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Abstract

Protein glycosylation is involved in many biological processes and physiological functions.
Despite the recent advances in LC-MS/MS methodologies, the profiling of site-specific
glycosylation is one of the major analytical challenges of glycoprotein analysis. Herein, we first
reported the separation of glycopeptide isomers on porous graphitic carbon (PGC)-LC was
significantly improved by elevating the separation temperature under basic mobile phases. These
findings permitted the isomeric separation of glycopeptides resulting from highly specific
enzymatic digestions. The selectivity for different glycan types were studied using bovine fetuin,
asialofetuin, 1gG, ribonuclease B and alpha-1 acid glycoprotein (AGP) by PGC-LC-MS.
Comprehensive structural isomeric separation of glycopeptides was observed by high resolution
MS and confirmed by MS/MS. The specific structures of the glycopeptide isomers were identified
and confirmed through exoglycosidase digestions. The glycosylation analysis of human AGP
revealed the potential use of PGC-LC-MS for extensive glycoprotein analysis for biomarker
discovery. This newly developed separation technique was shown as a reproducible and useful
analytical method to study site-specific isomeric glycosylation.
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Introduction

Protein glycosylation is one of the most common posttranslational modifications (PTMs) of
proteins, and more than 50% of proteins are found to be glycosylated.! Glycoproteins are
involved in many biological processes including cell-cell signaling, protein stability, protein
localization, and immune response.2=4 In recent years, protein glycosylation was reported to
play a key role in diseases such as inflammatory diseases,®~’ rheumatoid arthritis,?:9
Alzheimer’s disease,1911 neuronal diseases,}2:13 and cancer.14-16 Despite the importance of
glycoproteins, the elucidation of glycans attached to each glycosylation site (glycosylation
micro-heterogeneity) and the separation of structural glycopeptide isomers remain major
challenges in glycoprotein analysis.1” Therefore, powerful analytical methods are needed for
understanding the roles of glycoproteins in disease development and progression.

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) is one of the
most common and powerful analytical tools for analysis of glycans and glycoproteins.1® The
site-specific glycosylation information is usually acquired from the analysis of intact
glycopeptides or glycoproteins. Single glycoproteins can have more than one glycosylation
site and/or other PTMSs, which greatly complicates the analysis.1?-20 To reduce the
complexity of analysis, the general method is to digest glycoproteins with proteases such as

trypsin and analyze the resulting glycopeptides containing individual glycosylation sites.
21,22

Glycan isomers have been widely reported to play important roles in the disease diagnosis
process?3-25, However, site-specific analysis of isomeric glycopeptides remains challenging
due to the difficulties of isomeric separation for glycopeptides. Reversed-phase liquid
chromatography (RPLC) with a C18 stationary phase has been widely used in glycopeptide
separation because of the relatively high hydrophobicity of the peptide moieties.26-29 The
major advantage of RPLC in glycopeptides separation is its compatibility with proteomic
research.22 However, no isomeric separation for glycopeptides was reported until a recent
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manuscript by Ji et a/30 The separation of sialylated N- and O-linked glycopeptide isomers
derived from erythropoietin and alpha-1 acid glycoprotein (AGP) were successfully
achieved under an elevated temperature. Nevertheless, the method was relatively time-
consuming and the separation for non-sialylated species was not reported.

An alternative way to separate glycopeptides is to use porous graphitic carbon (PGC) as a
stationary phase in liquid chromatography. PGC has been shown as a useful stationary phase
for LC-MS for years.3! The application of PGC-LC has been reported as one of the major
methods to achieved structural isomeric separation of detached glycans.32 However, PGC-
LC has also been reported to have difficulties in eluting hydrophobic glycopeptides,
especially those with highly sialylated glycan moieties.33:34 Several studies tried to
overcome this issue by using nonspecific proteases.3>-38 The advantage of using nonspecific
proteases was the creation of glycopeptides with small peptide backbone (<4~6 amino
acids). These glycopeptides were more compatible with PGC-LC and generated more useful
MS/MS spectra than those with large peptide moieties. However, due to the low specificity
of the nonspecific proteases, multiple glycopeptides with different peptide backbones were
produced simultaneously from a single glycosylation site3%(e.g. pronase). Consequently, it
limited the sensitivity and accuracy of the quantification of glycosylation. In addition, even
with small peptide backbone, compromises of isomeric selectivity were also observed.3”

In this study, we first investigated the mobile phases compositions on PGC-LC. Elevating
the temperature to 75°C was also proved to enhance isomeric separation of glycopeptides
significantly. Chromatographic behaviors of glycopeptides with complex as well as neutral
glycans were studied under the optimal conditions. The comprehensive study of
glycoproteins micro-heterogeneity attained in a single PGC-LC run by using a combination
of site-specific proteolytic digestion which reduced peptide sizes. Structure elucidation of
each isoform were performed by exoglycosidase digestion experiments.

Materials and methods

Chemicals

Dithiothreitol (DTT), iodoacetamide (IAA), ammonium bicarbonate (ABC), ammonium
acetate (AA), ammonium hydroxide, ribonuclease B from bovine pancreas (RNase B), fetuin
from fetal calf serum (bovine fetuin), asialofetuin from fetal calf serum (asialofetuin) and
alpha-1 acid glycoprotein from human plasma (AGP) were purchased from Sigma-Aldrich
(St. Louis, MO). Murine IgG1 (Intact mAb Mass Check Standard) was obtained from
Waters Corporation (Milford, MA). a2-3 neuraminidase, a2-3,6,8,9 neuraminidase, p1-3
galactosidase, p1-4 galactosidase and p1-3,4 galactosidase were acquired from New
England Biolabs (Ipswich, MA). Mass spectrometry grade Trypsin/Lys-C mixture,
sequencing grade chymotrypsin and sequencing grade endoprotease Glu-C (Glu-C) were
obtained from Promega (Madison, WI). HPLC grade water was acquired from Mallinckrodt
Chemicals (Phillipsburg, NJ). HPLC grade acetonitrile was purchased from Fisher Scientific
(Fair Lawn, NJ).
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Endoprotease digestion of proteins

Multiple digestion strategies were used to create various glycopeptides. The digestion
conditions were adapted from the work by Heck et a/#° For the tryptic digestion, RNase B,
bovine fetuin, asialofetuin, 1gG and AGP were reduced by adding 100mM of dithiothreitol
(DTT) to reach a final concentration of 5mM and then incubated for 45min at 60°C. The
mixture was alkylated by adding 200mM iodoacetamide to a final concentration of 20mM
and then incubated in the dark for 45min. The reaction was quenched with another addition
of 5mM DTT. The reduced and alkylated proteins were subjected to proteolytic digestion by
the addition of Trypsin/Lys-C mixture (Promega, Madison, WI, 1:25 (w/w) enzyme to
protein ratio) and incubated at 37.5°C for 18 hours.

For the combination digestion experiment of trypsin and Glu-C or chymotrypsin, the
reduction, alkylation and tryptic digestion of the corresponding glycoproteins were
performed following the aforementioned protocol. After the overnight incubation with the
trypsin/Lys-C mixture, endoprotease Glu-C or chymotrypsin was added to obtain a 1:25
enzyme to protein ratio. The mixture was incubated at 37.5°C for another 18 hours. Samples
were dried in a speed vacuum and stored at —20°C prior to further usage. It is noteworthy to
point out that the combination of enzymes was chosen based on the product peptide length
to ensure a suitable hydrophobicity for C18 clean up and PGC elution.

Exoglycosidase digestion of glycopeptides
For the exoglycosidase digestions, the endoprotease digested glycoproteins were
resuspended to 1 pg/ul aliquots and were treated following the protocols of each enzyme.
Briefly, for the 2-3Neu, 2-3,6,8,9Neu, 1-3Gal and 1-4 Gal digestion, the glycopeptide
samples were diluted to 45 ul with water, and 5 pul of 10X glycobuffer 1 (5 mM CacCls, 50
mM sodium acetate, pH 5.5) was introduced prior to adding 5 pl of the corresponding
exoglycosidases. In the case of 1-3,4Gal digestion, 10X glycobuffer 2 (50 mM sodium
acetate, pH 4.5) were used instead. The digestion mixture of bovine fetuin was incubated at
37°C for 1 hour. The IgG and asialofetuin were digested with galactosidases at 37°C
overnight. Negative controls for all enzymatic digestion experiments were generated by
adding 5 pl of water instead of the enzymes and were subjected to the same workflows.

The exoglycosidase treated samples were off-line desalted using TopTip™" C18 cartridge
(Glygen Corp., Columbia, MD), due to the reason that PGC is sensitive to pH and salt
changes*!. Briefly, the desalting columns were pre-conditioned by adding 50 pl of elution
buffer 1 (60% ACN and 0.1% formic acid) and spun at 1.0x103 g in the centrifuge 3 times.
The columns were rinsed with 50 pl loading buffer (0.1% formic acid in water) for 3 times
before the samples were loaded using the same spinning speed. The sample eluent was
collected and re-applied to the column to make sure that all peptides and glycopeptides were
bound onto the C18 cartridge at 0.5x103 g. After washing the cartridge with loading buffer 3
times, the desalted products were eluted by applying elution buffer 1 3 times and elution
buffer 2 (100% ACN and 0.1% formic acid) 2 times. The eluent was vacuum dried and kept
at —20°C for storage. The samples were re-suspended in water before LC-MS injection.
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LC-MS/MS analysis

LC-MS/MS was performed using Vanquish UHPLC system coupled to Q-Exactive (Thermo
Scientific, San Jose, CA) and Dionex Ultimate 3000 UHPLC system (Dionex, Sunnyvale,
CA) interfaced to Exactive equipped with a HESI source. The optimized LC conditions for
isomeric separation on PGC were achieved on a Hypercarb™ columns (150 mm x 1 mm 1.D,
5 um particle sizes, Thermo Scientific, San Jose) at a flow rate of 0.1 ml/min unless further
noted. Mobile phase A contained 25 mM ammonium acetate with 1.25% (v/v) ammonium
hydroxide (pH 9.9) while mobile phase B consisted of 50% ACN with 25 mM ammonium
acetate and 1.25% (v/v) ammonium hydroxide. The LC gradient of mobile phase B ramped
from 0% to 100% over 35 min, and was kept at 100% for 20 min. The mobile phase B was
then set at 0% for 30 mins to equilibrate the column and get prepared for the next injection.

The Q-Exactive mass spectrometer was operating in the positive ion-mode with the ESI
voltage set to 3900V with sheath gas, auxiliary gas and sweep gas flow rates set to 35, 10
and 1 pl /min, respectively. Resolution was set to 120,000 for full MS scans. 5 ug of the
starting material were injected for bovine fetuin, RNase B and AGP samples on Q-Exactive
with Vanquish UHPLC. The Exactive mass spectrometer was applying 3.5 kV as spray
voltage and 15 and 3 pl /min for sheath gas aux gas flow rate, respectively. No sweep gas
was used on Exactive. The reolution was kept at 60,000 for Exactive runs. 500 pg of original
bovine fetuin was used for reproducibility tests per injection on Ultimate 3000 with
Exactive. 500 pg of 1gG, and asialofetuin was also injected on Ultimate 3000 with Exactive.
The MS/MS experiment was conducted on a LTQ Orbitrap Velos mass spectrometer, with a
30% normalized activation energy and a 15 ms activation time. The activation Q value was
set to 0.250.

Data analysis

The LC-MS/MS raw data was processed using Xcalibur™ 2.1 (Thermo Scientific, San Jose).
The EICs for glycopeptides were generated with mass tolerance of 10 ppm. Symbols of
monosaccharides as well as the sialic acid and galactose linkage isomers were depicted in
Scheme 1.

Result and Discussion

Setting up the conditions of glycopeptides isomeric separation on PGC-LC-MS

Separation temperature has been widely reported to be critical in RP-LC analysis which
affects both retention and selectivity.*2 RP-LC separation of sialylated glycopeptide isomers
has been achieved under 60°C.30 Meanwhile, we have recently shown the isomeric
separation of permethylated glycans on PGC-LC at the high column temperature.#3-46
Inspired by these studies, the separation temperature on PGC-LC was first kept at 75°C to
develop the mabile phase compositions by using tryptic glycopeptides derived from bovine
fetuin as analyte. The conventional mobile phases for glycopeptide separation on C18
columns were applied to PGC columns. As shown in Fig S1a-S1d, several tryptic peptides
were identified under acidic conditions. However, glycopeptides were eluted with poor
resolution (Fig S1e) or were not even eluted (Fig S1f) under the acidic conditions, possibly
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due to the strong interaction between analytes and stationary phase.*” Therefore, the study
for a better composition of mobile phases is needed.

Unlike RP-LC, in which the hydrophobic interaction is mainly responsible for the
separation, PGC offers the ability to separate both hydrophobic and hydrophilic analytes due
to the unique retention mechanisms.*8 In brief, for the hydrophobic analytes on PGC, such
as permethylated glycans, hydrophobic interaction plays the most important role. However,
in the case of hydrophilic analytes, the polar retention effect (PREG) on graphite is
significantly influencing the separation.*® Though not completely understood, the PREG
effect is known to be related to the polarizability of the analyte, which is also relevant to the
charge states of glycopeptide analytes. Moreover, the carboxyl groups on sialic acid residues
increase the complexity of the charge states of the glycopeptides of interest. Therefore, the
pH of mobile phases significant effects the elution of glycopeptides. As mobile phases were
switched to the conditions described in the methods section, the resolution dramatically
increased for the late eluting analytes. Fig S2a—S2d depicts the elution profiles of the same
peptides as in Fig S1a-S1d under basic conditions. Though the retention times for peptides
were later in basic conditions, the resolution was higher in the case of QDGQFSVLFTK.
Most importantly, the glycopeptides (Fig S2e and S2f) were eluted and were resolved as
isomeric peaks. In addition, these peptide traces (Fig S2a-S2d) remained a single peak,
indicating the separation was not prompted by the peptide conformers. In Fig S2g, peptide
backbones were observed as one peak after deglycosylation treatment by PNGase F, which
also proved that the separation of the corresponding glycopeptides was driven by the glycan
isoforms.

Base line separations were achieved for all glycopeptides; however, the separation
mechanism is not yet fully understood. A hypothesis is that in the pH 2.8 solutions, the
charge states were not uniform among the analyte molecules, which resulted in peak
broadening. This problem was overcome with the pH 9.9 solutions since both peptide and
glycan moieties were deprotonated (i.e. NH5 for amine groups and COO™ for carboxyl
groups). Similar resolution can possibly be achievable via acidifying mobile phases to a
point that all groups were carrying positive charges, however, the use of such acids would
dramatically decrease the ionization efficiency due to the charge neutralization effect
introduced by anion additives.4° Besides, the retention time decreased noticeably for the
glycopeptides under basic conditions. This is probably due to the fact that negatively
charged species tend to form ion-pairs with ammonium additives in mobile phases, which
neutralized charges on sialic acids and thus decreased the retention.

The influence of salt and solvent pH on the ionization efficiency was further assessed. To
compare the ESI efficiencies between acid and basic mobile phases, tryptic digested fetuin
sample was first dried and resuspended in the corresponding acidic and basic mobile phases.
The analyte solutions were direct-infused through the ESI source to mimic the LC-MS
conditions. Over 100 spectra were acquired and averaged in each case, as shown in Fig S3,
the intensities were comparable to when the solvent is basic despite the fact that fewer
number of free protons was in the solvent. This is largely caused by the electrochemical
reaction taking place in the ESI process, which oxidized water and generated the protons.
50,51 Thus, the analytes were able to carry positive charges. However, a drawback of adding
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salts to the mobile phases is the forming of adduct ions. As depicted in Fig S4, both sodiated
and ammoniated ions were detected with high abundance. This could possibly be improved
by adding a post-column infusion flow with modifiers, as it has been proved that the adducts
forms are depended on the mobile phase compositions.>2

The temperature effects on PGC column were thoroughly investigated. Fig 1 showed the
temperature study of the glycopeptide LCPDCPLLAPLI6NDSR-A2G2S2 derived from
tryptic digestion of bovine fetuin. The separation efficiency and resolution were substantially
improved as the column temperature increased from 25°C to 75°C. At 25°C, only one peak
was observed (Fig 1a); while at 50°C (Fig 1b) peak width as well as retention time increased
and were eventually resolved into 3 peaks at 75°C (Fig 1c). Retention time also increased
with higher temperature, suggesting that interaction with column stationary phase was
enhanced by elevating temperature. Similar phenomenon has been reported in separation of
acidic oligosaccharides®3 and permethylated glycans®* on PGC-LC. However, increasing the
temperature to 100°C resulted in a significant decrease in signal intensity yet had no obvious
resolution improvement. Therefore, the optimum separation temperature of glycopeptides
was set at 75°C.

Prior to the structural elucidation, the reproducibility of the method and the stability of PGC
column under basic conditions were verified. The same fetuin digest sample was applied as
standards and was analyzed using the same column across different time periods. The
retention times for each isoform detected in the fetuin digest were listed in Table S1, and the
relative standard deviation was calculated. Fig S5 depicted the EICs of A2G2S2 on 156Asn
over 15 runs. The first 10 runs were conducted back to back and runs 11-15 were made back
to back on a different day. The averaged retention times for the two peaks were 40.1 + 0.2
min and 42.0 + 0.3 min for the 10 continuous runs. For the reproducibility on different days
(i.e. runs 1-5 and runs 11-15), the RSDs were both less than 1% for both isoforms. The
averaged RSDs for A3G3S3 and A3G3S4 were also showed to be less than 1% (Table S1).
Thus, the separation technique is stable and reproducible.

Extensive profiling of sialylated glycopeptide isomers derived from fetuin on PGC-LC-MS

Since the glycopeptides not only possess the hydrophilic glycan moieties, the relative
hydrophobic peptide backbones would also interfere with the elution by having hydrophobic
interactions when the backbone is getting longer. Tryptic digestion of fetuin creates three
peptide backbones, which are RPFTGEVYDIEIDTLETTCHVLDPTPLAYNCSVR (32
amino acids), LCPDCPLLAPLNDSR (15 amino acids) and
VVHAVEVALATFNAESYSNGSYLQLVEISR (28 amino acids). Only site 156Asn was able
to elute directly. Due to the large peptide backbone, the glycosylation profiles on sites 9°Asn
and 176 Asn remained challenging to study. An alternative way to reduce the retention caused
by peptide backbone is introducing another protease such as Glu-C to perform a
combination digestion. After trypsin and Glu-C digestion, the isomeric separation of all
three N-glycopeptides from bovine fetuin can be observed (Fig 2). Among which, sites

156 Asn (Fig 2a) and 9Asn (Fig 2b) had similar isoform distributions when comparing them
to site 176Asn (Fig 2b). To address the elution order and assign the structures of the glycan
isoforms, exoglycosidase digestion experiments were conducted.
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Fig 3 depicts the EICs of A2G2S2, A2G2S1 and A2G2 glycopeptides in non-treated (Fig
3a-3c), a2-3 neuraminidase treated (Fig 3d-3f) and a.2-3,6,8,9 neuraminidase treated
samples (Fig 3g-3i). The glycopeptides eluted at 37.3 min and 39.2 min (Fig 3a) showed
sensitivity for a2—-3 neuraminidase, which disappeared after enzymatic digestion (Fig 3d),
indicating these two peaks contained at least one sialic acid that was a2-3 linked to a
galactose. Upon a.2—3 neuraminidase digestion, A2G2S1 can be detected (Fig 3e), which
was not originally in sample (Fig 3b). Since the peak at 35.5 min in Fig 3a remained intact
after a2-3 neuraminidase digestion (Fig 3d), both the sialic acid linkages can be assigned
a2-6. Comparing the intensities between digestion products in Fig 3e and Fig 3f, the 37.3
min peak in Fig 3a can be assigned to have both a a2-3 linked and a2-6 linked sialic acid,
while the 39.2 min peak was associated with two a2-3 linked sialic acid. This conclusion is
also in consensus with the previous NMR study®, quantitative analysis of reduced N-glycan
isomers from bovine fetuinl8, as well as the separation of permethylated N-glycans from
fetuin®. It clearly shows that on backbone LCPDCPLLAPLNDSR, glycopeptides with a.2—
6 linked sialic acids have less retention than the ones with a2-3 linked sialic acids. This
elution order of sialic acid linkages is also in agreement with the studies of released N-
glycans by Altmann et a/>3 and Thaysen-Andersen et a/18 MS/MS profiles of these
isoforms were also investigated. As depicted in Fig S6, the Y-ions were detected in the
MS/MS spectra of the A2G2S2 isomers. However, no significant differences in the fragment
peaks were detected.

Additionally, O-linked glycopeptides were not detected with the present method due to the
length of peptide backbone of 271N, 280Asn, 282Asn and 296Asn. The low occupancy on site
334Asn and 341Asn also limited the characterization of O-linked glycopeptides in bovine
fetuin.

Structural elucidation of neutral glycopeptide isomers on PGC-LC-MS

Interestingly, in the a.2-3,6,8,9 neuraminidase treated sample, doublets were also observed
for A3G3 on site 156Asn (Fig S7a), however, no isomeric separations were noticed on

176 Asn and 99Asn (Fig S7b and S7c¢) though the peak broadening happened in the latter case,
which is possibly due to the charge state change after desialylation. Nonetheless, Fig S7a
showed promising results of isomerically separating the glycopeptides with neutral
structures, which was in accordance with the previous glycan studies.*4:%> Therefore, further
study of the capability of PGC for separating neutral glycopeptides was conducted using
asialofetuin, IgG and RNase B. Fig 4 demonstrates the chromatographic behavior of A3G3,
A3G2, A3G1 and A3 glycopeptides in non-treated (top traces), p1-3 galactosidase treated
(middle traces) and p1-4 galactosidase treated asialofetuin (bottom traces). LC flow rate
was decreased to 0.05 ml/min to improve chromatographic behavior. Comparing between
A3G3 in non-treated samples (Fig 4a) and p1-3 galactosidase treated samples (Fig 4b), the
glycopeptide eluted at 43.9 min remained non-reactive to f1-3 galactosidase, indicating that
the 43.9 min peak has all galactose p1-4 linked. The corresponding digestion product of the
44.7 min peak in Fig 4a can be identified in Fig 4c with a minor amount of overly digested
product observed in Fig 4d. Meanwhile, with p1-4 galactosidase treatment, both peaks in
(Fig 4a) were found to be digested (Fig 4e). Despite minor amount of under digested product
(Fig 4f and 4g), the p1-3 linked A3G1 can be identified (Fig 49). The linkage difference in
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different enzymatic digestion products resulted in retention time discrepancy between 42.0
min (Fig 4d) and 42.8 min (Fig 4g). The major product of digestion was A3 (Fig 4h), which
also proved that the assignment of isomeric structures in (Fig 4a) was correct.

Not only was it able to separate the linkage isomers prompted by galactose; partial
separation of branch isomers caused by galactose positions were also observed in tryptic
digested murine IgG1. As shown in Fig 5a—c, A2F1, A2G1F1 and A2G2F1 were observed.
After B1-4 galactosidase digestion, the doublets in Fig 5b produced singlet A2F1 (Fig 5d)
that was the same as the A2F1 originally in the sample, indicating that the isomeric
separation was only driven by galactose linkages. Since both peaks were truncated by the
B1-4Gal, the isomeric separation was caused by galactose positions on different arms. The
same conclusion can be draw from p1-3,4 galactosidase (Fig 5 bottom traces). The
structures were assigned based on the elution order observed by Altmann et a/.°6 However,
due to the lack of enzyme that can branch specifically cleave the monosaccharide residues
and the instrumentation to perform MS" study of A2G1F1 glycopeptides, the galactose
linkages to the arms were not further confirmed. Another example of positional isomer
separation was the glycopeptide with high mannose glycans digested from RNase B. Man5
through Man9 from tryptic glycopeptides were analyzed as shown in Fig 6, in which
isomeric separation was observed for Man6, Man7 and Man8 (Fig 6b—6d). The isomeric
structures associated with each peak were annotated based on the retention order of the
isoforms from works by Altmann et aP” and Lu et /.8 Similar isomeric separation was
reported by Lu et a/. under room temperature, however, a 2D -LC was employed where PGC
is the second dimension of separation.>8 Quantification of RNase B glycoform distribution
by PGC-LC-MS was compared to previous 'H NMR results®® (Fig 6f and Table S2). In both
cases, Man5 was the most abundant structure detected while Man9 had Fthe least
abundance. Though similar distributions were observed, Man5 was found to be less
abundant by present method than the NMR study, possibly due to the sample differences.

Isomeric separation of complex glycopeptides derived from AGP

Elution profiles of glycopeptides composed of different peptide moieties, antennary types,
degrees of sialylation and fucosylation were shown in Fig 7 and Fig S8. The isomeric
separation was achieved comprehensively over all detected AGP glycopeptides. The PGC-
LC-MS analysis permitted the identification of 62 glycopeptide isoforms derived from all 5
glycosylation sites originated from trypsin and chymotrypsin digested AGP. The retention
times and glycoforms for each glycopeptide isomers were summarized in Table S3. A
neuraminidase digestion experiment was also performed on the AGP sample. Fig S9a
depicts the EIC of tetra-sialylated glycopeptide on 193Asn. After a.2-3 neuraminidase
treatment, only the first peak at 24.9 min remained, suggesting that the sialic acids in the
first eluted peak were all a2-6 linked (Fig S9b). Since no peaks were detected after a.2—
3,6,8,9 neuraminidase digestion (Fig S9c), the peaks in Fig S9a were designated as true
peaks for glycopeptides. This is also in consensus with the results in bovine fetuin sample as
aforementioned. However, no other isomeric structures were assigned due to the complexity
of the sample and lack of the enzyme that is specific to a.2—6 linked sialic acids.
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In addition, the glycosylation mirco-heterogeneity of AGP presented different profiles
corresponding to different sites. For example, none of the tetra-antennary type glycans were
found to be attached to 56Asn (Fig 7a), while 10 glycopeptides isoforms with tetra-antennary
type glycans were detected to be attached to 103Asn (Fig 7b). This distinction suggested the
glycan occupancy on each site of AGP was expected to differ from the overall released
glycan profiles. Considering that previous reports have shown alterations in not only
compositions but also isomeric distributions of released glycans correlating to diseases,50-61
the capability of site specific isomeric analysis is expected to prompt more understanding of
the biological significance of AGP.

However, due to the great complexities of biological samples such as blood serum or tissues,
it is noteworthy to point out that the site-specific glycopeptide isoform profiles could be too
complicated to interpret and illustrate. This method is suggested to be used for targeted
analysis of a single glycoprotein with purification methods such as immunoprecipitation62
and size-exclusion chromatography.53 It is also recommended to perform a PNGase F
digestion, which gives the overall N-glycosylation profiles, prior to the separation to prevent
the false assignment of the isomers.

Conclusion

The first extensive characterization of isomeric separation of glycopeptides using PGC
column is conducted in this study. As the key factors in PGC separation, both pH and
temperature were optimized to achieve the efficient separation. Reproducibility testing
showed the method had less than 0.3 min retention time differences in different days. The
high temperature PGC-LC-MS method was applied to a variety of standard glycoproteins
possessing high mannose, sialylated, neutral and fucosylated glycans including both linkage
isomers and positional isomers. This method allowed for a micro-heterogeneity study of
isomeric separation of glycoproteins in interest with a combination of site-specific
enzymatic digestions. Structure elucidation was performed using exoglycosidase digestion
strategies. Furthermore, the isomeric separation of glycopeptide derived from AGP allows
for more detailed analyses of AGP glycosylation, which will be advantageous to future
biomarker research. In conclusion, conducting PGC-LC-MS in basic conditions and at high
temperature is a useful and practical method for glycoprotein characterization.
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Figurel.
Separation of 16Asn glycopeptide from bovine fetuin on PGC-LC-MS at (a) 25°C, (b) 50°C

and (c) 75°C. Isomeric separation was obtained at elevated temperature. Retention time also
increased with higher temperature, suggesting that interaction with column stationary phase
was enhanced by elevating temperature. Insets in (c) depict the full MS spectra of each
isomer.
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Figure2.

Site specific isomeric separation of glycopeptides (a) °6Asn, (b) 176Asn and (c) %°Asn
derived from bovine fetuin digested with trypsin and Glu-C. All three N-glycopeptides from
bovine fetuin can be observed. Among which, sites 156Asn (Fig 2a) and %9Asn (Fig 2b) have
similar isoform distributions when comparing them to site 176Asn (Fig 2b).
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Figure 3.
EICs of A2G2S2, A2G2S1 and A2G2 glycopeptides in non-treated (a-c), a2-3

neuraminidase treated (d-f) and a.2-3,6,8,9 neuraminidase treated samples (g-i). The peaks
at 37.3 min and 39.2 min in (a) showed sensitivity for a2—3 neuraminidase, which
disappeared after enzymatic digestion (d), indicating these two peaks were containing at
least one sialic acid that were a2-3 linked to galactose. Upon a2-3 neuraminidase
digestion, A2G2S1 can be detected (e), which were not originally in sample (b). Since the
35.5 min peak in (a) remained after a2—3 neuraminidase digestion (d), both the sialic acid
linkages can be assigned a2-6. Comparing the intensities between (€) and (f), the 37.3 min
peak in (&) can be assigned to have both a.2-3 linked and a.2—6 linked sialic acid, while the
39.2 min peak is associated with two a2-3 linked sialic acid. This conclusion is also in
consensus with the previous NMR study®® quantitative analysis of reduced N-glycan
isomers from bovine fetuinl8, as well as the separation of permethylated N-glycans from
fetuin®.
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Figure4.
EICs of A3G3, A3G2, A3G1 and A3 glycopeptides in non-treated (top traces), p1-3

galactosidase treated (middle traces) and p1-4 galactosidase treated asialofetuin
glycopeptide samples (bottom traces). LC flow rate was decreased to 0.05 ml/min to
improve chromatographic behavior. Comparing between A3G3 in non-treated (a) and p1-3
galactosidase treated samples (b), the 43.9 mins peak remain non-reactive to 1-3
galactosidase, indicating that the 43.9 min peak has all galactose B1-4 linked. The
corresponding digestion product of 44.7 min peak in (a) can be identified in (c) with a minor
amount of overly digested product observed in (d). Meanwhile, with B1-4 galactosidase
treatment, both peaks in (a) were found to be digested (€). Despite minor amount of under
digested product (f and g), the p1-3 linked A3G1 can be identified in (g). The linkage
difference in different enzymatic digestion product resulted in retention time discrepancy
between 42.0 min (d) and 42.8 min (g). The major product of digestion was A3 (h), which
also proved that the assignment of isomeric structure in (a) was correct.
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Figureb.

Separation of tryptic digested murine IgG1 glycopeptides. A2F1, A2G1F1 and A2G2F1
were observed (a-c). After p1-4 galactosidase digestion, the doublets in (b) produced singlet
A2F1 (d) that is the same to the A2F1 originally in the sample, indicating that the isomeric
separation was only driven by galactose linkages. Since both peaks were truncated by the
B1-4 galactosidase, the isomeric separation was caused by galactose positions on different
arms. The same conclusion can be draw from 1-3,4 galactosidase digestion (€). The
structures of A2G1F1 isomers were assigned based on the elution order observed by

Altmann et al.>6
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Isomeric separation of high mannose glycopeptides (a-€) derived from bovine Ribonuclease
B. Isomeric structures for Man6, Man7 and Man8 were separated (b-d). Quantitative results
by present method (inner ring) was compared to previous H NMR study>® (outer ring) (f).
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Figure 7.

Glycopeptides composed of different peptide moieties, antennary types, degrees of
sialylation derived from a.1-acid glycoprotein can be achieved on PGC. The glycoform
distribution as well as their isoform distribution of all 5 glycosylation sites were
characterized in the same run. Glycopeptide structures identified from glycosylation sites
56Asn (a) and 193Asn (b) were shown here, 33Asn, 72Asn and 93Asn were depicted in Fig S8.
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GIcNACc Mannose Galactose Fucose Sialic acid
(NeuAc)
a2-3 linked a2-6 linked B1-3 linked B1-4 linked
sialic acid sialic acid galactose galactose
Scheme 1.

Symbols of monosaccharides as well as sialic acid and galactose linkage isomers.
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