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All Glycans Are Not Created Equal
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Kinetics of N-Glycan Release from Human Immunoglobulin G (IgG) by PNGase F:
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The biologic activity of IgG molecules is modulated by its crystallizable fragment N-glycosylation, and thus, the
analysis of IgG glycosylation is critical. A standard approach to analyze glycosylation of IgGs involves the release
of the N-glycans by the enzyme peptide N-glycosidase F, which cleaves the linkage between the asparagine
residue and innermost N-acetylglucosamine (GIcNAc) of all N-glycans except those containing a 3-linked fucose
attached to the reducing terminal GlcNAc residue. The importance of obtaining complete glycan release for
accurate quantitation led us to investigate the kinetics of this de-glycosylation reaction for IgG glycopeptides and
to determine the effect of glycan structure and amino acid sequence on the rate of glycan release from
glycopeptides of IgGs. This study revealed that the slight differences in amino acid sequences did not lead to a
statistically different deglycosylation rate. However, statistically significant differences in the deglycosylation rate
constants were observed between glycopeptides differing only in glycan structure (ie., nonfucosylated,
fucosylated, bisecting-GlcNAG, sialylated, etc.). For example, a single sialic acid residue was found to decrease the
rate by a factor of 3. Similar reductions in rate were associated with the presence of a bisecting-GlcNAc. We
predict the differences in release kinetics can lead to significant quantitative variations of the glycosylation study
of IgGs.
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INTRODUCTION

Igs encompass the major class of the serum glycoprotein that
is used by the adaptive immune system to identify and
neutralize pathogens. IgG is one of the five distinct classes
(IgG, IgM, IgA, IgE, and IgD) observed in humans. IgG isa
complex glycoprotein built from four peptide chains thatare
two identical class ? heavy chains of ~50 kDa and two
identical light chains of ~25 kDa arranged in a “Y”
shape. There are 4 subclasses of IgGs (IgG1, IgG2, IgG3,
and IgG4) that are based on conserved domains of their
polypeptide chains. However, all IgG subclasses possess an
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N-glycosylation site at asparagine (Asn) 297 in the conserved
C?2 domain of the crystallizable fragment (Fc) part of the
heavy chains. The N-glycans, found on IgG, are predom-
inantly a core-fucosylated complex biantennary structure. The
biantennary, core-fucosylated structure possess from 0 to 2
galactose residues, and these structures are referred to as Gy, in
a common nomenclature. Additional glycan populations carry
terminal ?2—6-linked sialic acids (SAs) and/or a bisecting-N-
acetylglucosamine (GlcNAc).

The Fc N-glycosylation modulates the biologic activ-
ity of IgGs. Many reports have shown that the absence
of core fucose on Fc N-glycans of IgGl may lead to
dramatic enhancement of antibody-dependent cellular
cytotoxicity.'™ The anti-inflammatory properties of intrave-
nous Ig depend on sialylation of the Fc N-glycans.” In healthy
individuals, IgG glycosylation features correlate to age, gender,
and pregnancy. For example, IgG is less galactosylated
in both children and the elderly.® The GO glycoform
(“agalactosyl” IgQ3) is unusually abundant in patients with
various infectious diseases and chronic inflammation, which
include rheumatoid arthritis, juvenile chronic arthritis,
active Crohn’s disease, tuberculosis, Lyme disease, and
sarcoidosis.” ® The biologic significance establishes the
need for strategies to analyze these glycans accurately.

A standard approach to analyze IgG glycosylation
involves the release of N-glycans from the protein backbone.
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Glycans can be released by enzymatic or chemical means.
The chemical release procedures can degrade the peptide
backbone and have potential to degrade the oligosaccha-
rides. Consequently, chemical hydrolysis for the libera-
tion of N-glycans is not widely used. The most commonly
used enzyme for releasing intact N-glycans is peptide
N-glycosidase F (PNGase F),”~%? which cleaves the linkage
between the Asns residue and the innermost GIcNAc of
N-linked glycans. This enzyme is reported to cleave all
N-linked glycans except those containing a 3-linked fucose
attached to the reducing terminal GIcNAc residue, which
is not found in mammals.”> Consequently, this enzyme
releases all mammalian N-linked glycans, which has led to
its widespread use in the analysis of glycoproteins, such as
IgGs. Accurate quantitation necessitates either complete
release of all glycans or for relative quantitation, that the
extent of glycan release is the same for all glycans on all
sites. Quantitative glycan studies typically assume that
one or both of these conditions are met; however, there
has been minimal experimental evidence to support this
assumption.

We investigated the kinetics of glycan release from
glycopeptides of IgGs to determine the effect of glycan
structure and amino acid sequence on the rate of glycan release
for these model peptides. We had previously observed that the
PNGase F release step typically introduces a large source of
quantitative variation, which could be explained by different
glycans being released at different rates. We pursued a more
detailed study of this enzyme system and predict that the
observed differences in the kinetics of PNGase F, released
based on glycan structure, will be of interest to researchers
investigating IgG glycosylation and those performing glycan
quantification on other glycoproteins.

Moreover, with the use of both neuraminidase treat-
ment and enrichment of sialylated species by lectin affinity
chromatography, they showed that sialylated IgGs, as well
as sialylated IgG Fc moieties, are much more potent in
preventing pathology.

MATERIALS AND METHODS

The overall experimental procedure is illustrated in Fig. 1.
The details of the experimental procedure are described in
the following paragraphs.

Human serum, trypsin (tosyl phenylalanyl chloro-
methyl ketone treated), bL-DTT, iodoacetamide, ammo-
nium bicarbonate, ammonium formate, and formic acid
[for liquid chromatography (LC)-mass spectrometry (MS)]
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
PNGase F (glycerol free) was purchased from New England
BioLabs (Ipswich, MA, USA). Acetonitrile (ACN; HPLC
grade) was purchased from Thermo Fisher Scientific

(Waltham, MA, USA). Octadecyl (C18)-disposable extraction
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FIGURE 1

The experimental workflow used to study the kinetics of the PNGase F
deglycosylation reaction.

columns (J.T.Baker) were purchased from Avantor (Center
Valley, PA, USA). Other reagents were analytical grade.

A 200 pl aliquot of human serum was lyophilized
to dryness (dried human serum weighed 14 mg) and
resuspended in 200 pl of 50 mM ammonium bicarbonate.
DTT (5 pl of 200 mM) was added to the sample solution to
reduce the disulfide bonds. Sulthydryl alkylation was carried
out by adding 4 pl of 1 M iodoacetamide to the sample. The
excess iodoacetamide was neutralized by adding 20 wl of
200 mM DTT. Trypsin was added to the sample with the ratio
of 1 part trypsin to 20 parts sample, and digestion was carried
out at 37°C overnight, followed by incubation of the sample at
75°C for 5 min to denature the trypsin. The trypsin digest was
loaded onto a Sep-Pak C18, which had been pre-equilibrated
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in 5% acetic acid. The sample was eluted with 5 ml of 65%
ACN in 5% acetic acid, which was collected, frozen, and
lyophilized to dryness.

The dried tryptic digest was dissolved in 200 wl of
50 mM ammonium bicarbonate. [Glul]-Fibrinopeptide B
(GluFib) was spiked into the sample and served as an
internal standard for quantification. The dissolved peptides/
glycopeptides were then treated with 500 U (0.1 ul) of
PNGase F. Aliquots of the digestion mixture were removed
at various time points, quenched by lowering the pH to 4
with formic acid, and then quickly heated to 75°C to
inactivate the PNGase F, after which, the samples were
immediately frozen in a dry ice/acetone bath.

These aliquots collected from the PNGase F digestion
mixture were analyzed by LC-MS using a 2.1 mm Penta ID
hydrophilic interaction LC column (Advanced Materials
Technology Wilmington, DE, USA) on a Nexera LC
(Shimadzu, Kyoto, Japan) system interfaced to a QTRAP
4000 mass analyzer (SCIEX, Framingham, MA, USA).
Sufficient ACN was added to each sample so that its final
concentration was 65% (ACN) in water. Separation was
carried outata flow rate of 0.4 ml/min at 60°C with a mobile
phase A consisting of water:ACN (95:5 v/v) with 50 mM
ammonium formate (adjusted to pH 4.4 with formic acid)
and mobile phase B as pure ACN. A segmented linear
gradient was used: 1) 62% mobile phase B to 61.2% mobile
phase B in 9 min, 2) 61.2% mobile phase B to 60.2%
mobile phase B in 10 min, and 3) 60.2% mobile phase B to
58% mobile phase B in 11 min. In each case, the column
was flushed at 25% mobile phase for 5 min before returning
to the starting mobile phase composition.

Scheduled selected reaction monitoring (SRM) mode
on a QTRAP 4000 mass analyzer was used to quantitate the
most abundant glycoforms for each tryptic IgG glycopep-
tide and the deglycosylated form of these peptides. The
masses of glycopeptides of human serum IgGs (precursor
masses) were calculated by adding the masses of targeted
N-glycans to the masses of targeted tryptic peptides
containing the N-glycosylation sites of interest. The mass-
to-charge ratio values used as precursors (Q1 ions) in the
SRM experiments performed on the glycopeptides of the
human serum IgGs are listed in Supplemental Table 1. MS/
MS experiments conducted on the various glycopeptides
revealed that each produced 2 intense fragment ions. The
common fragment at mass-to-charge ratio 365.7 corre-
sponds to the oxonium ion of hexose-N-acetylhexoseamine.
The other intense fragment ion corresponds to the complete
peptide backbone for the selected precursor, combined with
a single GIcNAc attached. These two fragment ions were
used in the SRM experiment for all of the glycopep-
tides as Q3 transition ions and significantly reduced the
possibility of false positives. Retention times were found
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experimentally for all of the glycopeptides, and these are
listed in Supplemental Table 2. The detection window set
for each transition is 3 min. A collision energy of 70 V and
declustering potential of 40 V were selected as an appropriate
compromise between selected ion intensity and background
current. The dwell time for data collection was set at 100 ms,
and unit resolution was used in both Q1 and Q3.

RESULTS AND DISCUSSION

The kinetics of PNGase F deglycosylation reaction were
studied by its addition to a solution containing tryptic
digested human serum containing IgG glycopeptides and by
the monitoring of the release of their glycans. This process
allowed a broad range of human serum IgG glycopeptides to
be analyzed simultaneously by LC-SRM. This study was
performed on glycopeptides, as opposed to glycoproteins, as
our typical PNGase F de-glycosylation protocol is carried
out on trypsin-digested glycoproteins to minimize the
effects of steric hindrance caused by the protein’s higher-
order structure and because the smaller glycopeptides are
directly amenable to LC-SRM quantitation. The LC-SRM
chromatograms (Fig. 2) demonstrate that the peaks from
the glycopeptides decrease with increasing digestion times,
whereas those corresponding to the deglycosylated peptide
increase with time. The integrated peak area of each
glycopeptide divided by the integrated peak area of inter-
nal standard (GluB) from each time point reflects the
concentration of glycopeptide ([GP]). The disappearance
of the glycopeptides can be viewed in plots of [GP] as a
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FIGURE 2

The LC-SRM chromatograms show the appearance of de-glycosylated
peptides and the disappearance of glycopeptide in the sample from
0 min to overnight.
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function of time, as shown by the decay profile (Fig. 3) of the
IgG1 glycopeptide carrying the fucosylated glycan, with
0 galactoses (H3N4F1), shown here as an example.

PNGase F releases N-linked glycans from the peptide
backbone by hydrolyzing the amide group of the Asn side-
chain, as shown in the reaction in Eq. 1. As an enzyme,
PNGase F is neither consumed nor produced during the
reaction, and therefore, its concentration stays constant.
The concentration of H,O is much greater than that of the
other two reactants and remains constant throughout the
process. Therefore, this third-order reaction corresponds to a
pseudo first-order process (see reaction in Eq. 2). The
differential rate equation describing the decrease in glycopep-
tide concentration as a function of time (— d[GP]/dt) for
a pseudo first-order kinetics is given in Eq. 3, and its
integrated form is shown in Eq. 4. In Eqs. 3 and 4, £ is the
rate constant.

Glycopeptide + H,O + PNGase F — N-Glycan

+ Peptide + PNGase F (1)
Glycopeptide = N-Glycan + Peptide )
— d|GP]/dt = k[GP] 3)
In[GP] = — /¢ + In[GPy] (4)

The plotting of the natural log of [GP] (In[GP]) with
respect to time yields a straight line, as shown for the IgG1
glycopeptide carrying the fucosylated glycan with 0 galac-
toses (H3N4F1; Fig. 4). This linearity confirms that the
PNGase F de-glycosylation reaction can be modeled as a
pseudo first-order process and allows a rate constant for the

[GP] vs Time

0 20 40 60 80 100

FIGURE 3

The decay profile of the IgG1 glycopeptide carrying the fucosylated
glycan with 0 galactoses (H3N4F1) following the addition of PNGase
F at a concentration of 2.5 U/pl. The [GP] signal was obtained by
dividing the peak area of this glycopeptide by the integrated peak
area of internal standard (GluFib) at each time point.
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The plot of In[GP] vs. time for the IgG1 glycopeptide carrying the
fucosylated glycan with O galactoses (H3N4F1). These data were
obtained following the addition of PNGase F at a concentration of
2.5 U/ul. The [GP] signal was achieved by dividing the peak area of
this glycopeptide by the integrated peak area of internal standard
(GluFib) at each time point.

deglycosylation of each glycopeptide to be determined by
calculating the slope of In[GP] vs. time plots.

The effects of the glycan structure on the rate of glycan
release were investigated. The heterogeneity of glycan
structures attached to human serum IgGs makes this a
good system to study the effect of glycan structure on the
rate of glycan release. The glycan structures of the abundant
glycopeptides detected on IgGs were categorized into 4
groups: fucosylated, nonfucosylated, bisecting-GlcNAc,
and sialylated as shown in Fig. 5. The fucosylated and
nonfucosylated glycoforms only differ by the presence/
absence of a core fucose, so the comparison between
releasing rate of fucosylated and nonfucosylated glycoforms
can reveal the effect of core fucose on PNGase F releasing
rate. Similar comparisons can be made among fucosylated,
bisecting-GlcNAc, and sialylated glycoforms. The effect of
bisecting-GlcNAc can be found by comparison between the
releasing rate of fucosylated and bisecting-GlcNAc glyco-
forms; as well, the effect of terminal SA can be studied by
comparing releasing rate of fucosylated and sialylated
glycopeptides.

The amino acid sequences of the tryptic peptides are
different among the IgG subclasses (IgG1, IgG2/3, and
IgG4). The sequences of IgG2/3 (EEQFNSTFR), 1gG4
(EEQFNSTYR), and IgGl (EEQYNSTYR) differ by a
phenylalanine (F) to tyrosine (Y) substitution at one or two
locations (Fig. 5). The effect of these minor peptide seq-
uence differences on PNGase F release can be revealed by
comparing the deglycosylation rates of glycopeptides with
same glycoforms but different peptide backbones.

The plots of the In[GP] for each category of glycoforms
(fucosylated, nonfucosylated, bisecting-GIcNAc, and
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A Amino Acid Sequence:

IeGl:

EEQYNSTYR

IgG2/3: EEQFNSTFR

FIGURE 5 I1gG4:

The amino acid sequences of the tryptic
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B Glycan Structure:

glycopeptide of 1gG1, 1gG2/3, and IgG4 and Fucosylated: Non-Fucosylated: Bisecting-GleNAc: Sialylated:

the glycan structures investigated, which were o o .

categorized into 4 groups: fucosylated, non- am md - i - ¢ ? s us 5d o 2 ?? ¢ 9

fucosylated, bisecting-GIcNAc, and sialylated. * o by - - - TTTIT T - T
YV Y VY Y VYV VY
n o u n o u » n n L] L] o
"4 B4 m< [ ] [ ] [ a4 m<a ma "< ma [ S

sialylated) with different peptide backbones are plot-
ted as functions of time in Figs. 6-9, respectively.
The slopes of the lines (In[GP] vs. time), which are
proportional to the rate constant of the PNGase F
release, were calculated for each species, and these
values are presented in Table 1. In these experi-
ments, deglycosylation of glycopeptides with the same
glycoform attached to different peptide backbones was
found to have very similar slopes, which means their de-
glycosylation rates are approximately the same. Conse-
quently, these small changes in the amino acid sequence
do not appear to alter the rate of deglycosylation signifi-
cantly. For glycopeptides with same peptide backbones
but different categorical glycoforms, fucosylated glyco-
peptides seem to have the highest de-glycosylation rate
(steepest slope) compared with the other categories of
glycopeptides.

The Mann-Whitney test was used here to investigate if
the differences in the de-glycosylation rate among the

different categorical glycan structures, and peptide back-
bones are statistically significant. The Mann-Whitney
test is a nonparametric test of the null hypothesis,
where 2 samples have equal averages, vs. the alternative
hypothesis, where the sample means from the 2 samples
are not equal. Mann-Whitney was selected over the 2-
sample 7 test, as the Mann-Whitney does not require the
assumption of normal distributions. The results from
these Mann-Whitney tests are listed in Table 2 for each
comparison category. The smaller the P value, the more
likely one can reject the null hypothesis that the difference
between the 2 groups is a result of random sampling.
Therefore, small P values lead one to conclude that
the populations are distinct. For instance, a P value of
0.05 indicates a 5% risk of finding that a difference
exists between 2 populations when there is no actual
difference.

The results from every glycoform attached to the
IgG1 peptide were compared with these glycoforms on

IgGl: IgG2/3:
EEQYNSTYR EEQFNSTFR
I - X g i
3 * & i 3 ey a % .
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ing the addition of PNGase F at a concentration
of 2.5 U/pl. The [GP] signal was achieved by IgG4:
dividing the peak area of this glycopeptide by the EEQFNSTYR 0
integrated peak area of internal standard (Glu- 6 o | i
Fib) at each time point. ; F
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the IgG2/3 peptide. IgG1 and 1gG2/3 were compared, as
they differed by 2 aa and thus, had the largest difference in
peptide sequence in the glycopeptide mixture analyzed.
The P value of 0.83 suggests that there is an 83%
likelihood that any differences in rate constants observed
between IgG1 and IgG2/3 are from random sampling
and therefore, that these are not actual differences.
Hence, it is concluded that the glycopeptides rates of de-
glycosylation between the IgG1 glycopeptides are not
statistically different from the rate of deglycosylation of

the corresponding IgG2/3 glycopeptides. Consequently,
the subtle difference in peptide sequence between these
peptides does not have a detectable effect on the rate of
de-glycosylation, although additional experiments are
needed to evaluate if larger changes in the amino acid
sequence and the length of the peptide are associated with
alterations in the rate of deglycosylation.

The Mann-Whitney test revealed that the rates for
deglycosylation of glycopeptides, possessing the fucosylated
class of glycan, are statistically faster than de-glycosylation of
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glycopeptides with any of the other glycan categories. The
0.002 P value obtained when the fucosylated group is
compared with the nonfucosylated group suggests that the
observed differences in rate constants between these two
groups have a 0.2% chance of arising from random
sampling. Likewise, the value of P < 0.001, when the
fucosylated group is compared with either the bisecting
group or the sialylated group, suggests that the chances of
these differences arising from random sampling are <0.1%.
Hence, all of these structural attributes slow the rate of

TABLE 1

Summary of experimental rate constants found for each of the
observed IgG glycopeptides

1gG glycopeptide  Rate constant, k. 1gG1  1gG2/3  1gG4
Fucosylated H3N4F1 0.0266 0.0250 0.0273
H4N4F1 0.0244 0.0256 0.0250
H5N4F1 0.0186 0.0200 0.0187
Nonfucosylated H3N4 0.0179  0.0206 0.0255
H4N4 0.0245 0.0182 0.0204
H5N4 0.0174 0.0154 0.0158
Bisecting H3NS5F NA 0.0153 NA
H4NS5F 0.0132 0.0088 0.0138
H5N5F1 0.0134 0.0116 NA
Sialylated H4N4F1S51 0.0088 0.0099 0.0124
H5N4F1S1 0.0129 0.0134 0.0125
H5N5F1S1 0.0148 0.0138 NA

These values were obtained by determining the slope of the line obtained when the
In[GPT is plotted as a function of time for each glycopeptide investigated. The slopes
were then divided by the concentration of PNGase F (2.5 U/pl) to give a rate
constant per unit of enzyme.
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PNGase F release compared with the glycopeptides containing
a fucosylated glycan.

CONCLUSIONS

Significant differences in the deglycosylation rate constants
were observed among glycopeptides differing only in glycan
structure (%e., nonfucosylated, fucosylated, bisecting-GlcNAc,
sialylated, ezc.). For example, a single SA residue was found to
decrease the rate by a factor of 3. Similar reductions in rate were
associated with the presence of a bisecting-GlcNAc. These
differences in release kinetics can lead to significant errors in
the quantification of glycosylations of IgGs, particularly in
instances where the deglycosylation reaction is not given the
time to proceed to completion. Here, the glycans released at a
faster rate would be over-represented in the released glycan
population relative to the glycans that are released slower,
leading to erroneous relative glycan ratios. The differences in
deglycosylation rate based on glycan structure would suggest
that the newer protocols advocating very short de-glycosylation
times, often under 5 min, would be particularly prone to
quantitative errors.

TABLE 2

Results of Mann-Whitney test

Comparison P Result
k(gG1) vs. k(1gG2/3) 0.83 k(lgG1) = k(1gG2)
k(Fuc.) vs. k(non-Fuc.) 0.002 k(non-Fuc.) < k(Fuc.)
k(Fuc.) vs. k(Bisec.) <0.001 k(Bisec.) < k(Fuc.)
k(Fuc.) vs. k(Sia.) <0.001 k(Sia.) < k(Fuc.)

Fuc., Fucosylated; non-Fuc., nonfucosylated; Bisec., bisecting; Sia., sialylated.
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