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The Determination of Glycopeptides by Liquid
Chromatography/Mass Spectrometry with
Collision-Induced Dissociation

James ]. Conboy and Jack D. Henion

Drug Testing and Toxicology, New York State College of Veterinary Medicine,
Cornell University, Ithaca, New York, USA

Glycopeptides derived from ribonuclease B and ovomucoid have been subjected to collision-
induced dissociation (CID) in the second quadrupole of a triple quadrupole mass spectrome-
ter. Doubly charged parent ions gave predictable fragmentation that yielded partial sequence
information of the attached oligosaccharide as Hex and HexNAc units. Common oxonium
ions are observed in the product ion mass spectra of the glycopeptides that correspond to
HexNAc* (m/z 204) and HexHexINAc™ (m/z 366). A strategy for locating the glycopeptides
in the proteolytic digest mixtures of glycoproteins by ions spray liquid chromatography mass
spectrometry (LC/MS) is described by utilizing CID in the declustering region of the
atmospheric pressure ionization mass spectrometer to produce these characteristic oxonium
ions. This LC/CID/MS approach is used to identify glycopeptides in proteolytic digest
mixtures of ovomucoid, asialofetuin, and fetuin. LC /CID /MS in the selected ion monitoring

mode may be used to identify putative %lycopeptides from the proteolytic digest of fetuin.
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arising from posttranslational modification of

proteins is the determination of glycosylation
sites and glycan structure of glycoproteins [1]. The
biological synthesis and processing of glycoprotein car-
bohydrates result in microheterogeneity due to hetero-
geneous populations of structurally related oligo-
saccharides and site heterogeneity due to different
populations of attached carbohydrate at different gly-
cosyation sites [2]. The carbohydrate moieties have
been shown to influence activity, clearance from circu-
lation, targeting to particular tissues, solubility, and
stability of glycoproteins [3]. Glycoproteins have been
characterized by lectin affinity chromatography [4],
exoglycosidase digestion [5], NMR spectroscopy [6],
and mass spectrometry [7, 8].

Fast-atom bombardment mass spectrometry
(FAB/MS) [9] has been utilized extensively for the
characterization of oligosaccharides released from gly-
coproteins by either chemical or enzymatic procedures
[10, 11]. Reductive amination procedures have been
developed with aminobenzoic acid esters (ABEE) to
direct mass spectral fragmentation and to add a
lipophilic UV-absorbing chromophore for high-perfor-
mance liquid chromatographic (HPLC) separation and
detection of oligosaccharide mixtures [12], and high-
energy collision-induced dissociation (CID) tandem

ﬁ mong the most challenging structural problems
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mass spectrometry (MS/MS)} in the negative ion mode
of the deprotonated ABEE-derivatized molecules yields
useful interpretative information [13]. However, these
and other FAB/MS strategies [14-17] do not entirely
satisfy the stringent demands of glycoprotein charac-
terization [17].

Improved mass spectrometric methods to character-
ize oligosaccharides attached to glyproteins and to
screen for glycosylated peptides in proteolytic digest
mixtures of glycoproteins are needed. Electrospray ion-
ization [18] offers the advantage that underivatized
biomolecules, including proteins and peptides, may be
desorbed as ions from the condensed phase into the
gas phase under very mild ionization conditions. The
mechanism of this ion evaporation [19] provides an
electrical driving force that desorbs both hydrophilic
and hydrophobic peptides from aqueous solvents. The
preferential desorption of hydrophobic species due to
increased surface activity in the matrix observed with
FAB/MS [20] is not seen with electrospray. Hy-
drophilic, nonionic species such as polyether iono-
phores [21] and N-linked oligosaccharides [22] may be
desorbed as ammonium or alkali metal adducts by
electrospray ionization.

A preferred covalent derivative for a nonionic
biopolymer such as an oligosaccharide would be one
that contains a charge or could assume a charge in
solution. Since glycoproteins contain carbohydrates
that are either N-linked to asparagine or O-linked to
serine or threonine [17], the protein or peptides could
serve as a logical ionization site or “derivative’” for the
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attached oligosaccharide. Intact glycoproteins have
been studied by electrospray [23], although the multi-
ply charged nature of observed ions can place a high
demand on mass resolution of the quadrupole ana-
lyzer used such that a deconvolution algorithm may be
required to determine the glycoforms [24].

Electrospray ionization also offers advantages for
sequence determination of biopolymers by mass spec-
trometry. The increased kinetic energy of multiply
charged precursor ions combined with internal energy
due to charge repulsion causes abundant fragmenta-
tion of multiply charged peptides in the collision cell
of a triple quadrupole mass spectrometer [25, 26]. A
considerable advantage of electrospray over other mass
spectrometric ionization techniques to determine pep-
tides in proteolytic digest mixtures of proteins is the
relative ease of interfacing with reversed-phase HPLC
capability [27]. Ion spray LC /MS [28] has been used in
conjunction with rteversed-phase HPLC gradients
containing trifluoroacetic acid to determine peptides
with microbore [29] and packed-capillary [30] column
separations.

The purpose of this work is to develop methodol-
ogy for the selective determination of glycopeptides in
proteolytic digests of glycoproteins by CID and
LC/MS. Model N-linked tryptic or tryptic-like gly-
copeptides (C-terminal Arg or Lys) derived from ri-
bonuclease B (RNase B) and ovomucoid have been
studied by tandem mass spectrometry and the frag-
mentation patterns in the resulting mass spectra have
been interpreted. The structural information obtained
was evaluated with respect to the partial sequencing of
the oligosaccharide portion and the molecular weight
determination of the peptide portion. Characteristic
oxonium ions resulting from the carbohydrate portion
that are common to the different glycopeptides were
identified. An LC/MS strategy was then developed to
locate glycopeptides in the enzymatic digest mixtures
of glycoproteins by CID in the declustering region of
the atmospheric pressure ionization mass spectrometer
[31] to form these characteristic oxonium ions. This
approach, which will be referred to as LC/CID/MS,
was demonstrated to screen for glycopeptidesin the
proteolytic digests of the glycoproteins ovomucoid,
asialofetuin, and fetuin.

Experimental

Chemicals

RNase B was purchased from Sigma Chemical Co. (St.
Louis, MO), and purified by cation exchange chro-
matography to remove nonglycosylated (possibly
deamidated) RNase A. Ovomucoid, fetuin, and
asialofetuin (ASF) were purchased from Sigma Chemi-
cal Co. and used without any prior purification.
Dithiothreitol (DTT), 8 M guanidine hydrochloride and
trifluoroacetic acid (TFA) were purchased from the
Pierce Chemical Co. (Rockford, IL). Iodoacetic acid,
ammonium bicarbonate, tristhydroxymethyl)-
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aminomethane (tris) buffer, 96% formic acid, L-1-
tosylamide-2-phenylethyl chloromethyl ketone-treated
trypsin, and chymotrypsin were purchased from Sigma
Chemical Co. Staphylococcus aureus V8 was purchased
from Boehringer Mannehim (Indianapolis, IN). Sodium
sulfite and 5,5'-dithiobis-2-nitrobenzoic acid (Ellman’s
reagent) were purchased from Aldrich Chemical Co.
(Milwaukee, WI). HPLC-grade acetonitrile was pur-
chased from Fisher Scientific (Fair Lawn, NJ) and
HPLC-grade water was obtained from a Barnstead
Nanopure ultrapure water system (DuBuque, IA).

Enzymatic Digestion

RNase B was denatured by S-sulfonation according to
the method of Thannhauser et al. [32] prior to diges-
tion with sin. The sulfonation reagent, 2-nitro-5-
thiosulfobenzoate (NTSB), was synthesized according
to the following procedure [33]: Ellman’s reagent (100
mg) was dissolved in 10 mL of 1 M Na,SO,, the pH
adjusted to 7.5, and oxygen bubbled through the solu-
tion until it turned yellow (final solution = 50 mM
NTSB/1 M Na,SO,). RNase B (1 mg) was dissolved in
50 pL of 400 mM tris buffer (pH 8.2) and 150 uL of 8
M guanidine HC], then Na,S0, (5 mg) was added and
the mixture incubated at 37 °C. After 30 min, 100 xL of
the NTSB solution was added (deep yellow color), and
the mixture incubated at 37 °C for another 30 min. The
sulfonation was quenched by lowering the pH to 3
with a few drops of 96% formic acid and the reaction
mixture desalted by elution through a PD-10 column
from Pharmacia (Uppsala, Sweden) with 3.5 mL of 50
mM NH,HCO,. S-sulfonated (S-SO,) RNase B was
digested with trypsin for 12 h at 37 °C at pH 8 with a
substrate-to-enzyme ratio of 50:1 (w/w).

Ovomucoid was reduced and carboxymethylated
[34] prior to digestion with trypsin and chymotrypsin.
Typically, the protein (1-2 mg) was dissolved in 50 pL
of 100 mM tris buffer (pH 8.2) and 150 ul. of 8 M
guanidine HCI, the pH adjusted to 8-8.5 with a few
drops of 1 M NH,OH and DTT (5 mg/100 uL 1 M
NH,OH) added in at least a 40-fold molar excess of
each disulfide bond present. The mixture was incu-
bated at 37 °C for 2 h and iodoacetic acid (19 mg/100
wL 1 M NH,OH) in a 2-3-fold molar excess of DTT
was added in the dark. The pH was readjusted to
8-8.5 with 1 M NH ;OH and monitored at intervals for
30 min. The reaction mixture was desalted with a
PD-10 column as above. Reduced and carboxymeth-
ylated (RCM) ovomucoid was treated with trypsin and
then chymotrypsin for 12 h each at 37 °C at pH 8 with
a substrate-to-enzyme ratio of 50:1 (w/w). ASF was
reduced, carboxymethylated, and treated with trypsin
and chymotrypsin as described above with a substrate-
to-enzyme ratio of 50:1 (w/w); a portion was subse-
quently treated with Staphyloccus aureus protease V8
with a substrate-to-enzyme ratio of 25:1 (w/w). Fetuin
was reduced and carboxymethylated as described
above and treated with trypsin as above with a sub-
strate-to-enzyme ratio of 50:1. Typically, 10 mg/mL of
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glycoprotein was reduced, carboxymethylated, and di-
gested with proteases such that 20 pL injections in the
LC/MS system contained peptides from 1-10 nmol of
total protein.

Solid-Phase Extraction

Peptides and glycopeptides from the proteolytic di-
gests were fractionated by solid-phase extraction (SPE)
cartridges (C,4, 40-pm particle size) from Baker (Phil-
lipsburg, ND. A few drops of 1 M TFA were added to
lower the pH to 2, and the mixture loaded onto a 3-mL
SPE cartridge (200-mg packing) that had been equili-
brated with 3 mL each of methanol, acetonitrile, and
0.1% TFA. The column was washed sequentially with
3 mL each of 0.1% TFA, 10/90 CH,CN/H,0 (0.1%
TFA), 80,20 CH,CN/H,O (0.1% TFA), 30/70
CH,CN/H,0 (0.1% TFA), and 50/50 CH,CN/ H,O
(0.1% TFA). The collected fractions were concentrated
with a Savant (Farmingdale, NY) Speed-Vac and re-
constituted in 100~200 pL 50/50 CH,CN/ H,0 (0.5%
HCOOH) or mass spectral analysis by ion spray
LC/MS or continuous infusion MS/MS.

Microbore Liguid Chromatography

The proteolytic digests of RCM ovomucoid, RCM
asialofetuin, and RCM fetuin were separated with a
YMC {Morris Plains, NJ) Basic (C8) 1 mm i.d.X 150
mm column. Typically, a gradient from H,O to 50/50
CH,CN/H,0 in 0.05% TFA was performed in 50 min
at 40 uL/min. Samples containing 1-10 nmol (20 xL)
were injected directly from buffered digest with a
Rheodyne (Cotati, CA) model 9125 injector equipped
with a 20-uL sample loop. An Applied Biosystems Inc.
(ABI, Foster City, CA) model 140-A dual-syringe micro
LC pump was used with a 52-uL static mixer instead
of the dynamic mixer supplied with the original in-
strument. Peptides were detected at 214 nm with an
ABI model 757 absorbance detector equipped with a
1.2-uL flow cell. The entire flow was directed to an ion
spray interface with a minimum of connecting tubing
(0.005" i.d. PEEK, Oak Harbor, WA) between detectors.

Mass Spectrometry

A Sciex (Thornhill, Ontario ) TAGA 6000E atmospheric
pressure ionization (APD tandem triple quadrupole
mass spectrometer updated to an API-III system with a
m/z 10~2400 mass range and a MacIntosh II data
acquisition system was used. Samples were introduced
into the mass spectrometer continuously at 2-4
pL/min by infusion pump (Harvard Apparatus, South
Natick, MA) for CID MS/MS experiments. The in-
house constructed ion spray interface was maintained
at 3—4 kV and positioned at a 45° angle approximately
1 cm away from the ion-sampling orifice. A coaxial
nitrogen flow was maintained at 60-65 psi as nebuliz-
ing gas. The conical skimmer orifice (100-120 pm i.d.)
was bathed in an ultrapure nitrogen curtain gas that
was countercurrent to the flow of the sprayer and
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served to keep small particles and droplets from enter-
ing the analyzer region of the mass spectrometer. The
mass axis of each mass resolving quadrupole (Q, and
Q,) was calibrated with the ammonium adducts of
polypropylene glycol (PPG) by continuous infusion (4
#L/min) of a solution of PPG 1000 (0.1 mM) and PPG
2000 (0.2 mM) in 80/20 CH,CN/H,O0 (3 mM
NH OAc). Each mass-resolving quadrupole (Q,, Q,)
was operated at a resolution of at least 20-50% valley
between peaks one mass unit apart for m/z 10-2000
and 50-70% valley for m/z 2000-2400 for mass cali-
bration. A declustering potential of 30 V was main-
tained by floating the orifice at 60 V and the first
RF-only quadrupole (Q,) at 30 V.

For CID MS/MS studies the resolution of Q, was
lowered to transmit a mass window centered on the
precursor mass-to-charge ratio that was 2-3 u wide at
half height; the second mass-resolving quadrupole (Q;)
was operated at a resolution that transmitted ions that
were 1 u wide at half height. The collision cell {Q,)
was offset at 40-50 V lower than Q, such that doubly
charged tryptic glycopeptides were accelerated to a
collision energy of 80-100 eV laboratory frame. The
collision gas (Ar) thickness was set to 2.3-2.6 X 10"
atoms /cm? such that the pressure in the analyzer was
increased from 2.1 X 107" torr to 2.5-3.0 X 107° torr.
Precursor ions were collisionally preheated in the
declustering region between the orifice and the first
RF-only quadrupole (Q,) by maintaining a decluster-
ing potential of 65-70 V. For the doubly charged
glycopeptide of RNase B a mass range from m/z 10
up to twice the precursor mass-to-charge ratio was
scanned by peak hopping every mass unit with a
dwell time of 5 msec at each step; multichannel aver-
aging of 32 scans was used to increase the signal-to-
noise ratio. For the doubly charged glycopeptides of
ovomucoid a mass range m/z 160-2400 was scanned
as above with a dwell time of 5 or 10 msec; 64 scans
were averaged. Raw data were smoothed once with
software available from Sciex.

For LC/CID/MS experiments fragmentaion of gly-
copeptides was achieved in the free-jet expansion re-
gion between the orifice and the first RF-only
quadrupote (Q,) by CID with the nitrogen curtain gas
[31]. The orifice was maintained at 90-130 V and Q,
was maintained at 30 V to produce declustering poten-
tials of 60—100 V, respectively. The first mass-resolving
quadrupole (Q,) was operated at unit resolution
(20-50% valley from m/z 10 to 2000, 50-70% valley
from m/z 2000 to 2400) and scanned by peak-hopping
each mass unit from m/z 200 to 2400 every 6 sec.

Results and Discussion

S-Sulfonation of Glycoproteins

S-Sulfonation of disulfide bonds is a convenient, quan-
titative method for the denaturation of folded proteins
prior to enzymatic hydrolysis that is not sensitive to
the oxidative or photolytic side reactions [32] that
occur with the reduction and carboxymethylation pro-
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cedure. The S-sulfonated proteins are excellent sub-
strates for proteolytic hydrolyses [32], although solu-
bility sometimes is a problem. HPLC mapping of the
peptides obtained by tryptic digestion of S-sulfonated
RNase A has been reported previously [33]; therefore,
this procedure was chosen for the glycosylated protein,
RNase B. An added advantage to the S-sulfonation
procedure with electrospray is the observation that
molecules with sulfonate and sulfate groups exhibited
very good sensitivity with ion spray in the negative
ion mode [35, 36]. This phenomenon was not investi-
gated fully for electrospray of proteins and remains an
area for future work.

Continuous Infusion of Glycopeptide Fractions for
CID MS/MS

The heterogeneity inherent to the extensive glycosyla-
tion of proteins creates an analytical challenge with
respect to sensitivity for the determination of the gly-
coforms. Upon specific proteolysis of a glycoprotein,
glycopeptides are divided into subpopulations that
each contain the same peptide portion but differ in the
attached carbohydrate. This places a great demand on
the sensitivity of a technique such as MS/MS that
fragments the individual glycopeptides and further
divides the ion current into many new signals. One
solution to this problem is to lower the resolution of
the mass-resolving quadrupoles in order to focus more
ions with wider peak widths to give greater intensity.
With a- triple quadrupole mass spectrometer this has
been reported by detuning the first mass-resolving
quadrupole (QQ;) to obtain as much precursor ion in-
tensity as possible [37]. However, if the resolution of
the first mass-resolving quadrupole (QQ,) is lowered too
much, it may pass more than just the desired precursor
ion, which may result in a mixed CID mass spectrum.
If the resolution of the second mass resolving
quadrupole (Qj,) is also lowered, peaks that differ by
one mass unit in the resulting product ion spectrum
may become indistinguishable.

A compromise is achieved by establishing moder-
ately lowered mass resolution in Q,; while maintaining
unit mass resolution in QQ; [37] and averaging the
signal acquired over multiple scans. Any interfering
ions resulting from the detuning of Q, that would
produce a mixed mass spectrum would be readily
apparent in a unit-resolved CID mass spectrum. For
the purpose of obtaining representative CID mass
spectra of the giycopeptides studied in this work,
LC/MS /MS analysis of glycopeptide mixtures directly
from the enzymatic digest of the glycoprotein was
found to be impractical. CID MS/MS spectra of the
glycopeptides containing more structurally significant
ions were obtained by prior fractionation of the pep-
tide mixture with solid-phase extraction techniques
and continuous infusion of the partially purified mix-
ture. Multichannel averaging was used to obtain a
sufficient signal-to-noise ratio so the resolution of the
second mass resolving quadrupole (Q;) was not low-
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ered and therefore the quality of the data was not
compromised.

Collision-Induced Dissociation Mass Spectra of
Glycopeptides

High-Mannose Type: RNase B. The CID MS /MS exper-
iments discussed below were all performed by contin-
uous infusion of partially purified proteolytic digest
mixtures of glycoproteins (see Experimental section for
details). Doubly charged tryptic peptides have desir-
able properties as precursor ions for CID MS/MS,
because abundant fragmentation is observed with rela-
tively low collision energies in a triple quadrupole
(< 100 eV) to produce a nearly complete C-terminal
(““Y") ion series of sequence information [26]. Multiply
charged tryptic peptides are commonly observed be-
cause of the presence of either a lysine or arginine at
the C-terminus. Doubly charged ions result from pro-
tonation of the basic residues of these amino acids in
addition to the basic amino terminus, and triply
charged ions may result if a histidine is present [38].

Multiply charged precursor ions yield increased
fragmentation in CID experients because of increased
acceleration and internal charge repulsion, both pro-
portional to the charge state [39]. Doubly charged ions
are logical choices for MS/MS because the resulting
product ions can contain only doubly and singly
charged ions, the latter being more commonly ob-
served. Focusing a precursor ion with a charge state
higher than two for CID MS/MS produces a product
ion set that has ambiguous charge state information,
because each product ion can be singly or multiply
charged. The charge state information in the isotopic
cluster of each product ion is often unresolvable in
MS/MS experiments with a triple quadrupole mass
spectrometer because of the increased energy spread of
the product ions. Although charge states higher than
two were observed for the glycopeptides investigated
in this work, only the doubly charged precursor ions
were chosen for CID MS/MS of the tryptic glycopep-
tides for the reasons discussed above.

The full-scan CID MS/MS spectrum of the high-
mannese tryptic glycopeptide from 5-50; RNase B is
shown in Figure 1 (structure shown in inset). As ex-
pected, the doubly charged precursor ion yielded
abundant fragmentation at the collision energy used
(80-100 eV). Several structural features are apparent in
this mass spectrum. At the low mass-to-charge region
the characteristic oxonium ions are observed arising
from cleavage at the glycosidic linkage with charge
retention on the sugar: Man* (m/z 163), GleNAc*
(m/z 204), ManMan™ (m/z 325), and ManGlcNAc™*
(m/z 366). The relative intensities of the Man* and
ManMan* oxonium jons are greater than those of the
more stable GlcNAc-containing oxonium ions, because
the proximal mannoses can be lost from the nonreduc-
ing terminus by only one bond cleavage. The GlcNAc-
containing fragments must arise by at least two bond
cleavages from the chitobiose core of the glycopeptide.
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At the high mass-to-charge region is a complete series
of Y-type ions corresponding to consecutive losses of
monosaccharide residues with hydrogen rearrange-
ment and charge retention on the reducing (peptide)
end of the glycopeptide [11].

The intensities of the individual ions do not reflect
the branching pattern of the oligosaccharide portion of
the glycopeptide as has been reported with high-en-
ergy CID of ABEE derivatives of oligosaccharides [13].
The multiple collisions at low energy that occur in a
triple quadrupole probably cause multiple bond cleav-
ages, and single bond cleavages are necessary to pre-
serve branching information. However, partial se-
quence information can be available. For example, the
full-scan CID MS/MS spectrum of the doubly charged
precursor ion at m/z 928 for the glycopeptide from
RNase B has been shown in Figure 1. The loss of 162
mass units from each of the high-mass ions in the
series is characteristic of Hex residues and reflects the
high-mannose nature of the attached oligosaccharide.
The difference of one more mass unit difference (163 u)
between the ions at m/z 881 and 1044 is due to the
peak-hopping acquisition mode of the mass spectrom-
eter used in this work, which assigns ions to the
nearest integer mass. The fragment species (GleNAc),-
N-L-T-K (m /z 881.4, monoisotopic mass) was detected
at m/z 881 and the fragment species Man(GlcNAc,)-
N-L-T-K (m/z 1043.5, monoisotopic mass) was de-
tected at m/z 1044. A complementary doubly charged
ion series with charge retention on the tryptic peptide
is observed at m/z 441, 522, 603, 684, 765, and 847,
each spaced by 81 u except for the difference of 82 u
between m/z 765 and 847. The fragment species
Man (GlcNAc,)-N-L-T-K (m/z 7654, [M + 2H]**
monoisotopic mass) was detected at m/z 765 and the
fragment species Mang(GlcNAc, )-N-L-T-K (i /z 846.4,
[M + 2H]** monoisotopic mass; m/z 8469, [M +
2H]?* average mass) was detected at mz/z 847. The
observed mass of peptides shifts from the monoiso-
topic mass toward the average mass as the mass in-
creases [40]. The assignment of a very weak ion at m/z

500 750 1000 1250 1500 1750
m/z

1692 is strengthened by the presence of the doubly
charged ion at m/z 847,

An interesting feature of the mass spectrum shown
in Figure 1 is the abundance of ions representative of
O-glycosidic cleavage to yield both reducing- and
nonreducing-terminal fragments without any evidence
of amide bond cleavage of the peptide backbone. The
collision energy used was sufficient to cause abundant
fragmentation of other doubly charged tryptic peptides
to yield some sequence information [26]. For a constant
collision energy, cleavage of the glycosidic bonds of an
oligosaccharide appears more facile than rupture of the
secondary amide bond of a peptide for biopolymers of
comparable mass [41]. When both types of bonds are
present in a glycopeptide, the peptide backbone ap-
pears to remain intact, while all O-glycosicide bonds
are cleaved. It may be that low-energy CID is a selec-
tive process such that weaker bonds can absorb the
energy of a collision and protect stronger bonds from
cleavage. In fact, the N-glycosidic linkage between the
core GICNAc and Asn residue is apparently stronger
than the corresponding O-glycosidic bonds, because
the ion at m/z 678 is reasonably intense. The mole-
cular weight of the peptide can be determined from
this ion by subtracting the mass of a GlcNAc residue
(203 u).

The lack of peptide backbone cleavage in the CID
MS /MS spectra of glycopeptides is a fortuitous result,
because the peptide can serve as both an ionizable,
charge-retaining and fragmentation-directing group
that does not further complicate the mass spectrum
except for the addition of mass. This could be a conve-
nient “derivative” for oligosaccharides that naturally
occur attached to peptides such as those found in
glycoproteins. The remaining examples are shown for
the complex tryptic glycopeptides derived from two of
the four N-linked sites of ovomucoid.

Complex-Type: Ovomucoid Glycopeptides. The N-linked
oligosaccharides of ovomucoid occur at the residues
1(’Asn, 53Asn, 69Asn, and ’Asn of the amino acid se-
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Figure 2. Full-scan CID MS/MS spectrum
of the doubly charged precursor ion at m /z
12495 for the glycopeptide from ovomu-
coid with the structure shown in the inset.
Collision energy for the doubly charged
precursor was 80 eV, Data were averaged

miz

quence [42, 43]. Digestion of the reduced and car-
boxymethylated glycoprotein with trypsin and chy-
motrypsin yields small trypticlike glycopeptides
containing Asn, BAsn, and Asn [43) (®Asn is con-
tained in a nontrypticlike glycopeptide) that desorb as
doubly charged ions for subsequent CID MS/MS. Fur-
ther digestion with chymotrypsin (or chymotrypticlike
activity with trypsin) results in cleavage at *Phe to
produce the trypticlike glycopeptide G-T-N-I-5-K con-
taining »Asn, The novel complex-type sugar chains
occurring in ovomucoid have been well characterized
[44, 45]. The common structure is a chitobiose—triman-
nosyl core containing up to 6 S-linked GlcNAc residues
attached to the 2-, 4-, and 6-position of the o-linked
mannoses and the 4-position of the g-linked mannose
[44]. Minor structures contain one or two f-linked
galactose residues to the proximal GlcNAc thereby
creating N-acetyllactosamine units, and various com-
binations of attachment points of the GlcNAc¢ residues
to the chitobiose-trimannosyl core [45].

The ovomucoid glycopeptides were fractionated
with SPE cartridges similar to the procedure used to
purify the RNase B glycopeptides and the collected
fractions were screened by continuous infusion for
predicted [43] precursor mass-to-charge values. The
CID MS/MS spectrum of a triantennary complex tryp-
tic glycopeptide at ""Asn of ovomucoid is shown in
Figure 2. The structure of the glycopeptide (inset in
Figure 2) shows 4 GIcNAc residues attached g1 — 4
to the B-linked mannose, 81 — 2 to the two o-linked
mannoses, and B1 — 4 to either one or the other
a-linked mannose. This structure accounts for 21% of
the total glycan occurring at this glycosylation site, as
measured by FAB/MS with ABEE derivatives [43].

The mass spectrum shown in Figure 2 is similar to
that obtained with the tryptic glycopeptide derived
from RNase B (see Figure 1). Oxonium ions corre-
sponding to GleNAc* and ManGicNAc™ (m/z 204
and 366, respectively) were observed preferentially,

for 64 scans.

the former ion presumably due to stabilization of the
positive charge by the acetamido group of the GlcNAc
residue [46]. Additionally, only one bond must be
broken to generate these nonreducing terminal ions. A
Y-type ion series was present, which shows the consec-
utive losses of the monosaccharide residues with hy-
drogen rearrangement and charge retention on the
peptide [11] at m/z 2294, 2133, 2091, 1929, 1888, 1726,
1564, 1361, 1199, 996, and 792. The spacing between
each ion corresponds to a loss of either mannose (162
u) or GlcNAc (203 u) residue with the exception of the
weak ion at m/z 2133 and the ion corresponding to
the peptide at m/z 792. The discrepancy with the
former ion is due to uncertainty with mass assignment
+1 u with peaks of low signal-to-noise ratios. The
difference of 204 u between the ions at m/z 792 and
996 is due to the mass defect round up discussed
previously. The peak widths of product ions in this
mass spectrum increase with mass-to-charge ratio and
reflect the mass-dependent kinetic energy of product
ions analyzed with a constant offset between the colli-
sion cell and second mass-resolving quadrupole [47,
48]. A doubly charged ion series (separated by 81 u or
101.5 u) occurs at m/z 1148, 1046, 965, and 945, which
is complementary to the major ion series observed at
high mass. The oligosaccharide composition and par-
tial sequence in Hex and HexNAc units can be deter-
mined with the complete series of reducing-terminal
ions. By following the loss of sugar units through the
B-mannosylchitobiose core (ions at m/z 1199, 996, 792)
the mass of the original peptide may be determined.
The presence of fragments at m/z 996 in Figure 2 and
m/z 678 in Figure 1 is reminiscent of the information
available from endo-H-like cleavages previously re-
ported [49].

The CID MS/MS spectrum of a related tetraan-
tennary complex trypticlike glycopeptide at **Asn of
ovomucoid displayed many similarities to the mass
spectra described in the preceding examples. The chy-
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motryptic site was on the N-terminal side of the glyco-
sylation site, so the doubly charged nature of the
glycopeptide was conserved. The same oxonium ions
(m/z 204, 366) were observed at low mass, and a
complete singly charged series of reducing terminus
ions with a partial series of doubly charged ions sug-
gests the possible sugar composition and partial
sequence of the oligosaccharide.

Screening for Glycopeptides in Proteolytic Digest
Mixtures of Glycoproteins by LC/CID/MS

The facile production of sugar oxonium ions from
glycosylated peptide precursors generated in the colli-
sion cell (Q),) by CID MS/MS experiments suggests a
strategy for the selective detection of glycopeptides in
enzymatic digest mixture of glycoproteins. Fragment
ions containing N-acetylated hexosamine are likely
candidates for glycopeptide screening, because the ni-
trogen atom at position 2 stabilizes the positive charge
[46] and oxonium ions at m/z 204 (HexNAc¢™) and
m/z 366 (HexHexNAc™) have been observed in CID
MS /MS spectra of glycopeptides. Although these oxo-
nium ions can be liberated readily by a single bond
cleavage from nonreducing terminal GlcNAc or N-
acetyllactosamine units, respectively, these ions may
be produced by multiple bond cleavages from nonter-
minal sugar units (for example, the CID MS/MS spec-
trum of RNase B high-mannose glycopeptides shown
in Figure 1). There is also the possibility that the ion
selected may derive from sources other than carbohy-
drate. LC/MS/MS precursor ion scanning for oxo-
nium jons has been exploited by others for the purpose
of glycopeptide screening [50].

An alternative approach to glycopeptide screening
could be the production of the same oxonium ions
observed by MS,/MS. The fragmentation of glycopep-
tides in the declustering region of the API mass spec-
trometer [31] lacks the pre-mass selection (and mix-
ture analysis capability) of true MS,/MS, but produces
comparable fragmentation information with better sen-
sitivity. We call this collision-induced dissociation in
the declustering region of an API mass spectrometer
“up front” CID, and suggest this is a practical means
for obtaining reproducible structural information
through fragmentation of drugs [51], peptides [52, 53],
and proteins {53, 54, 55]. An orifice potential of 90 V
was chosen to maximize the intensities of the ion
signals in the range m/z 800-1600 for LC/MS (and
energetically preheat the ions for subsequent MS,/MS);
however, the increased declustering potential of 60 V
was found to also produce oxonium ions from gly-
copeptides by nonreducing terminal charge retention
(see below). LC/MS experiments could be designed to
detect the characteristic oxonium ions produced in the
declustering region without resorting to MS/MS. By
utilizing only a single stage of mass filtering the prob-
lems associated with LC/MS/MS regarding reduced
sensitivity from poor ion transmission and scattering
losses may possibly be avoided. This LC/CID/MS$
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approach could be used to screen for glycopeptides by
scanning a mass range sufficient to detect the oxonium
ions along with the precursor glycopeptides.

A 20-pL injection of a proteolytic digest mixture
resulting from treatment of RCM ovomucoid (10
mg/mL) with trypsin and chymotrypsin was analyzed
by LC/MS. The extracted ion chromatograms for m/z
204 and 366, and the total ion chromatogram from the
full-scan LC/MS experiment scanned over m/z
2002400 with a declustering potential of 60 V re-
vealed where the diagnostically useful m/z 204 and
366 oxonium ions were located in the LC/CID/MS
total ion current profile (not shown here). The use of a
moderately high declustering potential increases the
abundance of oxonium ions and reduces the abun-
dance of solvent chemical noise in the lower mass
region [57]. Chymotrypsin used in this case produced
a nonspecific cleavage [56] at ®*Met such that the
glycopeptide produced by chymotryptic activity of
trypsin (E-T-V-P-M-N-C-5-5-Y) [43] was further di-
gested to a smaller peptide (N-C-5-S-Y). The location
of glycopeptides in the full-scan data set is facilitated
by comparing the extracted ion chromatograms corre-
sponding to the oxonium ions of m/z 204 and 366. The
concurrent rise and fall of both ion current chro-
matograms suggests the possibility that a glycopeptide
is present at a particular retention time, and back-
ground subtraction of the scans composing that chro-
matographic peak can reveal an interpretable full-scan
LC/CID/MS spectrum that can facilitate determining
whether this is the case.

Figure 3 shows full-scan mass spectra obtained from
the m/z 204 and 366 extracted ion current chromato-
graphic profiles observed in the proteolytic digest mix-
ture described above resulting from treatment of RCM
ovomucoid (10 mg/mL) with trypsin and chy-
motrypsin where LC /CID /MS analysis is provided for
the two glycopeptides corresponding to the N-linked
glycosylation sites of ovomucoid at YAsn and *Asn,
respectively. The doubly charged ions (evidenced by
the spacing of 203/2 u) at m/z 843, 945, 1047, 1148,
1250, and 1352 of Figure 3a correspond to the species
containing 0-5 GlcNAc residues, respectivley, attached
to the trimannosyl chitobicse core at YAsn of the
peptide F-P-N-A-T-D-K [43]. Also present at low mass
are the oxonium ions at m/z 204 and 366 that were
used to locate these particular mass spectra in the
full-scan data set. The mass spectrum of a different
glycopeptide containing the peptide G-T-N-I-5-K and
the same oligosaccharides as the previous example is
shown in Figure 3b. Along with the oxonium ions at
m/z 204 and 366 is the doubly charged series of ions
corresponding to the glycoforms containing 0-6 Glc-
NAc residues at m/z 757, 858, 960, 1061, 1163, 1265,
and 1367 attached to the trimannosyl chitobiose core at
*Asn of ovomucoid. As seen in the preceding case the
species corresponding to the peptide and trimannosyl
chitobiose core sugar (m/z 757) is probably produced
in the declustering region of the mass spectrometer
and is not normally found in native ovomucoid [43].
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Figure 3. (a) Background-subtracted, averaged mass spectrum
corresponding to the glycopeptides containing YAsn of ovomu-
coid from a chromatographic peak from the LC/CID/MS total
ion chromatogram obtained from the analysis of RCM ovomu-
coid digested with trypsin and chymotrypsin {ca. 10 nmol in-
jected). (b) Background-subtracted, averaged mass spectrum cor-
responding to the glycopeptides containing “Asn of ovomucoid
from the chromatographic peak of the LC/CID/MS total ion
chromatogram obtained from the analysis of RCM ovomucoid
digested with trypsin and chymotrypsin (ca. 10 nmol injected).

A significant limitation of the LC/CID/MS ap-
proach for detecting glycopeptides is that the relative
intensities of the ions corresponding to the individual
glycoforms do not accurately reflect the actual distri-
bution of the glycoforms. For example, the relative
intensities of the ions corresponding to the glycoforms
shown in Figure 3 reflect the collision-induced frag-
mentation processes that occur in the declustering re-
gion. The lower glycoforms are produced from the
higher glycoforms by sequential loss of GlcNAc
residues, some of which appear as oxonium ions. An-
other limitation is that ions appear in the LC /CID/MS
spectra that may not originate from the glycopeptide,
but from chemical background or coeluting compo-
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Figure 4. (a) LC/CID/MS extracted ion chromatogram for m /z
366 from a 20-uL injection of RCM ASF digested with trypsin
and Staph. aureus V8 (ca. 10 nmol injected). Data were acquired
by scanning Q, from m/z 300 to 2400 in 1.0 u steps for 2.86
msec /step (6.2 sec/scan) with a declustering potential of 60 V.
Glycopeptides are tentatively identified as shown. Other peaks
are unidentified. (b} Full-scan total ion chromatogram replotted
from m/z 400 to 2400. See text for chromatographic conditions.
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nents (the unlabeled peak at m/z 403 of Figure 3b).

Another example of the LC /CID/MS approach for
glycopeptide screening is demonstrated for the glyco-
protein asialofetuin (ASF). Fetuin contains 3 N-linked
glycosylation sites (at *’Asn, "®Asn, and '¥Asn) and at
least 3 O-linked glycosylation sites [58]. The structures
of both the O-linked [59, 60} and N-linked oligosaccha-
rides attached to fetuin have been extensively studied
[61, 62, 63, 64, 65]. The N-linked glycosylation sites
cannot be isolated into convenient small glycopeptides
by digestion with trypsin alone; therefore, a subse-
quent digestion with Staph. aureus V8 was performed.
The LC /CID/MS extracted ion chromatogram for m/z
366 (Figure 4a) suggests the possible chromatographic
locations of the glycopeptides that would otherwise be
indistinguishable in the full-scan ion chromatogram
(Figure 4b). The HexHexNAc oxonium ions at m/z
366 shown in Figure 4a were produced in Q, with a
declustering potential of 60 V. Because of the complex-
ity of this glycoprotein only two of the N-linked sites
(from three of the chromatographic peaks in Figure 4a)
were tentatively identified by comparing the mass
spectra to the expected glycopeptides [61]. The gly-
copeptide corresponding to *'Asn that eluted at 23.7
min shown in Figure 4a contains amino acid residues
69-85 resulting from V8 cleavage at ®Glu and tryptic
cleavage at 8Arg. The glycopeptides corresponding to
B3Asn result from tryptic cleavage at '*'Arg; the major
species that elutes at 29 min contains amino acid
residues 126—141 resulting from tryptic cleavage at
2°Arg and the minor species that elutes at 30.4 min
contains amino acid residues 127-141 resulting from
cleavage at *°Lys.

The full-scan mass spectra of the major glycopep-
tides corresponding to "**Asn and *'Asn are shown in
Figure 5a and b, respectively. Each mass spectrum
contains the HexHexNAc¢ oxonium ion at m/z 366
used to locate the glycopeptides in the proteolytic
digest mixture. In Figure 5a the multiply charged
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Figure 5. (a) Background-subtracted, averaged mass spectrum
of chromatographic peak at 29 min of Figure 4a correspond. 1% to
glycogeptides containing ***Asn resulting from cleavage at "*’Arg
and "™Arg of ASF. (b) Background-subtracted, averaged mass
spectrum of chromatographic peak at 23.7 min of Figure 4a
corresponding to glycopeptides containing ~ Asn resulting from

cleavage at BGlu and “Arg of ASF.
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series of ions at m/z 966, 1288, and 1931 corresponds
to the [M + 4H]**, [M + 3H]**, and [M + 2H]**
species of the glycopeptide with the proposed struc-
ture shown in the inset. The major N-linked
asialooligosaccharide reported to occur in fetuin con-
sists of triantennary sugar chains containing the Gal g1
— 3GleNAc or GalB1 — 4GlkeNAc sequence attached
to the trimannosyl chitobiose core [59]. The calculated
mass from the multiply charged ions observed in these
data agrees with the average mass of 3860 u for this
reduced and carboxymethylated *®Asn glycopeptide.
The unlabeled ions at m/z 465 and 709 presumably
correspond to a coeluting, unidentified peptide. Ex-
tracted ion profiles of these ions and each of the
labeled ions (not shown) demonstrated that the latter
two components eluted at a slightly later retention
time. The full-scan mass spectrum in Figure 5b shows
the multiply charged ion series at m/z 984, 1312, and
1967 corresponding to the [M + 4H]**, [M + 3H]*",
and [M + 2H]?* species of the *'Asn glycopeptide
with the proposed structure shown in the inset. Once
again, the calculated molecular weight of 3932 u is in
close agreement with the average molecular weight of
the reduced and carboxymethylated glycopeptide.5
The sialic acid present in a complex glycopeptide
can give rise to oxonium ions at m/z 292 and 366
(which correspond to the oxonium jons for NeuNAc
and HexHexNAc, respectively). Figure 6a shows the
total extracted ion chromatogram for m/z 292 and 366
from a full-scan LC/CID/MS analysis of a peptide
mixture resulting from the digestion of RCM fetuin
with trypsin that was scanned over m/z 200-2400
with a 60-V declustering potential. The replotted total
ion chromatogram from m/z 350 to 2000 is shown in
Figure 6b. The background-subtracted mass spectrum
of the glycopeptide eluting at 38 min (in Figure 6a) is
shown in Figure 7a. The declustering potential of 60 V
was sufficient to produce HexNAc, NeuNAc-H,O,
NeuNAc, HexHexNAc and NeuAcHexHexNAc oxo-
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Figure 6. (a) LC/CID/MS total extracted ion chromatogram for
m/z 292 and 366 resulting from a 20-uL injection of RCM fetuin
digested with trypsin {(ca. 10 nmol injected). Data were acquired
by scanning Q, from m/z 200 to 2400 in 1.0 u steps for 2.73
msec/step (6.1 sec/scan) with a declustering potential of 60 V.
(b) Total ion chromatogram replotted from m/z 350 to 2000. See
text for chromatographic conditions.
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Figure 7. (a) Background-subtracted, averaged mass spectrum
of chromatographic peak at 38 min of chromatogram shown in
Figure 6a. (b) Background-subtracted, averaged mass spectrum
of same component shown in (a) except that the declustering
potential was increased to 100 V (total ion chromatogram not
shown).

nium ions at m/z 204, 272, 292, 366, and 657, respec-
tively. The jons at m/z 1636 and 2181 are consistent
with the [M + 4H]** and [M + 3H]** of a putative
glycopeptide (or a coeluting peptide) of mass 6540 u.
By raising the declustering potential to 100 V the
yield of oxonium ions in the declustering region is
increased, but the water loss from the oxonium ion
of neuraminic acid is also favored (m/z 274). A
LC/CID/MS experiment of selected abundant oxo-
nium species acquired under SIM conditions is shown
in Figure 8. A comparison with Figure 6a shows that a
much greater signal-to-noise ratio is achieved by the
SIM LC/CID/MS approach. The individual selected
ion chromatograms can be used to locate glycopep-
tides by looking for the coincidence of retention time
for the chromatographic profiles of these diagnostic
ions. A limitation of this approach is that it offers only
a chromatographic screening method to locate suspect
peptides for further evaluation. Additional mass spec-
tral data and hence structural information of the intact
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Figure 8. (a) LC/CID/MS selected ion chromatogram of m/z
204 resulting from a 20-uL injection of the same sample as in
Figure 6 (ca. 10 nmol injected). Data were acquired at m/z 204,
292, and 366 for 500 msec /ion (2.0 sec/cycle) with a declustering
potential of 100 V. (b) Selected ion chromatogram of #1,/z 292. (¢)
Selected ion chromatogram of m/z 366. See text for chromato-
graphic conditions.
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glycopeptides would be required by full-scan LC/
CID/ MS or possibly LC /MS/MS.

Conclusions

Fractionation of enzymatic digest mixtures containing
peptides and glycopeptides by solid-phase extraction
followed by continuous infusion of the sample into the
ion spray interface produces interpretable CID MS/MS
mass spectra of the doubly charged glycopeptide pre-
cursor ions without the need for chromatographic sep-
aration. The mass spectra of these model tryptic gly-
copeptides adhere to a common template. In the low
mass-to-charge ratio region characteristic oxonium ions
may be observed. Hex* (m/z 163), HexHex* (m/z
325), HexNAc* (m/z 204), and HexHexNAc* (m/z
366) are observed with the high-mannose glycopep-
tides from RNase B. Preferential stabilization by the
acetamido group produces only the latter two ions
with the complex glycopeptides from ovomucoid. A
complete singly charged reducing terminus series with
charge retention on the peptide yields sugar composi-
tion and partial sequence information; an incomplete,
complementary doubly charged ion series is also ob-
served. Usually, the consecutive loss of sugar residues
may be followed through the trimannosyl chitobiose
core to identify the mass of the original peptide even if
the ion is weak or absent. The abundant ion corre-
sponding to the peptide with pendent N-linked Gle-
NAc and the lack of peptide backbone fragmentation
reflects the relative strengths of O- versus N-linked
glycosidic versus amide bonds.

Limitations to this methodology are encountered
with the use of a quadrupole analyzer for an inher-
ently high-mass problem. Although tryptic digestion
effectively doubles the mass range of the analyzer for
the determination of glycoform molecular weights, a
higher mass range is required to detect the highest
singly charged product ion. The model glycopeptides
chosen for the work presented here possess a small
tryptic peptide portion to enable the determination of a
moderately sized oligosaccharide portion. Many glyco-
proteins cannot be digested to a conveniently small
peptide with trypsin such that other enzymes must be
used that may remove the multiply charged nature of
the peptide ionization derivative. Complex tetra- and
pentaantennary oligosaccharides pose a more challeng-
ing structural determination problem than the
oligosaccharides used here. Also, the CID fragmenta-
tion efficiency decreases as the molecular size in-
creases. Although doubly charged precursor ions facil-
itate CID to some extent, the use of higher charge state
precursor ions may result in charge state ambiguity in
the resulting product ions. It is clear that this problem
would benefit from the higher mass range, improved
mass resolution, and higher collision energies of a
magnetic sector instrument [66], Fourier transform
mass spectrometry system [67], or ion trap [68, 69] and
ongoing efforts to interface these with electrospray
should prove beneficial.
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The LC/CID/MS approach to screening for gly-
copeptides involves scanning for glycopeptide ions
and oxonium ions produced from them by collisions in
the declustering region (Q,) of the AP1 triple-quadru-
pole system. This “up front” CID process involves
using only one mass-resolving quadrupole and pre-
cludes the scattering losses of ion current and reduced
ion transmission efficiency associated with CID
MS/MS. Glycopeptides may be located in proteolytic
digests of glycoproteins by comparing the extracted
ion chromatograms of a variety of oxonium ions (m/z
163, 204, 366) to the total ion chromatogram from data
obtained with a single LC/CID/MS experiment. A
limitation of this approach is that the limited separa-
tion efficiency of HPLC may result in mixed mass
spectra that must be background subtracted to obtain a
good mass spectrum of the glycopeptide peak. Thus
the ions in the resulting mass spectrum must be as-
signed to either related glycoforms, coeluting peptides,
or fragment ions. Also, the distribution of glycoform
ion intensities will be affected by the collisional proc-
esses in the declustering region and therefore will not
necessarily represent the glycosylation of the native
glycoprotein. A possible solution would be a mass-
dependent scan of the orifice potential to produce
oxonium ions with high declustering potential at
low mass and intact glycopeptides with low decluster-
ing potential at higher mass. Improved software with
the Sciex instrument should make these experiments
possible.

Finally, SIM LC/CID/MS determination of the
characteristic oxonium ions produced in the decluster-
ing region provides an even greater signal-to-noise
response than full-scan LC /CID/MS for the detection
of glycopeptides. If the LC /MS system is incorporated
with a postcolumn split [70], then the putative gly-
copeptides can be isolated and further characterized by
additional experiments. The lack of full-scan mass
spectral information limits the utility of SIM LC/
CID/ MS to one that only screens HPLC peptide maps
for possible glycopeptides. It may be a useful alterna-
tive, however, as a first experiment when sample
quantities are limited.
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