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Introduction

A spin column-free approach to sodium
hydroxide-based glycan permethylationt

Yueming Hu® and Chad R. Borges @ *

Glycan permethylation was introduced as a tool to facilitate the study of glycans in 1903. Since that time,
permethylation procedures have been continually modified to improve permethylation efficiency and
qualitative applicability. Typically, however, either laborious preparation steps or cumbersome and uneco-
nomical spin columns have been needed to obtain decent permethylation yields on small glycan samples.
Here we describe a spin column-free (SCF) glycan permethylation procedure that is applicable to both
O- and N-linked glycans and can be employed upstream to intact glycan analysis by MALDI-MS, ESI-MS,
or glycan linkage analysis by GC-MS. The SCF procedure involves neutralization of NaOH beads by
acidified phosphate buffer, which eliminates the risk of glycan oxidative degradation and avoids the use of
spin columns. Optimization of the new permethylation procedure provided high permethylation
efficiency for both hexose (>98%) and HexNAc (>99%) residues—yields which were comparable to
(or better than) those of some widely-used spin column-based procedures. A light vs. heavy labelling
approach was employed to compare intact glycan yields from a popular spin-column based approach to
the SCF approach. Recovery of intact N-glycans was significantly better with the SCF procedure
(p < 0.05), but overall yield of O-glycans was similar or slightly diminished (p < 0.05 for tetrasaccharides
or smaller). When the SCF procedure was employed upstream to hydrolysis, reduction and acetylation for
glycan linkage analysis of pooled glycans from unfractionated blood plasma, analytical reproducibility was
on par with that from previous spin column-based “glycan node” analysis results. When applied to blood
plasma samples from stage llI-IV breast cancer patients (n = 20) and age-matched controls (n = 20), the
SCF procedure facilitated identification of three glycan nodes with significantly different distributions
between the cases and controls (ROC c-statistics > 0.75; p < 0.01). In summary, the SCF permethylation
procedure expedites and economizes both intact glycan analysis and linkage analysis of glycans from
whole biospecimens.

composition of monosaccharides in glycans, branching posi-
tion and interglycosidic linkage information, and the presence

Glycans are complex carbohydrates that play important roles
in numerous biological processes, such as intercellular
trafficking, signal transduction, cell adhesion, endocytosis,
immunosurveillance, and immune response initiation.'
Recently, much attention has been focused on the structural
analysis and quantification of glycans in order to elucidate
their biological roles in chronic human diseases, most notably
cancer.’™®

Permethylation is a useful derivatization method that
confers several advantages with regard to the analysis of
glycans—especially when combined with mass spectrometry
(MS). 1t helps facilitate the determination of sequence and
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of configurational and conformational isomers. Additionally,
permethylation stabilizes sialic acid residues in glycan struc-
tures, improves measurement sensitivity, enhances separation
of glycans by reversed-phase HPLC, and generates more pre-
dictable spectral patterns when subjected to tandem mass
spectral (MS) analysis.”® Moreover, permethylation helps facili-
tate quantitative reproducibility when glycans are analyzed by
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) MS.°

The first carbohydrate permethylation methodology was
reported by Purdie and Irvine in 1903.'° Since that time,
several improved permethylation procedures have been develo-
ped. In 1964, Hakomori introduced a procedure with
enhanced permethylation yield compared to previously
described procedures by utilizing sodium methylsulfinyl
carbanion (Na dimsyl) and iodomethane."* However, even with
some modifications,"”>* the Hakomori procedure was still
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laborious and hazardous because the dimsyl reagent is extreme-
ly sensitive to moisture, air and carbon dioxide. In 1984, to cir-
cumvent these problems with the dimsyl reagent, Ciucanu and
Kerek developed a procedure based on the reaction of glycans
with iodomethane in dimethyl sulfoxide (DMSO) containing
powdered sodium hydroxide (NaOH)."> This procedure has
been successfully applied in various glycan structural studies
and adopted or adapted by numerous laboratories.'® The per-
methylation yield of this procedure for glycans containing
N-acetylhexosamine (HexNAc) units, however, was not exam-
ined—perhaps because, as we have found, the yield of HexNAc
residues is rather low with this procedure (unpublished data).
More recently, a solid-phase spin column-based permethyl-
ation procedure was pioneered by Mechref, Novotny and co-
workers”'” for the analysis of small quantities of glycans,
which could not be satisfactorily achieved by the Ciucanu pro-
cedure. In this procedure, the reaction of glycans with iodo-
methane is proposed to take place on the surface of NaOH
beads that are packed in micro-spin columns. Since the solu-
tion-phase permethylated glycans are separated from the
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NaOH beads by centrifugation following the reaction, the
issues associated with peeling reactions and oxidative degra-
dation of glycans due to the presence of NaOH during the sub-
sequent liquid/liquid extraction step are avoided. With its high
derivatization efficiency and good analytical reproducibility,
this procedure has demonstrated its utility for model glyco-
proteins and glycans derived from biomedical samples—even
with low picomole to femtomole sample quantities. N-Glycans,
however, still need to be pre-isolated from glycoproteins and
complex biological samples prior to permethylation with the
spin column procedure. In 2013, we adapted this permethyl-
ation method and incorporated trifluoroacetic acid (TFA)
hydrolysis, reduction, and acetylation steps, to perform glycan
linkage analysis directly from whole biofluids (such as serum
and plasma) and homogenized tissue samples (Fig. 1).'%'°
With the additional steps, O-linked glycans, N-linked glycans,
and glycolipids are all released and ultimately converted into
partially methylated alditol acetates (PMAAs, Fig. 2) which are
highly amenable to analysis by gas chromatography-mass spec-
trometry (GC-MS). Relative quantification of the resulting
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Fig. 1 Conceptual overview of glycan linkage analysis from whole biospecimens. Intact normal and abnormal glycans including O-glycans,
N-glycans and glycolipids, are processed and transformed into partially methylated alditol acetates (PMAAs, Fig. 2), each of which corresponds to a
particular monosaccharide-and-linkage-specific glycan “node” in the original polymer. As illustrated, analytically pooling together the glycan nodes
from amongst all the aberrant intact glycan structures provides a more direct surrogate measurement of abnormal glycosyltransferase activity than
any individual intact glycan, while simultaneously converting unique glycan features such as “core fucosylation”, “a2-6 sialylation”, “bisecting GlcNAc”,
and “B1-6 branching” into single analytical signals. Actual extracted ion chromatograms from 9 pL blood plasma samples are shown. Numbers adjacent
to monosaccharide residues in glycan structures indicate the position at which the higher residue is linked to the lower residue. Figure adapted with
permission from C. R. Borges, et al., Anal. Chem., 2013, 85(5), 2927-2936. Copyright 2013 American Chemical Society.
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Fig. 2 Molecular overview of the glycan linkage analysis procedure.
The Gal-4-GlcNAc disaccharide is illustrated. For glycans from blood
plasma and other biofluids, O-linked glycans are released during per-
methylation, while N-linked glycans and glycolipids are released during
acid hydrolysis. The unique stereochemistry and pattern of methylation
and acetylation in the final partially methylated alditol acetates (PMAAs)
corresponds to the unique “glycan node” in the original intact polymer
and provides the molecular basis for separation and quantification by
GC-MS.
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PMAAs (as surrogates for monosaccharide-and-linkage specific
“glycan nodes”) facilitates detection of changes in unique
glycan features due to disease pathobiology.'® Based on the
unique branch points and linkages that they represent, some
glycan nodes serve as 1:1 molecular surrogates of corres-
ponding glycosyltransferases—the enzymes that facilitate con-
struction of glycan polymers. Moreover, by analytically pooling
together each chemically distinct glycan node from across all
intact glycans in a complex sample, the approach condenses
unique glycan structural features such as “core fucosylation”,
“a2-6 sialylation”, “bisecting GIcNAc”, and “p1-6 branching”
into single analytical signals (Fig. 1).

Herein we describe and document the performance charac-
teristics of a new procedure that eliminates the need for a spin
column when permethylating glycans from complex biological
samples. Glycans containing HexNAc units and small glycan-
containing samples from whole biofluids are readily per-
methylated by the new procedure. Permethylation efficiency is
compared to standard spin column-based approaches based
on both PMAA yield as well as intact permethylated O- and
N-glycan yields. Finally, we evaluated the reproducibility of the
spin column-free procedure toward relative quantification of
glycan nodes in blood plasma and assessed its clinical per-
formance with regard to its ability to generate glycan nodes
that distinguish breast cancer patient plasma from that of
healthy, aged-matched controls.

Experimental
Materials and samples

Materials. Galactopyranosyl-p-1,4-N-acetyl-p-glucosamine
and 3-O-(2-acetamido-2-deoxy-f-p-galactopyranosyl)-p-galacto-
pyranose were obtained from Carbosynth (Compton,
Berkshire, UK). Peptide-N-glycosidase F (500 000 units per mL)
was acquired from New England Biolabs (Ipswich, MA). Fetuin
from fetal bovine serum and Bovine Ribonuclease B were pur-
chased from Sigma-Aldrich (St Louis, MO). Acetone was pur-
chased from Avantor Performance Materials (Center Valley, PA).
Methanol was obtained from Honeywell Burdick & Jackson
(Muskegon, MIl). Acetonitrile and methylene chloride were
acquired from Fisher Scientific (Fair Lawn, NJ). DMSO, iodo-
methane (99%, Cat. No. 18507), iodomethane-d; (99%, Cat.
No. 176036), chloroform, trifluoroacetic acid (TFA),
ammonium hydroxide, sodium borohydride, acetic anhydride,
2,5-dihydroxybenzoic acid (DHB), sodium acetate and sodium
hydroxide beads (20-40 mesh, Cat. No. 367176) were pur-
chased from Sigma-Aldrich. Pierce spin columns (900
pL volume) used in the 10 min permethylation procedure were
obtained from ThermoFisher Scientific (Waltham, MA, Cat.
No. 69705). Micro-spin columns (500 pL volume) for extended
spin column permethylation procedure were purchased from
Harvard Apparatus (Holliston, MA, Cat. No. 74-4420). GC-MS
autosampler vials and Teflon-lined pierceable caps were
obtained from ThermoFisher Scientific. GC consumables were
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acquired from Agilent (Santa Clara, CA); MS consumables were
obtained from Waters (Milford, MA).

Samples. A set of 40 blood plasma samples, half from stage
III-IV breast cancer patients and half from age-matched
healthy women, were purchased from Bioreclamation IVT
(Hicksville, NY). A 300-mL plasma sample from an individual
donor was also obtained from Bioreclamation, which served as
a quality control sample to ensure batch-to-batch quantitative
reproducibility.

Permethylation procedures

Spin column-free (SCF) permethylation procedure.
Approximately 625 mg of sodium hydroxide (NaOH) beads
were collected in a silanized 13 x 100 mm glass test tube, and
then conditioned by one rinse with 350 pL of acetonitrile (ACN)
followed by two rinses with 350 pL of DMSO. Thirty microliters
(30 pL) of aqueous sample solution and 270 puL of DMSO were
added to the preconditioned NaOH beads, followed by the
addition of 105 pL iodomethane. The solution was then mixed
thoroughly on a shaker at 650 rpm for 11 min. Next, to dissolve
the NaOH beads and create a neutral to slightly acidic solu-
tion, 3.5 mL of acidified phosphate buffer was slowly added to
each sample with continual mixing by manual swirling. To
make the acidified buffer, concentrated hydrochloric acid
(HCl) was mixed with 0.2 M phosphate buffer (composed of
half 0.2 M Na,HPO, and half 0.2 M NaH,PO,, pH 7) at a
1.3:2.2 volume ratio. Then 1.2 mL of chloroform was added
and mixed thoroughly with the aqueous layer. After brief cen-
trifugation (30 s at 3000g), the top layer (aqueous layer) of each
sample was discarded, and replaced by a fresh 3.5 mL aliquot
of 0.5 M NaCl solution in a 0.2 M sodium phosphate buffer
(pH 7). Two additional liquid/liquid extraction cycles with
0.2 M sodium phosphate buffer (pH 7) were then performed.
At last, the chloroform layer of each sample was collected and
then dried under vacuum (Speed Vac) with no heat applied
(for further intact glycan analysis) or under a gentle stream of
nitrogen (if the sample was to undergo glycan linkage
analysis).

10 min spin column (SC 10 min) permethylation pro-
cedure. The following procedure was employed by Borges et al.
in 2013'® and 2016."° Sodium hydroxide beads were collected
in a Pierce spin column (900 pL volume) up to 5 mm below the
rim, and washed once with 350 pL of acetonitrile (ACN) fol-
lowed by two rinses with 350 pL of DMSO. Nine microliters
(9 pL) of aqueous glycan standard solution or a whole biofluid
sample (e.g., blood plasma, serum, homogenized tissue, etc.)
were mixed with 270 pL of DMSO in a 1.5 mL Eppendorf tube.
The solution was added to the pre-conditioned NaOH beads in
the plugged microfuge spin column, followed by the addition
of 105 pL of iodomethane and immediate stirring. The sample
mixture was then allowed to stand for 11 min with occasional
gentle stirring. After reaction, the microfuge spin column was
unplugged and spun for 30 s at 5000 rpm (1000g in a fixed-
angle rotor) to collect the sample solution, which was quickly
transferred into 3.5 mL of 0.5 M NaCl solution in 0.2 M
sodium phosphate buffer (pH 7) within a silanized 13 x
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100 glass test tube. NaOH beads were then washed twice by
300 pL of ACN, and the spin-throughs were all immediately
transferred into the same silanized glass test tube. To each
sample, 1.2 mL of chloroform was added to perform liquid/
liquid extraction. With brief centrifugation (as above), the top
layer (aqueous layer) was discarded and then replaced by a
fresh aliquot of 3.5 mL of 0.5 M NaCl solution in 0.2 M
sodium phosphate buffer (pH 7). In total, three L/L extractions
were performed for each sample, and finally the chloroform
layer was extracted and then dried under vacuum (Speed Vac)
with no heat applied (for further intact glycan analysis) or
under a gentle stream of nitrogen (if the sample was to
undergo glycan linkage analysis).

Extended spin column (SC 50 min) permethylation pro-
cedure. The following procedure was adapted from the proto-
col of Mechref et al.*>® Sodium hydroxide beads were added to
a Harvard Apparatus micro-spin column (500 pL volume) up to
3 cm in height and washed twice with 50 pL of DMSO. In a
0.5 mL Eppendorf tube, 1.2 pL of aqueous glycan standard
solution was mixed with 30 pL of DMSO. After mixing with
20 pL of iodomethane, the sample mixture was applied to the
sodium hydroxide beads packed in a spin column. The sample
mixture was allowed to stand for 30 min, followed by the
addition of another 20 pL of iodomethane and 20 min incu-
bation. The sample was collected by centrifugation at 200g for
1 min after reaction, and the NaOH beads were washed twice
by 50 pL of DMSO. The sample and two eluted volumes of
DMSO were collected in a silanized 13 x 100 mm glass test
tube. To perform L/L extractions, 3.5 mL of 0.5 M NaCl solution
in 0.2 M sodium phosphate buffer (pH 7) and 1.2 mL chloro-
form were added to each sample. The chloroform layer was
washed 3 times with the aqueous solution, then extracted and
dried under vacuum (Speed Vac) with no heat applied (for
further intact glycan analysis) or under a gentle stream of nitro-
gen (if the sample was to undergo glycan linkage analysis).

As carried out here, the final L/L extraction steps were
necessary in order to facilitate subsequent analysis by GC-MS
or MALDI-MS. As recently described elsewhere,>*> however,
the effluent from the extended spin column procedure can
simply be dried and reconstituted in LC-MS mobile phase pro-
vided that online desalting is carried out on the LC prior to
elution of the permethylated glycans into the mass spectro-
meter. LC-MS was not employed in the studies described here,
but it is unlikely that the product of the SCF procedure
described above would be amenable to this L/L extraction-free,
dry, dilute and shoot approach due to the high concentration
of salts that are present following dissolution of the NaOH
beads with acidified phosphate buffer.

Glycan linkage analysis

Permethylation. Permethylation was carried out following
one of the procedures listed above.

Hydrolysis, reduction, and acetylation. Hydrolysis, reduction
and acetylation were carried out as we have previously
described.’®'® Two molar TFA was prepared and added
(325 pL) to each test tube and allowed to react for 2 h at

This journal is © The Royal Society of Chemistry 2017
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120 °C. Samples were dried under a gentle stream of nitrogen
at 73 °C. Next, 10 mg mL™" sodium borohydride in 1 M
ammonium hydroxide was freshly prepared and added
(475 pL) to each sample, which was allowed to stand for 1 h in
room temperature. To remove excess borate, 100 pL of metha-
nol (MeOH) was added and dried under nitrogen, followed by
125 pL of 9:1 (v/v) MeOH : acetic acid and drying under nitro-
gen. To achieve efficient acetylation, 18 pL of deionized water
was added to each test tube, thoroughly mixed and sonicated
for 2 min to dissolve any precipitates. Then each sample was
mixed with 250 pL acetic anhydride and heated at 50 °C for
10 min, followed by adding 230 puL of concentrated TFA and
heating again at 50 °C for 10 min. To clean up the sample
mixture, 1.8 mL of dichloromethane and 2 mL of deionized
water were added to perform liquid/liquid extraction twice,
with the aqueous layer discarded for each cycle. The organic
layer of each sample was transferred to a silanized autosampler
vial, and then dried under a gentle stream of nitrogen at 40 °C.

Gas chromatography-mass spectrometry. An Agilent Model
A7890 gas chromatograph (equipped with a CTC PAL auto-
sampler) coupled to a Waters GCT (time-of-flight) mass
spectrometer was employed for analysis of PMAAs by GC-MS.
To each sample vial, 64 pL of acetone was added to reconsti-
tute the PMAAs. One microliter (1 pL) was then injected onto a
hot (280 °C), silanized glass liner containing a plug of
silanized glass wool (Agilent Cat. No. 5183-4647) at a split ratio
of 20. Samples were separated via chromatography over a 30 m
DB-5 ms GC column, facilitated by helium as carrier gas with a
0.8 mL min~" constant flow rate. The GC oven was held at an
initial temperature of 165 °C for 0.5 min, ramped to 265 °C at
a rate of 10 °C min~", followed by immediately ramping to
325 °C at a rate of 30 °C min~' and holding at 325 °C for
3 min. Sample components eluted from GC column into the
TOF mass spectrometer equipped with an electron ionization
source (70 eV, 250 °C). MS spectra were collected in positive-
ion mode. Spectra from individual TOF pulses over a m/z range
of 40-800 were summed every 0.1 s. The mass spectrometer
was tuned and calibrated daily using perfluorotributylamine to
ensure reproducible relative abundances of EI ions and mass
accuracy within 10 ppm.

Intact glycan analysis

Enzymatic release and reduction of N-glycans. The following
procedure, including the amount of glycoprotein employed,
was adapted from Hu et al for release and reduction of
N-glycans.”® A 10 mg mL™" stock solution of N-glycoprotein
(Bovine Ribonuclease B) was prepared. A 1 pL aliquot of the
stock solution was mixed with 9 pL GlycoBuffer 2 (10 x, 50 mM
sodium phosphate buffer, pH 7.5). Next, the mixture was
heated in boiling water for 10 min, and then chilled on ice.
Peptide-N-glycosidase F (PNGase F) stock solution (500000
units per mL) was diluted ten times with GlycoBuffer 2, and
added (1 pL) to each sample. The glycoprotein samples were
then incubated at 37 °C for 18 h, and dried under vacuum
with assisted heat at approximately 55 °C.

This journal is © The Royal Society of Chemistry 2017
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A 10 mg mL™" solution of sodium borohydride in 1 M
ammonium hydroxide solution was freshly prepared and
added (10 pL) to each sample, which was then incubated in a
60 °C water bath for 1 h. Samples were mixed with 10 pL of
5% acetic acid and dried under vacuum with assisted heat.
Next, HPLC-grade methanol was added (100 pL) to each sample
and removed by drying under vacuum. To eliminate residual
borate in samples, the last two steps were repeated five times.

Permethylation. Permethylation was carried out following
one of the procedures listed above.

MALDI-TOF mass spectrometry. The dried permethylated
samples were reconstituted in 6 pL of ethanol. A 10 mg mL™"
2,5-dihydroxybenzoic acid (DHB) matrix solution was made in
1 mM sodium acetate solution. To directly compare samples
derivatized with the SCF vs. SC 50 min procedures, 1 pL of
sample permethylated by the SC 50 min procedure with iodo-
methane and 1 pL of sample permethylated by the SCF pro-
cedure with iodomethane-d; were mixed into 2 puL of DHB
matrix solution, making a solution with a total volume of 4 pL.
Next, 2 pL of the mixed solution was transferred onto a MALDI
target spot, and then dried under vacuum for 10 min

A Bruker Daltonics, Autoflex III L200 MALDI-TOF mass
spectrometer was utilized for intact glycan analysis. The instru-
ment was used in linear, positive ion, delayed-extraction mode,
with ‘ionsource 1’ at 20 kV, ‘ionsource 2’ at 18.45 kV, lens at
7.7 kv, 50 ns delayed extraction, deflection signal suppression
up to m/z 500, and 1 GS per s sample rate. To ensure good ion
counting statistics, at least 2500 laser-shots were signal aver-
aged for each mass spectrum. The MALDI-TOF mass spectro-
meter was externally calibrated with peptide calibration stan-
dard II, a mixture of 9 peptides supplied by Bruker Daltonics
(Cat. No. NC9349683).

Data analysis

GC-MS data. Masslynx 4.1 program and Quanlynx 4.1 soft-
ware were utilized to process all GC-MS data for glycan linkage
analysis. For routine relative quantification of each glycan
“node” from glycan standards or blood plasma, the 2-4 most
abundant and/or diagnostic fragment ions'®'® were summed
using a 0.15 Da extracted ion chromatogram mass window for
quantification. The summed extracted ion chromatogram
(XIC) peak areas were automatically integrated and quantified,
then exported to a spreadsheet for further calculation. All inte-
gration events were evaluated manually to ensure accuracy.

Permethylation efficiency was determined by the fraction of
ion signal derived from PMAAs representing undermethylated
form(s) of a specific glycan node divided by this same value
plus the ion signal derived from the PMAA representing the
fully permethylated form of that particular glycan node. (For
example, for analysis of the Gal-4-GlcNAc standard, ion signal
from the PMAA representing terminal galactose (t-Gal) rep-
resented the fully permethylated hexose while all other galac-
tose-related ion signals such as those from PMAAs represent-
ing 2-Gal, 3-Gal, 4-Gal, etc. represented undermethylated
forms of the t-Gal residue.) Because the total ion current chro-
matogram (TIC) contained a few chromatographic signals
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from sample preparation-related non-glycan contaminants
that, in some cases, co-eluted with PMAAs of interest, extracted
ion chromatograms had to be employed for this analysis. As
such, we ensured that ions extracted for analysis of glycan
undermethylation (see ESI Table 1t) covered greater than 90%
of the ion current derived from the corresponding glycan node
(ESI Fig. S17).

MALDI-TOF MS data. MALDI MS data for intact glycan ana-
lysis were processed by Bruker FlexAnalysis 3.0 software. Mass
spectra were baseline subtracted using the TopHat algorithm,
and MS peaks were integrated baseline-to-baseline. Integration
events were inspected manually and, if necessary, adjusted to
baseline as appropriate. Peak intensities were exported to a
spreadsheet for further calculation.

To directly compare the permethylation efficiency of the
spin column-free procedure (SCF) and extended spin column
procedure (SC 50 min), the intensity ratio of mass spectral
peaks from the two procedures (SCF/SC 50 min) was calculated
for each intact glycan. Every experiment was also run with the
labeling reagents switched (i.e., iodomethane used for the SCF
procedure and iodomethane-d; used for the SC 50 min pro-
cedure), then all results were pooled together to ensure a lack
of labeling bias.

Statistical analysis software. Software employed for statistical
analysis included Microsoft Excel for the two-tailed Student’s
t-test to compare the experimentally determined mean SCF/SC
ratio for each glycoform with the theoretical value of 1. Excel
was also used for the Benjamini-Hochberg false discovery rate
adjustment of p-values for the Wilcoxon rank sum test.
GraphPad Prism 5 was utilized for Kruskal-Wallis followed by
Dunn’s post hoc tests. And SAS 9.4 was employed for the
Wilcoxon rank sum test.

a) t-Gal from Gal-4-GIcNAc
0.08; *

c ! k%% !

,9 I A 1

‘6 I f 1

£006] ¢ '

= | : .

2. 0.04 " .

g = U

Q A °

E I -l 3

g 0.02 - R 3 i

S A °
0.004— . v . .

10 20 30 40 80

Total volume of aqueous sample solution (uL)

View Article Online

Analyst

Results and discussion

Optimization of permethylation reagent volumes and order of
addition for the spin column-free (SCF) permethylation
procedure

To maximize permethylation efficiency of the SCF procedure,
several parameters were assessed, including total volume of
water in the original sample and order of reagent addition.
Holding the volume of DMSO and iodomethane constant, the
effect of sample water volume on permethylation yield was
investigated at total water volumes of 10 pL, 20 pL, 30 pL,
40 pL and 80 pL. These volumes are given assuming that the
original sample is aqueous in nature and constitutes a fraction
of the stated volumes. N-Acetylactosamine (LacNAc), composed
of terminal galactose (t-Gal) linked to the 4-position of
N-acetylglucosamine (4-GlcNAc), was chosen as the glycan
standard for the assessment of permethylation efficiency,
since the permethylation yields of both hexose and
N-acethylhexosamine (HexNAc) monomer units can be evalu-
ated from it simultaneously. For each sample, 5 pg of LacNAc
was dissolved into the volumes of water listed above, and then
processed by spin column-free permethylation followed by
hydrolysis, reduction and acetylation steps.

As shown in Fig. 3, the highest permethylation efficiencies
for both the hexose and HexNAc units, were found in samples
with total original-sample water volumes of more than 30 pL.
For samples with 30 pL total volume, approximately 2% of hexose
and 1% of HexNAc residues were undermethylated. But for
samples with total original-sample water volumes under 30 pL,
the permethylation efficiencies were not as good, evidenced by
higher mean values and significantly higher undermethylation
fractions (especially for 10 pL) based on Kruskal-Wallis fol-

b) 4-GlcNAc from Gal-4-GlcNAc
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Fig. 3 Effect of original-aqueous-sample volume on permethylation efficiency: (a) univariate distribution of the undermethylated fraction of t-Gal,
(b) univariate distribution of the undermethylated fraction of 4-GlcNAc. N = 6 to 15 for each volume. Undermethylated fractions were determined as
described in the Methods section. Kruskal—Wallis followed by Dunn'’s post hoc tests demonstrated significant differences in the degree of under-
methylation at the tested volumes of water in the original samples. Error bars indicate mean + standard error of the mean (SEM). Single asterisk (*)
indicates significant differences between groups with p < 0.05. Three asterisks (***) indicate significant differences between groups with p < 0.001.
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lowed by Dunn’s post hoc tests. Based on previous work pub-
lished by Ciucanu and coworkers,*® a small amount of water
added to the permethylation system improves the solubility of
glycans in organic solvents, such as DMSO, which is critical
for the permethylation reaction. However, too much water
added to the sample can lead to undesired effects on the per-
methylation efficiency, due to the oxidative degradation of
glycans in basic solution. In accordance with the previous
work by Ciucanu et al,”® a paste of sodium hydroxide was
found on the walls of the test tubes immediately following the
11-minute incubation with NaOH beads for samples with a
total volume above 40 pL, which could potentially result in
inconsistent permethylation yields. Therefore, 30 pL was
selected as the optimal original-sample water volume and was
used in subsequent experiments.

The order in which water/DMSO-solubilized glycan samples
were exposed to either iodomethane or the NaOH beads was
also evaluated with regard to its impact on permethylated
glycan yield. Generally, iodomethane was added to samples
before the NaOH beads, even though sometimes a color
change appeared suggesting oxidative degradation of glycans
might be taking place.>> To evaluate the possibility of
completely avoiding oxidative degradation, samples were
added to NaOH beads first, followed by addition of iodo-
methane. Five micrograms (5 pg) of LacNAc were permethyl-
ated by the SCF permethylation procedure, followed by hydro-
lysis, reduction and acetylation (n = 6 each). To compare the
degrees of oxidative degradation for the two orders of reagent
addition, the total ion signals (raw summed peak areas of XICs
representing >90% of the total ion PMAA ion signal) of t-Gal
and 4-GIcNAc, as well as the ratios of 4-GlcNAc to t-Gal were
tested by Wilcoxon rank sum test. No statistically significant
differences were found for the degree of oxidative degradation
of hexose and HexNAc units between the two orders of reagent
addition (p = 0.7922 for t-Gal, and p = 0.6623 for 4-GlcNAc);
neither was the HexNAc/hexose ratio significantly different.
Even so, to minimize the risk of oxidative degradation it is pre-
ferable to add water/DMSO-solubilized samples to NaOH
beads first followed by iodomethane.

Permethylation efficiency of the spin column-free procedure
relative to spin column-based approaches

To validate the permethylation efficiency of our spin column-
free procedure, we compared it with two other published and
prevalent spin column-based permethylation procedures. One
spin column permethylation procedure with 10 min reaction
time (SC 10 min) was developed by Kang et al.,” Goetz et al.**
and further modified by Borges et al.,'° the details of which
can be found in their recently published work. A second spin
column permethylation procedure with 50 min reaction time
(SC 50 min) was summarized in recent work of Hu et al.°
2-Acetamido-2-deoxy-p-lactose (Gal-4GlcNc, a.k.a. LacNAc) and
3-0-(2-acetamido-2-deoxy-p-p-galactopyranosyl)-p-galactopyranose
(GalNAc-3Gal) were chosen as the model glycan standards for
the investigation, both of which are disaccharides composed
of hexose and HexNAc residues but with switched positions

This journal is © The Royal Society of Chemistry 2017
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(reducing or non-reducing end) of the two classes of mono-
saccharides. We processed 5 pg samples of glycan standard
with the three different permethylation procedures in parallel,
then performed the hydrolysis, reduction and acetylation pro-
cedures together (i.e., with all samples in the same batch) to
reduce variability in steps other than permethylation.

The undermethylated fraction of each monosaccharide was
calculated (refer back to Method section) and results were eval-
uated by Kruskal-Wallis followed by Dunn’s post hoc tests
(Fig. 4). The data revealed that the spin column-free procedure
has comparable or slightly better permethylation efficiency for
hexoses and HexNAcs in comparison with the two spin
column procedures (Fig. 4). According to our previous work,"’
HexNAc residues are more susceptible to pH change in the
aqueous solution before liquid/liquid extraction and thus have
a higher risk of undergoing oxidative degradation during per-
methylation than hexoses. But as shown here (Fig. 4), the
undermethylation of HexNAc residues by the spin column-free
procedure can reach as low as 1.4% (for 4-GlcNAc) and 0.4%
(for t-GalNAc), demonstrating optimal control of permethyl-
ation efficiency by the spin column-free procedure. The peak
areas under the summed extracted ion chromatograms (XICs)
of hexose and HexNAc residues (refer to Method section and
ESI Table 11) were compared by evaluating their ratios, as
shown in Fig. 4e and f. Even with apparently lower relative
yields of HexNAc residues for SCF procedure compared to the
other two spin column procedures, the HexNAc/hexose ratios
for the SCF procedure were sufficiently consistent and reprodu-
cible, which is critical during the routine analysis of biological
samples.

Analysis of intact glycans following SCF permethylation

Generally, permethylation is utilized by most researchers to
facilitate analysis of intact glycans. The spin column-free per-
methylation procedure can also be applied to intact O-glycan
analysis, as well as intact N-glycan analysis if coupled with the
release of glycans from N-glycoproteins. Therefore, we
characterized the efficiency of SCF vs. spin column permethyl-
ation procedures for both intact O- and N-linked glycans.
Fetuins are heavily glycosylated proteins that carry both
O- and N-linked glycans. Within the permethylation step,
O-glycans are cleaved from the protein by f-elimination, while
N-glycans remain attached.”® Three samples of 145 pg of
Fetuin were processed by the extended spin column permethyl-
ation procedure (SC 50 min), a commonly used spin column-
based procedure.?®**° In parallel, 3 samples were processed
with the SCF procedure but were permethylated with iodo-
methane-d;. Samples treated by the two procedures were re-
constituted in 6 pL ethanol, mixed at a 1:1 ratio in a DHB
matrix solution, and 2 pL was spotted onto a MALDI target. All
three samples derivatized by the SCF procedure with iodo-
methane-d; were mixed in all possible combinations with the
three samples processed by the SC 50 min procedure that
employed unlabeled iodomethane, leading to a total of 9 com-
binations (3 x 3). To eliminate the possibility of labeling
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Fig. 4 Evidence that the new spin column-free procedure has comparable permethylation efficiency for terminal/non-terminal hexose and term-
inal/non-terminal HexNAc relative to other prevalently used spin column procedures.*®=2° Undermethylated fractions were calculated and shown
for (a) t-Gal from Galactopyranosyl-f-1,4-N-acetyl-D-glucosamine (Gal-4-GlcNAc), (b) 4-GlcNAc from Gal-4-GlcNAc, (c) 3-Gal from 3-O-(2-acet-
amido-2-deoxy-b-p-galactopyranosyl)-p-galactopyranose (GalNAc-3Gal), and (d) t-GalNAc from GalNAc-3Gal. Peak areas under summed extracted
ion chromatograms (XICs) of the HexNAc species were compared with that of hexose species, for both glycan standards, and the ratios were shown
in (e) 4-GlcNAc/t-Gal, and (f) t-GalNAc/3-Gal. N = 12 for each permethylation procedure. Kruskal—Wallis followed by Dunn’s post hoc tests demon-
strated significant differences in the permethylation procedures. The SCF procedure produces a slightly higher undermethylated fraction than the
extended SC procedure (SC 50 min) for t-Gal (a), but similar or lower undermethylated fractions than the two SC procedures for 4-GlcNAc (b), 3-Gal
(c) and t-GalNAc (d). Error bars indicate mean + standard error of the mean (SEM). Single asterisk (*) indicates significant differences between groups
with p < 0.05. Two asterisks (**) indicate significant differences between groups with p < 0.01. Three asterisks (***) indicate significant differences
between groups with p < 0.001.
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reagent bias, the two procedures were carried out again on the
same samples but with the labeling reagents switched.

The SCF procedure effectively permethylated all three major
types of O-glycans from Fetuin-A (Fig. 5; overlaid with a back-
ground spectrum in ESI Fig. S27), with O-linked tetrasacchar-
ides (NeuAc,-Hex-HexNAc) and hexasaccharides (NeuAc,-Hex,-
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HexNAc,) permethylated at nearly the same efficiency as the
more commonly employed spin column-based procedure.*
Highly averaged MALDI-MS peak intensities of identical glyco-
forms processed with the two procedures were compared
directly and are shown as the SCF/SC ratio in Fig. 6. An SCF/SC
ratio of 1 would indicate identical permethylation efficiency
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Fig. 5 Permethylation of intact glycans by the spin column-free procedure (SCF) and extended spin column procedure (SC 50 min).2° (a) O-glycans
of fetuin from fetal bovine serum; (b) N-glycans of bovine Ribonuclease B. Glycan structure symbols indicate the most likely (isomerically ambigu-
ous) corresponding glycan permethylated by the SC 50 min procedure with unlabelled iodomethane, or by the SCF procedure with iodomethane-ds
(as indicated by “-d,," labels where the subscripts represent the number of hydrogen atoms replaced by deuterium atoms in each glycan structure).
Red lines under the peaks representing permethylated glycans indicate integration baselines. Calculated masses of the permethylated glycans
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and yield for the two procedures. As such, we used a two-tailed
Student’s t-test to compare the experimentally determined
mean SCF/SC ratio for each glycoform with the theoretical
ratio of 1 (which would indicate an equal yield from the two
procedures), using eqn (1).>°

X—p
t= VN (1)
where ¢t is the ¢-statistic, X is the sample mean, x is the theore-
tical population mean of 1, s is the sample standard deviation,
and N is the number of observations. For the case of tetra- and
hexasaccharides, the SCF/SC ratios were nearly 1, despite the
fact that the t-statistic for the tetra-saccharide was slightly
higher than the critical value of ¢ (¢.) at the 99% confidence
level (CL). Relative to the SC procedure, the SCF procedure was
found to result in significantly lower yields of O-linked tri-
saccharides (NeuAc-Hex-HexNAc), mean SCF/SC ratio = 0.50
(Fig. 6). The mechanism underlying this phenomenon is not
known, but it is not likely caused by less efficient permethyl-
ation in the SCF procedure (¢f Fig. 4). It could, however, be
related to relatively higher solubility of the permethylated tri-
saccharide in the aqueous layers of SCF samples, which have a
lower pH during extraction—potentially resulting in decreased
extraction efficiency. For larger O-linked glycans (tetra- and
hexasaccharides), the comparison demonstrated that the SCF
procedure produces nearly the same permethylated glycan yield
as the widely employed spin column procedure (SC 50 min).>
To investigate the effectiveness of the SCF procedure on per-
methylation of N-glycans in comparison with the spin column
procedure, 10 pug of bovine ribonuclease B (RNase B), a well-
known N-glycoprotein with only one N-glycosylation site,
which bears one of four major high-mannose N-glycans was
employed®® (Fig. 5; overlaid with a background spectrum in
ESI Fig. S27). Since only O-glycans are released from proteins
by B-elimination during the permethylation step,** traditional
enzymatic cleavage steps were adopted to release N-glycans
from the glycoprotein (see Methods section). Using the com-
parison strategy described above for O-glycans, the SCF/SC
ratios for the four major RNase B N-glycans were compared to
the theoretical value of 1 by a two-tailed Student’s ¢-test.
Calculated ¢-statistics were larger than ¢ at the 99% CL, indi-
cating that the SCF procedure produces a higher yield of per-
methylated high-mannose N-glycans compared to a widely
used-spin column procedure (SC 50 min) (Fig. 6). Notably,
while low-microgram quantities of RNase B were required to
facilitate consistently high signal-to-noise (S/N) levels for this
quantitative comparison, the SCF-based analysis was also run
with 100 ng of RNAse B to demonstrate the sensitivity of the
new approach. The S/N ratio for all four glycans was greater
than 5 (ESI Fig. S37).

Application of the SCF procedure to human blood plasma

As shown by Borges et al. in 2013,"® spin-column based per-
methylation of whole biofluids and homogenized tissues fol-
lowed by hydrolysis, reduction and acetylation can be used to
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generate composite glycan linkage analysis data from all major
classes of glycans—including not only O-linked glycans, but
N-linked and lipid-linked glycans as well—without the need
for glycan-releasing enzymes. Relative quantification of each
hexose is carried out by dividing its summed XIC peak area by
the sum of all hexose XIC peak areas; likewise, relative quanti-
fication of each HexNAc is carried out by dividing its summed
XIC peak area by the sum of all HexNAc XIC peak areas. These
normalized abundances (NAs) are then used for further evalu-
ation of biological differences between samples from donors
with and without disease.'® To determine the reproducibility
of the SCF permethylation procedure as applied to blood
plasma, 9-pL aliquots of an EDTA blood plasma sample from
an individual donor were processed by SCF permethylation fol-
lowed by hydrolysis, reduction, acetylation and analysis by
GC-MS as we have previously described.'® Six 9-uL aliquots
were processed and analyzed three different times (i.e., 18
samples total in three separate batches) to evaluate intra- and
interassay reproducibility. Shown in Table 1 are the intra- and
inter-assay reproducibility of all glycan nodes for which the
mean normalized abundances contribute more than 1% of the
total hexose or HexNAc signal. Average intra-assay reproduci-
bility was 9.7% and inter-assay reproducibility was 17.7%. Of
these 16 routinely detected glycan nodes in plasma samples,
15 had intra- and inter-assay reproducibility of less than 20%
for SCF procedure. These metrics of analytical precision are
comparable to those of the 10 min spin column permethyl-
ation procedure, as reported by Borges et al. in 2016."° The
quantitatively inconsistent glycan node, 4-Glc, typically consti-

Table 1 Intra- and interassay reproducibility of permethylation pro-
cedures as applied to glycan linkage analysis of blood plasma

Average intra-assay CV%* Inter-assay CV%*

Glycan nodes SCF” SC 10 min® SCF? SC 10 min®
t-Fuc 5.3 6.6 17.8 12.3
t-Gal 3.6 7.8 10.3 7.7
2-Man 3.6 2.8 7.6 5.3
4-Gle 45.2 13.5 54.7 15.6
3-Gal 13.4 20.2 18.9 26.8
6-Gal 3.8 2.7 10.8 9.8
2,4-Man 7.6 6.4 13.2 11.2
2,6-Man 5.2 5.8 8.9 6.5
3,6-Man 8.9 13.2 16.5 15.7
3,4,6-Man 4.6 7.4 18.7 19.0
t-GlcNAc 3.2 5.0 6.6 4.9
4-GIcNAc 2.0 2.1 6.5 2.9
3-GalNAc 10.1 7.0 16.5 8.7
3,4-GlcNAc 5.7 7.3 14.8 11.5
4,6-GlcNAc 6.1 3.3 15.8 6.1
3,6-GalNAc 9.9 12.2 18.2 15.4

“Values represent %CV of total hexose or total HexNAc-normalized
individual glycan nodes. All glycan nodes contributing at least 1% of
the total hexose or HexNAc signal are listed. ? Data were acquired by
one analyst on 3 separate days by the new spin column-free procedure.
“Data were acquired by 3 separate analysts on 3 separate days by the
standard 10-minute spin column procedure.'®'® n = 6 samples per
batch.
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Fig. 7 Application of the SCF procedure to glycan node analysis*®*° of clinical samples. Data shown were from blood plasma acquired from 20

stage llI-1V breast cancer patients and 20 age-matched healthy women. Receiver operating characteristic (ROC) analysis of 20 glycan nodes indi-
cated that three glycan nodes have the potential to distinguish breast cancer patients from controls: (a) univariate distribution of 2,4-Man, (b) ROC
curve for 2,4-Man, (c) univariate distribution of 2,6-Man, (d) ROC curve for 2,6-Man, (e) univariate distribution of 4,6-GlcNAc, and (f) ROC curve for
4,6-GlcNAc. Data are based on normalized abundance (NA), which is defined as the summed XIC peak area of each glycan node divided by the sum
of all other hexose (or HexNAc) summed XIC areas. For all three glycan nodes, p < 0.01 and AUC (area under curve) >0.75 for ROC curves. Error bars

indicate mean + standard error of the mean (SEM).

tutes about 5% of the total hexose signal, but is a node that is
primarily derived from glycolipids—which may behave differ-
ently than N- and O-linked glycans under the sample proces-
sing conditions applied.

Application of the SCF permethylation procedure to glycan
node analysis of blood plasma from breast cancer patients

The new SCF permethylation procedure was coupled to hydro-
lysis, reduction and acetylation and applied to a cohort of 40
blood plasma samples from breast cancer patients (stages III-1V,
n = 20) and age-matched female controls (n = 20). Samples
were randomized and analyzed blindly in seven batches as we
have previously described.'® Three glycan nodes with between-
batch reproducibility of 16% CV or better (Table 1) were found
to be significantly different in the late stage-breast cancer
samples compared to controls, according to a Wilcoxon rank
sum test and Benjamini-Hochberg false discovery rate adjust-
ment procedure with p-values less than 0.05 (shown in Fig. 7).
The receiver operating characteristic (ROC) c-statistics (AUCs)
of the three glycan nodes were in the range of 0.75-0.85
(Fig. 7), demonstrating that 2,4-linked mannose (2,4-Man), 2,6-
linked mannose (2,6-Man) and 4,6-linked GIcNAc (4,6-GlcNAc)
may potentially be useful as markers for stage III-IV breast
cancer. Interestingly, these three glycan nodes represent the
sum total of 1-4 branching, 1-6 branching, and core fucosyl-

This journal is © The Royal Society of Chemistry 2017

ation, respectively—as pooled together from all intact glycans
within each sample.

Conclusions

A new spin column-free (SCF) permethylation procedure that
reduces consumable costs and the number of experimental
steps required for glycan permethylation was developed and
applied to mass spectrometry-based intact-glycan analysis and
linkage-analysis of glycans from whole biospecimens. The per-
methylation efficiency of the new SCF procedure averaged
about 98% for hexose residues and 99% for HexNAc resi-
dues, which are values comparable to or slightly higher than
those of some widely-used spin column-based procedures.
With regard to intact glycan analysis, the SCF procedure pro-
vided almost identical yields for permethylated O-glycans com-
posed of more than three monosaccharides, and higher yields
for the permethylated N-glycans examined. The SCF per-
methylation approach, combined with hydrolysis, reduction
and acetylation facilitated glycan linkage analysis of pooled
glycans from unfractionated blood plasma with good quanti-
tative reproducibility. Furthermore, glycan linkage analysis
with the SCF procedure identified specific, previously un-
reported glycan “nodes” representative of p1-4 branching,
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f1-6 branching, and core fucosylation as potential markers of
stage III-IV breast cancer.
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Supplementary Table S1a. Extracted ions for disaccharide Gal-4-GIcNAc (+ 0.15 Da).

Glycan Extracted lons (m/z)
Nodes
t-Gal 59.05+71.05+87.04+101.06+117.05+129.05+145.08+161.07+173.08+205.10
4-Gal 59.05+71.08+87.04+101.06+113.06+117.05+129.05+131.07+161.07+173.07
+233.11
2-Gal 59.05+71.05+87.04+101.06+113.05+117.05+129.05+145.08+161.08+189.07
+205.10
3-Gal 59.05+74.04+87.06+101.06+117.05+129.05+143.08+161.08+173.07+201.08
+233.11
6-Gal 59.05+71.08+87.04+99.04+101.06+117.05+129.05+159.06+161.08+173.07+
189.07+233.11
3,4-Gal 59.05+74.04+87.04+117.05+129.05+143.08+161.08
2,3-Gal 86.07+129.05+143.08+161.08+201.08+261.10
3,6-Gal 98.07+101.06+117.05+129.05+189.07
4-GIlcNAc  74.06+98.06+116.04+142.08+158.08+233.11
3,4-GIcNAc  74.06+98.06+116.07+142.08+158.08
4,6-GIcNAc  74.06+98.07+116.07+142.08+158.08

Supplementary Table S1b. Extracted ions for disaccharide GalNAc-3-Gal (x 0.15 Da). Both
furanose and pyranose form of 3-Gal (3-Gal f and 3-Gal p) were measured and summed to
obtain a total signal for 3-Gal.

Glycan Nodes

Extracted lons (m/z)

3-Gal f 59.05+74.04+87.05+101.06+117.06+161.09+171.07+189.09
3-Gal p 59.05+74.04+87.05+99.05+101.06+117.06+129.06+143.08+161.09+173.09+
201.08+233.11
3,4-Gal 87.05+99.05+101.06+117.06+129.06+143.07+161.09
2,3-Gal 86.07+129.06+143.08+161.08+201.08+261.11
3,6-Gal 98.05+101.05+117.06+129.06+189.06
t-GalNAc 74.06+87.05+98.06+101.06+116.08+129.06+145.09+158.09+205.12
3-GalNAc 99.09+116.08+129.05+158.09+171.09+197.09
4-GalNAc 98.07+116.08+129.05+158.09+233.11
6-GalNAc 74.06+98.07+116.08+129.05+158.09+189.09+203.1

3,6-GalNAc

74.06+98.07+116.08+129.05+158.09+171.09+189.09




Supplementary Table S2a. Masses (as [M+Na]*,,4) of intact O-glycans from fetuin.

[M+Na]*: 879.94

[M+Na]*: 1241.33

Labeling Trisaccharide Tetrasaccharide Hexsaccharide
Reagent
lodomethane CagHesN2O1 Cs4HosN3O,7 Cr4H130N4037

[M+Na]*: 1690.82

lodomethane-d3

C38H29D39N2O19

Cs4H41D54N307

C74Hs8D72N4Os7

[M+Na]*: 919.18

[M+Na]*: 1295.66

[M+Na]*: 1763.26

Supplementary Table S2b. Masses (as [M+Na]*,,4) of intact N-glycans from ribonuclease B.

Labeli
Riaztl.;.nngt Man;sGlcNAc, Man,GIcNAC, Man;GIcNAC, MangGIcNAC,
lodomethane CroH128N2036 C79H144N2041 CesH160N2046 Co7H176N20s1
[M+Na]*: 1596.75 | [M+Na]*: 1800.97 | [M+Na]*: 2005.19 | [M+Na]*: 2209.41
lodomethane- CroHs6D72N2036 C79He3Dg1N2O.41 CssH70DgoN20.46 Cg7H77DggN,Os1
d3 [M+Na]*: 1669.19 | [M+Na]*: 1882.47 | [M+Na[": 2095.75 | [M+Na]*: 2309.02
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Supplementary Figure S1. lllustration of extracted ions for the PMAA representing terminal
galactose (t-Gal). Spectrum was collected from a chromatographic peak with a retention time
at 5.16 min.
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Supplementary Figure S2. Overlaid spectra of intact glycans and negative controls. a) O-
glycans of fetuin from fetal bovine serum overlaid with a negative control spectrum from a
sample lacking glycoproteins. b) N-glycans of bovine Ribonuclease B overlaid with a negative
control spectrum from a sample lacking glycoproteins. Glycan structure symbols indicate the



most likely (isomerically ambiguous) corresponding glycan permethylated by the SC 50 min
procedure with unlabelled iodomethane, or by the SCF procedure with iodomethane-d; (as
indicated by “-d,” labels where the subscripts represent number of hydrogen atoms replaced
by deuterium atoms in each glycan structure).
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Supplementary Figure S3. MALDI-MS spectra of the four glycans released from 100 ng of

bovine RNase B. The signal-to-noise (S/N) ratios of the peaks corresponding to all four
glycans were greater than five.
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