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Abstract

Defining the structures and locations of the glycans attached on secreted proteins and virus
envelope proteins is important in understanding how glycosylation affects their biological
properties. Glycopeptide mass spectrometry (MS)-based analysis is a very powerful, emerging
approach to characterize glycoproteins, in which glycosylation sites and the corresponding glycan
structures are elucidated in a single MS experiment. However, to date there is not a consensus
regarding which mass spectrometric platform provides the best glycosylation coverage
information. Herein, we employ two of the most widely used MS approaches, online high
performance liquid chromatography-electrospray ionization mass spectrometry (HPLC/ESI-MS)
and offline HPLC followed by matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS), to determine which of the two approaches provides the best glycosylation coverage
information of a complex glycoprotein, the group M consensus HIV-1 envelope, CON-S
gp140ACFI, which has 31 potential glycosylation sites. Our results highlight differences in the
informational content obtained between the two methods such as the overall number of
glycosylation sites detected, the numbers of N-linked glycans present at each site, and the type of
confirmatory information obtained about the glycopeptide using MS/MS experiments. The two
approaches are quite complementary, both in their coverage of glycopeptides and in the
information they provide in MS/MS experiments. The information in this study contributes to the
field of mass spectrometry by demonstrating the strengths and limitations of two widely used MS
platforms in glycoprotein analysis.

Glycoproteomics is a newly emerging field focusing on analysis of protein glycosylation.
These studies are important because glycosylation is the most common post-translational
modification present in both eukaryotic and prokaryotic proteins [1, 2], and this
modification effects proteins’ biological and cellular processes and influences their
physiochemical properties [3-5]. Additionally, glycans have been shown to play a vital role
in various parasitic, bacterial, and viral disease infections [6]. For instance, interaction and
fusion of the human immunodeficiency virus (HIV) with its target host cells is mediated by
its envelope protein, gp160, which has over 50% of its mass comprising of glycans [7-10].
The high population and diverse range of glycans on this protein acts as a shield for the virus
against the immune system; the glycans also mask epitopes that impact HIV disease
progression [8, 11-17]. Consequently, conducting glycoproteomics studies on this target,
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defining the structures and locations of glycans in the HIV envelope protein, is important in
understanding how variation in glycosylation affects the functions of this protein, and the
studies may also provide valuable information that can be useful in identifying new vaccine
candidates. To acquire this information, sensitive, rapid, and reliable glycoproteomics
methods for mapping and profiling protein glycosylation are of paramount importance.

Analytical methods in the glycoproteomics field are still evolving. Mass spectrometry (MS)
has gained a widespread use in protein glycosylation analysis and has become an
indispensable, powerful analytical technique in this research area. Analysis of protein
glycosylation by mass spectrometry is typically achieved by two main approaches: The
glycans can be released from the peptide backbone either enzymatically or chemically, or
the glycoprotein can be subjected to a protease digestion, producing a mixture of peptides
and glycopeptides. The latter approach is advantageous to releasing glycans from the
protein, since it does not require extra sample manipulation and allows for site-specific
glycosylation profiling [18]. However, there are several obstacles encountered when using a
glycopeptide-based MS analysis. For example, glycopeptides exhibit poor ionization
efficiency and their signal is usually suppressed by nonglycosylated peptides. In addition,
most glycosylation sites contain various glycoforms and each glycoform may exist at low
concentration in the total glycopeptide mixture [19, 20]. To obviate these obstacles, it is
often necessary to perform an enrichment or chromatographic separation before MS
analysis. Several studies have addressed this issue and proposed effective enrichment or/and
chromatographic methods that can be utilized before MS analysis of glycopeptides [3, 20].

Although glycopeptide-based MS approaches are often used for glycoprotein analysis, so far
there is no consensus as to which MS approach would provide the most glycosylation
information, especially for a complex glycoprotein. Recent advances in glycopeptide-based
MS analysis have been achieved by two emerging platforms, online high performance liquid
chromatography electrospray ionization Fourier transform ion resonance (HPLC/ESI-
FTICR)-MS and offline HPLC/MALDI-TOF/TOF. These methods are known for their
unique high resolution and high mass accuracy capabilities, along with their ability to
accommodate tandem mass spectrometry (MS/MS) experiments. MALDI tandem time of
flight (MALDI-TOF/TOF) is widely used partly because it has a higher dynamic range and
has a high tolerance to salts and other contaminants. Besides, the complexity of data
obtained in ESI-FTICR-MS, due to the presence of multiply charged ions and formation of
salt adducts, greatly complicate data interpretation of complex glycopeptide mixtures [21].
However, unlike offline HPLC/MALDI-MS, online HPLC-ESI-FTICR-MS is a powerful
technique for analyzing glycopeptide mixtures rapidly, efficiently, and in great detail in a
single experiment [22]. Furthermore, glycan-specific ions can be selectively identified from
full MS? scans and used to trigger subsequent MS" scans during chromatographic
separation, thereby providing a plethora of information about the glycopeptides in question
[23]. On the contrary, MS" experiments cannot be performed in MALDI-TOF/TOF, which
limits the amount of information that can be acquired using this platform. In addition,
MALDI analyses suffer from matrix-dependent ionization and fragmentation processes [24
—27]. For instance, the “hot” matrix, a-cyano 4-hydroxycinnamic acid (CHCA), commonly
used with peptides and small neutral glycans, is known to promote formation of glycosidic
cleavages, whereas 2,5-dihydroxybenzoic acid (DHB), a “cooler” matrix that is typically
used for glycopeptides and glycans, is said to suppress MALDI-induced fragmentation [24].
As a result, the type of matrix used for glycopeptide analysis largely influences the extent
and type of fragmentation ions produced during MALDI-MS/MS experiments [26]. Since
neither of these two platforms stands out as a clearly superior approach, we performed a
head-to-head comparison on both platforms, using a highly complex glycoprotein sample, to
investigate the merits and limitations of each method.
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Herein, we present a detailed study to investigate the merits of offline HPLC/MALDI-TOF/
TOF and online HPLC-ESI-FTICR when used to provide glycosylation information of a
recently characterized glycoprotein containing 31 potential glycosylation sites [28].
Specifically, we employed the two platforms to analyze the number of glycopeptides and the
quality of MS data obtained from the analysis of the glycoprotein, the group M consensus
HIV-1 envelope protein, CON-S gp140ACFI [29]. To ensure that the intrinsic worth of each
platform was fully exploited, we determined how well each platform could answer several
specific research questions that will eventually contribute in understanding how
glycosylation affects the function and immunogenicity of the Env protein. These questions
included: How many of the 31 potential glycosylation sites, if glycosylated, could be
detected by each technique; what is the extent of glycosylation coverage provided by each
platform, for each glycosylation site; what type of confirmatory information can be obtained
on both the peptide and glycan portions of the glycopeptides identified using collision
induced dissociation (CID) experiments. Our results revealed significant differences in the
glycosylation sites detected by using each method, differences in the population of
glycoforms identified and the type of structural information obtained on either the peptide or
glycan portion of the identified glycopeptides. These results suggest that the two techniques
are highly complementary, and when possible, the glycosylation information is maximized
by combining the two platforms.

Experimental

Materials and Reagents

Purified CON-S gp140ACFI protein was produced as recombinant vaccinia virus expressed
protein from Duke Human Vaccine Research Institute in Durham, as described previously
[29]. Urea, ethylenediaminetetraacetic acid (EDTA), dithiothreitol (DTT), iodoacetamide
(IAA), HPLC grade acetonitrile (ACN), ammonium bicarbonate, trizma hydrochloride and
base, formic acid, 2,5-dihydroxybenzoic acid (DHB), and a-cyano-4-hydroxycinnamic acid
(CHCA), were all purchased from Sigma-Aldrich (St. Louis, MO). Proteomics grade trypsin
was obtained from Promega (Madison, WI). N-Glycosidase F (PNGase F) from
Elizabethkingia meningosepticum was obtained from CalBioChem (San Diego, CA). Water
used for these studies was purified using a Millipore Direct-Q3 Water Purification System
(Billerica, MA).

Trypsin Digestion of CON-S gp140ACFI Protein

Approximately 300 pg of protein (about 2 nmol) was prepared in 100 mM Tris-HCI buffer,
containing 6 M urea and 3 mM EDTA, pH 7.5. The protein was reduced for 1 h with 15 mM
DTT and alkylated for another hour at room-temperature with 25 mM IAA. The excess
amount of IAA was neutralized by adding DTT to a final concentration of 40 mM. Extra
buffer solution was added to reduce the concentration of Urea. Trypsin was added at a
protein:enzyme ratio of 30:1 (wt/wt) to generate glycopeptides. The protein solution was
incubated overnight at 37 °C. The reaction was quenched the following day by adding 1 uL
of concentrated acetic acid. The final protein concentration was ~10 pmol/uL. Two aliquots
were removed from the total digest and each aliquot was subjected to either online HPLC/
ESI-FTICR or offline HPLC fractionation before MALDI-TOF/TOF MS. For each HPLC
injection, a protein solution of 1.4 ug/uL was utilized.

Reverse Phase HPLC Fractionation

The tryptic glycopeptides/peptides mixture was purified and separated on a Shimadzu model
HPLC system (Shimadzu, Columbia, MD). For each run, 20 uL of the tryptic digest was

injected onto a C18 column (150 x 4.6 mm, 5 uM; Alltech, Deerfield, IL) at a flow rate of 1
mL/min. Purified water and HPLC grade ACN each containing 0.1% formic acid were used
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as mobile phase A and B, respectively, with a linear gradient from 5% to 40% B over 50
min, followed by a ramp to 95% B in 10 min [30]. Fractions were manually collected every
1 min for 60 min. Each fraction was evaporated to dryness on a CentriVap (Labconco
Corporation, Kansas City, MO) before reconstituting with 10 uL of water. The reconstituted
fractions were first screened and analyzed by MALDI-TOF/TOF and all fractions containing
glycopeptides were then deglycosylated and reanalyzed by MALDI-TOF/TOF MS.

Deglycosylation

Reconstituted HPLC glycopeptide fractions were enzymatically deglycosylated using
PNGase F (CalBioChem) by applying the protocol recommended by the manufacturer.
Briefly, each enriched glycopeptide fraction was deglycosylated by adding 4 nL of 500
units/mL of PNGase F and 25 L of 20 mM NH4HCO3 (pH = 8), and then incubated
overnight at 37 °C. The reaction was stopped by boiling and analyzed by MALDI-MS.

MALDI-TOF/TOF MS Analysis

Equal volumes of saturated solutions of DHB and CHCA matrixes prepared in 50% ACN
with 0.1% TFA were used and mixed with each sample (1:1 by volume). Approximately
0.75 uL of the mixture was spotted on a stainless steel MALDI target plate (Applied
Biosystems, Foster City, CA) and air-dried. All MALDI MS and MS/MS data were acquired
in the positive reflectron ion mode on an Applied Biosystems 4700 proteomics analyzer
mass spectrometer. The samples were irradiated by a 355 nm Nd-YAG laser (355 nm) at
200 Hz. The acceleration voltage was 25 kV. Each mass spectrum was generated by
averaging 3200 laser shots. The laser intensity was optimized to give the best signal-to-noise
ratio and resolution for each sample. All the data were processed in Data Explorer version
4.5 (Applied Biosystems). Glycopeptide analysis was performed by using the high
resolution MALDI-TOF/TOF MS in conjunction with our previously described web-based
tool (GlycoPep DB), [31] to assign glycopeptide compositions. The assigned compositions
were then confirmed by using MALDI-MS/MS experiments.

Capillary HPLC/ESI- FTICR MS Analysis

Analysis of the tryptic glycopeptides on HPLC/ESI-FTICR-MS was performed by using a
Dionex Ultimate capillary HPLC system (Sunnyvale, CA) equipped with a Famous well
plate autosampler coupled to a high resolution Thermo Finnigan (San Jose, CA) linear ion
trap-Fourier transform ion cyclotron resonance (LTQ-FTICR) mass spectrometer equipped
with a 7 telsa actively shielded magnet. Samples were loaded onto a Famous well plate
autosampler and 5 pL of the tryptic digest was injected onto an LC Packings C18 PeMap
300 column (LC Packings, Sunnyvale, CA) (300 um i.d. x 15 cm, 5 zm, 300 A). Water and
HPLC grade ACN each containing 0.06% formic acid were used as mobile phase A and B,
respectively, with a linear gradient starting from 5% to 40% B over 50 min, followed by a
ramp to 95% B in 10 min. The eluting solution was directly infused into the mass
spectrometer at a flow rate of 5 pL/min.

High resolution data were acquired on FTICR MS by maintaining resolution at 50,000 for
m/z400. The instrument was externally calibrated before the analysis over the entire mass
range of interest. The data were acquired in the mass range of /m/z800-2000 using a spray
voltage of ~4.0 kV. N, was used as a nebulizing gas at 20 psi, and the capillary temperature
was maintained between 200 and 230 °C. Data were acquired and processed using Xcalibur
1.4 SR1 software (Thermo Finnigan, San Jose, CA). The glycopeptide compositions were
assigned using the high resolution data together with GlycoPep DB as described previously
[31].
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CID Experiments in HPLC/ESI-FTICR MS

All MS/MS data were acquired in the linear ion trap of the hybrid LTQ-FTICR in a data-
dependent scanning fashion in the positive ion mode. Data-dependent MS/MS data were
acquired for the first three most intense ions observed in full MS? scan using a dynamic
exclusion window. To maximize the amount of data-dependent MS/MS scans collected for
the glycopeptide ions observed in full MS? scan data, three more scan events were set with
each subsequent scan event selecting the second, third, and fourth most intense ions from
MS? data. If a neutral loss of a hexose or a HexNAc was detected in these scans, an MS?
scan event was triggered. Each selected precursor ion was activated for 30 ms with g, value
of 0.25 and an isolation width of 3 Da. Activation amplitudes were in the range of 22%—
25% as defined by the instrument software.

Data Analysis

To interpret the high resolution data acquired from HPLC/ESI-FTICR MS, several steps
were undertaken. The first step was to determine if the peaks observed in MS® were
glycopeptides or not. To verify this, the lower mass range region of MS/MS data of those
peaks were examined for the presence of glycan characteristic product ions like /7/2528
[HexNAc + 2Hex+H]*, m/z690 [HexNAc + 3Hex + H]*, m/z893 [2HexNAc + 3Hex +H]",
or m/z 657 [HexNAc + Hex + Sialic Acid + H]*. If any of these ions was observed, the next
step was to input the MS/MS peak list of the glycopeptides in question into our newly
developed web-based tool, GlycoPep ID. A complete description of how this tool operates
was provided previously [32]. Briefly, GlycoPep ID uses characteristic fragment ions, such
as 92X ion [Peptide + 83 + H]* or Y7 ion [Peptide + 203 + H]*, observed in MS/MS to
predict the potential peptide portion of the glycopeptides in question. From HPLC/ESI-MS/
MS data in the positive ion mode, each of the scan events provided a specific characteristic
fragmentation ion, Y glycosidic bond cleavage that occurs at the inner core of A-acetyl
glucosamine (HexNAC) attached to the peptide, and this ion was automatically predicted by
GlycoPep 1D, thus identifying the peptide portion of the glycopeptide in question. The
identified peptide portion was then imported into GlycoPep DB, described previously [31],
which utilizes the high resolution MS? peak list to generate all the plausible glycan
compositions attached to that specific peptide. All the glycopeptide compositions generated
were then inspected manually and verified using MS® and MS/MS data. MS/MS data were
also used to confirm the assigned carbohydrate compositions.

For MALDI-TOF/TOF data analysis, MALDI-MS/MS data obtained from each
glycopeptide fraction was first utilized to identify the %2X ion [Peptide + 83 + H]*, a
characteristic product ion that is typically observed in MALDI-MS/MS corresponding to the
peptide plus a portion of the innermost HexNAc residue, which remains after the cross ring
cleavage [33]. The identified peptide portion for each fraction was then input into GlycoPep
DB and using the high resolution MS? peak-list of that fraction, all the plausible
glycopeptide compositions could be identified. These glycopeptide compositions were then
verified manually using MS! and MS/MS data.

Results and Discussion

The group M consensus HIV-1 envelope protein, CON-S gp140ACFlI, is a very heavily N-
glycosylated protein with 31 potential glycosylation sites [29]. Figure 1 shows the CON-S
gpl40ACFI protein sequence with all the potential glycosylation sites highlighted in red.
The peptides boxed in green represent all the possible tryptic peptides containing one or
more potential glycosylation sites produced from this protein, with no missed cleavages. The
glycosylation on this protein has recently been described [28], and in that work,
glycosylation analysis was demonstrated to be an effective technique in correlating
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glycosylation profiles with vaccine efficacy. The work presented here uses this same protein
in a case study detailing the relative merits of off-line HPLC, followed by MALDI TOF/
TOF MS and on-line HPLC-ESI-LTQ-FTICR-MS for glycopeptide analysis. The protein
was subjected to typical sample preparation conditions (reduction/alkylation and tryptic
digest) and analyzed using two of the most powerful MS techniques, HPLC/ESI-FTICR-MS
and MALDI-TOF/TOF.

Figure 2 illustrates the analytical protocol employed in this study. After the glycoprotein
was digested with trypsin, the total digest was divided into two portions. Each portion was
subjected to either capillary HPLC/ESI-FTICR MS or HPLC fractionation followed by
MALDI-TOF/TOF MS analysis. In addition, the reconstituted HPLC fractions collected for
MALDI-TOF/TOF analysis were also deglycosylated and reanalyzed by MALDI-TOF/TOF
MS. The glycosylation information content (sequence coverage, number, and type of
glycans) obtained from each MS approach was compared to determine the strengths and
weaknesses of the two methods.

Assigning Glycopeptide Compositions

One of the key challenges in glycopeptide-based MS analysis is assigning compositions to
the masses observed in MS! data with a high confidence level. This is because it is often
possible to assign different glycopeptide compositions to the same mass, even when mass
accuracy is less than 5 ppm [34]. The process used to assign the glycopeptide masses is
detailed in the data analysis portion of the Experimental section. Briefly, the steps include:
(1) determining whether or not an MS peak is a glycopeptide, by looking for “marker ions”
produced when the peak is subjected to MS/MS analysis; (2) determining the peptide
composition of the glycopeptide, using MS/MS data and our data analysis tool, GlycoPep
ID; (3) determining the remaining portion of the glycopeptide (the glycan mass) by using the
high resolution mass data and our analysis tool, GlycoPep DB; (4) confirming the
composition with MS/MS data. At the onset of this project, it was not apparent which
instrument platform would provide more readily interpretable data; thus, a comparison was
undertaken to determine whether HPLC/ESI-FTICR-MS or MALDI-TOF/TOF-MS had
advantages in terms of providing the most confirmatory information about the glycopeptide
compositions assigned. Figure 3a and b represent MS/MS data of an example glycopeptide,
acquired via CID in the HPLC/ESI-LTQ-FTICR and MALDI-TOF/TOF MS platforms,
respectively. This glycopeptide demonstrates the relative merits of MS/MS analysis from
each technique in providing high confidence assignments for the peptide and glycan
compositions.

MS/MS Data from HPLC/ESI-FTICR MS

Figure 3a illustrates MS/MS data acquired in the linear ion trap of the LTQ-FTICR mass
spectrometer. In this figure, the precursor ion, m/z1477.15, was first identified to be a
glycopeptide based on the marker ions identified in the MS/MS data as described in the
Experimental section. The glycan composition for this ion is confirmed by product ions
resulting from glycosidic bond cleavage of this glycopeptide. The glycosidic cleavages are
indicated in Figure 3a, and they include sequential losses of nine hexoses (mannose
residues), confirming the presence of Mang, a high-mannose type of N-linked glycan. The
glycosidic cleavage resulting from a loss of a HexNAc is represented by a square in Figure
3a. As indicated in this spectrum, the cleavage of all the glycosidic bonds present in this
glycopeptide are observed up to the innermost N-acetyl-glucosamine residue (HexNAc),
which is attached to the peptide moiety of the glycopeptide. This corresponds to the Y, ion
[Peptide + 203 + H]*, or both [Peptide + 203 + H]* and [Peptide + 349 + H]*, when core
fucosylation is present. The Y ion is a useful characteristic production, [35] and it is
observed in all MS/MS data of the glycopeptides subjected to ESI MS/MS experiments;
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since the Y, ion corresponds to the peptide attached to the innermost N-acetyl glucosamine
(HexNAC), subtracting the mass of this sugar (203 Da) from the observed mass of the Y ion
provides the mass of the glycosylated peptide moiety. The product ion corresponding to the
Y1 ion can be identified either manually or by simply inputting the MS/MS peaklist for this
glycopeptide (/m/z 1477.15) into GlycoPep ID, available at http://hexose.chem.ku.edu/
predictiontable2.php, which automatically outputs the potential peptide and its
corresponding Y ion (see the Experimental section). In this case, GlycoPep ID was used to
identify the Y4 ion, which was identified as m/21290.74 (singly charged) and /2 646.08
(doubly charged ion) and its corresponding peptide moiety, SN4>3ITGLLLTR. Taken
together, the glycosidic cleavage product ions explicitly confirm the glycan portion of this
glycopeptide, and the Y1 ion verifies the peptide composition. However, there were no other
product ions resulting from cleavage along the peptide backbone; thus, further confirmation
of the peptide sequence was not feasible.

MS/MS Data from MALDI-TOF/TOF MS

Figure 3b represents MS/MS data obtained from MALDI-TOF/TOF of the same
glycopeptide shown in Figure 3a. As indicated in Figure 3b, fewer product ions are
observed, compared with the ones observed in Figure 3a. These ions include two sets of
product ions at or near the innermost HexNAc residues. The two sets of product ions
represent the Y1 ion ([Peptide + 203 + H]*) and the 92X ion ([Peptide + 83 + H]*) [35].
These pairs of ions were always observed in all glycopeptides subjected to MALDI-MS/MS
experiments regardless of the type of N-linked glycans (high-mannose, complex, or hybrid)
present. Like in MS/MS on the linear ion trap, when core fucosylation is present, the Y, ion,
corresponding to [Peptide + 349 + H]™, is observed, along with the 92X ion. In Figure 3b,
Y1 and 92X ions are observed at /7/71290.9 and 1170.8, respectively. Besides these two
product ions, there were no other glycan related cleavage ions observed in the MALDI MS/
MS experiments [33]. This is because, unlike the low-energy CID in the linear ion trap,
MALDI-MS/MS is a high-energy process that yields predominantly fragmentation ions
originating from peptide bond cleavages [27]. As a result, MS/MS of the glycopeptide at 7/
72952.55 yields several y and b ions resulting from peptide bond cleavage. Thus, this
technique provides detailed sequence and site attachment data for the glycosylated peptide
but provides minimal information about the glycan moiety.

Overall, MS/MS acquired from the two high resolution MS techniques, HPLC/ESI-LTQ-
FTICR and MALDI-TOF/TOF, provided confirmatory information in that in both methods,
the Y1 ion was always observed. This ion was used as a characteristic ion to identify the
peptide moiety of the glycopeptide in question. The remaining mass of the glycopeptide
after subtracting the mass of the Y1 ion can be used to indirectly determine the glycan
moiety for that glycopeptide. In MS/MS in the linear ion trap, the characteristic Y; ion was
always observed as the base peak for glycopeptides containing high-mannose glycan
compositions, but was not the base peak for glycopeptides containing complex or hybrid
glycans. This is probably because loss of fucose and loss of 1-4 linked N-acetylhexosamines
(HexNAC) are both facile cleavages, compared with glycosidic cleavages of high-mannose
glycans; therefore, glycosidic cleavages are often observed as the base peak in MS/MS
analysis of glycopeptides containing hybrid and complex glycans. An example of MS/MS
data of a complex glycopeptide is shown in Supplemental Figure 1.

In MALDI-MS/MS, in addition to the Y ion, the 92X ion was also always observed, and
either of these two ions formed the base peak. It is worth noting that although these ions
identify the peptide moiety of the glycopeptide in question, by providing the mass of the
peptide, deglycosylation experiments generally identified the same peptides as identified by
the Y7 ion and the 92X ions. This increased the confidence level of the identified peptides
from both ESI- and MALDI-MS/MS data. Furthermore, for smaller mass ions (</m/z 5000)
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and strongly ionizing peptides, like arginine-containing tryptic peptides, the peptide
sequence could easily be obtained from MALDI MS/MS data without deglycosylation.
Therefore, MALDI-TOF/TOF provided a higher confidence level for identifying the peptide
moiety than the HPLC/ESI-FTICR-MS data. However, in terms of the glycan moiety
identified by both MS/MS techniques, HPLC/ESI-FTICR provided a higher confidence level
than MALDI-TOF/TOF. When the two MS techniques are used together, extensive
information can be obtained about both the peptide sequence and the monosaccharide units
contained in the glycan.

Number of Glycoforms Identified

Table 1 shows the number of glycoforms identified at each glycosylation site, detected from
both HPLC/ESI-FTICR and MALDI-TOF/TOF MS. This list is reflective of the number of
unique glycan compositions present at each site only, as no attempt was made to infer
glycan structures or resolve isomers. The confidence level in these glycan assignments is
high, as the monosaccharide units can usually be verified in the ESI-MS/MS data, as
described above. A complete list of all the assigned glycan compositions can be found in
Supplemental Table 1. The purpose of this table is to show which glycopeptides were
identified in MALDI-TOF/TOF versus ESI-LTQ-FT MS analyses. From Table 1, it is quite
evident that the number of glycans obtained from each glycosylation site differed greatly
between the two instruments. For instance, from HPLC/ESI-FTICR MS data in Table 1, we
identified 27 different glycan compositions attached to EANTTLFCASDAK peptide
whereas, from the same glycosylation site, only four glycan compositions were identified
using MALDI-TOF/TOF MS. However, when another glycosylation site is examined, for
example, from the peptide LREHFNN361K/EHFNN361K, 35 different glycan compositions
attached to this site were identified using MALDI-TOF/TOF (Table 1) whereas, from
HPLC/ESI-FTICR MS, only eight different glycan compositions were identified from the
same site (Table 1). As a result, the number of glycan compositions identified varied from
one glycosylation site to the other between the two instruments.

Figure 4 shows a Venn diagram that demonstrates glycan population coverage for MALDI-
TOF/TOF and HPLC/ESI-FTICR MS. As indicated in this figure, about 130 unique glycan
compositions were identified using each of the two MS techniques alone. About 90 identical
glycan compositions were identified by both methods. Overall, ~350 different glycan
compositions were identified from all detected glycosylation sites by using HPLC/ESI-
FTICR and MALDI-TOF/TOF MS, and this provided the best profile for the glycan
population present in CON-S gp140ACFI.

Identification of the Most Abundant Type of N-Linked Glycan Present

Table 1 also shows the most abundant type of N-linked glycans identified from each
glycosylation site using both HPLC/ESI-FTICR MS and MALDI-TOF/TOF MS. (Isomeric
structures of the ones shown in Table 1 are also possible). All three types of N-linked
glycans, high-mannose, hybrid, and complex type, were detected from all the identified
glycosylation sites; see Supplemental Table 1. Although the number of glycans detected at
each site using the two methods differed, in most cases they both provided similar results
about the most abundant glycan species present at each site. For example, the total number
of glycans found attached to EHFNN361K/LLREHFNN361K using MALDI-TOF/TOF was 35
while from HPLC/ESI-FTICR MS, only eight were detected. However, regardless of the
significant difference in number of glycans detected, the same glycan structure
([HexgHexNAc,]) was identified as the most abundant species in both cases. Additionally,
seven of the nine glycosylated tryptic peptides identified by both MS methods produced the
exact same glycan composition as the most abundant species. The remaining two
glycosylated tryptic peptides both contained high-mannose glycans, although the exact
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composition varied slightly between the two instruments (see Table 1). From this table, it
can also be seen that out of all the glycosylation sites detected by both methods, about 80%
of them contained high-mannose N-linked glycans as the most abundant species. As a result,
it can be inferred that CON-S gp140ACFI has a high degree of high-mannose N-linked
glycan structures.

Glycosylation Site Coverage

Theoretically, digestion of CON-S gp140ACFI with trypsin would produce a total of 19
unique tryptic peptides containing one or more potential glycosylation site(s) (assuming no
missed cleavages), which would account for the 31 potential glycosylation sites present in
this protein. To determine if any of the two MS techniques could identify all the 31 potential
glycosylation sites (19 tryptic peptides), we examined the number of tryptic peptides and
their corresponding number of glycosylation sites detected by each MS technique and then
compared the results.

Table 2 shows the glycosylated tryptic peptides and the corresponding number of peptides
detected from both MS techniques. As shown in this table, from HPLC/ESI-FTICR MS, a
total of 14/19 tryptic peptides each containing one or more potential glycosylation sites were
detected, which accounted for 18/31 potential glycosylation sites present in this protein.
Figure 5a is a representative example of MS? data containing glycoforms from two co-
eluting tryptic peptides obtained from HPLC/ESI-FTICR MS. As can be seen from this
figure, each tryptic peptide contained various glycoforms. A complete list of glycoforms
from each of these tryptic peptides can be found in Supplemental Table 1.

In MALDI-TOF/TOF, two analyses were performed in parallel. The first analysis was
performed by subjecting each of the reconstituted HPLC fractions to MALDI-TOF/TOF
analysis. Figure 5b illustrates an example of MS? data from MALDI-TOF/TOF; it contains
the same tryptic peptide as that shown in Figure 5a, from the HPLC/ESI-FTICR MS data.
The compositions of the glycoforms shown in this figure can be found in Supplemental
Table 1.

In the second analysis, PNGase F was used to deglycosylate each of the reconstituted HPLC
fractions analyzed in the first experiment. This enzyme releases N-linked glycans from the
protein, converting the asparagine residues (N) from which the glycans are removed into
aspartic acid (D). As a result, a mass shift of 1 Da is expected to occur for every utilized
glycosylation site that is deglycosylated [36]. This experiment was used to determine
glycosylation site occupancy [28] (reported in Table 2) and also to confirm glycopeptides
whose abundance was low in the high resolution MALDI-TOF/TOF data. For instance,
glycosylated tryptic peptides LINCNZVITSAITQACPK and EAN*8TTLFCASDAK were
detected in low abundance in MALDI-TOF/TOF in the first analysis, making it difficult to
verify them using MALDI-MS/MS before deglycosylation. However, after deglycosylation
(second analysis), these tryptic peptides could be confirmed; more importantly, new tryptic
peptides were also detected, such as the two tryptic peptides shown in Table 2c,
LTPLCVTLNI2CTNVNIBVTNIBTTNI4INTEEK and GEFFYCN3TSGLN3YSTWIG
N493GTK, which contain four and three potential glycosylation sites, respectively. These
tryptic peptides were also not detected in HPLC/ESI-FTICR MS, probably because of their
high masses, when glycosylated.

Another issue with these two peptides that hinders their ionization by MALDI-TOF/TOF is
that they are terminated in lysine. The lysine-containing tryptic peptides are known to ionize
less efficiently during MALDI analysis than tryptic peptides containing arginine residues
[37], and their ionization efficiency is even more compromised since they are multiply
glycosylated (and thus large and heterogeneous). Furthermore, with the high resolution of
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MALDI-TOF/TOF in the reflectron mode, sensitivity for higher masses is lower than for
smaller masses, making it more difficult to detect these tryptic glycopeptides in the first
MALDI-TOF/TOF MS analysis. As a result, it is possible to observe these multiply
glycosylated tryptic peptides after deglycosylation (second analysis) but not when
glycosylated (first analysis). Overall, from MALDI-TOF/TOF analyses, a total of 14/19
potentially glycosylated tryptic peptides, corresponding to 21/31 potential glycosylation
sites, were identified.

Since using either one of the two high resolution MS techniques may be inadequate in
detecting all the potential glycosylation sites present in a heavily glycosylated protein like
CON-S gp140ACFI, a comparison was performed to determine if there was any benefit
derived from combining the two high resolution MS techniques in terms of the number of
glycosylation sites detected. A closer look at these results obtained from both techniques
revealed that only 11/19 potentially glycosylated tryptic peptides, accounting for 15/31
potential glycosylation sites, were identified from both methods (see Table 2a). The
remaining three and six glycosylation sites were uniquely identified from either high
resolution HPLC/ESI-FTICR or MALDI-TOF/TOF MS, respectively, and are listed in Table
2b. When the numbers of glycosylation sites identified from the two MS techniques are
combined, 17/19 tryptic peptides bearing one or more glycosylation sites are identified,
resulting in a total of 24 of the 31 potential glycosylation sites. This coverage is higher than
the 18 or 21 glycosylation sites obtained from either HPLC/ESI-FTICR or MALDI-TOF/
TOF MS alone, thus increasing the probability of detecting as many potential glycosylation
sites as possible. Approximately 80% glycosylation coverage was obtained when the two
high resolution MS techniques were used together.

In cases where full coverage of all glycosylation sites is desired, lower resolution MS
techniques like MALDI MS analysis in the linear mode can be employed. This is because at
lower resolution, sensitivity is not as compromised as in high resolution analyses. However,
the low resolution analysis results in glycopeptides mass assignments of lower confidence
levels since the assignments are based on average masses rather than monoisotopic masses.
Furthermore, the assigned glycopeptide compositions cannot be confirmed since MS/MS
capabilities are not available in the linear MALDI MS mode. However, sometimes full
coverage is the ultimate goal, and low resolution MALDI-MS methods were necessary to
afford 100% coverage in this case.

Conclusions

This study demonstrates the use of two high resolution MS techniques; MALDI-TOF/TOF
and HPLC/ESI-FTICR MS, to provide glycosylation information of a highly glycosylated
protein, CON-S gp140ACFI. CID experiments acquired on both instruments indicated that
ESI-MS/MS in a linear ion trap provided the most complete information set for confirming
the glycan moieties present, including the acidic monosaccharide units, while MS/MS on a
MALDI-TOF/TOF provided higher confidence assignments for confirming the peptide
portion of the same glycopeptide. When used together, the two instruments provided a high
degree of information about the glycopeptides, affording high confidence assignments. From
the high resolution data, 14/19 tryptic peptides were obtained from each MS technique
accounting for 18/31 and 21/31 potential glycosylation sites in this protein from HPLC/ESI-
FTICR and MALDI-TOF/TOF, respectively. When the two instruments were used to
complement each other, 24/31 tryptic peptides accounting for about 80% glycosylation sites
coverage was obtained, providing the best glycosylation site coverage. However, to achieve
100% glycosylation coverage, deglycosylation experiments and lower resolution MALDI
MS were required.
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In terms of glycosylation data, different populations of N-linked glycans comprising a wide
range of high-mannose, hybrid, and complex type N-linked glycans were identified and
characterized in a glycosylation site-specific manner. Overall, the high-mannose glycans
were identified as the most abundant glycoforms from both MS techniques. Approximately
350 glycopeptide compositions were identified, when data from the two techniques were
combined. The information presented in this study provides other researchers with useful
insight about what MS methods are most appropriate for glycopeptide analysis, and how
those methods can be used synergistically to provide optimal glycosylation coverage and
high confidence assignments.
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MRVRG IQRNCQHLWRWGTL I LGMLMICSAAENLWVTVYYGVPVWKEANTT
LFCASDAKAYDTEVHNVWATHACVPTDPNPQEIVYLENVTENFNMWKNNMY
EQMHED I ISLWDQSLKPCVKLTPLCVTLNCTNVNVTNTTNNTEEKGE | KN
CSFNITTEIRDKKQKVYALFYRLDVVPIDDNNNNSSNYRLINCNTSAITQ
ACPKVSFEPIPIHYCAPAGFAILKCNDKKFNGTGPCKNVSTVQCTHGIKP
VVSTQLLLNGSLAEEEI I IRSENITNNAKTI IVQLNESVEINCTRPNNNT
RKSIRIGPGQAFYATGD I IGDIRQAHCNISGTKWNKTLQQVAKKLREHFN
NKTI IFKPSSGGDLEI TTHSFNCRGEFFYCNTSGLFNSTWIGNGTKNNNN
TNDTITLPCRIKQI INMWQGVGQAMYAPPIEGKI TCKSNITGLLLTRDGG
NNNTNETEIFRPGGGDMRDNWRSELYKYKVVKIEPLGVAPTKAKLTVQAR
QLLSGIVQQASNLLRAIEAQQHLLQLTVWGI KQLQARVLAVERYLKDQQL

EIWDNMTWMEWERE INNYTDI IYSLIEESQNQQEKNEQELLALDKWASLW

NWFD I TNWLW

Figure 1.

The protein sequence for CON-S gp140ACFI with all the 31 potential glycosylation sites
highlighted in red. The peptides boxed in green represent all the potentially glycosylated
tryptic peptides present in this protein with no missed cleavages.
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Figure 2.

Work flow to illustrate the protocol used to analyze CON-S gp140ACFI glycopeptides.
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Figure 3.

A?epresentative example of MS/MS data used to confirm the assigned glycopeptide
compositions. (a) ESI-MS/MS data for a doubly charged glycopeptide ion at m/z1477.15.
(b) MALDI-MS/MS data of the singly charged form of the same glycopeptide (m/z
2952.55) as in (a).
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No.of glycans IDd No.of glycans No. of glycans ID'd
by MALDI only ID'd by both by LC-MS only

126 89 126

Figure4.
Venn diagram indicating the number of glycans detected by either high resolution HPLC/
ESI-FTICR-MS, MALDI-TOF/TOF MS, or hoth.
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Table 2

Glycosylation sites coverage from high-resolution MS
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Potential sitesloccupied sites?

Tryptic peptides identified by HPLC/ESI-FTICR and MALDI-TOF/TOF MS

FNZ’GTGPCK/CNDKKFNZ'GTGPCK
EHFNNS361K/ LREHFNN361K
QAHCN¥®7ISGTK
SEN280I TNNAK
NNN4BNTN4EDTITLPCR
DGGNN*SNTN4ETEIFRPGGGDMR
LDVVPIDDNNNONISSNYR
NISCSENI®ITTEIR
SN*3ITGLLLTR
JEANSTTLFCASDAK
bLINCNZ(nTSAITQACPK

Unique tryptic peptides detected only in HPLC/ESI-FTICR MS
WN3*KTLQQVAKK/ WN3*K
AYDTEVHNVWATHACVPTDPNPQEIVLENS’VTENFNMWK
EINNS43YTDIIYSLIEESQNQQEK

Unique peptides detected only in MALDI-TOF/TOF MS
THVQLNZBESVEIN2®CTRPNN3BNTR
N25VSTVQCTHGIKPVVSTQLLLNZSGSLAEEEIIIR
DQQLEIWDNSIMTWMEWER

Tryptic peptides undetected by both high resolution methods
LTPLCVTLNZCTNVNSVTNISTTN4INTEEK
GEFFYCN3ITSGLFN3STWIGN4BGTK

1

1

1

1
2/(1 and 2)
2/(1 and 2)

2/1

2/(1 and 2)

1

1

1

3/(1and 2)
2/(1 and 2)
1

4/(2 and 3)
3/(2 and 3)

a . . . L . . . .
For peptides with more than one potential glycosylation site, the site occupancy was determined by deglycosylation with PNGase F and MS/MS

on resulting peptides. Experimental details are described in reference [28].

bPeptide sequences detected in low abundance in MALDI-TOF/TOF; verified by deglycosylation with PNGase F and MS/MS on resulting

peptides.
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