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Abstract

RATIONALE—Traditionally, free oligosaccharide internal standards are used to account for
variability in glycan relative quantification experiments by mass spectrometry. However, a more
suitable internal standard would be a glycoprotein, which could also control for enzymatic
cleavage efficiency, allowing for more accurate quantitative experiments.

METHODS—Hydrophobic, hydrazide A-linked glycan reagents (both native and stable-isotope
labeled) are used to derivatize and differentially label N-linked glycan samples for relative
quantification, and the samples are analyzed by a reversed phase liquid chromatography chip
system coupled online to a Q-Exactive mass spectrometer. The inclusion of two internal standards,
maltoheptaose (previously used) and HRP (novel) are studied to demonstrate the effectiveness of
using a glycoprotein as an internal standard in glycan relative quantification experiments.

RESULTS—HRP is a glycoprotein containing a xylosylated A-linked glycan, which is unique
from mammalian A-linked glycans. Thus, the internal standard xylosylated glycan was able to be
detected without interference to the sample. Additionally, it was shown that differences in
cleavage efficiency can be detected by monitoring the HRP glycan. In a sample where cleavage
efficiency variation is minimal, the HRP glycan performs as well as maltoheptaose.

CONCLUSIONS—Because the HRP glycan performs as well as maltoheptaose but is also
capable of correcting and accounting for cleavage variability, it is a more versatile internal
standard and will be used in all subsequent biological studies. Because of the possible lot to lot
variation of an enzyme, differences in biological matrix, and variable enzyme activity over time, it
is a necessity to account for glycan cleavage variability in glycan relative quantification
experiments.

INTRODUCTION

The roles of glycosylation in biological systems are becoming increasingly evident,[1-3] and
numerous strategies have recently been developed using mass spectrometry to relatively
quantify the amount of glycans in different samples.[413] In this type of experiment, two (or
more) samples are differentially labeled, processed in parallel, and mixed prior to analysis.
The relative amounts of each glycan in the two samples can then be quantified in one liquid
chromatography mass spectrometry (LC-MS) analysis. The disadvantage to these types of
techniques is the variability introduced into the quantification by processing the samples in
parallel. The analysis of A-linked glycans from a complex biological sample, such as human
plasma, involves numerous sample preparation steps that each introduces variability into

*Author for Correspondence: David C. Muddiman, Ph.D., W.M. Keck FT-ICR Mass Spectrometry Laboratory, Department of
Chemistry, North Carolina State University, Raleigh, North Carolina 27695, Phone: 919-513-0084, david_muddiman@ncsu.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Walker et al.

Page 2

quantitative analysis. Though efforts are taken to keep conditions constant between samples,
slight variances in the digestion efficiency, derivatization efficiency, and solid phase
extraction (SPE) recovery can skew the relative amounts of glycans detected. Previous
studies have utilized free sugars (simple, branched, and/or complex) to normalize or correct
for sample preparation variability.[* 14-19] However, these spiked-in sugars are unable to
account for the A-linked glycan cleavage variability between samples.

The total variability (oTotq) Of these measurements is comprised of both analytical
(92 Analyticar) and biological (o2giologicar) Variability (Equation 1).

— 2
o Total =0 Biological % Analytical (1)

Because the main objective is to measure biological change, it is necessary to minimize and
account for the analytical variability such that true and significant biological change can be
detected. However, when numerous samples must be processed in parallel, the samples are
often grouped into ‘batches’. This allows experiments containing hundreds of samples to be
divided into smaller groups in order to facilitate sample preparation. However, ‘batch’
processing has a cost due to all samples not being processed in parallel, and there are two
main issues with multiple ‘batch’ processing in the same biological data set: 1) samples are
often processed slightly different between samples and (to a larger degree) batches (e.g.,
cleavage temperature and time can be variable), and 2) often the same lot of enzyme is not
able to be used for all batches introducing activity variability. These issues pose inherent
problems when trying to compare glycan abundances across not only samples but also
across entire batches of data. Thus, an internal standard that is capable of monitoring and
correcting for sample preparation variability (including A-linked glycan cleavage
variability) becomes a necessity in large-scale biological studies of glycosylation.

It is shown in Equation 2 that many steps in the sample preparation and/or the human error
contribute to the total variability of the measurement.
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The dashed box and the solid box represent the variability that can be accounted for by
spiking in a free oligosaccharide and a glycoprotein standard, respectively, at the onset of
sample preparation. Thus, if there is significant variability in the enzymatic cleavage
efficiency, the currently used free oligosaccharide internal standard would not be able to
correct for this, a problem that will have an effect on the relative quantification of batch
processed samples. It is necessary to monitor this cleavage variability when analyzing
numerous biological samples because often the biological matrix of each sample is different
and undefined. The matrix could have protease inhibitors or other physical properties that
affect the enzymatic release of A-linked glycans. Additionally, when processing large
numbers of samples, lot to lot variation, enzyme activity over time, and incubation
conditions can all vary. This variability can significantly contribute to quantification results
and must be controlled for in order to elucidate real and significant biological change.

A glycoprotein containing A-linked glycans would be an ideal candidate for having the
potential to account for all aspects of sample preparation variability, including variation in
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the cleavage efficiency between samples. However, the glycoprotein must have several
favorable properties to be able to be used as an internal standard including commercial
availability, cost effectiveness, the ability for the glycans to be cleaved by PNGase F, and
most importantly, the glycoprotein must contain A-linked glycans that are not already found
in the biological system being studied. Horseradish peroxidase (HRP) is a plant glycoprotein
that is frequently used as a colorimetric indicator for antigen-antibody analyses. Previous
studies have reported that HRP contains N-linked glycans with a xylosylated and often
a1,3-fucosylated core.[20-23] This makes it a good candidate for a glycoprotein internal
standard due to the inability of most mammals to produce xylosylated glycans.

Herein, we report on the utility of spiking in HRP at the onset of sample preparation. This
allows one to monitor the PNGase F cleavage efficiency across samples, whereas
maltoheptaose, a simple sugar internal standard, cannot. This leads to skewed quantification
results when there is variability introduced in the cleavage reaction due to differences in
enzymatic activity, sample matrix, or degradation. A time course digestion experiment of 6
identical pooled human plasma aliquots is used to simulate variability in digestion efficiency
across samples. It is shown that comparing the ratios of the two internal standards do not
produce the same correction factor when there is a discrepancy in the efficiency of the
cleavage reaction (/.. at short incubation times). Thus, HRP is a successful internal standard
for monitoring and controlling for not only the variation in the parallel sample preparation
but also any variability in the enzymatic cleavage process.

EXPERIMENTAL

N-linked Glycan Extraction from Pooled Plasma and Hydrazone Derivatization

N-linked glycans cleaved from 50 L aliquots of pooled human plasma (Sigma Aldrich, St.
Louis, MO) were used to simulate variability in cleavage efficiency by allowing different
samples to be incubated for various times ranging from 0 to 24 hr. A-linked glycans were
cleaved with PNGase F (New England Biolabs, Ipswitch, MA), an ethanol protein
precipitation was performed, and the A-linked glycans were separated from the plasma
matrix and remaining proteins as previously reported.[24] Both maltoheptaose (1 .g) and
HRP (200 j.g) were purchased from Sigma Aldrich (St. Louis, MO) and spiked into the
plasma aliquots at the onset of sample preparation. Upon completion of the solid phase
extraction of the A-linked glycans, derivatization was performed in parallel as previously
reported.[4 24-26] Samples were derivatized with either the “light” (natural) or ‘heavy’
(stable-isotope labeled) P2GPN hydrazide reagent.[4 25]

nano-Flow Reversed Phase Chromatography Coupled Online to QExactive MS

The derivatized glycan samples were reconstituted in 200p.L of a 5% ACN solution. The
sample was vortexed for 1 min and centrifuged for 5 min at 14,000 rpm. The supernatant
was extracted and samples were mixed together in equal volumes for relative quantification
per the experimental design (vide infra). An EASY-nLC Il autosampler and liquid
chromatography (LC) system (Thermo Fisher Scientific, San Jose, CA) was used to load 10
pL of the sample at 650 nL/min onto a cHiPLC column system (Eksigent, Dublin, CA) set
up in the vented column configuration.[27] Immediately after loading, the sample was
washed with an additional 2 p.L of mobile phase A. A ChromXP C18-CL 75 um x 15 cm
analytical column (Eksigent, Dublin, CA) was used for both the trap and the analytical
column, allowing for an effective column length of 30 cm. The EASY-nLC Il was used to
perform gradient elution, where mobile phase A consisted of a 2% acetonitrile (ACN) and
0.2% formic acid solution, and mobile phase B consisted of a 98% ACN and 0.2% formic
acid solution. Glycans were separated at a constant flow of 300 nL/min. The initial solvent
condition was 2% mobile phase B and held for 1 min. The mobile phase B composition was
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then increased to 22% over 1 min and further increased to 35% over 35 min. The column
was washed with 90% mobile phase B and then re-equilibrated in the initial conditions for
15 min. The LC eluent was detected online by a QExactive mass spectrometer equipped
with a nanospray source (Thermo Fisher Scientific, San Jose, CA). Electrospray ionization
was achieved by applying 2.25 kV at the union adjoining the emitter tip and the outlet
capillary of the LC. The capillary was heated to 225 °C, and the instrument was calibrated
per the manufacturer specifications. Data dependent acquisition was performed, such that up
to 5 MS/MS spectra were taken per precursor scan, where the most abundant ions were
chosen for fragmentation. After a precursor ion has been chosen for fragmentation, it is put
on an exclude list for 25 s. The precursor ions were detected in the orbitrap mass analyzer at
70,000 resolving power at /7/z= 200 with a 1 x 10% automatic gain control (AGC) and a
maximum injection time of 250 ms. The ions chosen for fragmentation were subjected to
higher energy collision dissociation (HCD) at a normalized collision energy (NCE) of 20.
The product-ion spectra were collected in the orbitrap as well and detected at 17,500
resolving power at /m/z = 200, with a 2 x 10* AGC and a maximum injection time of 120
ms. The unique glycan compositions were identified manually using accurate mass and
analyzed using Xcalibur software (v.2.2).

RESULTS and DISCUSSION

Two 200 g samples of HRP were prepared, derivatized with the natural and SIL hydrazide
tags, combined in equal volumes, and analyzed as a control using the same glycan extraction
procedure as that in plasma to determine the complexity HRP would add when spiked into a
plasma sample. Only two A-linked glycans were detected in the spectra, HexgsHexNAco Xyl
and HexgHexNAc,Fucq Xylq, and both of these glycans contain xylose (as reported in the
literature)[20-23], which is not found in human biosynthetic pathways. However, the
HexsHexNAcyFucy Xyl has a low signal to noise ratio, which could introduce technical
variation; thus, the more abundant HexsHexNAc, Xyl (Figure 1b) will be referred to as the
“HRP” internal standard and used to determine the effectiveness of accounting for the total
sample preparation variability using a xylosylated A-linked glycoprotein. Figure 1a shows a
generic plant protein with xylosylated A-linked glycan cores. The lack of xylose found in
mammalian biosynthetic pathways allows plant A-linked glycans to be unique from the A-
linked glycans of interest. An additional property of many plant glycoproteins is the
presence of a1-3 fucosylated core, and glycans containing this motif are not able to be
cleaved by PNGase F. This is also the reason only two A-linked glycans were detected from
HRP. These attributes, along with the commercial availability, make HRP a great candidate
for a glycoprotein internal standard.

A time course glycan deglycosylation experiment was used to simulate different enzymatic
cleavage efficiencies in aliquots of the same pooled human plasma sample. Six pooled
human plasma samples were denatured and subjected to PNGase F digestion. One sample
was removed at each of the following time points: 0, 4, 8, and 12 hr. Two samples were
incubated for a full 24 hr (24a and 24b). When removed from the incubator, each sample
was immediately quenched with ethanol and placed in the —80°C freezer. After the final 24
hr samples were removed from the incubator, all samples were allowed to incubate at -80°C
for 1 additional hr, centrifuged, and dried. All aliquots were processed identically aside from
the amount of time they were incubated for deglycosylation and the amount of time spent in
the —80°C ethanol incubation. Each sample will be referred to by the PNGase F
deglycosylation incubation time for the sample. The 0, 8, and 24a samples were derivatized
with the ‘light” P2GPN reagent, and the 4, 12, and 24b samples were derivatized with the
‘heavy’ P2GPN reagent. This allowed for comparisons between each adjacent (in time)
sample and a comparison between each sample and one of the 24 hr time points.
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Figure 2a shows the utility of using a glycoprotein as an internal standard by plotting the
HRP glycan (corrected by the maltoheptaose internal standard) at different PNGase F
incubation times. It is shown at the early time points that the maltoheptaose is incapable of
taking into account poor efficiency in the PNGase F cleavage reaction. This is experimental
evidence that the free oligosaccharide can only account for the variability in the dashed box
in Equation 2. However, because the PNGase reaction efficiency can be monitored over time
using the HRP glycan, all of the variability in the solid box in Equation 2 can be accounted
for, making the HRP glycoprotein a more effective internal standard.

Though it is shown that the HRP is effective in accounting for enzymatic cleavage
variability, in order for it to be a productive internal standard, it must also account for the
additional sample preparation variability shown in Equation 2. Thus, the two aliquots of
plasma that were incubated for 24 hours were used to determine the effectiveness of the
HRP glycan as an internal standard for correcting for o214, in glycan relative
quantification experiments. The 24a-24b comparison sample is assumed to have no
biological variability (62gijological = 0). Thus, any systematic variability in the measurement
should be able to be corrected using an internal standard. Figure 2b shows the relative
quantification histogram of the 50 most abundant A-linked glycans in the 24a-24b
comparison corrected by HRP. The mean + 95% confidence interval for the heavy:light
glycan ratio is 1.001 + 0.037, which statistically encompasses the expected 1:1 ratio.
Histograms for other time points have not been shown due to the large variation in the
cleavage efficiencies of different glycans at short digestion times. Neither internal standard
is capable of reducing the random variability due to the variable cleavage rates of each
glycan composition. This is why glycan cleavage is performed for >18 hr. Additionally,
matrix effects on the cleavage efficiency would be systematic to all glycans, thus correctable
using HRP.

Figure 2b also shows the analytical variability of this relative quantification strategy of N-
linked glycans in a complex biological mixture. Because two aliquots of the same plasma
sample were used for the 24a-24b time points, zero biological variability can be assumed.
Thus, it is shown by the distribution in Figure 2b that a ratio with more than + 40%
deviation from unity can be deemed as a biologically significant change. By introducing
HRP as an internal standard, the systematic variability of analytical sample preparation can
be minimized, and if there are negligible differences in the cleavage reaction efficiency,
HRP as an internal standard performs as well as spiking in a standard oligosaccharide.
However, in situations where there is significant variation in the cleavage efficiency, the
HRP internal standard out-performs the free oligosaccharide (Figure 2a) and is more suited
to correct for analytical systematic variation than a free oligosaccharide. Importantly, for a
large number of samples that are carried out in batches, the approach described herein is
critical to make quantitative comparisons.

CONCLUSION

The use of a glycoprotein as an internal standard has the potential to correct for both the
cleavage and sample preparation variability between two samples, and HRP has been shown
to be an effective glycoprotein for this task. HRP will be used in future studies as the
primary internal standard for correcting sample preparation and PNGase F cleavage
efficiency for A-linked glycan large scale relative quantification studies. Additionally,
maltoheptaose will also be used as a secondary internal standard. This will allow one to
measure the systematic variability due to parallel sample preparation alone (maltoheptaose
ratio), and by comparing the HRP light and heavy abundances to those of the maltoheptaose,
the variability solely due to the enzymatic cleavage reaction can be determined. By
monitoring this, we can systematically account for any enzyme lot to lot variability,

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2014 June 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Walker et al.

Page 6

variation in the enzyme activity over time, variation in incubation conditions between
batches, and the variability of each undefined biological matrix (e.g. plasma) which can
inhibit glycan cleavage. Though it is often assumed that the glycan cleavage efficiency
between samples has little variation due to the long incubation times, it would be

an

alytically improper to not incorporate a suitable control for this assumption when studying

biological change over a large number of samples. Thus, HRP provides a widely available,
cost-effective tool that is easily incorporated into a majority of A-linked glycan relative
quantification workflows.
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b) Hex;HexNac,Xyl,

[M+P2GPN +H]*
[M+P2GPN_+H'T*

1277 1283 1289
m/z

a) Generic plant glycoprotein showing core a.1,3-fucose and core xylose containing glycans;
b) HRP internal standard, HexsHexNAc,Xyly, detected after treating the two control
samples with PNGase F, differential derivatization, and combining the samples in equal

volumes.
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a) The HRP glycan relative abundances, corrected by maltoheptaose and normalized to the

24-hr time point, at each of the 5 PNGase F incubation times. The abundances are
normalized to the 24-hr time point, where 100% cleavage efficiency is assumed. b)

Histogram plotting the log,(Heavy:Light) for the 24a-24b sample and corrected by HRP.
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