (GU). Closed gray circles indicate the position of the pentose-
containing PA-glycan or its products by partial acid hydrolysis (PAH) or sequential enzymatic digestions. No.
2 used as a standard was an enzymatic digestion product of triantennary N-glycan obtained from al-acid
glycoprotein. x marks the positions of the authentic standard compounds. Enzymes used for glycan structural
analyses are abbreviated as follows: Fuc, al,3/4-L-fucosidase; 4G, B4-p-Galactosidase; BGIcN, N-acetyl-B-p-
glucosaminidase S; aM, al,2/3/6-mannosidase. Symbol representations of glycans are as follows; galactose,
yellow circle; mannose, green circle; GIcNA, blue square; arabinose, green star; fucose, red triangle.

precursor at m/z 646 corresponding to the terminal Hex,HexNAc,Pen, from MS? spectrum showed 2,4- and
3,5-cross-ring cleavage ions at m/z 301 and 329, respectively (Supplementary Fig. S3). This analysis suggested
substitutions of the C-3 and C-4 positions of HexNAc, and that the hexose residue must be linked to the C-4
position of HexNAc. Specifically, the pentose residue must be linked to the C-3 position of the subterminal Glc-
NAc residue. Taken together, the results suggested that this oligosaccharide corresponded to Galp1-4(Penl-3)
GIcNAcB1-4Manal-3Manf1-4GlcNAc-PA, Gnl type N-glycan.

Identification of the pentose monosaccharide linked to the free-N-glycans. Next, we identified
which of the four types of pentose residues, xylose, ribose, lyxose or arabinose, was linked to the C-3 position
of subterminal GlcNAc. Because the pentose residue is acid-labile, its release from the original glycan was per-
formed under mild acid hydrolysis conditions (Supplementary Fig. S2A). The liberated pentose was labeled with
2-aminobenzamide (2AB)* and excess free-2AB subsequently removed by treatment with octanal, aldehyde
reagent?!. This procedure facilitated the detection of small amounts of reaction products to clean up the remain-
ing unreacted labeling reagents. The released and labeled pentose was eluted from the C18 column in the same
manner as the 2AB-labeled pentose (xylose, arabinose, ribose and lyxose) standard mixture. The observed reten-
tion time on HPLC and MS of the isolated peak revealed that the pentose residue linked to the free-Gn1 glycan
was arabinose (Fig. 5A and Supplementary Fig. S4A).

Most arabinose found in nature corresponds to L-arabinose, which is contained in the cell walls of plants, but
D-arabinose is known to be present in mycobacteria (furanose form) and trypanosomatid parasites (pyranose
form)?>?*. Therefore, to determine whether the liberated arabinose was the - or L-enantiomer, the pentose
released by mild acid hydrolysis was derivatized with L-triptophanamide (L-TrpNH,) via reductive amination®.
After derivatizing the arabinose residue with L-TrpNH,, nonreacted excess free L-TrpNH, was acetylated to
increase its hydrophobicity and then removed by phenol treatment (see Materials and Methods). The sample was
then analyzed alongside a standard mixture of L- and p-arabinose by RP-HPLC. This analysis unambiguously
demonstrated the arabinose monosaccharide corresponded to the p-form (Fig. 5B and Supplementary Fig. S4B).

The terminal structure of this glycan, GalB1-4(p-Aral-3)GlcNAcg, is similar to Lewis X structure. As expected,
D-arabinose was cleaved by al,3/4-L-fucosidase (Supplementary Fig. S2B). Given that al,3/4-L-fucosidase specifi-
cally recognizes the a-anomer of L-fucose the susceptibility of the glycan to enzymatic hydrolysis by this enzyme
suggested that the p-arabinose adopts a f-anomeric configuration. As a result, it was estimated that this glycan
structure was GalPB1-4(p-Arap1-3)GlcNAcP1-4Manal-3ManB1-4GlcNAc-PA.

Quantification of the free-glycan with the p-arabinose residue in urine from cancer
patients. The p-arabinose-linked glycan was found to be a major peak from the HPLC analysis of cancer
patient urine. However, accurate quantification was not possible because the corresponding peak overlapped
with some minor components. Accordingly, SRM was employed for the detection of this glycan contained in the
urine sample. Neutral PA-glycan mixtures obtained from the urine of cancer patients and normal controls corre-
sponding to 10 ug of creatinine were subjected to RP-HPLC/ESI-MS for simultaneous measurement of multiple
glycan targets. Compared with normal subjects, patients with gastric, colorectal, pancreatic and bile duct cancers
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Figure 5. LC-MS analysis of the pentose monosaccharide released from the pentose-containing glycan.

The pentose residue liberated from the pentose-containing N-glycan was labeled with 2AB or L-TrpNH, and
then subjected to LC-MS. (A) Extracted ion chromatography (mass ranges m/z 270.6-272.1) of 2AB-labeled
pentoses. (a) Chromatograph of the pentose monosaccharide mixture used as a standard. The blue numbers
denote 2AB-ribose (1), 2AB-lyxose (2), 2AB-arabinose (3) and 2AB-xylose (4). The chromatogram of the
pentose monosaccharide released from the pentose-containing N-glycan by partial acid hydrolysis is in (b). (B)
Extracted ion chromatography (mass ranges m/z 337.7-339.2) of L-TrpNH,-arabinose. L-TrpNH,-derivatized
L-arabinose (1) and p-arabinose (2) were utilized as standards (a). (b) Chromatograph of an L-TrpNH,-
derivative of arabinose released from the original N-glycan by partial acid hydrolysis.

all showed relatively high urinary levels of p-arabinose-linked glycans (Fig. 6A). Indeed, several patients with
gastric and colorectal cancers had particularly high levels of this glycan. All cancer specimens were confirmed to
be significantly different by the Mann-Whitney test with gastric cancer p <0.0001, colorectal cancer p<0.0001,
pancreatic cancer p=0.0011 and cholangiocarcinoma p=0.0014.

The arabinose-containing oligosaccharide was detected as a distinct peak in cancer patients. We reasoned
that a corresponding glycan with L-fucose, rather than p-arabinose, attached to the same position might be even
more abundant in vivo. Accordingly, the fucose-containing glycan, having Lewis X structure, was expected to
be increased in the urine of cancer patients. However, initial screening experiments failed to detect this fucose-
containing glycan. Therefore, we searched for peaks comprising Galp1-4(Fucal-3)GlcNAcf1-4Manal-3Manf1-
4GIcNAc-PA, and found that this fucose-containing glycan was included in a peak that eluted 2 min later than the
peak of the arabinose-containing glycan by RP-HPLC of NP-fraction 8 (Fig. 1, gray dotted line). MS/MS analysis
of this peak showed that it was composed of several glycans. The major component of this peak was an oligoman-
noside containing one pentose residue, which presumably corresponds to a novel glycan. The fucose-containing
glycan, GalB1-4(Fucal-3)GIcNAcP1-4Manal-3Manp1-4GlcNAc-PA, with the same elution time made up a very
minor component of the peak. Another pentose-containing glycan structure was precisely analyzed by enzymatic
digestion and periodate oxidation, and found to be Xylal-3Manal-2Manal-2Manal-3Manf1-4GlcNAc-PA
(Supplementary Fig. S5), with a xylose residue, not arabinose, probably attached to the terminal mannose instead
of glucose. The xylose-containing oligomannoside and fucose-containing N-glycan were also simultaneously
quantified by SRM (Fig. 6B, C). In terms of the fucose-containing glycan, a clear increase was observed in several
cancer patients as seen for the arabinose-containing glycan. However, when the relative amount of arabinose- and
fucose-containing glycan were compared in the same sample, the amount of fucose-containing glycans detected
in cancer patients was less than that of arabinose, even though normal subjects showed comparable levels (see
the scale on the Y-axis, Fig. 6A, B). Unlike the arabinose- and fucose-containing glycan, prominent elevation of
the xylose-linked oligomannoside was not observed in cancer patients (Fig. 6C).

Discussion

Our previous study focusing on acidic free-glycans identified various candidate tumor markers that are ele-
vated in cancer patients, including novel glycan structures'®. These findings prompted us to search for tumor
markers of neutral free-glycans in urine. Unlike acidic glycans, in neutral glycans, there were fewer peaks that
appeared to be predominantly elevated in cancer patient urine. The intriguing pentose-containing glycan iden-
tified in this investigation was not included in the comprehensive analysis of urine from normal subjects in
our previous study'’, because the glycan amount was either under the detection limit or deemed too low to
be analyzed. Various methods were employed to obtain the precise glycan structure. Here, the identified gly-
can structure was a monoantennary complex-type free-N-glycan having a p1,4-branch on the al,3-mannose
arm with a p-arabinose residue linked to the C-3 position of subterminal GlcNAc, Galp1-4(p-Araf1-3)

Scientific Reports |

(2022) 12:4889 | https://doi.org/10.1038/s41598-022-08790-0 nature portfolio



www.nature.com/scientificreports/

A
80 4 PA
%
c
>
3
(3]
<
o
-
2 40
2
‘D
c
93
£
o4
N G (o3 P B
B
18 4 ?._‘O-IPA
E 4
c
=]
[}
012.
<
o
%
2
2 o
2
£
04
N G c P B
C
60 *._._.,.-I-PA
.
c
>
[*]
O 40 -
<
o
-
x
2
@ 204
3
£
0' —
N G C P B

Figure 6. Quantification of the p-arabinose-containing glycan found in urine by SRM. The PA-glycan mixture
from urine corresponding to 10 ug of creatinine was used for relative comparison of urinary free-glycan level.
The peak area in the extracted ion chromatogram (XIC) of SRM transition was measured. The values of Q1 and
Q3 used for measurements are shown in Supplementary Table S3. The glycan levels from urine of gastric cancer
patients (G1-22), colorectal cancer patients (C1-25), pancreatic cancer patients (P1-10), bile duct cancer patients
(B1-4) and normal controls (N1-21) are indicated by red, blue, green, purple and gray bars, respectively. (A),

(B) and (C) show the level of p-arabinose-, fucose- containing N-glycan and xylose-containing oligomannoside,
respectively.

GIcNAcP1-4Manal-3ManP1-4GlcNAc-PA. This is the first report to demonstrate the presence of a b-arabinose-
containing glycan in human. Furthermore, this glycan level was elevated in the urine of cancer patients.

To date there are no reports on the biosynthesis of p-arabinose in human. However, it is highly likely that
D-arabinose is synthesized by epimerization of other pentoses, such as ribose, which are abundant in cells.
Although Neu5Gc detected in human cancer tissues has been shown to be derived from food intake?*?%, the
presence of D-arabinose in food is not reported. Thus, the possibility that p-arabinose could have arisen from
food seems unlikely but cannot be completely ruled out. Alternatively, D-arabinose could be derived from the
metabolites of intestinal bacteria. Although the mechanism of p-arabinosylation is unknown, it is thought that
GDP-p-arabinose is converted from arabinose via the salvage pathway and utilized by fucosyltransferase as a
donor substrate instead of GDP-L-fucose. Indeed, it has been reported that when p-arabinose is supplemented
with media of Chinese hamster ovary cells, effective replacement (approximate 100%) of fucosylation with
arabinosylation occurred in the N-glycan of immunoglobulin®. GDP-arabinose was found to be less effective
than GDP-fucose (5.9%) but sufficiently reactive as a donor of al,4-fucosyltransferase?. Although the efficacy
of GDP-arabinose as a donor substrate to al,3-fucosyltransferase has not been investigated, it is likely to be
effective. The upregulation of al,3-fucosyltransferase, which forms the Lewis X structure, has been reported in
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various cancers®. This elevation in the level of al,3-fucosyltransferase may be involved, at least partially, in the
increase of p-arabinose-containing free-N-glycan in the urine of cancer patients. Indeed, the fucosylation site
of N-glycans found in plasma proteins is at the C-3 position of GIcNAc in the p1,4-branch on al,3-mannose
arm®>’!, which corresponds with the linkage position of p-arabinose.

The p-arabinose-containing free-N-glycan was detected as a distinct peak in the RP chromatogram of cancer
patients. By contrast, the fucose-containing oligosaccharide with a Lewis X structure on the same backbone,
GalP1-4(r-Fucal-3)GlcNAcB1-4Manal-3Manf1-4GlcNAc-PA, was not detected as an obvious peak. Indeed,
this glycan overlaps the xylose-containing glycan in RP-chromatograms of NP-fraction 8 and is present at a neg-
ligible level. SRM revealed that the level of this fucose-containing glycan in cancer patients seemed to be mark-
edly elevated by comparison to normal controls. However, when comparing the level of the fucose-containing
glycan and the p-arabinose-containing glycan in the same sample, especially in cancer patients, the level of the
D-arabinose-containing glycan is higher than that of the fucose-containing glycan. It is not obvious why the level
of the fucose-containing glycan is lower than that of the p-arabinose-containing glycan. The arabinose-containing
N-glycan may be less easily degraded than the fucose-containing N-glycan. Although human a-L-fucosidase
can recognize both B-p-arabinose and a-L-fucose as substrate, the enzyme has a much lower specific activity for
B-p-arabinose than for a-L-fucose i.e., the Km value is about 30-fold higher than for a-L-fucose®. In the case of
mature N-glycans attached to proteins, the amount of fucose-containing glycan would be much higher than that
of arabinose. However, during the degradation process, such as ERAD, most of the fucose-containing glycans
are cleaved by fucosidase, followed by a series of degrading enzymes, while many of the arabinose-containing
glycans may escape degradation by fucosidase digestion and remain intact. Therefore, it is possible that the rela-
tive amount of each glycan is reversed in the final urinary samples.

In summary, this is the first study to report the identification and characterization of a p-arabinose-containing
oligosaccharide in human. Intriguingly, measurement of glycan levels using SRM showed that the N-glycan with
D-arabinose was markedly elevated in the urine of cancer patients. Whether or not the detection of p-arabino-
sylated N-glycans in urine samples from cancer patients can be utilized as a marker for cancer diagnosis requires
further investigation.

Methods

Urine samples. Urine samples were obtained from cancer-free control volunteers (n=21; male 15, female
6, mean age 63.2 years), patients with gastric cancer (n=22; male 11, female 11, mean age 65.3 years), colorec-
tal cancer (n=25; male 8, female 17, mean age 59.8 years), pancreatic cancer (n=10; male 6, female 4, mean
age 62.7 years) and bile duct cancer (n=4; male 2, female 2, mean age 68.0 years) at the Osaka International
Cancer Institute. All cancer patients are not administered anticancer drugs. Clinical information is shown in
Supplementary Table S1. This study was approved by the Local Ethics Committee of Osaka International Cancer
Institute. Informed consent was obtained from all the volunteers and cancer patients. All experiments were con-
ducted in accordance with relevant guidelines and regulations.

Isolation of free-glycans from urine samples. Urinary free-glycans were prepared as previously
reported!®. Briefly, the volume of the urine specimens used for sample preparation were corrected to normalize
for creatinine concentration. Free-glycans were extracted from the urine samples equivalent to 400 g creatinine
by chromatography using Dowex 50W-X8 (H* form, 100-200 mesh, FUJIFILM Wako Pure Chemical, Osaka,
Japan) followed by a graphite carbon cartridge (InertSepGC 300 mg; GL Science, Tokyo, Japan).

Preparation and separation of PA-glycans. Experimental procedures, such as preparation and separa-
tion of PA-glycans, were performed as previously reported'"'®. The reducing ends of urinary free-glycans were
labeled with 2-aminopyridine by reductive amination®**. Excess reagents were subsequently removed by phe-
nol/chloroform extraction and cation exchange chromatography. PA-glycans were then loaded onto a graphite
carbon cartridge (InertSepGC 150 mg; GL Science)®. To collect the neutral fractions, weak anion exchange
HPLC was performed on a TSKgel DEAE-5PW column (10 pm, 7.5 x 75 mm; Tosoh, Tokyo, Japan). The follow-
ing experimental procedures, including NP-HPLC and RP-HPLC have been reported previously®. The above
HPLC conditions are described in Supplementary Table S2 according to the Minimum Information Required for
A Glycomics Experiment (MIRAGE) guidelines.

Glycosidase digestion. N-acetyl-B-p-glucosaminidase S from Streptococcus pneumoniae (New England
Biolabs, Ipswich, MA, USA) and al,3/4-L-fucosidase from Streptomyces sp. 142 (Takara Bio, Shiga, Japan) were
used in 1 x GlycoBuffer 1 (50 mM sodium acetate and 5 mM CaCl, pH 5.5; New England Biolabs) at 37 °C over-
night. p4-p-Galactosidase from S. pneumoniae (Agilent, Santa Clara, CA, USA) was incubated in sodium citrate
buffer (pH 6.0) at 37 °C. Sodium acetate (100 mM pH 5.0) with 2 mM zinc chloride was used as the buffer for
al, 2/3/6-mannosidase from Jack Bean (Agilent). Sodium phosphate (100 mM pH 6.8) was used as the buffer
for a-xylosidase from E. coli (Megazyme, Bray, Ireland). Purified N-glycans released from al-acid glycoprotein
in human plasma (Sigma-Aldrich, St Louis, Mo, USA) with Endo F3 (New England Biolabs) were labeled with
2-aminopyridine for use as standard glycans. The standard for fucosylated N-glycan with an al,3-mannose arm
extended P4-branching lactosamine was prepared by enzymatic digestion of triantennary N-glycan with siali-
dase, galactosidase, hexosaminidase and mannosidase, without fucosidase treatment.

Periodate oxidation and reduction of PA-glycans. Vacuum dried PA-glycans were treated with
80 mM sodium periodate in 50 mM sodium acetate buffer (pH 4.0) at 4 °C for 2 days in the dark. The reaction
was stopped by addition of 50% ethylene glycol at room temperature for 1 h, followed by reduction with 200 mM
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sodium borohydride in 100 mM sodium borate buffer (pH 8.0) for 2 h*”*. The resulting glycans were desalted
on a graphite carbon cartridge and analyzed by ESI-MS and MS".

Permethylation of PA-glycans. Vacuum dried PA-glycans were dissolved in NaOH/dimethyl sulfoxide
added 1% distilled water slurry®>*. After vigorous mixing, iodomethane was added into slurry mixture. The
reaction mixtures were vortexed for 20 min before adding ice-cold 2.5% acetic acid. The remaining iodomethane
was removed by N,-gas bubbling. Permethylated glycans were purified using Oasis PRIME HLB (Waters Co.,
Milford, MA, USA) and lyophilized. The lyophilized material was then redissolved in distilled water containing
10% acetonitrile, 10% N,N-dimethylformamide and 0.05% acetic acid.

Preparation and separation of 2AB-monosaccharide. Pentose monosaccharides were obtained from
PA-labeled free-N-glycan analyte by partial acid hydrolysis*' or al,3/4-fucosidase treatment. Pentose residues
were released from PA-labeled free-N-glycan by mild acid hydrolysis with 0.1 M TFA at 80 °C for 3 h. Mono-
saccharides liberated from the original glycan structure by partial acid hydrolysis were loaded onto a graphite
carbon cartridge (GL Science) to facilitate separation from PA-labeled oligosaccharides, and the flowthrough
was collected. The lyophilized monosaccharides or standards were incubated with 2.5 pumol 2-aminobenzamide
(Sigma-Aldrich) and 600 nmol picoline borate (Junsei Chemical Co. Ltd., Tokyo, Japan) in 5 pL methanol/acetic
acid/DDW (v/v/v, 85:10:5) at 40 °C for 3 h*. The 2AB labeled monosaccharides were evaporated and then finally
dissolved in 1 mL of distilled water. Unreacted excess free-2AB after the labeling reaction were removed by the
addition of octanal to the 2AB labeled solution followed by vigorous vortexing. The aqueous layer was separated
by centrifugation, followed by the addition of chloroform and vigorous mixing. The aqueous layer was separated
by centrifugation and filtered*. The 2AB labeled monosaccharides were separated using a Shim-pack Scepter
C18-120 (2.1x150 mm, 3 pum; Shimadzu, Kyoto, Japan) at 55 °C. Solvent A (0.1% formic acid) and solvent B
(0.1% formic acid in 50% acetonitrile) were used at a flow rate of 0.2 ml/min. The column was equilibrated with
2% solvent B and then solvent B was linearly increased to 15% in 40 min. The eluate was monitored with excita-
tion and emission wavelengths of 330 and 420 nm, respectively (Supplementary Table S2). All standard mono-
saccharides were purchased from TCI (Tokyo Chemical Industry Co. Ltd., Tokyo, Japan), and labeled with 2AB.

Derivatization and separation of monosaccharide with L-TrpNH,. Arabinose monosaccharides
were obtained by partial acid hydrolysis, as mentioned earlier for 2AB labeling*'. Derivatization of arabinose
monosaccharides was performed using the method described by Shou et al?*. Briefly, monosaccharides dis-
solved in 10 pL distilled water were incubated with 30 uL of 400 mM L-TrpNH, in methanol/100 mM tetraborate
(v/v, 1:2) and 10 uL of 2 M dimethylamine borate at 40 °C for 4 h. Then, 50 pL each of acetic anhydride, 100 mM
tetraborate and 1 M NaCl were added to the reaction mixtures followed by vortexing. The free amino group of
unreacted L-TrpNH, was acetylated by incubation for 30 min. Additionally, 50 uL each of 10% formic acid and
distilled water were added to the reaction mixtures, which were then subjected to two consecutive phenol-chlo-
roform extractions for the removal of unreacted excess L-TrpNH,. The recovered aqueous solution was purified
by loading onto a graphite carbon cartridge (GL Science). The L-TrpNH, derivatives were separated using a
Shim-pack Scepter C18-120 (2.1 x 150 mm, 5 pm; Shimadzu) at 40 °C. Solvent A (2.5 mM n-butylboronic acid,
100 mM phosphate, 5% acetonitrile, pH 7.7) and solvent B (20% acetonitrile) were used for the linear gradient
elution at a flow rate of 0.2 ml/min*". The eluate was monitored with excitation and emission wavelengths of 280
and 350 nm, respectively (Supplementary Table S2). p- and L-arabinoses purchased from TCI were derivatized
with L-TrpNH,, and used as standards.

Mass spectrometry. Mass spectrometry for glycan structural analysis was set up as previously reported®.
For the detection of monosaccharide derivatives, the ESI-MS on a LTQ XL linear ion trap mass spectrometer
(Thermo Scientific, San Jose, CA, USA) was connected to an LC-20AD HPLC system (Shimadzu). The separa-
tion of both 2AB- and L-TrpNH,-monosaccharides derivatives by liquid chromatography was performed as
mentioned earlier for the separation of 2AB-monosaccharides (Supplementary Table S2). MS spray voltage was
set to 3 kV in positive ion mode. The temperature of the ion source was maintained at 250 °C. The following
parameters were used: temperature of the capillary, 300 °C; sheath gas, 40 units; tube lens voltage, 100 V; range
for a full MS scan, 250-400.

SRM for quantification of glycans. A 4500 QTRAP hybrid triple quadrupole/linear ion trap mass spec-
trometer (AB SCIEX, Framingham, MA, USA) connected to LC-20AD HPLC system (Shimadzu) was used for
the quantification of glycan by SRM. The urinary neutral PA-glycan mixture corresponding to 10 ug of creatinine
were separated by Shim-pack Scepter C18-120 (2.1 x 150 mm, 3 um; Shimadzu) at 35 °C. The solvents, 10 mM
acetic acid with triethylamine (pH 6.0) (A) and 10 mM acetic acid with triethylamine (pH 6.0) in 50% acetoni-
trile (B), were used for gradient elution. The eluate was analyzed by electrospray ionization with post-column
addition of acetonitrile (Supplementary Table S2). Quality control was prepared by pooling equal volumes of all
urine PA-glycan samples, and analyzed every 10 runs for analysis monitoring. 50 fmol of C'*-panose was spiked
into each glycan sample as an internal standard. Data acquisition was performed with an ion spray voltage of
5 kV, curtain gas of 30 psi, collision gas of 9 psi, nebulizer gas (GS1) of 65 psi, turbo gas (GS2) of 55 psi, an inter-
face heater temperature of 500 °C and dwell time of 50 ms. Two SRM transitions were monitored and acquired
at low resolution both in the first and third quadrupoles (Q1 and Q3). The values of Q1 and Q3 are shown in
Supplementary Table S3. SRM data acquired on the 4500 QTRAP were analyzed by SCIEX OS (AB SCIEX). The
peak area in the extracted ion chromatogram (XIC) of each SRM transition was measured.
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Data availability

All data generated or analyzed during the study are included either in this published article and its supplemen-
tary information file or can be made available from the corresponding author on reasonable request or from
UniCarb-DR (https://unicarb-dr.glycosmos.org/references).
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