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Abstract

N-Glycosylation of cellobiohydrolase | from the funglisichoderma reesefstrain Rut-C30) is studied using a combination of elec-
trophoretic, chromatographic and mass spectrometric techniques. As four pdtegifabsylation sites and several uncharged and phospho-
rylated high-mannose glycans are present, a large number of glycoforms and phospho-isoforms can be expected. Isoelectric focusing both in
gel and in capillary format was successfully applied for the separation of the phospho-isoforms. They were extracted in their intact form from
the gel and subsequently analysed by nanospray-Q-TOF-MS, thereby making use of a powerful two-dimensional technique. Nano-LC/MS/MS
on a Q-Trap MS further allowed the determination of the glycosylation sites. As a novel approach, an oxonium ion was used in precursor ion
scanning for selective detection of glycopeptides containing phosphorylated high-mannose glycans.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction methodological task and demands for state-of-the-art analyt-
ical techniques.

Characterisation of protein glycosylation poses agreatan- Enzymatically or chemically liberated glycans are com-
alytical challenge, as this type of modification can occur at monly analysed, as such or after chemical derivatisation,
one or more positions in the polypeptide chain. Addition- by high performance liquid chromatography (HPLC), capil-
ally, the glycans at a single position are often heterogeneouslary electrophoresis (CE) and mass spectrometry (¢43].
and may be missing at some positions. As a result, glyco- Each technique has its particular advantages and disadvan-
proteins generally exist as populations of glycosylated vari- tages and the present trend is towards hyphenation of a sep-
ants (glycoforms) of a single polypeptide. Moreover, unlike aration technique with M$1,6,7]. When the glycans are
biopolymers such as nucleic acids and proteins, glycans arereleased, all information concerning their attachment to the
usually branched structures and the monomers can be linkecprotein is lost. Determination of the glycosylation sites and
at various positions. On top of this, sugars often exist as the oligosaccharide heterogeneity at each site is achieved at
isomers, greatly contributing to their complexity. Complete the glycopeptide level after enzymatic or chemical hydroly-
characterisation of protein glycosylation is therefore a multi- sis of the protein. Commonly, the peptide and glycopeptide

mixture is then analysed by HPLC, coupled to electrospray
msponding author. Fax: +32 9 264 5338. ionisatior_w mass spectrpmet_ry (ESI-MS). Glycopeptides can
E-mail addressbart.devreese@ugent.be (B. Devreese). be selectively detected in a digest by the appearance of marker
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oxonium ions like 204 (HexNdg, 292 (NeuAc) or 366 intact form by sonication of the excised bands. After dialysis,
(HexHexNaé) originating from collisionally excited gly-  the proteins were measured as such by nanospray MS on a
copeptided8]. Such determinations are usually performed Q-TOF mass spectrometer.

using precursor ion scanning. Once a glycopeptide is de- TheN-glycosylation sites and the oligosaccharide hetero-
tected, MS/MS can provide information on the identity of the geneity at each site were determined after tryptic digestion,
peptide, the attached glycan and the attachment site. If onlyfollowing reduction and alkylation, using nano-LC/MS/MS
one glycosylation site is present, studies at the glycopep-on a Q-Trap mass spectrometer, as described rec@3]y
tide level are sufficient to elucidate the glycoforms. How- Next to the universal oxonium ion fé¥-glycosylation (vz
ever, if multiple sites are occupied, the glycosylated variants 204), we made use of a specific ion for the phosphorylated
should further be investigated at the protein level. Several glycans (r/z 243) in precursor ion scanning.

groups reported onthe use of CE to study glycoprotein hetero-

geneitied1,9,10] Nearly complete resolution of glycoforms

has been demonstrated. Especially capillary isoelectric fo- 2. Experimental

cusing (CIEF) has proven to be powerful for resolving glyco-

forms that differ in their isoelectric point due to the presence 2.1. Materials and sample preparation

of sialic acid, phosphate or sulphate grodip$,12] Study

of glycoproteins in their intact form by MS remains chal- All (bio)chemicals, unless noted, were purchased from
lenging. Matrix-Assisted Laser Desorption/lonisation Time- Sigma—Aldrich (St. Louis, MO, USA). Both CBH | from
of-Flight (MALDI-TOF) MS can only resolve glycoforms of  theT. reesestrain Rut-C30 and standard CBH | from strain
small glycoproteins (<20 kDd)13]. Conventional ESI has  QM9414 were produced in houfks,24]

only marginally been used in the study of intact glycopro-  The catalytic domain was prepared by partial proteo-
teins. However, when using nanospray in combination with lytic cleavage of the intact protein with papain at a sub-
a high-resolution mass spectrometer such as a TOF-analysestrate:enzyme ratio of 80:1 (w/w) in 50 mM sodium acetate
more complicated and higher molecular weight glycoproteins (pH 5) for 17h at room temperature. Purification of the

can be analysed successfuliy]. catalytic domain was performed by DEAE anion exchange
In the present papeK-glycosylation of the cellulase cel- chromatography, as described in referefi.
lobiohydrolase | (CBH 1) fromTrichoderma reeseawas stud- CBH | was reduced and alkylated prior to trypsin prote-

ied. CBH | exhibits a multidomain structure. It contains olysis. The protein (2Q.g) was dissolved in 30@1 50 mM
anN-glycosylated catalytic domain and a cellulose-binding NH4HCOs and 20wl 45 mM dithiothreitol (DTT) was added.
domain, separated by a@glycosylated linker peptide. As  Reduction took place at 6@ during 30 min. After cooling to
shown recently15,16], bothN- andO-glycosylation are de-  room temperature, 20l iodoacetamide (100 mM) was added
pendent on the strain and growth medium used. Now we stud-and the mixture was placed in the dark during 30 min. The
ied theN-glycosylation of CBH | from the hypersecreting reduced and alkylated protein was purified from the reaction
T. reeseitrain Rut-C30, grown in minimal medium. Earlier medium by membrane filtration using an Ultrafree-0.5 cen-
studies on Rut-C30 CBH[17] have revealed the presence of trifugal filter (Millipore, Bedford, MA, USA) with a molec-
monoglucosylated high-mannaNeglycans and of aremark-  ular mass limit of 10 kDa. A volume of 150 NH4HCO3
able phosphorylated structure with a phosphate in a diester(50 mM) and 0.2.g modified trypsin (Promega, Madison,
linkage between two mannoses. Recently, CE:Mcom- WI, USA) was added and the protein was incubated overnight
bination with enzymatic sequencing and methylation studies at 37°C. The digest was diluted three times in Milli Q water
was applied for a detailed characterisation of Mhglycans (Millipore) for LC/MS analysis.
[18]. Up to now, however, little is known on the repartition Glycans were released from the glycoproteins by enzy-
of these glycans on the glycosylation sites of the protein. As matic deglycosylation with peptide-glycosidase F (PN-
deduced from the protein sequence, there are four putdtive Gase F—Roche Diagnostics GmbH, Mannheim, Germany),
glycosylation sites (with consensus sequence Asn-X-Ser/Thr,according to the method described by Jackg]. Two
where X can be any amino acid except proline). This could microliters of a solution consisting of 1% sodium dodecyl-
give rise to many glycoforms and, in principle, five phospho- sulfate (SDS), 0.5% mercaptoethanol and 0.1 M ethylenedi-
isoforms (a phospho-isoform consists of glycosylated vari- amine tetra acetic acid (EDTA) was added to the dried pro-
ants with the same number of phosphate groups). tein. After 30 min incubation at room temperature, p1®f
Here, we present a powerful approach for studying gly- 200 mM Na-phosphate buffer (pH 8.6) was added and the
cosylation and phosphorylation at the protein level using a mixture was placed in a boiling water bath for 5min. After
combination of isoelectric focusing and MS. Although some cooling to room temperature i of 7.5% Triton X100 and 1
papers describe their ug9-22] the on-line combination of ~ unit of PNGase F were added and the mixture was incubated
CIEF and MS remains to be experimentally difficult. In the at 37°C for 20 h. Prior to derivatisation, the proteins were
present work, an alternative strategy is presented replacingprecipitated with ethanol.
CIEF by gel isoelectric focusing (gel IEF) as first dimension The glycans were derivatised by reductive amination. Af-
technique. The proteins were liberated from the gel in their ter drying, 2ul of 100 mM 8-aminopyrene-1,3,6-trisulfonate
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(APTS: Beckman—Coulter, Fullerton, CA, USA) in 0.9M using Protana (Odense, Denmark) needles. The needle and
citric acid and Jul of 1M NaCNBH;s (sodium cyanoboro-  cone voltages were set at 1250 and 35V, respectively. All
hydride) in tetrahydrofuran were added. After incubation at data were processed using MassLynx 3.1 and the mass spec-
55°C during 2 h, 1Qul Milli Q water and 80u.! ice-cold ace- tra were deconvoluted with the MaxEnt software delivered
tone were added and the mixture was placed 20°C for with MassLynx 3.1.

10 min. The reaction tube was centrifuged at 12,500 rpm for ~ Tryptic digests were analysed by nano-LC/MS/MS using a
15min. The supernatant was removed and the precipitatedQ-Trap mass spectrometer (Applied Biosystems/MDS Sciex,
sugars were redissolved in 2pOMilli Q water. Concord, ON, Canada), as described befags.

2.2. CIEF and IEF 2.4. CE-LIFD

CIEF experiments were performed on a BioFocus 3000 cE.||FD analyses were performed on a Beckman P/ACE
capillary electrophoresis system (Bio-Rad, Hercules, CA, 2100 capillary electrophoresis system equipped with a laser-
USA). Separations were carried out in a8 x45¢m  jnqyced fluorescence detector (3mW, 488 nm Ar-ion laser).
Beckman eCAP neutral coated capillary. The proteins were genarations were carried out in a® x 57 cm fused silica
dissolved to a concentration of p®/ml in a 3% ampholyte  capillary (Polymicro Technologies, Phoenix, AZ, USA) us-
solution consisting of Pharmalyte (pH 2.5-5: Amersham Bio- i 25 mm ammonium acetate buffer (pH 4.55). The applied
sciences, Uppsala, Sweden) and Beckman (pH 3-10) amygjtage was +25kV, resulting in a current of LA, Samples
pholytes (1:3, v/v). A Biomark (Bio-Rad) synthetitmarker  ere introduced by hydrodynamic injection (3.5 kPa) during
(pl 5.3) was added (0.5%). To avoid protein precipitation, 5s The temperature was set a5
7 M ureum was added to the ampholyte solution. This solu-

tion was introduced to the capillary by pressure (0.689 MPa)
during 60 s. Respectively, 10 mMsR0O; and 20 mM NaOH 3. Results and discussion

were used as anolyte and catholyte. Focusing was carried out

at 25 kV during 10 min and mobilisation of the focused bands 5 4 Glycoform and phospho-isoform analysis
was done by replacing the NaOH solution at the cathode by a
mixture of methanol/water/acetic acid (50:49:1). The mobil-
isation voltage was set at 25 kV and detection was performed

at 280 nm. of these domains by papain cleavage thus allows differenti-

.For gel IEF experiments, a PhastSystem (Amersham Bio- ation between both glycosylation types. Sincelthglycans
sciences) was used. A dry precast homogeneous polyacrylhawe been characterised befdig], ESI-MS of the cat-

ﬁrr:jide %el (i% T, |30/(r)1 % Almersham Bioscier:ces) vvlas re- alytic domain was expected to give us information on the
ydrated with 115l Pharmalyte (pH 2.5-5), 28l Servalyt 1 aher ofN-glycosylation sites that are occupied. Te

(pH 3—I7: Sugrva Electroph(;resis, Heidelbe_rg, Germ;my) andglycans are presented fable 1 The phosphorylated gly-
1860ul Milli Q water for 2h. In a prefocusing step the pH .51 (compounds 5-10) are derivatives of the neutral struc-

gradient was f‘?rmed’ andpd sample (10 mg/ml) was sub- tures (compounds 1-4) to which a (mannesedhosphate
sequently applied at the cathode position followed by a fo- residue has been added. The deconvoluted ESI-MS spec-

cusing step as described in the PhastSystem separation tecqfum of the catalytic domain is presentecFiig. 1 The mass
nique file No. 100 (Amersham Biosciences). At the end of

the run, CBH | activity was revealed by immersing the gel

in 2mM 4-methylumbelliferylB-lactoside (sodium acetate 100
buffer, pH 5)[27]. The fluorescent spots were excised with a
surgical blade and transferred to 0.5 ml tubes (Eppendorf AG,
Hamburg, Germany). After adding 2p0Milli Q water, son-

ication was performed during 90 min. The supernatant was
transferred to an Ultrafree-0.5 centrifugal filter (Millipore)

with a molecular mass limit of 10 kDa, and ampholytes and % 51319
fluorogenic substrate were removed by membrane filtration. |

CBH | N-glycosylation is restricted to the catalytic do-
main andO-glycosylation to the linker peptide. Separation
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Table 1
Characterised CBHM-glycans from thel. reesestrain Rut-C3(18]
Compound Composition Structure Average MW Occurrence (%)
Manoc1\6
Mana1—2 3Mana1\
1 GlcMargGIcNAC, Mana1” §Mann1 —4GIcNACB1—4GIcNAC 1865.7 60
Gleo1—3Mana1—2Manat— 2Mana1”
Manod\6
3Mana1\
2 GlcMaryGleNAc, Manot” gMan[ﬂ —A4GIcNACB1—4GIcNAC 1703.5 440
Glco1—3Mana1—2Mana1 2Manu1/
Mana‘l\
6
et 1541.4 a
3 MamGICNACZ Mana1” 2Man[}1 —4GIcNAcp1—4GIcNAC :
Mana1— 2Mano1—2Manat”
Manaﬂ\6
4 MarsGlcNAG, gManet 1217.1 23
Mana1” 3Man[S1 4GIcNAcB1-—4GIcNAc
Manrﬂ/
Man —Mana1—P_
-
Mano1—2Manat,
6Mano<1
5 ManpPGlcMarsGIcNACc, 3 g 2270.0 1
Mana1 3Man[Zﬂ —4GIcNAcB1—4GIcNAc
Glc<11—3Mana1—2Mana172Mana1/
6 Manp,PGlcMaryGlcNACc, 2107.8 25
Man-—Mana1-—P
Mana1,
'8
Manc1
/3 e
Mana1 3Man[3174GIcNA(:B174GIcNAc
Glea1—3Manat 2Manm172Mana1/
Manal1—P_
‘6
Mana1-—2Manal,
6Manod
A e
Mana1 SMan[ﬁ —4GIcNAcB1—4GIcNAc
Glea1—3Mana1—2Manat—2Mano1”
Mana1-—P,
Mana1,_
6Manoﬂ
7 ManPGIcMagGIcNAc, 3 6. 2107.8 35
Mana1—2Mana1” 3Mar1[31 —4GIcNAcB1—4GIcNAc
Gloa —3Manad —2Manat—2Manat”
Mano1—P,
Mana1
6
8 ManPGlcManGIcNAG; aManed 1945.6 21
Mano1’ 3Man[ﬂ—4GIcNA¢:[31—4GIcNAc
Gloal—3Mana1—2Manad—2Manat1”
Mana.1 P\G
Mana1,
6
9 ManPManGIcNAC, gl 17835 19
Mana1 3Man[}1 —4GIcNAcB1—4GIcNAc
Mana1—2Mana1—2Manat1”
Mana1—P.
Manoﬂ\
6,
aManod\ 14 2
10 ManPMagGIcNAC, Mana1” gManm —4GIcNACp1—4GIcNAG 59. 06
Manrz'l/
Others 6.1

spectrum shows differences of 80 and 162 Da, correspondingthat papain cleaves the protein at two sites: a major and a
to phosphate and hexose, respectively. The calculated averminor cleavage site, differing by one glycine residue. This
age molecular weight of the non-glycosylated catalytic do- explains the presence of 57 Da spacings in the spectrum.
main is 45,970 Da (major form, see below). When adding Adding two times the mass of the most abundant uncharged
three times the mass of the most abundant unchalged (GlcMan;GIcNAcy) and once the mass of the most abun-
glycan (GlcManGIcNAC,) to the calculated protein mass, dant phosphorylated glycan (ManPGIcM&IcNAC,) re-

a value is obtained corresponding to the most abundant pealsults in a molecular weight value corresponding to the sec-
in the mass spectrum (51,078 Da). It should be pointed outond most abundant peak in the mass spectrum (51,319 Da).



K. Sandra et al. / J. Chromatogr. A 1058 (2004) 263-272 267

These simple calculations indicate that three out of tdur  from theT. reeseistrain QM9414 and named standard CBH
glycosylation sites are occupied. If two sites are occupied | in what follows). CIEF analysis of Rut-C30 CBH | clearly
with GlcMargGIcNAc, and one with GlcMaypGIcNAC,, shows more charge-heterogeneity than standard CBH I, due
or if two sites are occupied with ManPGIcMgBIcNAC, to the presence of the phosphate residues. Four peaks are
and one with MapGlcNag, the molecular weights differ  present, indicating the existence of four phospho-isoforms.
by 2 Da (51,405 Da versus 51,403 Da calculated). Unfortu- The migration time of the first peak corresponds with the
nately, insufficient resolution was achieved to differentiate migration time of standard non-phosphorylated CBH I. Ap-
these species. From this experiment, it is thus impossible toparently, the presence of higher molecular weight glycans
determine the number of phospho-isoforms. In principle, if in the former does not affect thé.dn the absence of urea,
three glycosylation sites are occupied, four phospho-isoformsbroad marginally resolved peaks were observed and itwas im-
are possible, notably one with no phosphorylated glycans atpossible to determine the number of phospho-isoforms. The
the three sites, one where one glycosylation site bears phosimajor and minor papain cleavage sites are not distinguished
phorylated glycans, one which contains phosphorylated gly- by CIEF (their p difference is 0.01 pH units).
cans at two sites, and one with only phosphorylated glycans As stated before, on-line combination of CIEF and MS
at the three sites. Because the presence of phosphate residuésnot straightforward. Therefore, we performed gel IEF and
lowers the isoelectric point (p of the protein, combining  attempted to isolate the proteins from the gel. Very thin gels
a technique that separates proteins on the basis of their pwith relative large pore sizes are normally used in gel iso-
with MS, which could further resolve the glycoforms with electric focusing. Thus, in principle, the intact proteins can
the same number of phosphate residues, is thus mandatory.easily be recovered from the gel. The electropherograms of
Capillary isoelectric focusing (CIEF) is a powerful tech- the catalytic domain of Rut-C30 CBH | and of standard
nique for p-based separations and has extensively been re-CBH | are presented ifrig. 3. Conform to our results in
viewed [28-30] It combines the high-resolving power of CIEF-analysis, Rut-C30 CBH I displays four bands. Visual-
conventional gel isoelectric focusing (gel IEF) with well- isation of the proteins was realised with the fluorogenic sub-
known advantages of CE. Despite the strength of the tech-strate 4-methylumbelliferyB-lactoside that could easily be
nique, there are some drawbacks, such as the variableremoved from the protein. The Rut-C30 CBH | bands were
migration times and protein precipitation. Addition of inter- excised and the proteins liberated by sonication and sepa-
nal markers can correct for the former. Protein precipitation rated from ampholytes and fluorogenic substrate by mem-
atthe p is awell-known phenomenon; in CIEF this canresult brane filtration prior to further analysis. The deconvoluted
in irreproducible patterns, appearance of spikes, fluctuating ESI-MS spectra of the four bands are presente#ig 4.
current, variable mobilisation times, and loss of resolution. Within one band, mass differences of 162 Da corresponding
Protein solubility in CIEF can be improved by adding, for ex- to a hexose unit remain, but the spacings of 80 Da (corre-
ample, urea at high concentrations to the ampholyte solution.sponding to phosphate) are no longer present (compare with
The CIEF electropherogram of the catalytic domain of CBH | Fig. 1). The different spectra show similar patterns, although
isolated from the Rut-C30 strain in the presence of 7 M ureais
presented ifrig. 2, as well as the electropherogram of the cat-

alytic domain bearing only three GIcNAc residues (obtained RULGE0  Stancar
0.08 pl-marker 5.3 Low pH
0.07
0.06
=)
< 0.05
< Band 4
g 0.04
£ Band 3
» 0.03
: Band 2
< 0.02
] Band 1
0.01 f ! 2
o ) S
50 55 60 65 70 e
Time (min) High pH

Fig. 2. CIEF electropherograms of the catalytic domain of standard CBH |
containing only three GIcNAc residues (upper trace) and of CBH | isolated
from the Rut-C30 strain (lower trace). The numbers 0-3 correspond with the
number of phosphate residues and are thus phospho-isoforms. The regiorfig. 3. Gel IEF electropherogram of the catalytic domain of standard CBH
right of the g marker corresponds to the more acidic region. | (right) and of CBH | isolated from the Rut-C30 strain (left).
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Fig. 4. Deconvoluted ESI-MS spectra of the proteins eluted from the dif- é 1,5 1 band 2
ferent IEF bands (seeig. 3left lane). Hex corresponds to hexose, with a -i 8
molecular weight of 162 Da. Band 1 corresponds to the lower band, band 4 2 1 1
to the upper band iRig. 3 S 4
2 05 1 Li \
. . L3 67 9
a shift of 242 Da, corresponding to mannose-phosphate, is © , ,U ‘ 5 ] , : ,
noticed for subsequent bands. The most abundant peak in the 8 9 1 11 12 13 4 15 16
spectrum of bands 1-4 corresponds to the catalytic domain Time (min)
that bears respectively three GlcM&icNAc; residues, two 5 257
GlcMan;GIcNAc; and one ManPGlcMaiBIcNAC,, one €,
GlcMan;GIcNAc; and two ManPGlcMayGIcNAc,, and = band 3
three ManPGlcMafGIcNAc,. Subsequent bands thus dif- S 151
fer in the number of phosphate residues. It is now possible to 5
assign all the peaks and to determine all existing glycoforms. § 1
In comparison to the mass spectrum of the unfractionated g o5 |
protein, some new peaks are detected in the spectra of the s
different phospho-isoforms. N I ,
In contrast to on-line methods, further investigations can 8 9 15 16
be performed on the fractionated phospho-isoforms using 5 1 Time (min)
the above-described method. By way of examplgy. 5 c 8
represents the CE-LIFD electropherograms of the APTS- 2 08 1 band 4
derivatisedN-glycans isolated from each phospho-isoform. 8 06 1
Indeed, an increasing intensity of the phosphorylated sugars £
is noticed for subsequent bands ($eg. 3 left lane). The § 04 1 2
CE-LIFD method has been described elsewl&®]. Be- § 4
cause the EOF drives the sugars towards the detector, which § 02 1 \6 7 9
is located at the cathode, the phosphorylated species migrate 2 o 38 5
more slowly than their neutral counterparts. Further analysis 8 o 10 11 12 13 1 15 18
is not restricted to structural analysis but also kinetic exper- Time (min)
iments, amongst others, can be performed on the different
phospho-isoforms. Fig. 5. CE-LIFD electropherograms of the APTS derivatised Rut-C30 CBH

I N-glycans enzymatically liberated from the different phospho-isoforms by
PNGase F. The numbers on top of the peak correspond with thdablia 1

3.2. Glycopeptide analysis

The above-described measurements do not indicate whichbilities to perform typical triple quadrupole scans, nextto im-
asparagine residues are glycosylated. Pdglycosylation proved ion trap scan functions, can also be used for that pur-
sites are present, although only three sites are actually gly-pose. The precursorion scan mode can be used as survey scan
cosylated. Information on the glycosylation sites can be ob- in an information dependent acquisition (IDA) experiment.
tained from the study of glycopeptides. Carr and co-workers This is typically useful in combination with LC/MS/MS, and
[8] demonstrated that glycopeptides can easily be detectedglycopeptides can be identified ‘on the fly’. The IDA pro-
in tryptic digests by precursor ion scanning using triple cedure consisted of the following experiments: a precursor
quadrupole instruments. The Q-Trap system, with its capa-ion scan as survey scan, followed by an enhanced resolution
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Fig. 6. Amino acid sequence of the catalytic domaiii.akeseCBH I. The Q) 10
four possibleN-glycosylation sites are encircled. The tryptic cleavage sites °; 1033
and the generated tryptic peptides are indicated. The minor form contains %
an additional glycine residue at the C-terminus. &
€ 50
(ER) scan of the most intense ion, and an enhanced produc.f';’ o0 | 1048
. . . . . /o>
ion (EPI) scan of this ion if the charge state is higher than two § e B 11 S o Gﬁz;jm
(total cycle time with two ER and EPI scans summesls). PRV T WY 10 1400 ) P 1%
.. . . . 600 800 1000 1200 1400
The collision energy is automatically adjusted based upon the (o) m/z

ion’s charge state and mass. The enhanced resolution scan is _

not 0n|y useful to obtain the peptide’s charge state but also Fig9-7- @) LC/MS/MS base peak c_hromatogram of the precursor ion scan at

to improve mass accuracy for proper precursor selection. If ™2204 (P) Combined precursor ion spectra of 42.2-43.3min. The charge
. . .. . ... states of the peptides are indicated.

an ion is detected twice in an enhanced resolution scan it is

automatically excluded during 60's, so as to obtain as much  The amino acid sequence of the catalytic domain of CBH
information as possible. For amore detailed description ofthe | is presented irFig. 6. The potential glycosylation sites are
use of the Q-Trap mass spectrometer in the study of proteinmarked. The catalytic domain contains 10 disulfide bonds and
glycosylation we refer t§23]. reduction and alkylation prior to proteolysis is essential for
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Fig. 8. MS/MS spectra and structures of the four fold charged glycopeptidez 8291 (a) and 1351 (b). The asterisk (*) corresponds to sugar oxonium ions
without the phosphate moiety; the plus (+) corresponds to sugar oxonium ions with the phosphate group. Collision energy was relatively highy epect
and 60eV in (a) and (b).
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Table 2

Glycopeptides identified from the LC/MS/MS experiment uginig 204 in precursor ion scanning

Tryptic peptide Sequenge Retention time of glycopeptides Retention time of glycopeptides
with uncharged glycans with phosphorylated glycafs

T3 WTHATNSSTNCYDGNTWSSTLCPDNETCAK 37 n.d.

T12 LGNTSFYGPGSSF 39 35.2

T18 SLWDDYYANMLWLDSTYPTNETSSTPGAVR 45 42.9

T18’ MLWLDSTYPTNETSSTPGAVR 3@ 36.5

2 The glycosylated Asn residues are underscored.
b The phosphorylated T3 glycopeptide could not be unambiguously determined using precursor ion scanaifg4at

identification of all glycosylation sites. The nano-LC/MS/MS  GlcMan;GIcNAc; glycan (1703.5 Da) explains the quadru-
base peak chromatogram of the precursor ion scam/pf ply charged ion atw/z 1291. Adding the other uncharged
204 is presented iRig. 7a and, as an example, the combined glycans (compounds 1, 3 and 4, skble ] to the peptide
precursor ion spectra of 42.2—-43.3 mirFiy. 7b. explains the quadruply charged ionsnalz 1169.0, 1250.0

The MS/MS spectrum of the most abundant glycopeptide and 1331.0 seen iRig. 7b. Similar abundance is noticed as
(m/z1291) is presented iRig. 8a. Peptide fragments are ac- for the released uncharged glycans. Also five and six times
companied with glycan fragments. From the b- and y-ions, charged glycopeptides are detected. For these more energetic
one can easily elucidate the sequence corresponding to thespecies, minor in-source fragmentation is observed.
T18 peptide that has been aspecifically cleaved by trypsin  The MS/MS spectrum of the ionafz1351 is presented in
between methionine and serine at position 364 (. Tkhe Fig. 8. The same b- and y-ions are present as for the inveat
intact T18 peptide is not detected in the LC/MS run. By com- 1291, however, additional glycan fragments (oxonium ions)
bining the sequence information gathered from the b- and are noticed (atvVz243.1, 405.1, 567.2, 770.3, 932.3, 1094.3,
y-ions, nearly complete sequence coverage is obtained (ex-1256.4 and 1418.4) corresponding to fragments containing
ceptfor one amino acid). Since only one Asn-X-Ser/Thr con- the phosphate group. The unusual mannose-phosphate oxo-
sensus sequence is present in the peptide there is no doubtium ion Wz 243.1) is very intense and can thus also be
about the occupieN-glycosylation site. The peptide massis used in precursor ion scanning for selective detection of gly-
known (3455 Da), and combining this with the mass of the copeptides containing the phosphate moiety. Itis unlikely that
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Fig. 9. MS/MS spectrum and structure of the four-fold charged T3 glycopeptingzdi296. ‘x5’ means that the intensity of the peak is multiplied with a
factor five. This ion corresponds to thgibn with the GIcNAc attached, indicating that Asn in the consensus sequence NSS is actually glycosylated. Collision
energy was at 58 eV.
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the phosphate is bound to the outer mannose unit since thig31]. The MS/MS spectrum of the T3 glycopeptide with the
linkage is very labile. The ion atvz 1351 corresponds to a GlcMan;GIcNAc, moiety attached is presentedriy. 9.
quadruply charged species with the ManPGlcialeNAC, Some peaks in the chromatografig. 7a) correspond
attached to the T18ragment. The ion atvz1310 inFig. 7b to non-glycosylated peptide material, e.g. at time 34.2 min.
corresponds to a form where the labile mannosyl-phosphateCarr and co-workers, and Roepstorff and co-workgr32]
bond of the ManPGlcMaisIcNAC; is broken in the source,  reported a lack of specificity in precursor ion scanning us-
although it may also correspond to a species where theing low-resolution quadrupole instrumentation, since non-
ManPManrGIcNAGc; is attached to the T1®eptide. Theions  glycosylated peptides can give rise to fragment ions with
atm/z1229.0 and 1392.0 further correspond to glycopeptides similar mass as the sugar oxonium ions. The LC/MS/MS
where the ManPMaGIcNAc,; and ManPGlcMagGIcNACc, base peak chromatogram of the precursor ion scan moni-
or (ManyPGIlcMaryGIcNAc; are attached to T18Again, toring the phosphorylated oxonium ion @tz 243 and the
five and six times charged phosphorylated glycopeptides arecombined spectra in the peak at time 41.4 min are presented
present accompanied by in-source fragmentation. It shouldin Fig. 10 The spectrum is similar to that Fg. 7b but the
further be noted that the phosphorylated glycopeptides eluteglycopeptides containing uncharged glycans are no longer
later than their corresponding glycopeptides containing un- detected. Only the peptides containing phosphorylated gly-
charged glycans, although they are not completely resolved.cans give rise to the specific oxonium ion, thus presenting
This phenomenon is not restricted to the T@®copeptide, an elegant method for its detection in proteolytic digests.
but occurs with all glycopeptides. The peak at time 32.9 corresponds to a non-glycosylated

All identified CBH | glycopeptides are presented in peptide. This peptide was identified as the N-terminal pep-
Table 2 The T3 glycopeptide contains two consensus se- tide T1 from the MS/MS data. The reason why this pep-
quences. To determine the actual glycosylation site, frag- tide was detected is that ag &n can be formed with an
ments have to be present in the MS/MS spectrum where anvz value of 242.1. Q3 possessed insufficient resolution to
portion of the glycan moiety (usually GIcNAc) is still at- resolve this ion from the phosphorylated oxonium ion at
tached to the peptide backbone. No such y-ions are present/z 243.1. The phosphorylated T3 peptide could not be de-
in the spectrum. On the other hand, b-ions are noticed tected when monitoring the HexNAc oxonium ion. Monitor-
with GIcNAc bound at low intensity, indicating that Asn ing the ion atnVz 243, however, allowed this peptide to be
45 is glycosylated. This correlates with previous findings detected.
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Fig. 10. (a) LC/MS/MS base peak chromatogram of the precursor ion seafz 243. (b) Combined precursor ion spectra over the peak at retention time
41.4min.
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Fromthe above-described measurementsitis assumed thaf8] M.J. Huddleston, M.F. Bean, S.A. Carr, Anal. Chem. 65 (1993) 877.
all glycans (se@able 1 can be present at the three charac- [9] J.P. Landers, R.P. Oda, B.J. Madden, T.C. Spelsberg, Anal. Biochem.
terised glycosylation sites. 205 (1992) 115. . .

. . [10] P.M. Rudd, I.G. Scragg, E. Coghil, R.A. Dwek, Glycoconjugate J.

As a general conclusion it can be stated that IEF com- 9 (1992) 86
bined with MS allowed to distinguish the different glyco-and [11] . Hunt, T. Hotaling, A.B. Chen, J. Chromatogr. A 800 (1998) 355.
phospho-isoforms of CBH I. Precursor ion scanning, moni- [12] A. Cifuentes, M.V. Moreno-Arribas, M. de Frutos, J.C. Diez-Masa,
toring both a glycan and phospho-sugar specific oxoniumion ~ J- Chromatogr. A 830 (1999) 453.
allowed unambiguous identification of the glycosylation site [13] D-J- Harvey, Int. J. Mass Spectrom. 226 (2003) 1.

) : . 14] M. Karas, U. Bahr, T. Dicks, F ius J. Anal. Chem. 366 (2000
and to determine the heterogeneity at each site. The methoé ] 669 aras anr cXs, Fresenius 2. Anal. Lhem (2000)

can now be applied for complete analysis of cellulase glyco- [15] |. stals, K. Sandra, S. Geysens, R. Contreras, J. Van Beeumen, M.
sylation from different strains, different organisms, mutated Claeyssens, Glycobiology 14 (8) (2004) 713.

organisms, cellulases expressed in other organisms, etc. Thél6] I. Stals, K. Sandra, B. Devreese, J. Van Beeumen, M. Claeyssens,
described methodology, however, is not restricted to cellu- __ Glycobiology 14 (8) (2004) 725.

. . [17] M. Maras, A. De Bruyn, J. Schraml, P. Herdewijn, M. Claeyssens,
lase, and can also be applied to study glycosylation of other™ " |/ Fiers, R. Contreras, Eur. J. Biochem. 245 (1997) 617.

phosphorylated or sulphated glycoproteins if chromo- or flu- [1g] k. sandra, J. Van Beeumen, I. Stals, P. Sandra, M. Claeyssens, B.

orogenic substrates are present. Devreese, Anal. Chem (2004), in press.
[19] J. Wei, L. Yang, A.K. Harrata, C.S. Lee, Electrophoresis 19 (1998)
2356.
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