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Identification and Quantification of Glycoproteins
Using lon-Pairing Normal-phase Liquid
Chromatography and Mass Spectrometry*s

Wen Dingt§, Harald Nothafttq], Christine M. Szymanskitf], and John Kellyt

Glycoprotein structure determination and quantification
by MS requires efficient isolation of glycopeptides from a
proteolytic digest of complex protein mixtures. Here we
describe that the use of acids as ion-pairing reagents in
normal-phase chromatography (IP-NPLC) considerably
increases the hydrophobicity differences between non-
glycopeptides and glycopeptides, thereby resulting in the
reproducible isolation of N-linked high mannose type and
sialylated glycopeptides from the tryptic digest of a ribo-
nuclease B and fetuin mixture. The elution order of non-
glycopeptides relative to glycopeptides in IP-NPLC is pre-
dictable by their hydrophobicity values calculated using
the Wimley-White water/octanol hydrophobicity scale. O-
linked glycopeptides can be efficiently isolated from fe-
tuin tryptic digests using IP-NPLC when N-glycans are
first removed with PNGase. IP-NPLC recovers close to
100% of bacterial N-linked glycopeptides modified with
non-sialylated heptasaccharides from tryptic digests of
periplasmic protein extracts from Campylobacter jejuni
11168 and its pg/D mutant. Label-free nano-flow re-
versed-phase LC-MS is used for quantification of differ-
entially expressed glycopeptides from the C. jejuni wild-
type and pg/D mutant followed by identification of these
glycoproteins using multiple stage tandem MS. This
method further confirms the acetyltransferase activity of
PgID and demonstrates for the first time that heptasac-
charides containing monoacetylated bacillosamine are
transferred to proteins in both the wild-type and mutant
strains. We believe that IP-NPLC will be a useful tool for
quantitative glycoproteomics. Molecular & Cellular Pro-
teomics 8:2170-2185, 2009.

Protein glycosylation is a biologically significant and com-
plex post-translational modification, involved in cell-cell and
receptor-ligand interactions (1-4). In fact, clinical biomarkers
and therapeutic targets are often glycoproteins (5-9). Com-
prehensive glycoprotein characterization, involving glycosyla-
tion site identification, glycan structure determination, site
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occupancy, and glycan isoform distribution, is a technical
challenge particularly for quantitative profiling of complex pro-
tein mixtures (10-13). Both N- and O-glycans are structurally
heterogeneous (i.e. a single site may have different glycans
attached or be only partially occupied). Therefore, the MS™
signals from glycopeptides originating from a glycoprotein are
often weaker than from non-glycopeptides. In addition, the
ionization efficiency of glycopeptides is low compared with
that of non-glycopeptides and is often suppressed in the
presence of non-glycopeptides (11-13). When the MS signals
of glycopeptides are relatively high in simple protein digests
then diagnostic sugar oxonium ion fragments produced by,
for example, front-end collisional activation can be used to
detect them. However, when peptides and glycopeptides co-
elute, parent ion scanning is required to selectively detect the
glycopeptides (14). This can be problematic in terms of sen-
sitivity, especially for detecting glycopeptides in digests of
complex protein extracts.

Isolation of glycopeptides from proteolytic digests of com-
plex protein mixtures can greatly enhance the MS signals of
glycopeptides using reversed-phase LC-ESI-MS (RPLC-ESI-
MS) or MALDI-MS (15-24). Hydrazide chemistry is used to
isolate, identify, and quantify N-linked glycopeptides effectively,
but this method involves lengthy chemical procedures and does
not preserve the glycan moieties thereby losing valuable infor-
mation on glycan structure and site occupancy (15-17). Cap-
turing glycopeptides with lectins has been widely used, but
restricted specificities and unspecific binding are major draw-
backs of this method (18-21). Under reversed-phase LC con-
ditions, glycopeptides from tryptic digests of gel-separated gly-
coproteins have been enriched using graphite powder medium
(22). In this case, however, a second digestion with proteinase K
is required for trimming down the peptide moieties of tryptic
glycopeptides so that the glycopeptides (typically <5 amino
acid residues) essentially resemble the glycans with respect to
hydrophilicity for subsequent separation. Moreover, the short
peptide sequences of the proteinase K digest are often inade-
quate for de novo sequencing of the glycopeptides.

" The abbreviations used are: MS, mass spectrometry; IPR, ion-
pairing reagents; IP-NPLC, ion-pairing normal-phase liquid chroma-
tography; RT, retention time; wt, wild-type; TFA, trifluoroacetic acetic
acid; BPC, base peak chromatograms; UDP, uridine diphosphate;
I.D., internal diameter.
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lon-pairing Normal-phase LC for Isolating Glycopeptides

Glycopeptide enrichment under normal-phase LC (NPLC)
conditions has been demonstrated using various hydrophilic
media and different capture and elution conditions (23-28).
NPLC allows either direct enrichment of peptides modified by
various N-linked glycan structures using a ZIC®-HILIC column
(23-27) or targeting sialylated glycopeptides using a titanium
dioxide micro-column (28). However, NPLC is neither effec-
tive for enriching less hydrophilic glycopeptides, e.g. the five
high mannose type glycopeptides modified by 7-11 mono-
saccharide units from a tryptic digest of ribonuclease b
(RNase B), nor for enriching O-linked glycopeptides of bovine
fetuin using a ZIC-HILIC column (23). The use of Sepharose
medium for enriching glycopeptides yielded only modest re-
covery of glycopeptides (28). In addition, binding of hydro-
philic non-glycopeptides with these hydrophilic media con-
taminates the enriched glycopeptides (23, 28).

We have recently developed an ion-pairing normal-phase
LC (IP-NPLC) method to enrich glycopeptides from complex
tryptic digests using Sepharose medium and salts or bases as
ion-pairing reagents (29). Though reasonably effective the
technique still left room for significant improvement. For exam-
ple, the method demonstrated relatively modest glycopeptide
selectivity, providing only 16% recovery for high mannose type
glycopeptides (29). Here we report on a new IP-NPLC method
using acids as ion-pairing reagents and polyhydroxyethyl as-
partamide (A) as the stationary phase for the effective isolation
of tryptic glycopeptides. The method was developed and eval-
uated using a tryptic digest of RNase B and fetuin mixture. In
addition, we demonstrate that O-linked glycopeptides can be
effectively isolated from a fetuin tryptic digest by IP-NPLC after
removal of the N-linked glycans by PNGase F.

The new IP-NPLC method was used to enrich N-linked
glycopeptides from the tryptic digests of protein extracts of
wild-type (wt) and Pg/D mutant strains of Campylobacter je-
juni NCTC 11168. C. jejuni has a unique N-glycosylation
system that glycosylates periplasmic and inner membrane
proteins containing the extended N-linked sequon, D/E-X-N-
X-S/T, where X is any amino acid other than proline (30-32).
The N-linked glycan of C. jejuni has been previously deter-
mined to be GalNAc-a1,4-GalNAc-a1,4-[Glcp1,3]-GalNAc-
al,4-GalNAc-a1,4-GalNAc-a1,3-Bac-B1 (BacGalNAcsGlc
residue mass: 1406 Da), where Bac is 2,4-diacetamido-2,4,6-
trideoxyglucopyranose (30). In addition, the glycan structure
of C. jejuni is conserved, unlike in eukaryotic systems (30-32).
IP-NPLC recovered close to 100% of the bacterial N-linked
glycopeptides with virtually no contamination of non-glyco-
peptides. Furthermore, we demonstrate for the first time that
acetylation of bacillosamine is incomplete in the wt using
IP-NPLC and label-free MS.

EXPERIMENTAL PROCEDURES

Materials and Reagents—Bovine RNase B, bovine fetuin, dithio-
threitol, iodoacetamide, and the ion-pairing reagents were acquired
from Sigma. Modified trypsin was purchased from Promega. The

polyhydroxyethyl A™ Javelin® guard column (1 cm X 1 mm |.D., 5
um) and the ZIC®-HILIC guard column (0.5 cm X 1 mm I.D., 5 um)
were purchased from Nest Group (Southborough, MA). The Luna NH,
column (1 cm X 0.3 mm I.D., 5 um) was purchased from Bodman
Industries (Aston, PA). PNGase F was purchased from Roche Applied
Sciences (Mannheim, Germany).

Preparation of Periplasmic Protein Extracts of C. jejuni 11168 (wt)
and the Isogenic pglD Mutant for IP-NPLC-MS Analysis—C. jejuni
glycoprotein extracts were prepared from 4 liters of culture as de-
scribed (30). Proteins were quantified spectrophotometrically (Nano-
drop ND-1000 Spectrophotometer; Thermo Fisher Scientific), ad-
justed to a concentration of 20 ug/ul using pure water (Milli-Q system,
Millipore Corp.) and were either processed immediately or stored at
—20 °C.

Tryptic Digestion of the Standard Glycoproteins and Complex Pro-
tein Mixtures and PNGase F Digestion of Fetuin—Bovine RNase B or
fetuin at 1 mg/ml was reduced, alkylated, and digested with trypsin,
as described previously (29). A 100-ul solution of periplasmic protein
extracts of C. jejuni 11168 or the pg/D mutant at 320 pg/ul in 50 mm
NH,HCO; was reduced with 8 mm dithiothreitol at 37 °C for 1 h and
alkylated with 100 mm iodoacetamide at 37 °C for 30 min. The re-
agents used for reduction and alkylation were removed by centrifugal
ultrafiltration (3000 MWCO) until the samples were at pH 5-6. After
the addition of 60 ug of trypsin, the protein solution (120 ul with 50
mm NH,HCO,) was incubated at 37 °C for 16 h. For the O-glycopep-
tide isolation experiments, half a unit of PNGase F was added to 40 ul
of 69 pmol/ul of a fetuin tryptic digest with 50 mm NH,HCO, and then
incubated at 37 °C for 14 h.

IP-NPLC Separation of Glycopeptides—All IP-NPLC experiments
were performed either on a CapLC™ capillary LC system or nano-
Acquity UPLC® system coupled to a Q-TOF-2™ hybrid quadrupole/
TOF mass spectrometer (Waters). The NPLC and IP-NPLC experi-
ments were performed as follows: 1) The sample was suspended in
7.5 ul of 80% ACN + 20% H,O (pH 4.7), if not otherwise stated,
with/without addition of ion-pairing reagents. All pHs in this report
were measured in ACN/H,O with electrodes calibrated in water (33).
2) A gradient of 15% to 30% solvent B (100% HPLC grade H,0) for
5 min, then 30% to 50% solvent B for 5 min was used at a flow rate
of 12 pl/min. The column was equilibrated at 15% solvent B for 4 min
after each gradient. Solvent A is 100% ACN. The flow was split after
the column so that ~400 nL/min was directed to the ESI source to
obtain NPLC-ESI-MS or IP-NPLC-ESI-MS chromatograms for each
sample. The remainder of the column eluate was directed to a fraction
collector or discarded. 3) The peptides eluted from the column be-
tween ~1-x min are referred to below as the “non-glycopeptide
fractions” whereas the peptides eluted between ~ x-13 min are
referred to as the “glycopeptide fraction”. The time x refers to the
elution time of the least hydrophilic glycopeptide observed from IP-
NPLC-MS of the RNase B tryptic digest and was used in all IP-NPLC
experiments as a reference time for determination of the starting
elution time of glycopeptides. If not otherwise stated, the IP-NPLC
column used in this study was polyhydroxyethyl A, which was used
for months without significant deterioration of performance.

MS Analysis of Tryptic Peptide Mixtures from Complex Protein
Extracts—The tryptic digest of periplasmic protein extracts of the
C. jejuni 11168 and the pg/D mutant (40 png of each sample sus-
pended in 7.5 ul of 80% ACN + 20% H,O + 1% HCI + 10 mm
NH,HCO,) were repetitively subjected to IP-NPLC for off-line isolation
of glycopeptides. The glycopeptide and non-glycopeptide fractions
(~90 ul for each fraction) were collected and dried to ~1 ul, which
was then resuspended in 100 ul of 0.1% formic acid (ag) and ana-
lyzed by label-free nano-flow RPLC-ESI-MS (nanoRPLC-ESI-MS) us-
ing a nanoAcquity UPLC system coupled to a Q-TOF Ultima™ hybrid
quadrupole/TOF mass spectrometer (Waters). The peptides were first
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lon-pairing Normal-phase LC for Isolating Glycopeptides

TABLE |
List of identified non-glycopeptides, their calculated hydrophobicity values (AG,.,, kcal/mol), and IP-NPLC retention times from the RNase B
and fetuin tryptic digest
Sequences in italic letters are from RNase B; GIu®, Asp®, His™, Lys™, Arg*, N-T NH,;", and C-T COO ™ are used for calculation of the charged
non-glycopeptides (pH 1.1) using MPExTotalizer( 35, 37). A value of 4.1 kcal/mol was further added to the calculated value for peptide xiv of
fetuin due to likely salt bridge formation of this peptide (36). A value of 2 kcal/mol was further added to the calculated values for peptides
xxiv—xxv due to losses of NH; at C-terminal, respectively (35, 38). The tryptic digest of RNase B and fetuin mixture was injected with 0.25%
HCl in 80% ACN/20% H,O for IP-NPLC-MS. ©@™C, carboxyamidomethylcysteine.

Peptide no. Sequnece of identified non-glycopeptides hy drogslocbuilc?i:)e/?/alues IP_N;):;C; E;t%ntlon Error of RT

AGoepys keal/mol min %
i (K)VWPR -8.0 3.8 42.7
ii (R)AQFVPLPVSVSVEFAVAATD*MCIAK(E) -8.5 4.2 36.4
iii (KFER(Q) -8.8 5.0 0.6
iv (R)YFK(l) -8.9 4.3 3.5
v (KYQDGQFSVLFTK(B) -10.1 5.1 5.8
vi (K)**™CNLLAEK(Q) -10.3 5.2 8.1
vii (R)L°2™CPGR(l) -10.4 5.5 5.2
viii (K)HIIVACEGNPYVPVHFDASV(—) -10.7 5.8 2.9
viv R)VVHAVEVALATFNAESNGSYLQLVEISR(A) -10.7 5.4 6.9
X (K)YQYGF**™CK(G) -10.9 5.5 1.7
Xi (K)YPN@TCAYK(T) -11.4 5.7 4.6
Xii (KHLPR(G) -11.6 6.2 11.5
xiii (RYAHYDLR(H) -11.7 6.2 11.5
Xiv (—)IPLDPVAGYKEPA®*™CDDPDTEQAALAAVDYINK(H) -11.9 6.0 0.6
XV (KALGGEDVR(V) -12.0 5.3 1.7
XVi (K)GSVIQK(A) -12.2 5.9 3.5
Xvii (KINVACK(N) —-12.2 6.2 0.6
xviii (K TPIVGQPSIPGGPVR(V) —-12.7 5.3 1.7
XiX (K)°**MCDSSPDSAEDVR(K) -13.3 6.7 3.5
XX (KHTLNQIDSVK(V) —-13.6 6.6 0.6
XXi (RIETGSSK(Y) -13.8 6.9 0.6
xxii (K TTQANK(H) -14.0 7.0 1.7
xxiii (KINGQTNE"CYQSYSTMSITD*"CR(E) —14.1 7.0 0.0
XXiv (R)**"CKPVNTFVHESLADVQAV**"CSQK(N) —-14.9 6.5 0.6
XXV (R)pyroQQTQHAVEGD®*™CDIHVLK(Q) -15.9 6.9 2.9
XXVi (K)**™CDSSPDSAEDVRK(L) -16.1 7.4 0.6
XXVii (R)IQQTQHAVEGD**™CDIHVLK(Q) -17.9 7.5 0.6
XXViii (RHTFSGVASVESSSGEAFHVGK(T) -18.4 71 0.6
XXiX (R)QHMDSSTSAASSSNY“*"CNQMMK(S) —18.6 7.7 0.6

loaded onto a 180 um I.D. X 20 mm 5-um symmetry® C18 trap
(Waters), then eluted to a 100 um I.D. X 10 cm 1.7-um BEH130C18
column (Waters) using a linear gradient from 0% to 36% solvent B
(ACN + 0.1% formic acid) in 36 min, 36-90% solvent B for 2 min.
Solvent A was 0.2% formic acid in water. The peak areas (signal/
noise = 3) from extracted ion chromatograms of label-free nanoR-
PLC-ESI-MS of the glycopeptides isolated by IP-NPLC were used for
differential expression analysis of periplasmic glycoproteins between

the wt and mutant strains. NanoRPLC-ESI-MS/MS analyses were
also performed with data-dependent analysis with a survey intensity
threshold of 20 for the total digest and the glycopeptide and non-
glycopeptide fractions of the periplasmic protein extract of the pg/D
mutant of C. jejuni 11168.

The glycopeptide fractions were iteratively analyzed with retention
time segments of peptides by nanoRPLC-ESI-MS? and MS® using an
Ettan MDLC system (Amersham Biosciences AB, Uppsala, Sweden)

Fic. 1. Isolation of glycopeptides from a RNase B and fetuin tryptic digest using IP-NPLC. Total ion mass spectrum from NPLC-ESI-MS
of peptides in the glycopeptide fraction from the tryptic digest injected with the following ion-pairing reagents (/PR): a, none in 80% ACN/20%
H,O; (pH 4.7); b, 20% acetic acid in 80% ACN (pH 1.1); ¢, 0.25% HCI in 80% ACN/20% H,O (pH 1.1); d, 50 mm NH,HCO; + 1% HCI in 80%
ACN/20% H,O (pH 1.1); and e, 0.25% TFA in 85% ACN/15% H,O (pH 2.1). BPI, base peak intensities. Throughout this report, the total ion
mass spectrum for NPLC-ESI-MS of the glycopeptide fraction refers to the summed MS scans across the NPLC retention times between the
most hydrophobic high mannose type glycopeptide (a) from RNase B (6.5-9.0 min depending on the ion-pairing reagents used (Fig. 2, 2nd top
panel) and the most hydrophilic sialylated glycopeptide from fetuin detected (earlier than 13 min). Non-glycopeptides eluted earlier than the
high mannose type glycopeptide (a) of RNase B when HCI or TFA were used as ion-pairing reagents. The tryptic digest contains 14.2 pmol of
RNase B tryptic digest + 13.8 pmol of fetuin tryptic digest. The solvent compositions used to dissolve the different IPR, CH;COOH, HCI, and
TFA with/without NH,HCO, are as indicated in each panel of the figure. The pH values listed are those of the samples. All abundant ions that
are not labeled in Fig. 1 are singly charged contaminants.
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TasLE Il
List of identified glycopeptides and corresponding glycoforms for the N- and O-linked oligosaccharides from the RNase B and fetuin tryptic
digest

Protein name Sequence of identified peptides

Glycopeptide mass

Oligosacchride Glycosylation

site

composition Calculated Measured
a? RNase B (RINLTK(D) GlIcNAc, Mang Asn-60 1690.70 1690.70
b " " GlcNAc, Mang " 1852.76 1852.78
c " " GlcNAc, Man; " 2014.81 2014.82
d " " GlIcNAc, Mang " 2176.86 2176.86
e " " Glc, NAc, Mang " 2338.91 2338.92
f Bovine fetuin (K)KLC2™ CPD®2™ CPLLAPLNDSR(V) Hexg HexNAcs SA; Asn-138 4728.93 4728.93
g " " Hexs HexNAc, SA, " 4072.70 4072.68
h " " Hexg HexNAcs SA, " 5020.02 5019.96
i " (K)LCamCPDCam CPLLAPLNDSR(V) Hexs HexNAc, SA, " 3944.61 3944.58
i " " Hexg HexNAcs SA; " 4600.84 4600.80
k " " Hexg HexNAcs SA, " 4891.93 4891.89
| " (F{)F(;,PS'I\'/GRI(%/)YDIEIDTLET‘I’Calm CHVLDPTPLA N¢am Hexs HexNAc, SA, Asn-81 5875.54 5875.40
m " " Hexg HexNAcs SA; " 6531.77 6531.68
n " " Hexg HexNAcs SA, " 6822.86 6822.88
o " (R)VWHAVEVALATFNAESNGSYLQLVEISR(A) Hexg HexNAcs SA; Asn-158 5876.57 5876.56
p " " Hexg HexNAcs SA, " 6167.66 6167.56
q " " Hexg HexNAcs SA5 " 6458.75 6458.65
r " (RVTCa™ CTLFQTQPVIPQPQPDGAEAEAPSAVP Hex, HexNAc, SA, T228-288 7326.60 7326.40
DAAGPTTPSAAGPPVASVVVGPSVVAVPLPLHR(A)
s " " Hex, HexNAc, SA; " 7617.70 7617.70
t " i Hexz; HexNAc; SA; " 7982.81 7982.64
u " " Hexs HexNAc; SA, " 8273.91 8273.79
v " " Hex, HexNAc, SA, " 8639.04 8639.16
w " " Hex, HexNAc, SAs " 8930.13 8930.43

2 The 23 glycopeptides detected by IP-NPLC-MS of ~300 fmol of the RNase B and fetuin tryptic digest have been assigned a letter code
(a-w) in order to facilitate identification. The consensus sequence of N-glycosylation and possible O-glycosylation sites are highlighted (12, 13).

CamG, carboxyamidomethylcysteine.

coupled to an LTQ linear ion trap mass spectrometer (Thermo Fisher
Scientific) to acquire MS? and MS® mass spectra for determination of
the glycan composition of the glycopeptides and for protein identifi-
cation. The peptides were first loaded onto a 300 um I.D. X 5mm C18
PepMap100™ trap (LC Packings, San Francisco, CA), then eluted off
to a 75 um I.D. x 5 cm C18 Picofrit™ column (New Objective,
Woburn, MA) using the same gradient as described above.

Database Searching for Glycoprotein Identification—The peaklist
files of MS® spectra of the N-linked glycopeptides of C. jejuni proteins
were generated using Xcalibur 2.0.6 and were searched against the
NCBI C. jejuni database (2007.09.05) with 12283 entries using the
MASCOT™ search engine (version 2.2.0) (Matrix Science) for protein
identification. The database searches contained the following variable
modifications: glycosylated asparagine by bacillosamine (2,4-diacet-
amido-2,4,6-trideoxyglucopyranose with a formula of C;qH;gN,0,)
(+228 Da) (30), and oxidized methionines (+16 Da). The variable
substitution of alanine by aspartic acid (+ 44 Da) was used as well
because our de novo sequencing of MS® spectra of C. jejuni peptides
indicated that alanine can be mutated to aspartic acid. The mass
tolerance for precursor ions is = 1.5 Da and the mass tolerance for
fragment ions is = 1.0 Da with no enzyme specified. The cut-off ions
score of 40 above which ion scores indicate identity and 0.00% false
positive rate were used for accepting individual MS® spectra. In
addition, all spectral matches were verified manually. Proteins not
matched to C. jejuni 11168 were excluded.

RESULTS

IP-NPLC for Isolating Tryptic Glycopeptides of Standard
Glycoproteins Using Acids as lon-pairing Reagents — A tryptic
digest of an RNase B and fetuin mixture was chosen to
illustrate the use of IP-NPLC for glycopeptide isolation (Fig. 1).
The tryptic digestion of RNase B yields five N-linked glyco-

peptides: NLTK-GIcNAc,Mang_g, where Man is mannose, and
GIcNAc is N-acetylglucosamine, with each of the five high
mannose type glycans attached to Asn-60 (34). Fetuin has
three N-linked sites (Asn-81, Asn1-38, and Asn-158) and four
O-linked sites (Ser-253, Thr-262, Ser-264, and Ser-323),
which have sialylated glycans attached and low O-glycosyla-
tion occupancy (12-13). Table | shows the non-glycopeptides
(i-xxix) sequences of RNase B and fetuin identified from IP-
NPLC-MS analysis representing 94% of the amino acid se-
quence of RNase B and 63% of the amino acid sequence of
fetuin. The mass spectral peaks (i—xxix) labeled in Fig. 1
correspond to non-glycopeptides sequences listed in Table I.
Hydrophobicity values, free energies of transfer AG_,,, (kcal/
mol) from n-octanol to water (octw), of non-glycopeptides
(i-xxix) were calculated at the sample pH throughout this
report using MPExTotalizer based on the Wimley-White wa-
ter/octanol free energy scale for the 20 amino acids (a more
negative energy value indicates a more hydrophilic peptide,
Table I) (35-37). Table Il lists the isolated glycopeptides (a—w)
and their glycoforms from the standard tryptic digest using
IP-NPLC. The mass spectral peaks (a-w) labeled in Fig. 1
correspond to the glycopeptides (a—w) listed in Table II.
When no acid was added to the sample (pH 4.7) prior to
sample injection, the glycopeptides from RNase B (a—€) were
not detected at all, and the fetuin glycopeptides were only
observed with low MS signals from the glycopeptide fraction
(e.g. the glycopeptide ion (p) of fetuin at m/z 1542.89(4+)),
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FiG. 2. Effect of acids as ion-pairing reagents on peptide reten-
tion in IP-NPLC. Top panel, overlaid extracted ion chromatograms
(XICs) of m/z 834.12 (3+) of the hydrophilic non-glycopeptide (xxiv),
CKPVNTFVHESLADVQAVCSQK, from the RNase B and fetuin tryptic
digest injected with the following ion-pairing reagents (/PR): (a) none;
(b) 20% CH;COOH; (c) 0.25% HCI; (d) 1% HCI + 50 mm NH,HCOg;
(e) 0.25% TFA; and (f) 1% TFA + 50 mm NH,HCO,. Second top panel,
overlaid XICs of m/z 846.44 (2+) of the least hydrophilic glycopeptide
(@), NLTK-GIcNAc,Mang, from the same tryptic digest injected with
the following IPRs: (B) 20% CH;COOH; (C) 0.25% HCI; (D) 1%HCI +
50 mm NH,HCOg; (E) 0.25% TFA; and (F) 1% TFA + 50 mm NH,HCO;
Second bottom panel, (G) XIC of m/z 927.48 (2+) of the glycopeptide
(b), NLTK-GlIcNAc,Mang; (H) XIC of m/z 1008.43 (2+) of the glyco-
peptide (c), NLTK-GIcNAc,Man, IPR used for G and H: 1% TFA + 50
mm NH,HCO,. Bottom panel, total ion chromatogram from IP-NPLC-
ESI-MS of the standard tryptic digest injected with 1% TFA + 50 mm
NH,HCO; The magnification factors (e.g. x1) of the base peak

because of the signal suppression of co-eluting non-glyco-
peptides (v, viii, xi, xiv, xviii-xxi, xxiv, and xxv) (Fig. 1a). Upon
the addition of 20% acetic acid to the sample (pH 1.1), non-
glycopeptides (v, viii, xi, xiv, xviii-xxii, xxiv, xxv, and xxix) still
co-eluted with the glycopeptides (Fig. 1b) and dominated the
total ion mass spectrum from NPLC-ESI-MS of the glycopep-
tide fraction.

In contrast, when 0.25% HCI was added to the sample
(pH 1.1), the non-glycopeptides (i-xxix) were almost entirely
removed, and the spectrum of the glycopeptide fraction
was dominated by glycopeptide ions from the RNase B and
fetuin digest (Fig. 1c and Table Il). 0.25% HCI was insuffi-
cient for removal of non-glycopeptides from the glycopep-
tide fraction if the sample also contained 50 mm ammonium
biocarbonate, a common reagent used in tryptic digestion.
For example, relatively intense ion signals were observed for
non-glycopeptides (v, viii, xviii-xx, xxiv, xxv, and xxviii) in
the MS spectrum of the glycopeptide fraction when 50 mm
ammonium bicarbonate was added to the sample (supple-
mental Fig. S1a). However, increasing the HCI concentra-
tion to 1% restored the separation of glycopeptides and
non-glycopeptides (Fig. 1d).

When 0.25% trifluoroacetic acetic acid (TFA), a common
ion-pairing reagent used to increase peptide retention in
RPLC, was added to the sample, a similar degree of separa-
tion between glycopeptides and non-glycopeptides was ob-
tained when compared with 0.25% HCI (Fig. 1d). Again, when
the tryptic digest contained 50 mm NH,HCO,, the TFA con-
centration needed to be increased to 1% to eliminate the
interference from non-glycopeptides (supplemental Fig. S1b).
A total of 23 glycopeptides with five high mannose type
glycopeptides from RNase B (a-e, Asn-60; Table Il), 13 sia-
lylated N-linked glycopeptides (f-q, Asn-38, 81, and 158), and
six sialylated O-linked glycopeptides from fetuin (r-w, T228-
288) were detected. The IP-NPLC-MS of the RNase B and
fetuin tryptic digest were reproducible (relative standard de-
viation (RSD) < 10% on base peak ion intensities; RSD =
0.2% on the retention times of base peak ions (n = 3) (Fig. 1
(c—e) and supplemental Table S1)) with recovery of high man-
nose type glycopeptides close to 100% (data not shown).

Effect of lon-pairing on Peptide Retention in IP-NPLC—The
effect of different acids on retention time shift of a non-
glycopeptide (e.g. xxiv) and that of a glycopeptide (e.g. a) is
demonstrated (Fig. 2). When there were no acids added to the
sample, broad chromatographic peaks and peak tailing were

intensity (BP/) of the extracted ions were relative to the BPI of (E) for
normalization. The elution time of the least hydrophilic tryptic glyco-
peptide (a) of RNase B, i.e. the reference time determining the starting
elution time of glycopeptide fraction, varies from 6.5 min to 11.9 min
depending on the IPR used (Second top panel). The broken line at 4.3
min indicates the elution time of the most hydrophilic tryptic non-
glycopeptide (xxix) present in the sample. w, glycopeptide (w) in Table II;
Fr., fraction.
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Fic. 3. Effect of stationary phase charges on glycopeptide isolation using IP-NPLC. Total ion mass spectrum from NPLC-ESI-MS of
peptides in the glycopeptide fraction from the RNase B and fetuin tryptic digest injected with 1% TFA + 50 mm NH,HCO; using different
hydrophilic columns: (a) amino; (b) ZIC-HILIC. All other abundant ions that are not labeled in Fig. 3 are singly charged contaminants. Ammonium

adducts and minor peptide peaks are not labeled.

observed for the non-glycopeptide (xxiv) at 12.7 min (Fig. 2,
red peak a) whereas the glycopeptide (a) was not detected.
When the sample was injected with 20% CHZ;COOH (pH
1.1), the peptide peak shape was dramatically improved
(Fig. 2, orange peak b) but resulted in co-elution of glyco-
peptide (a) and non-glycopeptide (xxiv) at 11.9 min (orange
peaks B and b). In contrast, when the samples were injected
with HCI or TFA with/without 50 mm NH,HCO,, retention
time differences of 2.2 min — 5.2 min between the non-
glycopeptide (xxiv) and glycopeptide (a) were observed,
therefore allowing removal of non-glycopeptide (xxiv) from
the glycopeptide fraction. Similar retention time shifts were
found for other peptides (Table S1).

IP-NPLC for Isolating Tryptic Glycopeptides on Different
Hydrophilic Media—IP-NPLC experiments were carried out
on a ZIC-HILIC and an amino column using the same exper-
imental conditions as for the polyhydroxyethyl A column ex-
cept that a flow rate of 1.1 ul/min was used for the 0.3 mm [.D.
amino column. The three stationary phases are different in
that the polyhydroxyethyl A is almost neutral, the ZIC-HILIC
medium is zwitterionic, and the amino column is positively
charged. The addition of TFA to the sample improved isolation
selectivity of all three columns. However, isolation selectivity
decreased considerably as the surface charges increased
(Fig. 1e and Fig. 3). The neutral polyhydroxyethyl A column

was superior to the other two columns which also yielded
much wider chromatographic peaks (data not shown). The
results indicate that ionic interactions between peptides and
the stationary phases are detrimental to glycopeptide selec-
tivity. The polyhydroxyethyl A medium retains solutes almost
solely through hydrophilic interactions, and it has only a slight
positive charge on its surface under ~pH 2. Therefore, inter-
ferences arising from ion-exchange processes in IP-NPLC
using this column were absent.

Prediction of the Elution Order of Non-glycopeptides in
IP-NPLC Using Calculated Hydrophobicity Values—We plot-
ted the calculated hydrophobicity values of the 29 tryptic
non-glycopeptides of RNase B and fetuin (Table I) against
their IP-NPLC elution times (Fig. 4) with the addition of 0.25%
HCI to the sample. The linearity of the plot (** = 0.84) and the
reproducibility of retention times of IP-NPLC suggest that
co-elution of a non-glycopeptide with glycopeptides occur-
ring in IP-NPLC can be estimated using their calculated
hydrophobicity values. For example, the most hydrophilic
non-glycopeptide (xxix), QHMDSSTSAASSSNYCNQMMK, of
RNase B has a hydrophobicity value of —18.6 kcal/mol and
eluted at 7.7 min, later than all the other tryptic non-glyco-
peptides in the digest (i-xxviii) (Table | and supplemental Table
S1). In contrast, the most hydrophobic glycopeptide (a) from
RNase B, NLTK-GIcNAc,Mang, eluted at 8.9 min (Fig. 2, peak
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FiG. 4. Plot of the hydrophobicity values of the non-glycopeptides of the RNase B and fetuin tryptic digest versus their elution times
in IP-NPLC. The sample was injected with 0.25% HCI (pH 1.1) as the ion-pairing reagent. The calculated hydrophobicity values (AGggy»
kcal/mol) are listed in Table |. The broken line indicates the predicted hydrophobicity values based on linear regression. The retention time (RT)
errors were calculated based on ftriplicate IP-NPLC-MS analyses. The hydrophobicity values of glycopeptides (a-w), which can not be
calculated using MPExTotalizer because of the presence of glycans, were projected based on their retention times and the linear regression
equation for non-glycopeptides (i-xxix) (AG,.., = 2.6 RT - 3.1). The retention time shifts and ion intensity changes of the glycopeptides (a-w)
and non-glycopeptides (i-xxix) with/without ion-pairing reagents are provided in supplemental Table S1.
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Fic. 5. Isolation of sialylated O-linked glycopeptides from a fetuin tryptic digest using IP-NPLC with N-glycans first removed with
PNGase F. Total ion mass spectrum from IP-NPLC-MS of peptides in the glycopeptide fraction from a 13.8 pmol fetuin tryptic digest N-glycan
deglycosylated with PNGase F. Sample was injected with 1% HCI + 50 mm NH,HCO, as the ion-pairing reagent. Ammonium adducts of
glycopeptides are not labeled. Inset, MS? spectrum of the ion at m/z 1111.95 (2+).

C). Therefore, non-glycopeptides with hydrophobicity values IP-NPLC is capable of isolating glycopeptides cleanly from

higher (more positive) than —18.6 kcal/mol are likely to elute
earlier than glycopeptides modified by high mannose type
heptasaccharides in IP-NPLC. The occurrence of tryptic pep-
tides of common proteins having hydrophobicity values lower
than —18.6 kcal/mol is low (data not shown) suggesting that

tryptic digests of complex protein mixtures.

IP-NPLC for Isolating Sialylated O-linked Tryptic Glycopep-
tides of Fetuin—The O-linked glycopeptide ions from a fetuin
tryptic digest (T228-288) were observed by direct IP-
NPLC-MS analysis (glycopeptides r-w; Fig. 1e). However, the
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Fic. 6. Analysis of glycopeptides isolated by IP-NPLC from a tryptic digest of periplasmic proteins extracted from C. jejuni 11168,
pglD mutant. Base peak intensity (BP/) chromatograms of nanoRPLC-MS of a tryptic digest of 4-ug periplasmic protein extracts from the pg/D
mutant of C. jejuni 11168 from the (a) glycopeptide fraction; (b) non-glycopeptide fraction; (c) total digest. The sample contained 1% HCI as
the ion-pairing reagent. The gene numbers are provided in the peak labels for glycopeptides determined by MS? analysis. An example of the
MS? and MS?® spectra obtained for these glycopeptides is presented in Fig. 7. The amino acid sequence of the identified glycopeptides is
provided in Table lll. Glycosylated, base peak ions that are confirmed to be from glycopeptides by MS? analysis (MS? spectra containing the
signature oxonium ions from these glycopeptide ions upon CID are not shown). The only glycopeptide detected from the total digest (lower

panel) among the top 50 base peaks is marked by an asterisk.

MS signals of these O-linked glycopeptide ions were much
lower compared with those of the N-linked glycopeptide ions,
largely because of the low glycosylation occupancy (13).
When the fetuin tryptic digest was treated with PNGase F to
remove the N-linked glycans, the prominent ions detected in
the IP-NPLC glycopeptide fraction were all from O-linked
glycopeptides of fetuin (—w) (Fig. 5). The ion at m/z 1112.3
(8+) is an unidentified glycopeptide (Fig. 5, inset).

Isolation of Glycopeptides from Complex Peptide Mixtures
Using IP-NPLC for Quantitative Glycoprotein Profiling Using
Label-free MS—Glycopeptides of a complex tryptic digest of
total periplasmic protein extracts of the C. jejuni 11168 wt and
the pg/D mutant were isolated by IP-NPLC and subjected to
nanoRPLC-MS analysis. The base peak chromatograms
(BPCs) of the glycopeptide and non-glycopeptide IP-NPLC

fractions and the total digest are presented in Fig. 6. The
BPCs of the non-glycopeptide fraction and total digest (Fig. 6,
b and c) were very similar whereas that of the glycopeptide
fraction (Fig. 6a) was far less complex because of removal of
non-glycopeptides by IP-NPLC. MS/MS experiments deter-
mined that the most prominent ions (m/z 800-1800) from the
BPC of the glycopeptide fraction were all from glycopeptides
(Table Ill) whereas non-glycopeptide ions dominated the
BPCs of the non-glycopeptide fraction and total digest.

To demonstrate that IP-NPLC can isolate glycopeptides
reproducibly for quantitative analysis, the wt and pg/D
periplasmic extracts were fractionated in triplicate (40 g
each), and the glycopeptide fractions were subjected to label-
free nanoRPLC-MS analyses (4 ng each). The peak areas of
extracted ion chromatograms of the identified glycopeptides
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TaBLE Il
Qualitative analysis of glycoproteins from the periplasmic protein extracts of C. jejuni 11168 (wt) and the isogenic pglD mutant

Accession Gene

Sequences of identified Oligosaccharide lon Sequence

number name Protein name Precursor® z glycopeptidesb composition® score coverage RT
m/z % min
YP_002343627 Cjo168c Putative periplasmic protein 940.14 3 (F)ANTPSDVNQTHTK(A) BacGalNAcsGlc 23 16.0
d d ” 926.14 3 deA°BacGalNAcsGlc 79 15.2
NP_281430 Cj0235¢ Protei? export membrane 1035.21 3 (N)SIAPSAPQLPSDVNSSK(—) BacGalNAcsGlc 14 24.8
protein
1021.20 3 deA°BacGalNAcsGlc 55 23.6
YP_002343658 Cj0200c Putative periplasmic protein 962.14 3 (K)LEGTIAQIYDNNK (T) BacGalNAcsGlc " 25.8
" " " 948.14 3 deAcBacGalNACsGIc 97 24.2
CAL34323 Cj0152c  Hypothetical protein 1231.31 3 (KINISIENNISENNTTLLDEEK(N)  BacGalNAcsGlc 6 27.2
" " " 1218.64 3 " d‘*“‘CB:;H:(.EaINAcsGIc 66 27.0
YP_002345038 Cj1670c Putoartiéz:J F;gzgmbrane protein 1036.22 3 (KYTDQNITLVAPPEFQK(E) BacGalNAcsGlc 7 29.2
” 1022.22 3 deA°BacGalNAcsGlc 57 27.4
YP_002343574 Cjose4 Putative periplasmic protein 1058.10 3 (K)D°XMNVSK(A) BacGalNAcsGilc 49 5 19.7
i i v 1037.10 3 deA°BacGalNAcsGlc
YP_002344271 Cjo114 Putative periplasmic protein 1133.05 4 (K)TITPSVVVSTTDSNSTIEN BacGalNAcsGlc 26 25.6
NNTQNTQDDK(A)
1122.55 4 deA°BacGalNAcsGlc 72 24.5
Putative periplasmic protein 1295.35 3 (RILSQVEENNQNIENNFTSEIQK(L) BacGalNAcsGlc 60 27.5
” 1281.40 3 deA°BacGalNAcsGlc 25.6
YP_002344190 Cjo783 Periplasmic nitrate 1692.12 2 (K)VNLVEANFTTLQPGESTR(F) BacGalNAcsGlc 41 10 29.7
reductase cytochrome
c-type subunit
1671.12 2 deAcBacGalNACsGIc

2 The m/z and charge of precursors (MS? fragments) for acquisition of MS® spectra are provided in supplemental Fig. S2.

® The periplasmic protein, Cj0114, is identified by two peptides, and all other glycoproteins identified are single-peptide-based.

° Bac, 2,4-diacetamido-2,4,6-trideoxyglucopyronose; “*A°Bac, 2-acetamido-4-amino-2,4,6-trideoxyglucopyronose, i.e. “*°Bac is mono-
acetylated Bac at the C-2 position only (30, 39, 40). The consensus sequence of possible N-glycosylation sites for prokaryotic proteins are
highlighted (32). °¥M, oxidized methionine; wt, wild-type; ", the same as above.

9 lon scores are available only for precursors on which MS® were acquired and used for database searches with 0.00% false positive rate.

¢ According to Linton et al. (41).

listed in Table Ill were manually quantified for differential
expression analysis between the wt and mutant strains. The
relative standard deviation (n = 3) of the glycopeptide ions
identified by this IP-NPLC label-free MS approach was be-
tween 3-45% irrespective of the peptide abundances and
retention times, indicating that IP-NPLC was capable of iso-
lating trace level glycopeptides reproducibly (Tables Ill and IV)
(Fig. 6).

Multiple Stage Tandem MS of Differentially Expressed Tryp-
tic Glycopeptides for Identification of Glycoproteins—The gly-
copeptide ions in the glycopeptide fractions of the wt and
pg/D mutant extracts were subjected to MS? and MS® anal-
ysis to determine their oligosaccharide composition and their
amino acid sequences. The N-linked glycan of C. jejuni has
been previously determined to be GalNAc-a1,4-GalNAc-a1,4-
[Glcp1,3]-GalNAc-al,4-GalNAc-al1,4-GalNAc-a1,3-Bac-
B1 (BacGalNAc;Glc residue mass: 1406 Da), where Bac is
2,4-diacetamido-2,4,6-trideoxyglucopyranose (30). In addi-
tion, in vitro biosynthesis experiments have identified PgID as
the acetyltransferase that modifies the uridine diphosphate
(UDP)-2-acetamido-4-amino-2,4,6-trideoxyglycopyranose at
the C-4 position to form UDP-2,4-diacetamido-2,4,6-tri-
deoxyglucopyranose using acetyl-coenzyme A as the acetyl
group donor (39).

As an example, the MS? spectra of equivalent glycopep-
tides from the wt and mutant strains are presented in Fig. 7, a

and b, respectively. Both MS/MS spectra are dominated by
ions associated with loss of sugar residues from the glycan
modification. As expected, the oligosaccharide composition
of the wt glycopeptide was determined to be BacGalNAc;Glc
(Fig. 7a). The MS? spectrum of the pgID glycopeptide ion (Fig.
7b) is very similar to that of the wt suggesting that oligosac-
charide composition and order are alike in the two strains.
However, the reducing end sugar is smaller by 42 Da in the
mutant strain and has been annotated as 9*“°Bac (2-acet-
amido-4-amino-2,4,6-trideoxyglucopyranose). The glycan
composition and structure of this glycopeptide ion are there-
fore assigned as GalNAc-a1,4-GalNAc-a1,4-[GlcB1,3]-Gal-
NAc-a1,4-GalNAc-a1,4-GalNAc-a1,3-9**°Bac-B1  (residue
mass: 1364 Da).

MS? analysis was performed on the doubly protonated MS?
fragment ion at m/z 851.45, which corresponded to the unmod-
ified peptide (Fig. 7c). Database searching matches the MS®
fragment ions to TDQNITLVAPPEFQK from the C. jejuni
periplasmic protein, Cj1670c (Table ) with an ion score of 57 as
defined by the MASCOT™ algorithm. A total of 9 glycopeptides
corresponding to eight periplasmic glycoproteins were identi-
fied by this approach (Table Ill). N-glycosylation was confirmed
for Cj0200c, Cjo152c, Cj1670c, and Cj0114 (30, 32), and four
novel glycopeptides from Cj0168c, Cj0235c, Cj0864, and
Cjo783 were identified. The MS? and MS® spectra for these
other glycopeptides are presented in supplemental Fig. S2.
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TABLE IV
Quantitative analysis of glycoproteins from the periplasmic protein extracts of C. jejuni 11168 (wt) and the isogenic pglD mutant

wt, wild-type; Intensities, peak area; S.D., standard deviation is based on ftriplicate nanoRPLC-MS analyses of triplicate IP-NPLC
glycopeptide fractions; nd, not detected; —, a ratio is not given because the peptides were not detected in wt or mutant; ", the same as above.

nG:rgz Protein name Strain  Count Inten\sl\iltties in % error Im?ﬁj{gﬁf in % error wt/F‘r“r?H&nt % error
(mean = S.D.) (mean = S.D.) (mean = S. D.)
Cjo168c  (YP_002343627) putative periplasmic protein wt 1 16166 = 503 3 1310 = 157 12.0 12.34 £ 1.53 12.39
" " pglD 1 92 +18 19 1496 * 250 16.7 0.06 * 0.02 25.60
Cj0235c  (NP_281430) protein export membrane protein wt 1 472 + 26 6 27+ 3 11.1 17.49 + 2.17 12.41
B " pglD 1 70+5 7 757 =126 16.6 0.09 * 0.02 17.86
Cj0200c  (YP_002343658) putative periplasmic protein wt 1 204 + 87 43 416 = 40 11.4 5.02 = 2.22 44.33
B " pglD 1 204 = 12 6 2033 + 133 6.5 0.10 = 0.01 8.78
Cjo152c  (CAL34323) hypothetical protein wt 1 424 + 103 24 nd only in wt —
" " pglD 1 nd 242 + 81 33.3 only in mutant —
Cj1670c WE@%OA%CMSO%) putative membrane protein or  wt 1 224 + 65 29 43+ 4 10.1 5.22 = 1.59 30.51
" " pglD 1 705 7 1150 = 114 9.9 0.06 + 0.01 11.95
Cjose4 (YP_002343574) putative periplasmic protein wt 1 2186 + 914 42 186 £ 9 5.1 11.71 £ 4.93 42.09
" " pglD 1 nd nd not in both —
Cjo114 (YP_002344271) putative periplasmic protein wt 1 41 x5 11 nd only in wt —
B " pglD 1 121 £ 20 16 1393 = 137 9.8 0.09 * 0.02 18.91
Cjo114 (YP_002344271) putative periplasmic protein wt 1 408 + 167 41 32+4 11.3 12.7 =+ 5.42 42.42
B . pglD 1 115 = 29 25 84 £ 16 19.3 1.37 £ 0.43 31.37
Cjo783 (YP_002344190) Periplasmic nitrate reductase wt 1 527 + 9 16 nd only in wt —
cytochrome c-type subunit
pglD 1 nd nd nd in both —

@ According to Linton et al. (41).

® The putative periplasmic protein, Cj0114 is identified and quantified by two glycopeptides whose detailed information can be found in

Table lIl.

Recovery and Selectivity of IP-NPLC for Isolating Tryptic
Glycopeptides from Complex Peptide Mixtures—The nano-
RPLC-MS extracted ion chromatograms for three glycopep-
tide ions from the pglD total digest as well as the correspond-
ing glycopeptide and non-glycopeptide IP-NPLC fractions are
presented in Fig. 8. The glycopeptide ions were detected in
the total (Fig. 8, c, f, and i) and glycopeptide fractions (Fig. 8,
a, d, and g) but were absent in the non-glycopeptide fraction
(Fig- 8, b, e, and h). The glycopeptide ion intensities were
comparable in the total and glycopeptide chromatograms.
Similar results were obtained for all of the glycopeptides listed
in Table lll, regardless of their abundance, indicating that the
recovery of these glycopeptides by IP-NPLC was close to
100%. Furthermore, only a few precursor ions from the non-
glycopeptide fraction generated a fragment ion at m/z 204.09
upon CID, the majority of which were identified as non-glyco-
peptides (>85%), indicating that virtually no glycopeptides
were being lost in the non-glycopeptide fraction (Fig. 6b,
Fig. 9, and supplemental Table S2).

The glycopeptide selectivity per nanoRPLC-MS analysis
(scan range: m/z 800-1800) of the glycopeptide fraction (de-
fined as the number of base peak glycopeptides determined by
the N-consensus sequence or the signature oxonium ions of
glycopeptides upon CID divided by the number of the promi-
nent peptides identified from the glycopeptide fraction) in our
approach was 90% (Fig. 6 and Table Ill). Non-glycopeptides
rich in hydrophilic amino residues were present in the gly-
copeptide fraction, e.g. ALDNDNQEDQTESR from fla-

vodoxin (Cj1382c) eluting at 16.8 min (Fig. 6a). However, the
occurrence of these peptides in a complex tryptic digest ap-
peared low thus emphasizing the efficiency of our method.

DISCUSSION

In this report we describe a new IP-NPLC method for quan-
titatively isolating glycopeptides from complex tryptic digests
using acids as ion-pairing reagents and polyhydroxyethyl A
stationary phase. The addition of no acids or acetic acid to the
sample led to co-elution of non-glycopeptides with glycopep-
tides from the RNase B and fetuin tryptic digest (Fig. 1b and
Fig. 2). In contrast, the use of HCI or TFA resulted in separa-
tion of glycopeptides from non-glycopeptides (Figs. 1 and 2,
supplemental Fig. S1b, and supplemental Table S1). It is
apparent that the dramatic improvement in isolation of glyco-
peptides using IP-NPLC over NPLC was not simply because
of the pH change in the sample because only hydrochloric
acid but not acetic acid led to isolation of glycopeptides under
the same sample pH (Fig. 1, b and c). Other ions present in the
sample solution can diminish the effect of HCI or TFA on
glycopeptide isolation selectivity, e.g. NH,HCO, (supplemen-
tal Fig. S1a), but this can be overcome by increasing the
concentration of the two acids (Fig. 1d and supplemental Fig.
S1b). The results suggest that acidic anions present in the
samples significantly affect the selectivity of NPLC for the
isolation of glycopeptides.

A total of 18 different sialylated glycopeptides from fetuin,
including 6 O-linked and 12 N-linked glycopeptides, and 5
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Fic. 7. Multiple stage tandem MS analyses of differentially expressed tryptic glycopeptides of the wt and the pg/D mutant of C. jejuni.
MS? spectrum of the glycopeptide ion at (a) m/z 1036.22 (3+) from the wt; (b) the equivalent ion at m/z 1022.20 (3+) from the pg/lD mutant,
(c) MS? spectrum of the same ion at m/z 1022.20 (3+) from the pg/D mutant. The MS® fragment ions were matched to TDQNITLVAPPEFQK

of the C. jejuni periplasmic protein, Cj1670c by database searching using MASCO

T™ with an ion score of 57 (NCBI accession no.

YP_002345038). Bac, bacillosamine (2,4-diacetamido-2,4,6-trideoxyglucopyranose); “*°Bac, monoacetylated bacillosamine at the C-2 posi-
tion only (2-acetamido-4-amino-2,4,6-trideoxyglucopyranose) (30, 39, 40).

high mannose type N-linked glycopeptides from RNase B
were isolated by IP-NPLC from a tryptic digest of a mixture of
these two glycoproteins (Fig. 1e and Table Il) (12, 13, 23). A
typical N-linked carbohydrate derived from a eukaryotic host
usually contains 7-25 monosaccharide units (O-linked carbo-
hydrates have a similar size range but with less branching and
may be as short as one monosaccharide unit) (4). Thus, NLTK-
GIcNAc,Man;_g glycopeptides from RNase B are modified
with shorter high mannose type glycans and resemble non-
glycopeptides in terms of hydrophilicity. Therefore, these
glycopeptides have proven to be difficult to resolve from
non-glycopeptides by other chromatographic methods (23,
25-26). In contrast, our IP-NPLC method was effective at
resolving these less hydrophilic glycopeptides and the sialy-
lated fetuin glycopeptides from the digest of RNase B and

fetuin mixture (Fig. 1, Table |, and supplemental Table S1). The
method described here is more effective than other chromato-
graphic methods in that it works well with a wide range of
glycopeptide species (23, 25, 29).

The retention time shifts of non-glycopeptides (Fig. 2 and
supplemental Table S1) can be explained by ion-pairing pro-
cesses that occur between the acidic anions and the counter
ions of non-glycopeptides in solution (29, 43-45). The earlier
elution of non-glycopeptides upon the addition of HCI or TFA
to the sample rather than CH;COOH can be attributed to
formation of ion pairs —NH;"CH,COO~, —NH,"CI~, and
—NH,; " CF,COO~, which are progressively more hydrophobic
(—NH;* refers to the ionized amine groups in non-glyco-
peptides). The higher hydrophilicity of CH;COO™~ or
—NH;"CH,COOQO™ in IP-NPLC is likely because of the hydro-
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(e), and (f) show the combined mass
spectra at m/z 1020.20 (3+) corre-
sponding to the glycopeptide fraction,
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gen bonding ability of oxygen with the stationary phase
whereas chlorine can not form strong hydrogen bonding.
Covalently bound fluorine is not capable of hydrogen bond-
ing, and it apparently dramatically weakened the hydrogen
bonding ability of oxygen on CF;COO™ (46). As a result,
—NH; "CF,COO™ is more hydrophobic than NH;"CH;COO ™~
and —NH;*CI™.

The acetate anion formed relatively hydrophilic ion pairs
with the non-glycopeptides allowing them to interact with the
polyhydroxyethyl A medium and eluted with the glycopep-
tides (Fig. 2, orange peak B and b). In contrast, the ion pairs
between the charged non-glycopeptides and the CI™ or

Elution time (min)

CF;COO™ were more hydrophobic and eluted earlier from the
column (Fig. 2, peak b versus peaks d-f). In addition, improve-
ment in chromatographic peak shapes was obtained using
the three acids as ion-pairing reagents over NPLC alone (Fig.
2, red peak a versus peaks b-f) (43).

The retention times of glycopeptides were effected to a
much lesser extent by ion pairing because of the strong
non-ionic electrostatic interactions between their glycans and
the hydrophilic stationary phase (Fig. 2, peak C versus c, peak
D versus d, peak E versus e, peak F versus f). As a result,
non-glycopeptides eluted much earlier than glycopeptides in
IP-NPLC. Our data indicate that formation of ion-pair com-
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Fic. 9. NanoRPLC-MS? of the non-
glycopeptide fraction of the pg/D mu-
tant using data dependent analysis:
(a) Base peak intensity (BPI) chromat-
ogram and (b) Extracted ion chromat-
ogram (XIC) at m/z 204.09 of the non-
glycopeptide fraction. The ions labeled
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in (b) were all identified as non-glyco-
peptides, except the unidentified ion at
m/z 897.42 (2+), and their sequences
are provided in Table S2. The magnifi-
cation factors in (a) (e.g. x80 for the base
peak intensity (BPI) of the ion at m/z
851.51(2+)) of the nanoRPLC-MS? of
the non-glycopeptide fraction were rel-
ative to the most abundant ion for
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s
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comparison.
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plexes between acidic anions and charged non-glycopep-
tides can increase the retention time differences between
non-glycopeptides and glycopeptides, thereby leading to
fractionation of a complex tryptic digest into a glycopeptide
and a non-glycopeptide fraction (Figs. 1 and 6) (supplemental
Table S1).

lon pairs —COO H™ between the hydronium ion (H;O™")
and the negatively charged carboxyl group of non-glycopep-
tides (—COQ™) are likely to form in solution (47). In addition,
Wimley et al. have determined that the neutral —COOH ter-
minus of peptides determined by pH, are considerably more
hydrophobic than —COO™~ (35-37). Therefore, ion-pairing
processes between hydronium ions and peptides likely con-
tribute to the decreased retention described in Fig. 2. How-
ever, the decreased retention because of formation of hydro-
nium ion pairs with peptides will be generally less significant
compared with anions because hydrogen of an ion-pair is
capable of hydrogen bonding with stationary phase whereas
chlorine or covalently bound fluorine is not (46).

We demonstrate for the first time that the surface charges
of the stationary phase decrease glycopeptide isolation se-
lectivity using IP-NPLC. Furthermore, the elution order of
non-glycopeptides in IP-NPLC can be predicted reasonably
well using their hydrophobicity values (Fig. 4). Non-glycopep-
tides with a hydrophobicity value more positive than —18.6
kcal/mol (AG,,) Will likely elute in the non-glycopeptide frac-
tion. In addition, we demonstrated that IP-NPLC can selec-
tively isolate the O-linked glycopeptides from a fetuin digest
after the N-glycans were removed with PNGase F (Fig. 5). This
worked remarkably well and we intend to apply this method-
ology to the study of O-glycosylation in other biological
systems.

We applied IP-NPLC to reproducibly and quantitatively
isolate glycopeptides from tryptic digests of periplasmic

—

N
o
W
o
1N
o
(4)]
o

Elution time (min)

proteins extracted from C. jejuni 11168 wt and pg/D mutant
for subsequent label-free nanoRPLC-MS analysis of glyco-
protein expression (Tables Ill and IV). We chose to re-
examine the C. jejuni pg/D mutant with our new technique
because in our previous study (48) we detected minor
amounts of protein glycosylation in this mutant but because
of sensitivity issues were unable to characterize these mod-
ifications any further. Four of the nine glycopeptides iden-
tified in this study have not been observed before. For
example, the most abundant glycopeptide isolated from the
wt strain is derived from the putative periplasmic protein,
Cj0168c. This glycoprotein has a mass of only 5,813 Da
(amino acid mass only) and therefore would not have been
detected by the gel-based methods used in previous stud-
ies to resolve the glycoprotein mixtures prior to MS analysis
(80). Remarkably, the reproducibility of this label-free MS
approach using IP-NPLC is comparable with that obtained
using hydrazide chemistry and stable isotope labeling (15).
In addition, IP-NPLC does not involve lengthy chemical
procedures as for hydrazide chemistry and also preserves
the glycan information.

The presence of predominantly monoacetylated Bac resi-
dues on glycoproteins isolated from the C jejuni pg/D mutant
confirms that PgID is an acetyltransferase and that the oligo-
saccharyltransferase, PglB, is still capable of transferring
deAcBacGalNAcsGlc. However, the quantitative information on
the differentially expressed N-linked glycoproteins further
demonstrates the importance of Bac acetylation at C-2 for
optimal PgIB activity in C. jejuni (40). The quantitative pro-
teomic data demonstrate for the first time that glycopep-
tides modified by 4*A°BacGalNAc.Glc are also present in
the wt strain, albeit at low abundance, indicating that acety-
lation of Bac is incomplete even in the presence of an active
PgID enzyme. In addition, it is apparent that there is another
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acetyltransferase complementing the PgID activity as we previ-
ously predicted (48) because glycopeptides modified by
BacGalNAcsGlc are also present in the mutant although at
much lower abundance compared with the wt (Tables Il and IV).

The glycopeptide selectivity of our approach reaches 90%
based on the total number of glycopeptides and peptides
identified in the C. jejuni glycopeptide fractions (Fig. 6 and
Table lll). Based on the retention time difference observed
between the most hydrophilic non-glycopeptide (xxix) and the
glycopeptides, NLTK-GIcNAc,Mans_, in the RNase B and
fetuin digest (Fig. 2), IP-NPLC may allow glycopeptides mod-
ified with just a trisaccharide similar to GIcNAc,Man to be
enriched from complex tryptic digests, although the glyco-
peptide selectivity would be compromised somewhat. Recov-
ery of glycopeptides by IP-NPLC is close to 100% for the
samples tested based on the absence of glycopeptide ion
signals in the non-glycopeptide fraction (Figs. 8 and 9). This
glycopeptide selectivity and recovery is comparable with that
obtained with hydrazide chemistry capturing tryptic glyco-
peptides (16). We believe that this IP-NPLC method can be
used for isolating glycopeptides at much lower levels because
low abundance glycopeptides were effectively recovered
from the tryptic digests of periplasmic protein extracts from
C. jejuni (Fig. 6, m/z 1218.40(3+) at 25.6 min, Cj0114).

In comparison to other chromatographic approaches for
enriching glycopeptides, this new IP-NPLC method offers the
best glycopeptide selectivity and recovery for complex pep-
tide mixtures to our knowledge (19, 22, 23, 25, 28-29). Nev-
ertheless, there is still room for improvement as some non-
glycopeptides were present in the glycopeptide fraction. The
non-glycopeptides abundances, the magnitude of ion-pairing
equilibrium constants under a given solvent composition (49),
and the hydrophobicity of non-glycopeptides are likely the
important factors concerning contamination. Further optimi-
zation of experimental conditions will improve glycopeptide
selectivity and may allow the isolation of glycopeptides mod-
ified by glycans as short as trisaccharides. We believe that
IP-NPLC will make a significant contribution to glycoproteom-
ics research in the future.
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