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Abstract 

A mass spectrometry  method has been developed for selective detection of glycopeptides at  the low (525) pico- 
mole level during chromatography of glycoprotein digests and  for differentiation of 0-linked  from N-linked oli- 
gosaccharides. The technique involves observation  of diagnostic sugar oxonium-ion fragments, particularly the 
HexNAc+  fragment at m/z 204, from collisionally excited glycopeptides. Collision-induced fragmentation can be 
accomplished in either of two regions of a  triple quadrupole mass spectrometer equipped with an atmospheric 
pressure, electrospray (ES) ionization source. If collisions before the first quadrupole  are chosen,  it is possible 
to enhance formation of carbohydrate-related  fragment ions without distorting the distribution of peptide and 
glycopeptide signals by increasing the collisional excitation potential only during that  portion of  each scan in which 
the low mass carbohydrate-related ions are being detected. This procedure, requiring only a single quadrupole 
instrument, identifies putative glycopeptide-containing fractions in the chromatogram but suffers from a lack of 
specificity in the case of co-eluting peptides. Increased specificity is obtained by selectively detecting only those 
parent  ions that fragment in 42 ,  the second collision region of the  triple  quadrupole, to produce  an  ion at m/z 
204  (HexNAc’). Only (M + H)+ ions of glycopeptides are observed in these liquid chromatography-electrospray 
tandem mass spectrometry (LC-ESMS/MS) “parent-scan” spectra. N-linked carbohydrates are differentiated from 
0-linked by LC-ESMS/MS analysis of the digested glycoprotein prior to  and after selective removal of N-linked 
carbohydrates by peptide N:glycosidase E These methods, which constitute the first liquid chromatography-mass 
spectrometry (LC-MS)-based strategies for selective identification of glycopeptides in complex mixtures, facili- 
tate location and preparative  fractionation of glycopeptides for further  structural  characterization.  In addition, 
these techniques may be used to assess the compositional heterogeneity at specific attachment sites, and  to define 
the sequence context of the  attachment site in proteins of known sequence. The strategy is demonstrated for bo- 
vine fetuin,  a 42-kDa glycoprotein containing three N-linked, and  at least three 0-linked carbohydrates. Over 90% 
of the  fetuin  protein sequence was also corroborated by these LC-ESMS studies. 
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The  carbohydrate chains  of  glycoproteins have begun to 
be widely acknowledged as having  integral roles in the 
functional properties of glycoproteins (Rademacher et al., 
1988; Cumming, 1991). Carbohydrates linked through  an 
asparagine side chain (Am- or N-linked)  have been im- 
plicated  in  a wide variety of  functions  including  modu- 
lation of biological activity,  recognition between cells, 
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interaction between host  and  pathogen,  and  distribution 
in tissues. The  profound effects that  carbohydrate moi- 
eties can have on  other properties of glycoproteins  such 
as  solubility,  antigenicity,  immunogenicity,  circulatory 
half-life, resistance to proteolysis,  and  thermal  stability 
have come under increasing scrutiny with the desire of the 
biotechnology  industry to produce these molecules for 
therapeutic use in humans  (Cumming, 1991; Goochee 
et  al., 1991). Although  the biological and  functional roles 
of carbohydrate  attached  through  the side chain  of ser- 
ine or threonine  (0-linked)  are less  well understood, it has 
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been reported  that O-glycosylation is necessary for  effi- 
cient biosynthesis and secretion  of  certain  glycoproteins 
such as  erythropoietin  (Dube et al., 1988) and  for preven- 
tion of antibody-based  clearance of recombinant  human 
granulocyte-macrophage colony-stimulating factor  (Grib- 
ben et al., 1990), although  others have reported no  appar- 
ent effect of O-glycosylation  (Matzuk et al., 1987). 

For  production  of glycoproteins  in  heterologous cells, 
the  structure of the  protein,  the specific cell type  em- 
ployed,  and  the  bioprocess  environment all influence 
which glycosylation sites are utilized and  the range of car- 
bohydrate  structures  found at each site. Glycoprotein bio- 
activity or clearance  can  be  effected by modification  or 
removal of specific oligosaccharide structural classes from 
specific attachment sites (Rademacher et al., 1988; Cum- 
ming, 1991; Goochee et al., 1991). Thus  the precise struc- 
tures of the  glycoforms,  as well as  their  protein  sequence 
context,  must be understood in order to gain a full appre- 
ciation of their  structure/function relationship. 

Until recently, the  carbohydrate  components of glyco- 
proteins were not generally analyzed in the  context of their 
sequence location, principally due  to  the experimental dif- 
ficulty in identifying and isolating glycopeptides contain- 
ing specific glycosylation sites. Instead,  carbohydrate  has 
been released in toto by endoglycosidases,  hydrazinoly- 
sis, or reductive elimination  (the  latter  two  methods being 
destructive of the  protein),  thereby losing the sequence 
context of the glycan structures.  A  number of techniques 
have recently evolved for  identification  and  preparative 
fractionation at  the  subnanomole level of N-linked glyco- 
peptides in chromatographically separated complex digests 
of glycoproteins. The comparative  mapping  methods rely 
on comparison  of  the  high-performance  liquid  chroma- 
tography-ultraviolet  (HPLC-UV)  traces or  total ion  cur- 
rent traces  recorded  during liquid chromatography-mass 
spectrometry  (LC-MS) of a  proteolytic digest of a glyco- 
protein  before  and  after  treatment with endoglycosidases 
to identify  putative  N-linked glycopeptides (Carr & Rob- 
erts, 1986; Hemling et al., 1990; Barr et al., 1991). We 
have used these  techniques to characterize the N-linked 
oligosaccharides in a variety of glycoproteins  including 
tissue plasminogen activator expressed in mammalian  and 
insect cell lines, pre-S2 hepatitis B surface  antigen ex- 
pressed in  yeast, and in  soluble  CD4  (Carr et al., 1991b). 
Although these techniques  are highly successful for glyco- 
proteins  containing relatively few attachment  sites, they 
become increasingly less reliable as  the size of  the glyco- 
protein  and  the  number of glycosylation sites increase. 
A second  problem is that O-linked  carbohydrates  cannot 
be  analyzed  in  this  fashion, as no universal O-glycosidase 
yet exists. Another promising approach  for identifying 
glycopeptides in  glycoprotein digests involves preparative 
fractionation of digests by HPLC  and screening of the 
fractions by a lectin-based dot-blot assay on polyvinylidine 
difluoride  membrane  (Hsi  et  al., 1991). Resin-bound lec- 
tins  may  also  be  employed to isolate  glycopeptides from 

digests of glycoproteins (Hsi et al., 1991). A range of lectins 
must  be  employed in these  experiments to ensure  that all 
of  the  common  structural types  of  carbohydrates will  be 
detected  (Haselbeck et al., 1990; Hsi et al., 1991; Kobata 
& Endo, 1992). Glycopeptides  may  also  be  identified by 
LC-MS based upon  the  usual presence of a  heterogeneous 
population of oligosaccharides at a given attachment  site. 
On reversed-phase HPLC these  glycoforms  partially  sep- 
arate, with the  more heavily glycosylated glycoforms  elut- 
ing first (Hemling et al., 1990). In  a plot of mkversus time, 
glycopeptides  can  be  identified by the  appearance of a 
diagonal  ladder of peaks, in contrast to the  peptide species 
that show  up  as vertical lines (Ling et al., 1991). Similarly, 
glycopeptides may be selectively identified by searching the 
m/z data  domain  for peak  pairs,  differing  in  the mass of 
various carbohydrate units, and noting the locations where 
they maximize in the  chromatogram  (Carr et al., 1991a). 
The  latter studies  employed  liquid  chromatography-elec- 
trospray mass  spectrometry  (LC-ESMS).  Electrospray 
(ES),  in  contrast to other  mass  spectrometry (MS) tech- 
niques such as fast atom bombardment MS, produces mul- 
tiply (as opposed to singly) charged molecular species if the 
analyte  contains  more than  one possible site for  proton  at- 
tachment  (Fenn et al., 1989). 

Here we present an  approach utilizing LC-ESMS and 
liquid  chromatography-tandem MS (LC-ESMSIMS)  for 
selective detection of both N- and O-linked glycopeptides 
at  the low picomole level in digests of glycoproteins.  The 
glycoform  population  at each site may  be assessed by the 
relative  contributions  of  the  various  molecular weight- 
related species to  the  ES mass spectra. N-linked glycopep- 
tides  may  be  distinguished from O-linked  glycopeptides 
by LC-ESMS/MS  analysis of the digested glycoprotein 
prior to,  and  after, selective removal of N-linked carbo- 
hydrates by an endoglycosidase.  These  techniques  facili- 
tate isolation of glycopeptides for  further  characterization 
of the  carbohydrate entities. The strategy is demonstrated 
for bovine  fetuin (Dziegielewska et al., 1990), a  42-kDa 
glycoprotein  containing  three  N-linked and  at least three 
O-linked  carbohydrates. 

Results 

The procedure for locating and differentiating N- and 0- 
linked  carbohydrates  in  glycoproteins by LC-ESMS/MS 
is illustrated  in  Figure  1. The glycoprotein (>75 pmol) is 
cleaved enzymatically (e.g., trypsin) or chemically (e.g., 
cyanogen  bromide),  usually  after  reduction  and  alkyl- 
ation,  to  produce a complex mixture of peptides and gly- 
copeptides. A corresponding set of experiments may also 
be done on glycoprotein that has been desialylated chem- 
ically or using a  neuraminidase.  This helps to reduce  het- 
erogeneity  of the  carbohydrates  and  thereby  improves 
detectability of the glycopeptides. The resulting  mixture 
is then  analyzed  in  three  separate  experiments,  requiring 
ca. 25 pmol  of digest per  experiment. In the  first experi- 
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Fig. 1. Strategy for locating and differentiating 
N- and 0-linked carbohydrates in  glycoproteins by 
liquid chromatography-electrospray mass spec- 
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ment,  the  sample is analyzed by LC-ESMS  with  a  modi- 
fied scanning  protocol  that enhances the  production of 
low mass  carbohydrate-specific  marker  ions.  Data  from 
this experiment are used to  map  the peptide portion of the 
protein  and to  indicate  the presence  of  glycopeptides. In 
the second  experiment,  the  sample is analyzed by LC- 
ESMS/MS to specifically and selectively identify glyco- 
peptides of both N- and  0-linked  structural classes. In  the 
third  experiment,  the  sample is enzymatically  digested 
with peptide  N:glycosidase F (PNGase F) to  release the 
N-linked  oligosaccharides, and  the  sample is again  ana- 
lyzed by LC-ESMS/MS to identify  glycopeptide  signals 
that  are  due  to  the remaining 0-linked  carbohydrates. 
These  experiments and  the  manner in which glycosylation 
sites and  compositions of glycoforms  at specific attach- 
ment sites are assessed are discussed in  detail below. 

Localization of glycopeptides in chromatograms 
by production of carbohydrate-specific marker 
ions during LC-MS 

In  the  first  LC-ESMS  experiment,  the  collisional  excita- 
tion  potential in the  region between the  sampling  orifice 
(OR) and  the first mass analyzing  quadrupole  (QI) of the 
triple  quadrupole is stepped or ramped to  enhance  pro- 
duction of low mass carbohydrate-specific ions (see below) 
in  the otherwise  normal  mass  spectra.  Without  enhanced 
collisional  excitation, the  carbohydrate-specific  marker 

ions  may  be weak or  absent.  The presence of these  ions 
in a mass spectrum indicates that  one  or  more  of  the com- 
ponents  entering  the mass  spectrometer at  that  point in 
time is a  glycopeptide. On  the Sciex API-I11 triple  quad- 
rupole,  the collisional  excitation  potential in  the region 
prior to Q1 is controlled by the OR potential, which is 
sometimes referred to as  the declustering potential.  In  the 
scanned or stepped OR method,  the OR potential is main- 
tained at a low,  constant value (e.g., ca. 65 V) from  ca. 
m/z 500  to m/z 2,400. This  potential is sufficient for  nor- 
mal solvent declustering of peptide and glycopeptide mo- 
lecular  ions, and it is typical  of the  potential used on this 
lens for  LC-ESMS. Below m/z 500, the OR potential is 
increased,  under data system control, to high values (e.g., 
2120 V). Because the high collisional  excitation  poten- 
tial is being applied  prior to  any mass separation,  ions of 
all m/z are collisionally excited. However,  the higher col- 
lision  potential is applied  only during  that period of the 
mass analysis scan (after  mass  separation  has  occurred  in 
Q1) when the low mass  ions are being recorded.  Thus,  as 
the low mass  ions are being recorded  during  each mass 
analysis scan, higher mass parent  ions  are being collision- 
ally dissociated,  and  any low mass (m/z < 400) fragments 
produced  are being detected.  Conversely, as  the higher 
mass  ions are being recorded,  the OR potential is rela- 
tively low, and  therefore these  ions are  not affected.  This 
approach is a modification of that originally proposed by 
Conboy  (Conboy & Henion, 1991; Conboy, 1992) in 



186 S.A. Carr et al. 

which a moderately high excitatory  potential was em- 
ployed  across the scanned  mass  range.  Stepping  the  col- 
lisional  excitation  potential  eliminates  two  problems 
associated with the  earlier approach: (1) observation  of 
artifactual lower molecular weight glycoforms  (lacking 
one or more  nonreducing  terminal  sugars)  that  formed by 
collision-induced dissociations  (CID), and (2) shifting of 
the  parent ion distributions of peptides and glycopeptides 
to lower charge  state, higher m/z. The latter  problem is 
acute  for glycopeptides (particularly  oligomannose  struc- 
tures  attached  to relatively short peptide  chains), which 
can have substantial mass but may exhibit low (+ 1 or +2) 
charge  states because they have few available sites of pro- 
tonation. Removal of charge  from  an  already high mass 
glycopeptide  may  shift it out  of  the m/z range of the 
quadrupole mass  analyzer. 

A variety of  carbohydrate-specific  marker  ions are  ob- 
served  including m/z 366 (Hex-HexNAc+), m/z 292 
(NeuAc+), m/z 204 (HexNAc+), m/z 163 (Hex+),  and 
m/z 147 (dHex+)  (Huddleston  et  al., 1991). Here,  and 
throughout  the  text, Hex is used to refer to Man  or  Gal, 
HexNAc to GlcNAc or  GalNAc,  and  dHex  to  Fuc  or Xyl 
(or other  isobaric  sugars). In previous  studies we deter- 
mined that  the  fragments of m/z 204 and m/z 366 are  pro- 
duced by most  structural  types of both N- and  0-linked 
carbohydrates.  In  the  absence of outer-chain  HexNAc or 
Hex-HexNAc  structures they can  be  formed  from  the in- 
ner core  linker  structures  -HexNAc-HexNAc- or -Hex- 
HexNAc-  that  are  present in most N- and  0-linked 
carbohydrates, respectively. We have found  that  the m/z 
204 ion,  although  often yielding a  somewhat lower abso- 
lute  ion yield than  the m/z 366, is, in  general, a better ge- 
neric indicator  for N- and  0-linked glycopeptides, 
particularly when the glycopeptide is  of the  oligomannose 
class (Huddleston  et al., 1991). 

The  locations in the  total  ion  current  (TIC)  trace  (the 
mass  spectrometer’s  analog  of the UV absorbance  trace) 
at which the  carbohydrate-specific  marker  ions maximize 
are readily  determined by plotting  the  reconstructed  ion 
current  trace for  one or more of the  marker  ions.  The TIC 
trace (m/z 150-2,000) and a  reconstructed  ion’current 
(RIC)  trace  for m/z 204 from an LC-ESMS analysis (using 
the stepped  orifice  technique  described)  of 25 pmol of a 
trypsin/Asp-N digest of  fetuin are shown in Figure 2A,B, 
respectively. The  RIC  trace of m/z 366 was very similar 
in appearance  to  the  RIC  trace of m/z 204 (data  not 
shown).  The  summed mass  spectra  over  the  chromato- 
graphic  peak  eluting  at  ca. 30 min  in  Figure  2B,C illus- 
trate  the  ca.  twofold  enhancement  of  the m/z 204 and 
366 ion signal abundances in the stepped-OR  experiment 
(Fig. 3B) relative to these  ions  in the  “normal” LC-ESMS 
experiment  in which the  OR  potential is held at a con- 
stant, relatively low value  (Fig.  3A).  Equally  significant 
is the  substantial  reduction  in  the  background  from low 
m/z cluster ions (e.g., m/z 272 and m/z 394), further 
improving  the signal-to-noise ratio  for  the  marker  ions in 

the  stepped-  or scanned-OR data. It is important  to  note 
that this  experiment  requires  only  a single quadrupole 
instrument, so that localization  of  glycopeptides  in the 
chromatographic analysis is feasible  without  a  triple 
quadrupole  tandem mass analyzer. 

While the presence of carbohydrate-specific  marker 
ions is a  strong  indication  that glycopeptides (either N- or 
0-linked) may be present,  these  data  do  not indicate 
which parent  ions in the  spectra gave rise to the  carbohy- 
drate  fragment ions. For example,  the  LC-ESMS  spectra 
for  the glycopeptide-containing peaks eluting at ca. 30 min 
exhibit at least seven components  (some of which show 
more  than  one charge  state),  and  it is not  possible to de- 
termine  from these data which peaks are  due  to glyco- 
peptides,  although  the  component of M,  3,218 (3+ = 
1,073.9; 2+ = 1,610.1; Fig. 3A,B) does not  correspond to 
a  predicted  tryptic or Asp-N  fragment  from  the  amino 
acid  sequence  of  fetuin (Fig. 4). All of the  other signals 
in the m/z range 550-1,650 are assignable to predicted 
peptide  fragments of fetuin  (Fig. 4). Previously we have 
used an  approach  for detecting  glycopeptides  in the LC- 
MS  data  of  protein digests that involves examining the 
mass  spectra  for  peaks  separated by the in-chain m/z of 
carbohydrate  units  (Carr  et  al., 1990; Hemling et al., 
1990). These  peaks  represent the  parents of glycoforms 
of the  glycopeptide having the identical  peptide sequence 
but differing in the  carbohydrate  structures  present,  e.g., 
365 (singly charged)  and 182.5 (doubly  charged)  for gly- 
coforms  differing by Hex-HexNAc.  However, when the 
pendant  carbohydrates  are relatively homogeneous,  as 
is the case with fetuin,  this  procedure  cannot  be  used. In 
addition,  for reasons that  are  not presently understood, 
several of the glycopeptides  (e.g.,  Ser253- and Asn15*- 
containing  glycopeptides;  Fig. 2B) yield only weak re- 
sponse in the stepped or ramped OR experiments, making 
it  possible that they  would  be  overlooked. 

Selective detecfion of glycopeptides 

Glycopeptides  may  be selectively detected  in  the presence 
of peptides by scanning Q1 while monitoring for  formation 
of specific carbohydrate  marker  ions (discussed above) 
produced by CID in 4 2 ,  the  normal collision region of 
the triple quadrupole mass spectrometer. Although  the se- 
lected marker  ion is the  ion  detected,  the  spectrum  cor- 
responds to all parents that have decomposed to yield this 
fragment.  This  tandem  MS experiment is referred to  as 
a parent  ion  scan,  and  it is the second  step  of the  strat- 
egy outlined in Figure 1. Because the goal is to detect both 
N- and  0-linked glycopeptides,  it is important  to  choose 
a marker  ion that is generic to  both types of carbohydrate 
linkages.  As  noted  above, while both m/z 204 and m/z 
366 may  be  employed, we have found  that  the m/z 204 
signal is the most  reliable in the  parent  ion scan  mode. 
The  total  ion  current  trace  for  the  LC-ESMS/MS  parent 
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Fig. 2. A: LC-ESMS total  ion current (TIC) trace  with  the orifice voltage  ramped  from 120 V at m/z 150 to 65 V at m/z 500;  
from m/z 5 0 0  to m/z 2,000 the orifice voltage was held  constant at 65 V. B: Reconstructed ion chromatogram (RIC) of m/z 
204 (HexNAc+) from  the  ramped orifice LC-ESMS data. C: LC-ESMSIMS, parent ion scan of m/z 204 (HexNAc+), TIC trace. 

ion scan experiment on a 25-pmol injection of the same 
tryptic/Asp-N digest  of fetuin is shown in Figure 2C. 
More than 12 m/z 204-responsive peaks are readily appar- 
ent, and several  regions appear to contain small amounts 
of poorly resolved components (e.g, 25-28 min;  Fig.  2C). 
Examination of the mass spectra for each  of these peaks 
indicated that the m/z 204 response was  indeed  arising  via 
fragmentation of an N- or 0-linked glycopeptide from fe- 
tuin; peptide interferences were essentially absent in  these 
mass spectra. Glycopeptides containing N-linked carbo- 
hydrates were distinguished from glycopeptides contain- 
ing 0-linked  carbohydrates by using the  same MS 
technique following  selective removal of N-linked carbo- 
hydrates with PNGase F (see Fig. 6  and Discussion, 
below). 

The selectivity for detection of glycopeptides is evident 
in Figure 3C, which is the  parent ion tandem mass spec- 
trum of the  components eluting at ca. 30 min. The peaks 

at m/z 1,074.0 and 951.5 correspond to the 3+ charge 
state of glycopeptide A~p'~-Arg'', in which  Asn" has a 
carbohydrate with the composition (Hex-HexNAchHex3- 
HexNAc, attached (see section below on assignment of 
attachment site and glycoform composition). The spec- 
tra obtained  for  a sample that had not been previously 
neuraminidase treated indicated the presence  of three sialic 
acid  moieties (data not shown). Tetrasialylated carbohy- 
drates, if present, gave signals below our detection limit 
(Green  et al., 1988; Cumming  et al., 1989). These data  are 
consistent with the presence  of triantennary complex car- 
bohydrates at Am", in agreement with the  literature 
(Townsend et al., 1988;  Rice  et al., 1990). It is important 
to note that the 2+ charge state of the glycopeptide (m/z 
1,610. l), which  gave a strong signal  in the LC-ESMS data 
(Fig. 3A,B), is not evident in the parent ion scan data 
(Fig.  3C). The glycopeptide  signals  detected by parent ion 
scanning are usually shifted to higher charge state, sug- 
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Fig. 3. Electrospray mass spectra of the glycopeptide eluting at  ca. 30  min  in the TIC traces shown in Figure 2. A: LC-ESMS 
using normal orifice voltage (65 V). Symbols identify a number of the parent ions present. B: LC-ESMS performed with the 
orifice voltage ramped from 120 V at m/z 150 to 65 V at m/z 500; from m/z 500 to m/z 2,000 the orifice voltage was  held con- 
stant at 65 V. C: LC-ESMS/MS, parent ion scan of m/z 204 (HexNAc+). The measured M, of the A d '  glycopeptide (C) is 
3,219.0 (3,219.1, calculated). 

gesting that  the highest observed charge  states of the gly- 
copeptides more readily  fragment to produce  the inner 
core  GlcNAc+  ion  of m/z 204. 

The average  molecular  mass  of the glycopeptide  (or 
peptide) can be  calculated from  the  spectra based on the 
observed masses for  more  than  one  defined  charge  state 
of the molecule (Covey et al., 1988; Fenn et al., 1989). For 
example,  Figure 3B reveals peaks at m/z 1,073.9 and m/z 
1,610.1. These can be shown to correspond to a triply and 
doubly  protonated molecule with an M, of (3 x 1,073.9) - 
3 = 3,218.7 or (2 X 1,610.1) - 2 = 3,218.2. In instances 
where  only one  charge  state is observed, the m/z differ- 

ences between related  ion  signals (e.g., glycoforms,  ad- 
ducts, etc.) may be used to determine  the charge state.  For 
example, only a single charge  state is apparent  for  the two 
glycopeptide peaks detected at m/z 1,074.0 and m/z 95 1.5 
in Figure 3C.  However,  the m/z difference of 122.5 be- 
tween  these two signals can easily be assigned to  the ex- 
pected mass difference of a  Hex-HexNAc moiety (365.5) 
if the  charge  state, z ,  is 3; thus  the  charge  state is deter- 
mined to be 3+ even in the absence of the 2+ or  4+ ion 
signals. 

Two  additional N-linked  glycopeptides  containing the 
and  attachment sites were identified from 
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A S V E S S S G E A F H V G K T P I V G Q P S I P  325 

G G P V R L C P G R I R Y F K I  341 

Fig. 4. The  amino acid  sequence  for  bovine  fetuin,  showing  the glyC0- 
sylation sites identified by ESMS. Underlined  amino acid sequences were 
mapped by ESMS. 

the  parent  ion scan data of the  chromatographic  peaks el- 
uting  at  ca. 38 and 49 min  (Fig. 2C); the  corresponding 
ES mass  spectra  are  shown  in  Figure 5B and  C, respec- 
tively. Heterogeneity  of  the  carbohydrate  attached  to 
Asn13'  is apparent  from  the peaks at m/z 1,001.4 and 
m/z 879.6 that  differ by 121.8, the in-chain m/z of  the 
3+ charge  state  of  Hex-HexNAc.  The  ES  mass  spectrum 
of  the sialylated Asr~'~~-glycopeptide (obtained  in  a  sep- 
arate  LC-ESMS/MS experiment on a  sample  of  fetuin 
that  had  not been  neuraminidase  treated)  exhibits  peaks 
at m/z 1,292.6 and m/z 1,073.8 (Fig. 5A), which differ 
by 218.8, the in-chain m/z of  the  3+  charge  state  of a 
NeuAc-Hex-HexNAc  unit  (theoretical = 218.9). These 
data  are consistent  with the presence  of both bi- and  tri- 
antennary complex oligosaccharides at Asn13' (see section 
on site and glycoform assessment, below). In  contrast,  the 
carbohydrate  attached  to  AsI-I'~~  appears  to be  homoge- 
neous,  consisting of only  triantennary  complex.  Interest- 
ingly, the expected  trypsin/Asp-N  fragment, Val'42 to 
Arg169, was not  observed (Fig. 4). Unexpected cleavage 
on  the N-terminal  side  of G1u166 produced  the observed 
glycopeptide Va1142-Va1'65. The degree  of  sialylation at 
this site could  not be assessed because glycopeptides  con- 
taining  this  site were not detected  in the LC-ESMS  anal- 
yses prior to neuraminidase  treatment. The peak eluting at 
ca. 37.4  min  (Fig.  2C) that  disappears  upon  PNGase F 

treatment (see below) yields a  parent  ion  mass  spectrum 
(data  not  shown) consistent with P r ~ ' * ~ - A s n ' ~ ~  (Fig. 4). 
Other m/z 204-responsive signals evident in the  LC-ESMS/ 
MS  analysis,  such as  the  diffuse  peaks in the region 25- 
27.5 min and 46.7-48 min, were able to be unambiguously 
assigned  only after  their identities as N- or  0-linked gly- 
copeptides were made  apparent by the experiments  de- 
scribed below. 

Differentiation of N- from  0-linked 
oligosaccharides  in glycopeptides 

Glycopeptides  containing 0-linked oligosaccharides are 
selectively detected by LC-ESMS/MS  analysis of an ali- 
quot of the digest that  has  had  the N-linked  oligosaccha- 
rides released using PNGase F (Fig. 1). This is illustrated 
in Figure 6, which compares  the  total  ion  current  traces 
for  the  LC-ESMS/MS analyses  in parent  ion scan  mode 
for a  trypsin/Asp-N digest of reduced and alkylated fe- 
tuin  prior to (top)  and  after  (bottom)  PNGase F digestion. 
Many  of  the m/z 204-responsive signals are  ablated  after 
PNGase F treatment, indicating that these signals corre- 
spond  to N-linked  glycopeptides.  This evidence corrob- 
orates  the assignments of N-linked glycopeptides discussed 
above.  The significant  peaks in  the  total  ion  chromato- 
gram  that  remain  after  PNGase F digestion  correspond 
to 0-linked glycopeptides. The mass spectra  from  the m/z 
204 parent ion  scan data of three  of  these  0-linked gly- 
copeptides are shown  in  Figure 7. The  chromatographic 
peak eluting at ca. 26 min (Fig. 6B) corresponds to  the gly- 
copeptide  Asp245-Pro256 in which Ser253  has an  0-linked 
glycopeptide  with a composition of (Hex-HexNAc), 
where m = 1 (major)  or 2  (Fig.  7A).  A  smaller  glycopep- 
tide, G 1 ~ ~ ~ ~ - P r o ~ ~ ~ ,  containing  the  Ser253 glycosylation 
site elutes ca.  2 min earlier in the  chromatogram (Fig. 6B). 
Samples that  had  not been neuraminidase  treated exhib- 
ited  molecular  ions  consistent with the  composition 
(NeuAc),(Hex-HexNAc), where I = 0, 1, or 2 for m = 1, 
and I = 2 for m = 2 (data  not  shown). 

The  chromatographic peaks  eluting  between 36 and 
45 min are all 0-linked glycopeptides  containing the  po- 
tential  glycosylation sites Thr262,  Ser264,  Ser272 , and 
Ser278.  The  parent ion  scan  mass  spectra  of  the  major 
peaks  eluting at ca. 37 and 40 min are shown in Figure 7B 
and  C, respectively. Both peaks have the identical peptide 
sequence A ~ p " ~ - A r g ~ ~ ~  (Fig. 4) but  differ in the number 
of Hex-HexNAc  units  attached. A  smaller  glycopeptide, 

containing  these  same  glycosylation sites 
elutes at  ca. 43.5 min (Fig. 6 ) .  The  more heavily glycosyl- 
ated  forms  elute  earlier,  as expected, from  the reversed- 
phase  separation being performed.  However,  the  extent 
to which the glycoforms  separate is highly variable and 
probably  depends on the extent to which the carbohydrate 
interferes with specific interactions of the  peptide  portion 
of  the glycopeptide with the  column  material.  For  exam- 
ple, the glycopeptide with an apparent  carbohydrate  com- 
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Fig. 5. LC-ESMSIMS, parents of m/z 204, mass spectra of N-linked glycopeptides. A: Complex carbohydrate showing bi- and 
trisialylated glycoforms attached to ( M ,  meas. = 3,218.4 and 3,874.8, respectively; M, calc. = 3,218.4 and 3,875.7, re- 
spectively). These data are from a separate LC-ESMSIMS experiment than B and C. B: A~n’~~-containing glycopeptide, neur- 
aminidase treated (peak at  ca. 38 min; Fig.  2C), supports the bi- and triantennary structures (M,  meas. = 2,635.6 and 3,001.2, 
respectively; M, calc. = 2,636.5 and 3,001.9, respectively). C: Parent ion spectrum indicates homogeneity of the glycan attached 
to  AsnIS8 (peak at  ca.  49 min; Fig.  2C).  A possible triantennary complex carbohydrate is observed (M,  meas. = 4,520.0, 
calc. = 4,520.5). 

position  of  (Hex-HexNAch  (Fig. 7B) elutes  ca.  2  min 
earlier than  the glycoform with a  composition of (Hex- 
HexNAc)’ (Fig. 6). However,  the glycoform  with  com- 
position  (Hex-HexNAc),  elutes  only  ca. 30 s later  as a 
shoulder on  the (Hex-HexNAc)’ glycoform  peak  in  the 
total  ion  current traces (Fig. 6). The mass spectrum of this 
latter peak (Fig. 7C) is shown  as a composite of these two 
closely eluting  components.  In  samples  not  treated with 
neuraminidase,  the  number of NeuAc residues was equiv- 
alent to  the  number  of  Hex-HexNAc  units  (data  not 
shown).  Assignment of ThrZ6’ and Ser264 as  the glycosyl- 
ation sites is based primarily on literature precedent (Spiro 
& Bhoyroo, 1974; Nilsson et  al., 1979; Edge & Spiro, 
1987; Medzihradszky  et  al., 1990). A weak spectrum  for 
the  glycopeptide A~p’~’-Ser’~~ with 1 and 2  Hex-HexNAc 
units (data  not shown) was observed eluting at  ca. 23.4 min 
(Fig. 6). Signals  corresponding to this  peptide with three 
Hex-HexNAc units attached were not  observed.  This sug- 
gests that either  this species is present at levels that  are 
below our  detection limit, or  that a fourth site of O-gly- 

cosylation is located at Unfortunately,  peptides 
or glycopeptides that could be used to further localize the 
specific attachment sites were not  observed  under the 
cleavage conditions  used.  Collision-induced  decomposi- 
tion of all of the  parent  ion peaks shown in Figure 7C  pro- 
duced very strong  product  ion mass  spectra on  the triple 
quadrupole  that  could be used to  partially  sequence the 
peptide portion of the glycopeptide.  Unfortunately the 
carbohydrate moieties were readily cleaved from  the  at- 
tachment site Ser and  Thr residues, which reverted to their 
unmodified  forms  prior to  production of the  daughter 
ions  detected (data  not shown). Thus, it was not possible 
to  locate  the  attachment sites by tandem MS of this gly- 
copeptide. 

Assignment of attachment sites 
and glycoform  populations 

Once a glycopeptide  has been located  and identified as 
either N- or  0-linked using the  procedures described 
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Fig. 6. Total ion current  traces of a proteolytic digest of fetuin show- 
ing  differences  before  and  after  treatment  with  PNGase E Data  are  from 
an LC-ESMSIMS, parents of m/z 204, experiment. All significant  peaks 
correspond  to 0-linked glycopeptides  intact to be  detected;  N-linked  gly- 
copeptides are no longer observed. Peak  labels  indicate  the glycosyla- 
tion site(s) contained in  the  observed glycopeptides. 

above, there are several methods for determining the spe- 
cific glycosylation site used and  for assessing the compo- 
sitional heterogeneity of the glycoforms at  that specific 
site. In the first method, candidate masses for the peptide 
containing the  attachment site are derived by subtracting 
the in-chain  masses of typical  glycoprotein-associated car- 
bohydrates from the M, of each  glycopeptide  established 
by LC-ESMS or LC-ESMS/MS. The choice of carbohy- 
drate masses is guided by the known range of structures 
typically found in  glycoproteins  expressed in the given  cell 
system. In practice, the limits on  the number of  Hex (in- 
chain chemical average mass, i = 162.14), HexNAc (i = 
203.20), dHex ( i  = 146.14), and NeuAc ( i  = 291.26) resi- 
dues used to calculate candidate carbohydrate masses are 
set  wider than anticipated in order to include unusual 
structures, if present.  The  protein sequence is then 
searched by computer for peptide sequences that match 
any of the candidate molecular weights for the attachment 
site peptides. Assignments are made based on how well 
the masses fit (must match to within 1 Da of expected), 
the presence of expected cleavage sites at the N- and  C- 
termini of the candidate peptide (based on the proteolytic 
enzymes used), and  the presence in the candidate peptide 

of either the necessary N- or 0-linked attachment site  res- 
idue. In the case  of  N-linked  glycopeptides, the list of can- 
didate peptides  may be substantially reduced  based on the 
requirement that  the peptide contain the canonical se- 
quence for N-linked  glycosylation:  -Am-X-Ser/Thr- 
(where X = any  amino acid except proline). 

The N-linked  glycopeptides  discussed above will  be  used 
to illustrate this process. The M, of the three N-linked 
glycopeptides identified in the  neuraminidase-treated 
sample were determined to be 3,218.7 (Fig. 3), 3,001.2 
(Fig. 5B), and  4,520.0 (Fig. 5C). The in-chain masses of 
typical N-linked carbohydrate moieties (e.g., 1,623.4 for 
the biantennary  glycoform (Hex-He~NAc)~Hex~HexNAc~ 
and 1,988.7 for the triantennary glycoform (Hex-Hex- 
N A c ) ~ H ~ x ~ H ~ x N A c ~ )  are subtracted from the determined 
M, of the glycopeptides to obtain  the list  of  masses for 
the candidate glycosylation-site peptides. For example, 
two of the possible candidate masses for the peptide por- 
tion of the glycopeptide of M, 3,218.7 in Figure 3C are 
1,230.0  and 1,595.3 (3,218.7 - 1,988.7 and 3,218.7 - 
1,623.4, respectively). We calculated (using a computer 
program)  that  a combined proteolytic digest  of fetuin 
using trypsin and Asp-N would produce the peptides 
A ~ p ' ~ - A r g ~ ~ ,   A ~ p ' ~ ~ - A s n ' ~ ~  , and Va1'42-Arg169, contain- 
ing potential  N-linked  glycosylation  sites at  Am8', 
and  AS^'^^, respectively (Fig. 4). The average molecular 
masses  of these  peptides are 1,230.4, 1,013.2, and 3,017.4, 
respectively. The match of 1,230.0 with the predicted 
value of 1,230.4 is very good (within 0.5 Da), indicating 
that  the glycopeptide of M, 3,218.7  corresponds to 
A~p '~-Arg '~ .  The  carbohydrate  portion, which  must  be 
attached to  Ams' based on the presence of only this sin- 
gle consensus site in the peptide, has a molecular mass 
consistent with that of a  triantennary oligosaccharide. 

Similarly, the glycopeptide of M, 3,001.2 yields  1,012.5 
and 1,377.8 for two of the possible  masses for the glyco- 
sylation site peptide. Only the candidate peptide of M, = 
1,012.5 matches within 1 Da of a reasonable peptide, 
A ~ p ' ~ ~ - A s n ' ~ '  (based on  the proteases used and the pres- 
ence  of the consensus sequence), which has a calculated 
M, = 1,013.2. The mass difference between the peptide 
mass and that of the glycopeptide (1,988.7) indicates that 
a  carbohydrate with a composition consistent with that 
of a  triantennary  structure is attached to Sub- 
traction of a wide range of in-chain carbohydrate masses 
from the glycopeptide with M, = 4,520 failed to yield 
one  of the three peptide masses  predicted  based on cleav- 
age at Lys, Arg, and Asp. Therefore each  of the candi- 
date peptide  masses was searched by computer against the 
entire sequence  of fetuin without regard for the particular 
enzymes employed. One of the predicted masses, 2,531.3 
(i.e.,  4,520.0 - 1,988.7), matched the peptide Val'42- 
Val'? This was  deemed a likely candidate based on the 
fact  that  the peptide would form by a cleavage at a pri- 
mary site on the N-terminal end (Arg14') and a known 
secondary site for Asp-N on the C-terminal end (i.e., 
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Fig. 7. Mass spectra of 0-linked glycopeptides after digestion with PNGase F. Data  are  from  an  LC-ESMSIMS,  parents of 
m/z 204, experiment (see Fig. 6). A: Peak  at  ca. 26 min corresponds  to  Ser253 glycosylation site (M,  meas. = 1,477.4, calc. = 
1,478.4). Peaks at ca. 37 rnin (B) and 40 min (C), respectively, have the  same peptide sequence but  differ in the 
number of Hex-HexNAc units ( m  = 2: M, meas. = 3,717.6, calc. = 3,717.2; m = 3: M ,  meas. = 3,352.5, calc. = 3,351.8). 

G1u16'j), and  that it contained  the  third N-linked consensus 
sequence. The identity  of the sequence of this  glycopep- 
tide was corroborated by automated  Edman  degradation 
(data  not shown).  A similar strategy is employed to iden- 
tify the  attachment sites and  compositional heterogene- 
ities of the  0-linked glycopeptides. Because no consensus 
sequence exists for  0-linked glycosylation,  there  may  be 
ambiguity in the assignment of the specific Ser or  Thr uti- 
lized if more  than  one  of these  residues is found in the 
same  peptide (see discussion  of 0-linked glycopeptide 
Asp257-Arg2g8,  above). 

N-linked sites may  also  be  identified by comparing  the 
LC-ESMS-derived peptide  maps  obtained  before and af- 
ter  treatment  of  the  glycoprotein  with  PNGase F (Carr 
et al., 1990, 1991b). New Mr-related signals appearing  in 
the mass spectra  after  treatment with the endoglycosidase 
correspond  to  formerly glycosylated  peptides.  These 
masses are  then  matched  to  the  protein sequence,  taking 
into  account  the  fact  that  PNGase F converts the  attach- 

ment  site  Asn to Asp, which weighs 1 Da  more.  The  in- 
chain mass of the  carbohydrate  associated with a specific 
signal is determined by subtracting  the Mr of the glyco- 
sylation-site  peptide  (attachment site as Asn) from  the 
121, of the glycopeptide.  Possible  compositions are  then 
determined by computer using an elemental composition 
program in which the in-chain masses of the monosaccha- 
rides  have  been  entered as  the "elements" (Carr et al., 
1990). 

The  MS  methods described  above for assessment of 
the  glycoform  populations at specific attachment sites are 
somewhat  indirect, but they  rapidly  provide an informed 
starting  point  for  further  structural  characterization of 
the  carbohydrate.  For  example,  after  the MS techniques 
described  here are used to locate  glycopeptides  in the 
chromatogram,  the  carbohydrate moieties of the isolated 
glycopeptides  would  be released by enzymatic or chemi- 
cal means  and the carbohydrates analyzed by other  meth- 
ods such as MS of the  permethylated  derivatives  or 
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high-performance  anion exchange chromatography  (Carr 
et  al., 1990; Barr  et  al., 1991). 

Discussion 

The LC-ESMS and LC-ESMS/MS  procedures  described 
here  facilitate  detection of glycopeptides in complex  di- 
gests of glycoproteins, permit differentiation of glycopep- 
tides containing N- vs. 0-linked oligosaccharides, and, in 
the case  of  known  protein  sequences,  enable  sequence- 
specific assessment of glycoform  populations  without de- 
struction of the  peptide  context.  High selectivity and 
sensitivity for glycopeptide  detection are  obtained by en- 
hancing  the  formation  and  detection  of  carbohydrate- 
specific marker  ions by LC-ESMS.  Micropreparative 
fractionation  of  the digests  may  be  carried out  simulta- 
neously with the LC-ESMS and  LC-ESMS/MS experi- 
ments  to  provide glycopeptides for  further  structural 
analysis. The  carbohydrate moieties of glycopeptides iso- 
lated in this  manner  may  then  be released enzymatically, 
with PNGase F or  Endo  H,  or chemically using hydra- 
zinolysis (Takasaki et al., 1982) and  then  analyzed,  for 
example, by high-performance  anion exchange chroma- 
tography,  methylation analysis, and MS (Barr et al., 1991; 
Carr et al., 1991b) to gain  further insights into  their se- 
quences,  branching  patterns,  and  linkages.  The  studies 
described  here were carried  out with ca. 25 pmol of di- 
gest applied to  the 320-mm internal  diameter (i.d.)-packed 
fused silica column per experiment. Further improvement 
of  two- to fivefold in sensitivity may be achieved by using 
smaller i.d.  packed capillaries (e.g., 180 mm  i.d.)  that 
have recently become available commercially. Nearly 90% 
of the  protein sequence  of  bovine  fetuin was also  corrob- 
orated in  these  studies, which utilized less than 100 pmol 
of  total  glycoprotein. 

In the  LC-ESMS analyses, we have  employed  a novel 
scanning  protocol in which the collisional  excitation  po- 
tential of the region prior to  the Q1 quadrupole is stepped 
or ramped with m h .  This technique  enhances  production 
of low m/z ions  without loss of  molecular weight infor- 
mation  for  the peptides and glycopeptides (see below) or 
shifting  of the observed  parent ion  distributions to lower 
charge  state, higher m/z. An  added  advantage  of  this 
method is that  background ions from solvent  clusters  in 
the low m/z region  of the  spectrum (where  they are  usu- 
ally most intense) are, simultaneously, reduced. The  scan- 
ning  protocol is easily implemented  under data system 
control on quadrupole mass  analyzers, and it is now  rou- 
tinely used in our  laboratory  for all LC-ESMS  analyses 
of  proteins and glycoproteins.  In this report we have used 
this  method  for  production of (positive)  ions  indicative 
of  the sugar  units  comprising the oligosaccharide groups 
of the glycopeptides in order  to facilitate location  and pre- 
parative  fractionation  of glycopeptides. The  ramped  or 
stepped collisional excitation  potential  method  could  also 
possibly  be used for  detection of other  modifications  of 

interest, such as  phosphates  or  sulfates,  in  either  the  pos- 
itive or negative ion  modes. 

We have demonstrated  the  generality of using m/z 204 
(HexNAc+)  as an indicator of both N- and  0-linked  car- 
bohydrates. Ions of m/z 204 may  also  form by fragmen- 
tation of the  peptide  backbone. Such  artifacts, which in 
practice are occasionally  observed, are readily  distin- 
guished from glycopeptide-derived  fragments by the  ab- 
sence of other  carbohydrate-related  ions  such  as m/z 186 
and m/z 168, which form by water loss from m/z 204, 
and higher m/z ions  diagnostic for  carbohydrate such as 
m/z 292 and m/z 366 (see Results).  It is also possible to 
use m/z 366 (Hex-HexNAc+, or isomer) in a similar fash- 
ion to the m/z 204, often with excellent results. However, 
the yield of this fragment  can  be greatly reduced when the 
glycopeptide is  of the oligomannose class, which may  ad- 
versely impact on its use as a general indicator of all com- 
mon oligosaccharide structural types. The presence  of 
N-acetyl  neuraminic  acid  and  deoxyhexose  (usually  fu- 
cose) may  be assessed by the  RIC  traces  for  the respec- 
tive  oxonium  ions (m/z 292 and m/z 147, respectively). 

Using the  parent  ion scanning protocol  (LC-ESMSIMS) 
and  monitoring  for m/z 204 (HexNAc+), we have dem- 
onstrated  that  the  parent ions of glycopeptides are selec- 
tively detected in the  presence  of  peptides,  thereby 
removing  interferences and unambiguously  establishing 
which specific ions  in the mass spectra  are  due  to glyco- 
peptides.  Interestingly, the most abundant  charge  states 
of the glycopeptide-related ions in  the  parent  ion data  are 
shifted  upward by one  charge  relative to  the  normal  or 
stepped  collisional  excitation  potential  LC-ESMS data 
(e.g., from 2+ to 3+; see Fig. 3). This  suggests that  the 
HexNAc+  fragment, which presumably derives at least 
in part  from  the  sugar linked to  the  attachment-site Asn 
or  Ser/Thr, is more  readily  formed  via  collisional disso- 
ciation  of  the higher charge  state glycopeptide  parents. 
This is consistent with the higher charge  state  ions  taking 
up  more energy  upon  collisional  activation as a result of 
their higher translational  kinetic  energies.  The  shift to 
higher  charge state, lower m/z is also  analytically  useful 
as it may  facilitate  observation of otherwise  poorly  de- 
tected high M, glycopeptides. 

The site-specific  composition and heterogeneity data 
for  the N-linked  carbohydrates  reported  here  are  consis- 
tent with previous  reports  (Green et al., 1988; Townsend 
et al., 1988; Cumming  et  al., 1989; Rice et al., 1990). 
Compositions  consistent with triantennary Asn-linked 
carbohydrates with the general structure  (Ne~Ac)~(Hex- 
H ~ x N A c ) ~ H ~ x , H ~ x N A c ~  were identified at Ams1, 
and AsnI5'.  A  significant amount of glycoforms with 
compositions  consistent with that of biantennary  struc- 
tures (ca. 40% based on relative peak heights in  the ESMS 
data) were also  observed at A  small amount  of 
possible  biantennary  complex  carbohydrate  may be 
present at  Ams' based on the presence  of a minor  peak 
at m/z 951.5 that  corresponds  to loss of  a  Hex-HexNAc 
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unit  from  the  major  component (Fig. 3C). The possibil- ously described (Carr et al., 1990) using different combi- 
ity that  this peak is a fragment  formed  in  the  mass  spec-  nations of the following enzymes: PNGase  F  (Genzyme, 
trometer  cannot  be  ruled  out  without a chromatographic  Cambridge,  Massachusetts),  TPCK-trypsin  (Cooper Bio- 
method  for  separating  and  quantifying these components. medical, Malvern, Pennsylvania), and Asp-N (Boehringer 
The collisional  excitation  potential used during  that  por-  Mannheim,  Indianapolis,  Indiana). Samples of fetuin 
tion of the m/z scans  in which the  parent species of the were also  treated  prior to reduction  and  alkylation with 
peptide  and glycopeptide  parent  ions are being detected  neuraminidase  from Vibrio cholerae (Calbiochem,  La 
is set for good sensitivity and minimal fragmentation (typ- Jolla,  California)  to remove sialic acid.  Typically 0.1 U 
ically OR potential = 65 V on  the Sciex). However, it is of enzyme was reacted  with  1  nmol of glycoprotein at 
important  to  note  that some amount of fragmentation  can 37 "C overnight. Between 25 and 35 pmol of digest (as de- 
occur  at even the lowest OR potential in ESMS, especially termined by quantitative  amino acid  analysis of  the re- 
if the  fragmentation is favorable,  such  as loss of lactos-  duced  and alkylated stock) were used per MS experiment. 
amine  units  from  the  outer  chains  of  the  carbohydrates  The glycopeptide  models  Man9GlcNAc2-Asn and  Gal- 
(Dell, 1987). Nevertheless, biantennary complex carbohy-  GalNAc-Ser were purchased from BioCarb  Chemicals 
drates have been reported to be  present at all of the Asn-  (Accurate  Chemical & Scientific Corp., Westbury, New 
linked sites in fetuin (Yet et al., 1988), although  the source York) and used without  purification  or  desalting. 
of fetuin was different  than  that used in the present study. 
Our findings that  biantennary  structures  are  absent  or Chromatography 
present at only very low levels at Asn" and Asn'" but 
are present at significant levels at  are consistent The gradient HPLC system is a Brownlee Labs  (Santa 

with the  reports by Lee and  coworkers (Rice et al., 1990) Clara,  California) Microgradient'"  with dual syringe 

and Townsend et al. (1988). pumps, 250-pL  dynamic  mixer,  and a Rheodyne  model 

The site-specific 0-linked  carbohydrate  compositions 8125 injector with a  20-pL  replaceable  sample  loop. The 

and heterogeneity corroborate previous findings (Spiro & column used in  this  work is an  LC Packings  (San Fran- 

Bhoyroo, 1974; Nilsson et al., 1979; Edge & Spiro, 1987; cisco,  California) Fusica'" capillary  column (320 pm x 

Medzihradszky et al., 1990) but also provide new informa- 15  cm)  custom  packed  with  5-pm,  300-A-pore size CI8  

tion. Specifically, we have assigned S e P 3  unambiguously packing from Vydac. UV detection at 215 nm was accom- 

as  an  0-linked glycosylation  site with the  composition plished with an AB1 model 785A programmable  absor- 

(NeuAc)/(Hex-HexNAc),, where I = 0, 1, or 2 for m = 1 bance  detector.  The flow cell of  the AB1 was replaced 

(major species), and I = 2 for rn = 2  (minor  species).  A with an  LC Packings U-Z View'" capillary flow cell (35- 

glycopeptide  spanning  the region containing  potential 0- nL  volume, 7-8-mm path length). The  configuration of 

linked  glycosylation  sites  Thr2'j2,  Ser264,  Ser272,  and the  HPLC/MS  interface uses two  Rheodyne  switching 

Ser27x was observed  with an aggregate  carbohydrate valves pre-injector:  one to isolate  the  injector and column 

composition of (NeuAc)/(Hex-HexNAc),,  where I ,  m = 
from  the  pump  and  the second to facilitate purging of the 

2 (major)  or 3  (minor).  Thr2'j2 and Ser2@ are highlighted syringe pumps.  A low dead  volume tee (Valco) with a 

in the text  because  they  have  previously been shown to length of fused silica on  the waste leg was used to split the 

have carbohydrate  attached (Medzihradszky et al., 1990). flow from  ca. 100 pL/min  down to 4-5 pL/min to  the in- 

Our  data  do not  rule  out  glycosylation  at  Ser272  or jector  and  column.  The capillary  column was fitted  di- 

Ser278.  Clarifying  these  final attachment sites goes be- rectly to the  column  outlet on the  injector. The fused silica 

yond  the  objectives of the present  work and will proba- extension tube  attached to the packed fused silica column 

bly require  subdigestions  sufficient  to  isolate  each was connected to  the inlet of the UV detector via a  zero 

0-linked sugar to a  unique  di-  or larger peptide.  Tandem dead  volume  union (Valco). A length of 50-pm-i.d.  fused 

MS of the multiply 0-glycosylated  peptide  Asp257-Arg288 silica was attached  to  the  outlet of the UV detector  and 

(Fig. 4) under low-energy collision  conditions on  the  tri- threaded  through  the  ionspray needle on  the mass  spec- 

ple quadrupole resulted  in  elimination of the  0-linked trometer.  The mobile  phases used for gradient  elution 

sugars with reversion of the  attachment-site Ser or  Thr consisted of (A) 0.1 To (v/v) trifluoroacetic acid (TFA) and 

to  the  corresponding  alcohol.  As a  result, the sequence- (B) acetonitrile/H,O 90: 10 (v/v) containing 0.09% TFA. 

specific fragment  ions (which were quite intense) failed to The  gradient  conditions were as  follows: 0% B to 60% 

provide  any evidence for  carbohydrate  attachment sites. B linearly  in  60  min;  then  linearly to 100% B in 10 min 

Tandem  MS employing high-energy collisions on a tan- with no delays. 

dem  double focusing  instrument  may  be  more  useful  in 
this  regard  (Medzihradszky et al., 1990). Mass spectrometry 

Electrospray  mass  spectra were recorded on a Sciex API- 
Materials and methods 111 triple  quadrupole mass  spectrometer  fitted with an 
Bovine fetuin  from  fetal calf serum (Sigma, lot 63F-9555) articulated  ionspray  plenum and  an atmospheric pressure 
was reduced,  carboxymethylated,  and  treated  as previ- ionization  source (Sciex, Ontario,  Canada).  In LC-ESMS 
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(normal OR potential),  the mass spectrometer was scanned 
over  a  range  of m/z 200-2,000 at 6 s/scan  in  0.33-Da 
steps.  Orifice  potential was set at 65 V. In  LC-ESMS 
(scanned OR potential)  the mass spectrometer was scanned 
over  a  range  of m/z 150-1,950 at 6 s/scan  in  steps  of 
0.33 Da.  Orifice  potential was either  stepped  in  a single 
jump  from 140 V to 65 V at m/z 500 or scanned down lin- 
early from 120 V to 65 V between m/z 150 and m/z 500; 
from m/z 500 to m/z 1,950 the  OR was held at 65 V. In 
LC-ESMS/MS  (parents of m/z 204) the first  quadrupole 
was scanned  over a range  of m/z 500-2,000 at 6 s/scan 
in  0.5-Da  steps.  Orifice  potential was set at 55 V. Argon 
(99.999%) was used as  the collision gas with a collision 
gas thickness (CGT)  of  7 x lOI4 molecules/cm2 (obtained 
using a value of ca. 700 for  the  CGT setting on  the Sciex). 
The potential difference between QO and 4 2  was ca. 43 V, 
and this  potential, when multiplied by the charge  state  of 
the  precursor  ion, is approximately  equal to  the collision 
energy. 

The Sciex acquisition  software  (Tune  version 2.1) 
makes it possible to  ramp almost  any  instrument voltage 
or setting with m/z in all scan  modes.  In  order  to  step or 
ramp a parameter over  only part of the mass  range,  the 
multiple-ion  (MI)  scan mode is used. This  allows  more 
freedom in the  OR  ramp or step  functions  during  the  dif- 
ferent  sections of the m/z scan.  It is important  to always 
set the OR value called at  the scan  initiation  (the  “state 
file”) to the  starting value of the  OR  ramp, which is called 
from  the  MI scan setup. 

Normal  MS is tuned  and  calibrated  using  a  mixture  of 
polypropylene glycols (PPG) 425, 1 ,OOO, and 2,000 (3.3 x 

M, 1 x M,  and 2 x lop4  M, respectively),  in 
50/50/0.1 H20/methanol/formic  acid (v/v/v),  1  mM 
NH40Ac.  Normal scan  ESMS  and  LC-ESMS  spectra 
were recorded at instrument  conditions  sufficient to re- 
solve the isomers of the  PPG/NH4+ doubly  charged  ion 
at m/z 520 (85% valley definition).  Tuning  and  calibra- 
tion of parent-scan  mode  are  also accomplished with PPG 
by scanning  Q1  and  monitoring  the selected product  ion 
(m/z 204) in 4 3  but with the  resolution set to 0 so that 
the  entire m/z range is passed unfiltered.  In this way, the 
various  instrument  parameters  can  be set up in  a  simu- 
lated  parent-scan  mode.  Final  optimization  in  true  par- 
ent-scan  mode is accomplished  with  the  glycopeptide 
models by monitoring m/z 204 product  ions.  The  analyz- 
ing quadrupole  (Ql) was operated  at a resolution of unit 
m/z (about 50% peak valley definition, being more re- 
solved at low m/z and less resolved at high m/z), whereas 
the mass-selecting quadrupole 4 3  was set to pass  a 2-3- 
Da window around  the  ion of interest so as to enhance 
sensitivity. On  the Sciex instrument, we adjusted Q1 res- 
olution by lowering RE1  2  units and raising DM1 by 0.05 
units; 4 3  resolution was changed by lowering RE3 by  35- 
40 units while raising  DM3 by 0.1. The  OR  potential is 
decreased from 65 V to 55 V to reduce formation  of  frag- 
ment  ions prior  to Q1. Other  important  parameters  in- 

cluding the  quadrupole  offsets (related to collision energy) 
and  the collision gas pressure are also checked at this time 
to  maximize transmission of the 204 m/z ion. 
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