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Abstract

This invited paper charts the origins and progress of glycoproteomics mass spectrometry research at Imperial College, and in celebration of
Donald Hunt’s 65th birthday it puts into perspective some of the scientific influence which each group has had on the other over a period of some
35 years. We then describe and illustrate current nano-LC—ES-MS and MS/MS strategies for the structural assignment of N-linked glycosylation
in proteins involved in sperm/egg fertilisation. Finally, we present recent progress in the automated interpretation of these glycopeptide data sets,

which promises to supersede manual interpretation for many applications.

© 2006 Elsevier B.V. All rights reserved.
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1. Historical background to glycoproteomics at imperial

Donald Hunt’s interaction with the Imperial College
Biomolecular Mass Spectrometry Group began in the early
1970s when he attended a Cambridge University Chemical Lab-
oratory seminar in the Williams group given by one of us (HRM)
on the latest MS strategies developed for sequencing proteins
of unknown structure following on from the original protein
MS work on silk fibroin [1,2]. The seminar dealt with the idea
and practical application of sequencing mixtures of enzymi-
cally derived peptides created by tryptic and/or other digestions
of proteins, thus obviating the then necessary and rate-limiting
step of purifying individual peptides for either classical Edman
or MS sequencing. The seminar demonstrated the relative ease
with which a dozen or so peptides of unknown structure in a
mixture could be simultaneously sequenced from the map of
molecular and fragment ions produced by fractional distillation
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from a sample probe using electron impact mass spectrome-
try [3-5]. This methodology required the initial derivatisation
of the peptide mixtures to make them volatile and the break-
through in applying the strategy was the discovery in 1972 that
the permethylation chemistry used prior to that date had in fact
been “blocking” the ability to observe many of the peptides in
a mixture, particularly any containing Arg, His, Cys or Met, by
creating involatile quaternary ammonium or sulphonium salts.
The permethylation chemistry applied to peptides had in fact
been borrowed from the carbohydrate field some years earlier,
where reaction times of many hours or even days were recom-
mended [6]. This had been reduced to 1 h for convenience in the
peptide and sugar fields, and although salt formation had been
suspected to be the reason why peptides containing the above
amino acids had rarely been observed, the problem had defeated
many groups’ attempts to overcome it despite the use of several
ingenious derivatisation strategies.

The solution, which Don appreciated as a chemist himself,
came from an examination of the actual rate of the Hakomori
permethylation reaction using dimsyl sodium anion and methyl
iodide. In stable isotope dilution experiments we found surpris-
ingly that the chemistry was essentially complete just 1 min after
the addition of the alkylating agent, and furthermore that if the
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reaction time was restricted to that order, then suddenly pep-
tides containing the “impossible” amino acids were visible in
the mass spectra created. It was concluded that salt formation
was therefore a slower process, and that by incorporating a short
methylation step, for the first time in 1972 [7,8] we had a global
strategy for sequencing any protein-derived peptides by mass
spectrometry.

Over the following decade, initially in the Cambridge Chem-
ical and the MRC Molecular Biology laboratories, and after
1975 at Imperial College, London, our group applied the mix-
ture mapping strategy to numerous biologically important pep-
tide sequencing problems including the sequencing of complete
proteins such as ribitol dehydrogenase [9], chloramphenicol
transacetylase [10,11] and dihydrofolate reductase [12—14], and
in difficult natural product analyses such as the structure elu-
cidation of the first endogenous opiate “endorphin” which we
christened enkephalin [15].

Foremost amongst the strengths of MS methodology at the
time (and this is still true and relevant today) was the ability
to detect unusual structural features or structural modifications,
which differ in mass. In a particularly exciting collaboration with
the Danish group under Staffan Magnusson a post-translational
modification of the blood coagulation zymogen prothrombin
was shown, by the MS strategies defined above, to involve the
gamma-carboxylation of 10 specific glutamic acid residues in
the N-terminal domain of the protein [16-18], of crucial sig-
nificance to calcium and phospholipid binding at the site of a
wound. We christened this new amino acid GLA. This study
was extended to the discovery of other GLA-containing proteins
including Factor X [19], shown to contain 12 specific carboxyl
modifications, again in the N-terminal domain.

A Dbiologically important and quite common post-
translational modification of proteins is of course glycosylation,
and our group started to study simple carbohydrates in the early
1970s in Cambridge, initially attempting to distinguish between
isobaric sugars such as mannose and galactose in di- or tri-
saccharides by forming cyclic phenyl boronate derivatives prior
to MS study. Another open seminar on this subject led to a very
interesting collaboration with Robert Feeney of UC Davis in
California and to our first introduction to the complex problems
of glycoprotein characterisation. Feeney was visiting the Scott
Polar Research Institute adjacent to the University Chemical
Laboratory in Cambridge and was studying the structure of a
fascinating group of Antarctic fish blood proteins which he had
shown had potent antifreeze properties. He explained that the
proteins were very difficult to sequence classically by Edman
degradation, ironically because of the simplicity of their amino
acid composition and the repetitivity of the sequence. Further-
more they were known to be glycosylated but the degree of
modification and the carbohydrate structures were at that time
also unknown. The carbohydrate was expected, however, to be
bonded via an O-link to threonine because of the high proportion
of THR in the amino acid analysis. Feeney had sufficient quanti-
ties of one of the proteins — a proline-containing column fraction
coded antifreeze 8 or AF8 — for us to start to develop approaches
to the structural characterisation. As we were to learn, problems
of this type are far from trivial, even with today’s techniques, not

least because in addition to the problem of deriving amino acid
sequence, there is the need to define carbohydrate composition
(to distinguish the presence of isobaric sugars), the carbohy-
drate sequence, the peptide/carbohydrate linkage position(s), the
carbohydrate/carbohydrate linkages and the configurations of
linkages.

This first glycoprotein MS study proved to be seminal in
demonstrating the power and flexibility of the MS approach, and
its many advantages over classical methodology. In brief, from
the same sample preparation using acetylation to block amino
functions followed by the new short permethylation, using EI-
MS it proved possible to determine the amino acid sequence of
AF8 and demonstrate heterogeneity within it, to show unam-
biguously the presence of multiple positions of O-linked sugar
attachment, and using CI-MS to show intense quasimolecular
ions, to conclude that a single type of disaccharide, a hexosyl
acetamidohexose, originally substituted each threonine in the
structure prior to derivative formation (Fig. 1). Interestingly, the
short Hakomori methylation developed for peptide analysis ear-
lier, had here effectively labelled the carbohydrate substitution
positions by beta elimination to leave dehydroalanine (a differ-
ent mass to threonine) wherever carbohydrate had previously
been linked. In a different experiment using NaOH elimination
from the polypeptide backbone, followed by trimethylsilylation
and MS analysis we were able to show by comparison with dis-
accharide standards of 1-4 linkage (N-acetyl lactosamine) and
1-3 linkage (lacto-N-biose I) that two key signals in the EI-MS
spectra of AF8 (m/z 637 and 652) defined the linkage as 1-3
in this natural product (Fig. 2). Together with classical compo-
sition analysis the structure was thus defined as galactosyl 1-3
N-acetyl galactosamine [20]. This work was progressing at the
same time as a novel high mass spectrometer using new high
field magnet technology that we had commissioned for Impe-
rial College was being built [21,22]. The typical mass range
even for high resolution double focusing mass spectrometers at
that time was less than 1000 making studies of larger molecules
quite difficult. In the early 1970s we had done some basic cal-
culations using the Atlas of Protein Structure and theoretically
digesting with specific enzymes such as trypsin to determine
an optimal mass range which would encompass most tryptic
peptides at reasonable resolution and therefore mass accuracy.
The answer was that we discovered that the majority of tryptic
peptides fall below 3500 Da and in 1974 we managed to obtain
grant funding to commission an instrument based on a high field
magnet to deliver this specification at full accelerating voltage
and thus full sensitivity. We then had the opportunity to study a
number of projects which had previously been hampered by lim-
ited mass range. In particular, combining this equipment with a
field desorption ion source which HRM had designed earlier in
Cambridge, we were then able to define accurate nominal mass
molecular ions on quite large molecules (>3000 amu) for the first
time. Applying this new technology to the AF8 problem allowed
good confirmation that the peptide length of the heterogeneous
mixture observed was 14 residues, previously only inferred from
a combination of N- and C-terminal sequence ions. Despite this
success, our data remained unpublished except for a congress
proceedings [23] because Prof. Feeney’s group became aware
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Fig. 1. EI mass spectrum and structural conclusions from the first glycopeptide MS study on antifreeze AF8 from the Antarctic fish 7. borchgevinki [20,23].
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Fig. 2. EI mass spectrum of the trimethylsilyl derivative of the beta eliminated
carbohydrate from AF8 showing the high 652:637 abundance ratio used to assign
a 1-3 linkage in the hexosyl acetamidohexose structure determined by CI-MS
[20,23].

of an NMR study of AF8 glycopeptides in which a galactosyl
1-4 N-acetyl galactosamine structure had been assigned to the
carbohydrate [24]. Our main paper remained unsubmitted until
we had the opportunity to have our proposed 1-3 structure syn-
thesised and to prove that the mass spectrometric TMS data on
the beta eliminated AF8 carbohydrate was identical to the 1-3
synthetic disaccharide. This must be one of the few cases where
a carbohydrate linkage was misassigned by NMR and corrected
by MS [20]!

Shortly after the AF8 paper was submitted for publication,
HRM received an invitation from Donald Hunt to accept a Vis-
iting Professorship at the University of Virginia for 6 months,
to train some of his research students in biopolymer mass spec-
trometry. This was a wonderful trip in the spring and summer
of 1978 to a great university and the interaction and scientific
exchange with people in addition to Donald, such as Jeff Sha-
banowitz, Don’s key man on the mass spectrometers, and Alex
Buko and other bright students, was particularly rewarding.

On HRM’s return to the UK, the AF8 success encouraged the
group to attack a number of other difficult glycoprotein prob-
lems, including an early foray into the N-linked glycosylation
analysis of prothrombin [25]. Shortly after this, however, the
whole scenario of biopolymer analysis became much simpler
with the invention of fast atom bombardment [26], the first soft
ionisation method applicable to non-volatile materials which did
not require the “black box” know-how of field desorption, or the
use of potentially dangerous radioisotopes such as present in cal-
ifornium ionisation. The new FAB method allowed facile molec-
ular weight determination and therefore the easier application of
our mixture analysis strategy to the mapping of peptide mixtures
[27], together with the provision of some sequence fragmenta-
tion to allow structure determination of unknowns [28]. With
the high field magnet mass spectrometer now recognised as a
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valuable instrument for gaining isotopically resolved and accu-
rately calibrated unambiguous data well beyond the 3 kDa mass
range, Don Hunt accepted the opportunity to spend some time in
London when HRM invited him as Visiting Professor to Impe-
rial in 1981-1982. With his background in quadrupoles and ours
in magnetic sectors we had many interesting discusssions about
the relative merits of the two very different types of instrumen-
tation. Mass range and resolution were the crucial weaknesses
of quadrupoles, and magnetic sectors were to dominate biopoly-
mer analysis for almost another decade until the advent of the
creation of multiply charged ion sources by electrospray by
Yamashita and Fenn [29], and Alexandrov et al. [30], reduc-
ing the mass range requirement of the analyser as a function of
charge state, and of course until the subsequent development of
commercial instrumentation.

Utilising the new ease of FAB analysis which had the added
advantage of increased sensitivity — into the low picomole range
especially when incorporating the small M-Scan ion gun to give
increased flux density of bombarding particles near the target
[31] — numerous glycoprotein problems requiring a high degree
of sensitivity could now be tackled more seriously. Glycopro-
teomic problems at the structural level divide themselves into
O-linked glycosylation, normally at Ser or Thr in which the
modification is usually of modest size (1-8 residues), as seen
in the AFS8 study, and N-linked glycosylation on asparagine
residues in which larger modifications of so-called complex,
high mannose or hybrid structures are attached [32]. Each type
poses its own analytical problems and there is no single univer-
sal glycoproteomics mass spectrometric strategy for structural
solutions. Having said that, the discovery and assignment of
glycosylation is normally based on a mass shift observed in
the quasimolecular ion from that expected for an unmodified
peptide to some combination of the peptide mass with sugar
increments. The discovery and interpretation of that mass shift
can be and is made in many ways depending on the data set and
experimental strategy. This can involve theoretical sugar mass
additions to the peptide mass followed by searching of the data
set for possible signals. This works well for O-linked discov-
ery, and sometimes even for N-linked where a “trial structure”
of a common bi-antennary addition, for example, will some-
times produce a hit, or at least take you into the region of a
complex mass spectrum where signals of interest are located.
Alternatively, searching for sugar mass differences or low mass
ions caused by partial in-source fragmentation in MS spec-
tra or induced by CAD in MS/MS spectra will allow you to
lock-on to glycopeptide signals in a protein digest. Each type
of study may present its own difficulties; there is no known
consensus sequence at the peptide level for O-glycosylation,
although it is recognised that we tend to observe attachment in
areas of the sequence which are rich in serine and/or threonine
residues together with proline. Location of the precise site(s) of
O-glycosylation is therefore difficult where there may be multi-
ple Ser/Thr candidates in the peptide sequence, and unless this
problem can be solved by judicious choice of digest strategy,
then the MS/MS fragmentation data will be crucial to a success-
ful assignment. This in itself poses special problems because
the internal energy required to break glycosidic bonds is less

than that required to cleave peptide bonds, and careful tuning of
collision energy and gas pressure is usually required to preserve
sugar attachment data in the induced peptide fragmentation. In
contrast to O-linked, there is a consensus sequence in the pep-
tide structure for N-glycosylation (Asn-X-Ser/Thr where X is
not Pro), making it easy to predict possible N-glycosylation
sites, and the biosynthetic rules governing N-glycan synthe-
sis can assist in reducing the thousands of possible structures
which would derive from a consideration of mass alone. Never-
theless, the sheer size and often the heterogeneity of N-linked
glycopeptide structures can make their assignment non-trivial,
and later we describe current strategies and future research aimed
atalleviating this problem. Collaborative successes using the fast
atom bombardment/high field magnet combination in this period
ranged from intact glycopeptide studies such as the discovery
and characterisation of O-glycosylation on human Interleukin
II [33] and recombinant erythropoietin [34], to released carbo-
hydrate analyses such as the definition of N-linked structures
on erythropoietin [35], Bowes melanoma tissue plasminogen
activator [36] and proopiomelanocortin [37]. The advent of elec-
trospray ionisation [29,30] allowed simplified on-line LCMS
experiments in which heterogeneous populations of site-specific
N-glycopeptides could be separated and identified more easily,
eluting over particular regions of the chromatogram, as exem-
plified by research on the discovery and characterisation of the
gender-specific glycosylation of glycodelin [38,39].

Most post-translational problems of the 1970s and 1980s,
including the new strategies for S—S bridge analysis [40],
relied on “mapping” the masses of relevant peptide/glycopeptide
digests along the mass axis of the spectrum. This could involve
the study of intact protein/glycoprotein digests or of discrete
semi-purified LC “pools”. It rarely involved the necessity for
absolute purification, and the deliberate by-passing of this rate-
limiting step by early mixture analysis strategies of the 1960s and
1970s was now extended using the new soft ionisation methods
of FAB, electrospray and MALDI for both peptide/glycopeptide
mixture mapping and released glycan mapping in the studies
described above. There was, however, an important and increas-
ing need, determined by biological availability, for higher sen-
sitivity in these methodologies—to move the target sensitivity
from the picomole into the femtomole range whilst preserving
good mass accuracy. In order to achieve this, in 1987 the group
proposed the building of a new “wide angle” focal plane MCP
detector double focusing mass spectrometer to succeed the “low
angle” (4%) experimental MS50 design [41] which required far
too many step-jumps to cover a practicable mass range for real
problems. The theoretical considerations and available MCP
detector technology suggested that a much greater coverage
could be achieved with a single “shot” using a focal plane geom-
etry, making a true high sensitivity experiment feasible. The
major manufacturers were however initially very reluctant to
build a new true focal plane instrument, at what we felt was a
reasonable cost, for a possibly very small market, and instead
we had to compromise with a modification of the existing ZAB
2SE geometry to fulfill our specifications of (a) wide angle focal
plane MCP detection at moderate (>1000 resolution in the sur-
vey mode and (b) concomitant selection of signals (low angle)
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Fig. 3. A MALDI spectrum of calcitonin gene related peptide created on the
dual focal plane detector ZAB2SE2FPD instrument showing the wide angle low
resolution survey scan (top trace) from which signals of interest were switched
instantaneously to the narrow angle high resolution array, allowing the study of
biomolecules down to 10 fm with a mass accuracy of 0.1 Da. The data created
from this instrument at the beginning of the 1990s showed us that the theoretical
benefit of non-scanning MCP detection of up to 100-fold was realisable at the
practical level [42].

for high resolution (10,000) MCP analysis to give good mass
accuracy of 0.1 Da and isotopic resolution beyond 3000 amu.
The ZAB2SE 2FPD was built in 1990 and immediately fulfilled
its theoretical promise for non-scanning detection by allowing
an increase in detection limits of important biomolecules of up
to a factor of 100, down to the 10fmol level, with an unsur-
passed signal quality and isotopic resolution as demonstrated in
work presented to the American Society of Mass Spectrome-
try in 1991 and 1994 on both N-linked carbohydrates and the
medullary thyroid carcinoma peptide CGRP shown in Fig. 3(a)
and (b) [42].

Whilst most of the Imperial group’s activities throughout
the 1980s had tended to deviate away from pure sequenc-
ing problems, with some notable exceptions [43—46], and into
post-translational modification research, many groups world-
wide were still attempting to better the performance of triple
quads for peptide sequencing by CAD MS/MS, including of
course notably Don Hunt’s seminal work with John Yates and
co-workers [47]. In addition, there were many advocates for
high energy CAD on large four-sector instruments [48,49] with
the twin arguments that Leu/Ile differentiation was then possi-
ble and that more fragmentation led to more certain sequencing.
As a group with some of the most extensive sequencing expe-
rience worldwide, we at Imperial did not concur with these
arguments for two reasons: firstly, we felt that from the biolog-
ical viewpoint, the Leu/Ile differentiation problem was minor
compared to the primary need to determine unknown stretches
of protein sequence. In our view, if a sequence proved to be
interesting or important, the Leu/Ile assignment could then be
determined if necessary in a separate experiment. Secondly,
our experience showed that the more simple and more pre-
dictable the fragmentation was, then the higher the probability
of deducing an unambiguous sequence. High energy fragmen-
tation on four-sector instruments was for us the antithesis of

what was required for protein sequencing, and we utilised prin-
cipally low energy CAD on triple quadrupole instrumentation
for our MS/MS analysis, in much the same way as Hunt’s lab-
oratory had pioneered. That is not to say that we could not see
some advantages in high energy CAD, particularly for carbo-
hydrate studies when we wanted to promote ring fragmentation
in order to assign branching structures. For the latter studies we
joined the European Large Installation Plan in its application
for funding for an extension of the ZAB2SE 2FPD idea, the
ZAB-T focal plane MS/MS instrument at the CNR laboratory
of Tonino Malorni and Gennaro Marino in Naples. That instru-
ment fulfilled its promise in the carbohydrate area as expected
[50,51].

Don Hunt sometimes quipped during our respective Visit-
ing Professorships in Virginia and Imperial that he was only
trying to get up to speed in our biopolymer methodology so
that one day he would soundly beat us! In 1978 HRM did not
expect that to happen any time soon, and to be fair it did take
Don 10 years, but at the beginning of the 1990s Don and his
group gave us and many others the “coup de grace”, not only
in technical brilliance but in mirroring our main philosophy of
applying mass spectrometry to the most important biochemi-
cal and medical problems of the day, with his seminal papers
on the identification of MHC Class I and II peptides at high
sensitivity using microcapillary-LC—triple quadrupole MS/MS
[52,53]. In this work Don’s group achieved sensitivities down
to low picomole and even subpicomole levels, which although
above our then recently reported ZAB FPD data, was on full
CAD MS/MS spectra as opposed to just quasi molecular ions
with natural fragmentation. This was a significant breakthrough
in MS/MS sequencing for which Don and his group have been
rightly celebrated, and the immunological field in particular was
very excited that Class I and II complex peptide mixtures could
now be studied by his new approach. We recognised that the
sensitivity enhancement which Don demonstrated in this and
follow up papers came from a combination of minimum sample
handling coupled with getting the available material to elute in
a very narrow (and therefore more intense) peak to maximise
the intensity of the MS/MS fragmentation data on the fast scan-
ning Q3. The ionisation method used was of course electrospray,
being fully compatible with the liquid eluent from the LC and
the low voltage ion source on the first quadrupole. This work
was also a wake-up call for magnetic sector specialists such as
ourselves, because although the data quality was much better on
sector instruments (and we will return to this theme later), that
level of sensitivity could not be achieved on four-sector CAD
MS/MS instruments, and those instruments were much more
expensive than triple quadrupoles. Surprisingly, this message
took rather a long time to be appreciated. People continued to
try to adapt electrospray sources to high voltage magnetic sec-
tor instruments, something which one of us, HRM, had felt was
unlikely to be competitive or fully practicable after working on
such devices in the mid 1980s during a Visiting Professorship in
Life Sciences at Dupont, Wilmington. Don’s group went on to
drive sensitivity up and sample requirements down even further
to the 10 fmol range in subsequent papers, although sequenc-
ing officianados including ourselves had in the meantime been
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analysing the weaknesses of the triple quadrupole methodology
and looking at alternative new instrumentation solutions.
During this period, 1988-1995, one of us (HRM) was senior
consultant to one of the main manufacturers, with a remit to
advise on biomolecular MS and to help develop new mass
spectrometric instrumentation for biopolymer sequencing. Early
advice had been to build electrospray triple quadrupole instru-
mentation as a first priority, rather than magnetic sector pos-
sibilities or the increasingly popular MALDI TOF, Ion Trap
or FTMS options, and Don Hunt’s papers had, we felt, vin-
dicated those decisions. However, at Imperial we also clearly
recognised, perhaps better than those with less de novo sequenc-
ing experience, the weakness of trying to assign unambiguous
sequences using unresolved and sometimes statistical triple
quadrupole data. Many will not appreciate the often poor qual-
ity of such data, but Fig. 4 illustrates the point quite clearly.
The data in Fig. 4 show a typical triple quadrupole signal from
a peptide study, zoomed in on m/z 744, as raw data before
smoothing. After smoothing of course the signal looks more
acceptable in publications, but the point is that this data is typ-
ical of that obtained between the late 1980s and early 1990s
at the tens of picomole level on triple quadrupoles. Note that
the signal is spread, before smoothing, over several mass units
due to Q3 having been set for maximum transmission/low res-
olution. If we imagine lowering the sample consumption level
so that the signal becomes truly statistical, then the relatively
few ions generated could arrive during a given short scanning
time at any point across the several mass unit window. After
smoothing there could be no confidence in the signal actu-
ally being nominally 744 as opposed to 773, 775 or even 772
or 744. Since it is crucial to have mass accuracy to differ-
entiate between the single Dalton differences of ASP, ASN,
LEU/ILE or GLU and GLN/LYS then the data may become
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seriously ambiguous depending upon the actual sequence under
study.

One effect of Don’s pioneering MHC work was to stimulate
us to find a different solution to what we saw as an ambiguity
problem, whilst preserving the aspects of strategy which we fully
agreed with, namely electrospray on a low voltage ion source
on a quadrupole mass filter with subsequent low energy CAD.
In the high energy versus low energy CAD debate we felt that
one rather fundamental point had been missed and our thinking
was as follows; detecting interpretable signals is all about signal
to noise ratios. If you split the amount of available primary ion
signal into an unnecessarily (from the interpretation viewpoint)
large number of fragments in the collision cell then it follows
that the signal to noise ratios of those fragment ion signals will
be poorer than they need have been. Low energy CAD with
minimal fragmentation is therefore beneficial to the objective
of high sensitivity sequencing. Another aspect of our thinking
at the time was to go for minimum path length to minimise
signal dispersion and optimise sensitivity and large geometry
magnetic sector solutions mitigated against this. An electrospray
quadrupole front end to a tandem instrument commensurate with
low energy CAD seemed to fulfill the criteria which we felt were
important. Whilst triple quad tandem MS/MS provides an ideal
platform for certain types of work, for example pharmacoki-
netic quantitation, and peptide MS/MS up to a certain level, the
disadvantages of triple quad MS/MS for ultra-high sensitivity
sequencing are summarised in Table 1, the main ones being lack
of resolution in the fragment ion mass analysis, coupled with
scanning detection which leads to the spending of large amounts
of time on areas of the spectrum where no signals may be gener-
ated. Our wide angle ZAB 2FPD experiments had demonstrated
at the practical level in 1990/1991 that the theoretical gain of
up to 100 with non-scanning MCP detection was realisable, but
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Fig. 4. Close-up of a single signal from a triple quadrupole generated MS/MS spectrum of a peptide in an early 1990s study, seen as raw unsmoothed data, illustrating
the wide mass range over which the signal is detected when Q3 has, of necessity, to be set at low resolving power/high transmission. The picture shows the potential
(and real) problem of mass assignment if much lower sample loadings into the low femtomole range were to be attempted.
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Table 1
Tandem MS/MS triple quadrupole mass spectrometer
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Table 2
Tandem MS/MS ultra-high sensitivity sequencing initiative

Limitations of triple quad geometry for ultra-high sensitivity sequencing
(<100 fmol):
Post-CAD scanning detection
Q3 set to low resolution to maximise transmission
Poor mass accuracy when data become statistical

Consequences are limited sensitivity and the possibility of ambiguity in inter-
pretation (e.g., I/L, N, D or K/Q, E).

although some favoured a magnetic sector solution to the addi-
tional resolving power problem on any new instrument, we did
not, for a combination of the reasons discussed above. The solu-
tion to creating the fragment ion resolution and therefore mass
accuracy with good transmission lay in a TOF analyser for post
CAD analysis and MCP detection, and in particular an orthog-
onal analyser [54] fitted with a reflectron. This novel Q-TOF
combination equipped with electrospray was our favoured solu-
tion and our suggestion to resolve the interpretation ambiguity
problem which we saw in triple quadrupole data, Table 2. Ini-
tially the manufacturers favoured the building of a magnetic
sector o-TOF option, and it took another couple of years of
thinking to finally convince ourselves and others that the Q-TOF
should definitely be built. Finally, in 1994 persuasion won the
day, and a prototype instrument was developed. The results from
that pre-production instrument were, as we expected, spectacu-
lar [55], giving subfemtomole sensitivity, but crucially, together
with resolution and thus mass accuracy as shown in some of that
initial research in Fig. 5.

The first application of the Q-TOF to the field of glycopro-
teomics was a collaboration with Chris West’s group in Florida
on an interesting potentially cyfoplasmic glycosylation of a pro-

Proposed solution:
A novel geometry quadrupole orthogonal acceleration time of flight
Q-TOF instrument

Conceived advantages:
Optimal LC—electrospray-MS1 coupling
Low energy CAD for ease of interpretation
Post-CAD non-scanning detection
Resolved fragment ion spectra with good transmission

Leading to ultra-high sensitivity data with good mass accuracy allowing unam-
biguous interpretation even of weak MS/MS data.

tein named FP21, found in the ubiquitinylation F-box involved
in cell cycle regulation. West’s group had found evidence of
radiolabeled fucose incorporation into the molecule, suggesting
the presence of glycosylation. Since the protein sequence was
known, our strategy was to calculate expected Lys-C digest
peptide masses, adding sugar masses onto the doubly or triply
charged ions. Candidate glycopeptides would then be MS/MSed
to define structure. This approach drew a blank, although it was
noticed that one of the expected peptides was absent from the
mapping experiment (it is not unusual for a mapping experiment
not to cover 100% of a protein molecule). However, the Q-TOF
data showed a strong candidate signal at m/z 829.35 (3+) which
did not map onto the known FP21 structure, and in addition the
triply charged signal had higher mass doubly charged satellites
apparently corresponding to sugar additions as seen in Fig. 6.
Disappointingly, the subtraction of these signals did not leave a
mass corresponding to any of the Lys-C peptide masses in FP21!
The conundrum was solved by careful CAD MS/MS analysis
of the triply charged 829.35 ion on the Q-TOF, generating the
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Fig. 5. Original research data from the prototype Q-TOF instrument [55] showing that isotopically resolved MS/MS data with good mass accuracy was now achievable
using this novel geometry. The spectrum shows the MS/MS of m/z 640.2%* derived from an in-gel tryptic digest. The sequence assigned as DDGFTPNNEDR identified

the 19 kDa band as Gene B protein.
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Fig. 6. The MS spectrum of an LC fraction from a Lys C digest of FP21 (Skp 1) protein from D. discoidium taken on the Q-TOF [56], showing the discovery of
glycosylation in the molecule from the mass differences seen between low level doubly charged fragment ions created by cone-induced fragmentation.

spectrum shown in Fig. 7. These data immediately allowed
assignment of the peptide incorporated in the signal as residues
139 to 151 of the FP21 protein via the b and y ions present
at m/z 230, 303, 377, 416, 478, 544, etc. However, the y
ions beyond m/z 1060 were 16 Da higher than predicted. Our
interpretation was that a double post-translational modification
of this protein had taken place, leading first to the creation of a
hydroxyproline at position 143 in the sequence, then modified
by a novel O-linked pentasaccharide glycosylation containing a

linking fucose at this position [56]. Note not only the clarity of
the well resolved signals in Fig. 7, but also the important ions
at m/z 1173.64 and 1376.67 (a HexNAc apart) which prove that
the sugar attachment is at the hydroxyproline position.

2. Current and future research

The powerful combination of the specific cleavage/mass
mapping strategies are further enhanced in on-line nano-LC-MS
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Fig. 7. The partial Q-TOF MS/MS spectrum of the 829.353* ion in Fig. 6 showing the 1173 fragment ion assigned as a hydroxyproline difference from m/z 1060,
and the signal at m/z 1376 providing evidence of the carbohydrate attachment at hydroxyproline in position 5 of the assigned sequence NDFTP(OH)EEEEQIRK.
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and MS/MS experiments on the Q-TOF, and have been applied
in our laboratory to numerous challenging O-linked analyses,
including characterising the multiple site-specific glycosylation
of the MPBS83 tuberculosis antigen of Mycobacterium bovis,
found to contain Man and Man alpha 1-3 Man on adjacent thre-
onines [57], and defining the changes in O-linked glycosylation
of CDS beta associated with T cell maturation in the thymus
[58].

Much of the group’s work is on the much larger structures
associated with N-linked glycosylation, where as mentioned
earlier there are text book biosynthetic pathways to assist in
assigning possible structures to mass spectrometric data. Prin-
cipal amongst these rules in eukaryotes (which until recently
were thought to be the only organisms with N-linked structures)
is the sacrosanct “trimannosyl core” attachment of the N-linked
oligosaccharide to the asparagine residue in the protein via two
GlcNAc residues. When our collaborators in ETH Zurich and the
London School of Hygiene and Tropical Medicine contacted us
with gene-derived evidence of the presence of N-glycosylation
machinery in Campylobacter jejuni, we were initially scepti-
cal that the predicted consensus sequences would be occupied.
However, the advantage of keeping an open mind in struc-
tural biology can never be over-emphasised to new students!
A nano-LC-MS mapping experiment on a in-gel tryptic digest
of protein Peb3 from C. jejuni left a number of signals unas-
signed, most of which turned out to be chymotryptic splits.
However, a relatively low mass doubly charged signal at m/z
1057.5 gave a very interesting MS/MS spectrum on the Q-TOF
as seen in Fig. 8. The fragmentation looked to be classical O-
linked rather than N-linked, but peptide fragment ions defined
the peptide as DFN'VSK, containing a eukaryotic type consensus
sequence NVS, and they also showed that the sugar linkage was
on the asparagine rather than the serine. Even more interestingly,

the interpretation of the fragmentation pattern defined not only
a novel sugar linkage 2,4-diacetamido-2,4,6-trideoxyhexose to
the Asnresidue, but also a very different overall heptasaccharide
oligosaccharide structure compared to that seen in eukaryotes
(Fig. 8) [59]. This discovery of a new type of N-glycosylation
has recently been extended by using the mass spectrometric
screening strategy to carry out functional genomic studies [60]
and in bio-engineering N-linked proteins carrying O antigen
lipopolysaccharide structures in Escherichia coli [61].

A particular current research interest of the group is the mech-
anism of fertilisation. Mammalian sperm initiate fertilisation by
binding to the specialized extracellular matrix of eggs known
as the zona pellucida (ZP). Murine ZP consists of three major
glycoproteins, mZP1, mZP2 and mZP3. Glycans on the latter
are believed to be responsible for initial sperm—egg binding and
the induction of the acrosome reaction. Over the past decade a
variety of genetic, biophysical, and biochemical techniques have
been employed to investigate the putative sperm binding glycans
but their structures remain elusive. Sequences have been estab-
lished for the majority of N- and O-glycans on mZP3 [62-64]
and sites of glycosylation are also known [65]. The challenge
now is to determine which glycans are located at each of the gly-
cosylation sites and to establish which glycoforms are involved
in sperm binding. Previously we have employed glycoproteomic
approaches to identify the O-glycans attached at two sites in a
conserved domain of ZP3 [66]. Here we present data on the gly-
can repertoire at one of the N-glycosylation sites. We describe
current strategies for manual interpretation of complex glyco-
proteomic data and report on the progress towards automated
interpretation of these data.

mZP3 was digested with trypsin and subjected to online-
nano-LC-ES-MS and data-dependent MS/MS. Diagnostic
sugar fragment ions in the MS data indicated that glycopeptides
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Fig. 8. The gel band, MS spectrum and Q-Star MS/MS spectrum of the m/z 1057%* signal from an in-gel tryptic digest, showing the discovery of a new type of
N-linked glycosylation in a study of proteins from the pathological organism C. jejuni [59]. Symbolic nomenclature used is that of the Consortium for Functional
Glycomics (CFG, www.functionalglycomics.org): white square is GalNAc, black circle is Glc, split-diamond is 2,4-diacetamido-2,4,6-trideoxyhexose (DATDH).
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were eluting around 60 min. MS data from 58.7 to 59.2 min were
summed for detailed examination (Fig. 9). Abundant fragment
ions corresponding to sugar sequences were observed at m/z 366
(HexHexNAc), m/z 407 (HexNAc,), m/z 528 (Hexp;HexNAc),
miz 657 (NeuAcHexHexNAc), m/z 673 (NeuGcHexHexNAc),
miz 731 (HexoHexNAcjy), m/z 860 (NeuAcHexHexNAc;)
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and m/z 876 (NeuGcHexHexNAc,). Based on earlier work
from our laboratory [64], the compositions Hex,HexNAc*
and NeuAc/NeuGcHexHexNAc,™ most likely correspond
to the Gala1-3GalB1-4GIcNAc sequence and the Sd? deter-
minant  (GalNAcB1-4[NeuAc/NeuGca2-3]GalB1-4GlcNAc,
respectively.
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Fig. 9. Summed MS data acquired between 58.7 and 59.2 min in the nano-LC—ES-MS analysis of a tryptic digest of ZP3. The six panels represent sequential mass
ranges of the same spectrum, chosen to best highlight the glycan and glycopeptide peaks. Sugar fragment ions which were formed during ionisation are observed in
the low mass portion of the spectrum and their compositions are shown in the cartoon annotations using symbols employed by the CFG: white circle is Gal, black
square is GIcNAc, white square is GalNAc, black diamond is NeuAc, white diamond is NeuGc. Molecular ions attributable to glycopeptides are annotated with their

m/z values. Their charges are given in Table 3.
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corresponding to water losses and ring cleavages. The annotated ions above m/z 1100 are all doubly charged (for assignments see the text).

The presence of both NeuAc and NeuGc in the sialylated gly-
cans was exploited whilst searching for glycoforms. Thus the
mass spectrum (Fig. 9) was searched for pairs of doubly, triply
and quadruply charged ions differing by m/z 8, 5.3 and 4, respec-
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Fig. 11. Structures of the glycans whose compositions are given in Table 3. These were deduced taking into account prior knowledge of antennae sequences in ZP3
[64]. Symbolic nomenclature used is that of the CFG: grey triangle is Fuc, white square is GalNAc, white circle is Gal, black square is GIcNAc, black circle is Glc,

black diamond is NeuAc, white diamond is NeuGc.

tively. For example the pair of triply charged ions at m/z 1572.62
(M 4714.9) and m/z 1577.97 (M 4730.9) that are 5.32 amu apart,
indicates that the latter structure contains at least one NeuGc
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In order to deduce the compositions of these carbohydrate
structures, it was necessary to extrapolate from the data by either
adding or subtracting various sugar mass residues to the start-
ing structure and then searching for the multiply charged ions
of these glycans in the mass spectrum. For instance, by sub-
tracting the mass of a NeuGec residue from the total molecular
mass of the NeuGc-containing glycopeptide at M; 4730.9, a
structure with an expected molecular mass of 4423.8 should be
detected in the spectrum. It is indeed observed as a triply charged
species at 1475.63. Fortunately this ion had been selected for
data-dependent CAD at 59.2 min and the resulting MS/MS spec-
trum (Fig. 10) provided definitive evidence for glycosylation
via the presence of m/z 204 (HexNAc™), 308 (NeuGc*), 366
(HexHexNAc™) and 673 (NeuGcHexHexNAc*). The presence
of sialylated fragment ions indicates that at least one antenna
carries NeuGc. This therefore signifies that the component at
1577.97°* must contain at least two NeuGc residues. The pres-
ence of a molecular ion at m/z 1373.283* (Fig. 9), which cor-
responds to a glycopeptide with two fewer NeuGc residues
than m/z 1577.97%%, provided further evidence for this con-
clusion. Together with m/z 1475.63%*, m/z 1373.283* had also
been selected for CAD MS/MS giving fragment ions at m/z 204
and 366 for HexNAc and HexHexNAc, respectively (data not
shown). Since no signals for sialylated fragments were observed
in this MS/MS spectrum, it can be assumed that the glycopeptide
of M; 4730.9 carries two NeuGc residues. By repeating this pro-
cess through the addition and subtraction of other sugar masses,
it was deduced that the most likely composition of the glycoform
at 1577.973* is a bi-antennary, core-fucosylated glycan carrying
two NeuGc residues, i.e., NeuGeoFucHexsHexNAcy. Subtract-
ing the mass for this carbohydrate structure (2382.8 U) from the
calculated molecular weight of the 1577.973* ion (M, 4730.9)
gives a residual mass of 2348.1 Da for the peptide component
of the glycopeptide. This peptide maps to the mZP3 sequence
(2SDPRPETLQFTVDVFHFANSSR?7® which has a consensus
glycosylation site at Asn273. Evidence that the glycosylated
peptide had been correctly identified was provided by the clus-
ters of doubly charged fragment ions observed between m/z 1100
and 1900 in the MS/MS spectrum of m/z 1475.63 (Fig. 10). Thus
mlz 1174.36>" is the predicted mass for the intact peptide after
loss of the glycan, whilst the signals from m/z 1275.84%* to
1875.92%* are increments of HexNAc, Fuc or Hex higher. The
signal atm/z 1215.85%* is assigned to a fragment ion arising from
cross ring cleavage of the Asn-linked HexNAc residue, whilst
m/z 1165.81%* is consistent with cleavage on the acyl side of the
N-glycosidic bond during glycan loss. Moreover, the N-terminal
sequence of the peptide was confirmed by the b-ions at m/z 254
(PR) and 480 (PRPE), with the latter accompanied by an a-ion
at m/z 452.

By applying this data analysis strategy to other multiply
charged signals in the spectrum shown in Fig. 9, a total of fifty
eight glycan compositions were assigned (Table 3) to the Asn273
glycoforms. Likely structures for these glycans, based on their
compositions and previous glycomic analysis of ZP3 [64], are
shown in Fig. 11.

We are developing prototype software for automatically ana-
lyzing glycopeptide spectra, which we applied to the same

Table 3

This table gives the glycan compositions of the PRPETLQFTVDVFHFANSSR
glycopeptides which were manually assigned to triply or quadruply charged
molecular ions observed in the spectrum reproduced in Fig. 9

M, mlz a b c d e
3385.8 1129.63* 0 0 1 3 2
3588.8 1197.3% 0 0 1 3 3
3750.8 1251.3%+ 0 0 1 4 3
3792.8 1265.3%* 0 0 1 3 4
3896.8 1299.93+ 0 1 1 3 3
3912.8 1305.33 0 0 1 5 3
3954.8 1319.3% 0 0 1 4 4
4058.8 1353.93* 0 1 1 4 3
4116.9 1373.3% 0 0 1 5 4
4157.9 1387.0% 0 0 1 4 5
42458 1416.3%* 1 0 1 4 4
4261.9 1421.63* 0 1 1 4 4
4278.8 1427.3% 0 0 1 6 4
4319.9 1441.0%* 0 0 1 5 5
4407.9 1470.33* 1 0 1 5 4
4423.9 1475.6%* 0 1 1 5 4
4481.9 1495.03* 0 0 1 6 5
4567.8 1523.6% 1 0 1 6 4
4584.9 1529.33+ 0 1 1 6 4
4619.0 1538.03* 1 0 1 5 5
4646.9 1543.33 0 1 1 5 5
4698.9 1567.3% 2 0 1 5 4
4714.9 1572.6%* 1 1 1 5 4
4730.9 1578.03* 0 2 1 5 4
4772.9 1592.03 1 0 1 6 5
4788.9 1597.33 0 1 1 6 5
4845.9 1616.3%* 0 0 1 7 6
4974.9 1659.3%* 1 0 1 6 6
4992.0 1665.03* 0 1 1 6 6
5065.0 1689.33 2 0 1 6 5
5080.0 1694.33+ 1 1 1 6 5
5096.9 1700.03* 0 2 1 6 5
5137.9 1713.63* 1 0 1 7 6
5153.9 1719.0% 0 1 1 7 6
5241.1 1311.3% 1 1 1 7 5
5258.0 1315.5% 0 2 1 7 5
5267.8 1318.0% 2 0 1 6 6
5284.0 1762.0% 1 1 1 6 6
5299.0 1767.43* 0 2 1 6 6
5339.0 1335.74+ 1 0 1 7 7
5355.0 1786.0%* 3 0 1 6 5
5371.0 1791.73+ 2 1 1 6 5
5387.9 1797.0%* 1 2 1 6 5
5403.9 1802.3%* 0 3 1 6 5
5425.1 1357.3% 2 0 1 7 6
5443.9 1362.0% 1 1 1 7 6
5461.0 1366.24+ 0 2 1 7 6
5575.0 1394.84* 2 1 1 6 6
5591.0 1398.84 1 2 1 6 6
5607.0 1402.7% 0 3 1 6 6
5737.1 1435.3% 2 1 1 7 6
5753.0 1439.3% 1 2 1 7 6
5769.0 1443.3% 0 3 1 7 6
5777.1 1445.3% 2 1 1 6 7
5794.0 1449.5% 1 2 1 6 7
5810.0 1453.5% 0 3 1 6 7
5997.0 1500.3% 1 2 1 6 8
6013.0 1504.3% 0 3 1 6 8

The m/z values in the table correspond to the most abundant isotope in each
cluster and the M, value is calculated accordingly. Columns a, b, c, d, and
e are NeuAc, NeuGec, Fuc, Hex and HexNAc, respectively. Assignments are
made after choosing '>C masses, calibration corrected using regional peptide
assignments, and cross-checked for acceptable isotopic distribution.



28

PMSV: G:\upload\tmp\

Eile View Custom |nfo Help

oaded 11thjune.1208.dta
mass: 283.004 ... 2016.972, intensity: 0.0 ... 16862.5

366.056

673.075

§76.110

308 731.108

407.071

|\||‘|||1
400

PMSV: G:\upload\tmp\

file View Custom [nfo Help
joaded 11thjune,.1208.dta
Imass: 1483.634 ... 1605.291, intensity: 0.0 ... 986.6

1527.275 1528\0a4

1527 953

1075.575

H.R. Morris et al. / International Journal of Mass Spectrometry 259 (2007) 16-31

o)X

1197.261

T
1800 I

1494 971 1597 306
1495.298 143 1597.644
1543993 1577.968
1597 964
‘ 1495 642 lll 1544 745
1aackt7 1504 240 - 1578.622
i, '°4°>°2 1572.48 1598 284
1495 969 1508.280 I
‘ i 156199 ‘I |
|
T /!
1490 1500 1510 1520 1230 1540 1550 1560 1570 1580 1590
PMSV: G:\upload\tmp\ = |O}[X
Eile View Custom info Help
joaded 11thjune.1208.dta
mass: 1525.318 ... 1536.923, intensity: 0.0 ... 855.8
1534 499
1530267
1530.754 1535.004
— 1531.276 1535.527
162997 1535.998

1531.833

Al i B LR N R O R e R L R

S Uy

Fig. 12. Three views of MS data summed between 57.5 and 59.5 min. The bottom two panels show increasingly zoomed in views of the peak at 1534, which
corresponds to mZP3:257-276 + NeuGez FucHexgHexNAc7. The peaks corresponding to the NeuAc; NeuGe and NeuAcNeuGce; analogues are also visible.

spectra whose manual annotation is described above. The soft-
ware examines each spectrum in an LC/MS series, hunting
for isotope envelopes of ions that have sufficient resolution to
determine the charge, and that have the appropriate shape for a
glycopeptide. For each envelope found, the program then deter-
mines which peak is the +0 isotope, and converts it from m/z
to a mass. Mimicking the strategy of human annotators might
involve looking for pairs of masses that differ by the mass of
a glycan. But the software takes a different approach. It builds
a table containing the masses of all tryptic glycopeptides from
the target molecules (in this case mZP2 and mZP3) and then
for each mass computed from the LC/MS spectra checks for a
matching target mass in the table.

One of the major advantages of automatic software is that
it can easily find glycopeptides that are missed in the tedious
process of human annotation (Fig. 12 gives an example). The
envelope at m/z 1534 was examined by the program, and
as shown in Fig. 13 has a shape very similar to the pre-
dicted envelope of a “generic” glycopeptide ion of charge
+4. After verifying the similarity, the program then found the
+0 isotope peak at 1533.76 and computed the total mass as
6131.0 which matched (after correcting for calibration) the tar-
get glycopeptide mZP3:257-276 + NeuGcezFucHexgHexNAcy;
(where mZP3:257-276 is the sequence PRPETLQFTVDVFH-
FANSSR) of mass 6132.48. Although this particular gly-
coform was not identified by manual annotation, the spec-
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Fig. 13. The solid line shows the theoretical spectrum of a quadruply charged
glycopeptide of mass m=6132.48. This is formed by summing Gaussians cen-
tered at (m +4)/4, (m+5)/4, (m + 6)/4, etc., with each Gaussian weighted by the
theoretical abundance of the corresponding isotopic species. The dashed line is
the experimental data, summed over the spectra between 57.5 and 59.5 min.

trum also contains peaks corresponding to NeuAcyNeuGce and
NeuAcNeuGc,, which is strong confirmation for this glycopep-
tide. Altogether the current version of the program found 27
additional glycopeptides not present in Table 3 which had either
low mass or that had at least one NeuAc/NeuGc analogue. These

Table 4
This table gives the glycan compositions of the PRPETLQFTVDVFHFANSSR
glycopeptides which were automatically found by the prototype software

M, miz a b c d e
3223.49 1075.2603* 0 0 1 2 2
3426.57 1142.930%* 0 0 1 2 3
344257 1148.2603* 0 0 0 3 3
3912.73 1304.9503* 0 0 1 5 3
4933.07 1233.98% 0 2 1 5 5
4917.07 1229.990% 1 1 1 5 5
6074.43 1519.250% 0 4 1 7 6
6058.44 1515.250* 1 3 1 7 6
6042.44 1511.250% 2 2 1 7 6
5663.33 1416.500** 0 2 1 7 7
5647.34 1412.510% 1 1 1 7 7
6132.48 1533.760** 0 3 1 8 7
6100.49 1525.760%* 2 1 1 8 7
6116.48 1529.760** 1 2 1 8 7
6439.57 1610.510% 0 4 1 8 7
6423.57 1606.510** 1 3 1 8 7
6407.58 1602.520%* 2 2 1 8 7
6480.59 1620.750** 0 4 1 7 8
6464.60 1616.760** 1 3 1 7 8
6335.55 1584.510% 0 3 1 8 8
6319.56 1580.520%* 1 2 1 8 8
6190.52 1548.260* 0 2 1 9 8
6174.52 1544.270% 1 1 1 9 8
6481.61 1621.020% 1 2 1 9 8
6497.61 1625.020%* 0 3 1 9 8
7610.06 1522.710%* 3 1 1 8 13
7626.05 1271.760%* 2 2 1 8 13

The m/z values in the table correspond to the estimated +0 (2C) isotope in each
cluster and the M, value here is the theoretical mass of the glycopeptide. Columns
a, b, ¢, d, and e are NeuAc, NeuGc, Fuc, Hex and HexNAc, respectively.
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Fig. 14. The most plausible cartoons for the glycans of the glycopeptide
of mass 6132.48. The first row shows the highest ranked cartoons for
NeuGcesFucHexgHexNAc7, and the second row shows the highest for the less
likely composition NeuAcNeuGe, HexgHexNAc7. Symbolic nomenclature used
is that of the CFG: grey triangle is Fuc, white square is GalNAc, white circle
is Gal, black square is GIcNAc, black diamond is NeuAc, white diamond is
NeuGec.

are shown in Table 4. We expect improved versions to find addi-
tional glycoforms.

Once a peak has been identified as having the mass of a tryptic
glycopeptide, the next step is to assign a plausible cartoon to the
glycan. This is done using an improved version of the Cartoonist
algorithm [68]. The algorithm has two parts: biosynthetic rules
and demerits. The biosynthetic rules are used to automatically
generate about 145,000 cartoons, which should be a superset
of all biologically possible glycans. Demerits are used to rank
cartoons of the same composition by downgrading the less likely
ones, and can be adjusted for different animals and tissues. The
demerits used for the mouse ZP3 glycans take into account prior
glycomics work [64] and downgrade structures such as bisecting
GlcNAc, LacdiNAc antennae and peripheral fucosylation. The
peak at 1534 (corresponding to total mass 6132.48) has two
possible glycan compositions: NeuGc3FucHexgHexNAcy and
NeuAcNeuGceyHexgHexNAcy. The highest ranked cartoons for
each composition are shown in Fig. 14.

This software, whilst not yet fully developed, promises to
supersede current manual interpretation of complex glycopep-
tide data sets or at least to augment it, although as we have
illustrated above with the D. discoidium FP21 and C. jejuni PEB
studies, biomolecular post-translational research still throws up
problems which are likely to need the intervention of human
intelligence!
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Appendix A
A.l. Materials and methods

A.l.l. Materials

Purified ZP was isolated from flash-frozen mouse ovaries
obtained from 12- to 14-week-old wild-type mice and ZP3 was
separated from ZP1 and ZP2 by gel filtration as described pre-
viously [67]. All other chemicals and reagents were purchased
from Sigma unless otherwise indicated.

A.1.2. Nano-LC-ES-MS/MS analysis

Tryptic digests were analyzed by nano-LC-ES-MS/MS
using a reverse-phase nano-HPLC system (Dionex, Sunnyvale,
CA, USA) connected to a quadrupole TOF mass spectrome-
ter (Q-STAR Pulsar I, MDS Sciex). The digests were sepa-
rated by a binary nano-HPLC gradient generated by an ulti-
mate pump fitted with a Famos autosampler and a Switchos
microcolumn switching module (LC Packings, Amsterdam, The
Netherlands). An analytical C18 nanocapillary (75 mm inside
diameter x 15 cm, PepMap) and a micro precolumn C18 car-
tridge were employed for on-line peptide separation. The digest
was first loaded onto the precolumn and eluted with 0.1% formic
acid (Sigma) in water (HPLC grade, Purite) for 4 min. The eluent
was then transferred onto an analytical C18 nanocapillary HPLC
column and eluted at a flow rate of 150 nL/min using the follow-
ing gradient of solvent A [0.05%, v/v formic acid in a 95:5, v/v
water/acetonitrile mixture] and solvent B [0.04% formic acid in
a 95:5, v/v acetonitrile/water mixture]: 99% A from O to 5 min,
99-90% A from 5 to 10min, 90-60% A from 10 to 70 min,
60-50% A from 70 to 71 min, 50-5% A from 71 to 75 min, 5% A
from 75 to 85 min, 5-95% A from 85 to 86 min, and 95% A from
86 to 90 min. Data acquisition was performed using Analyst QS
software with an automatic information-dependent-acquisition
(IDA) function.

A.1.3. Algorithms

Isotope envelopes are found by fitting a sum of Gaussians
to the spectrum, using the nonlinear minimisation routine dfp-
min from numerical recipes [69]. The optimization is over three
scalar parameters: the position of the series of Gaussians, the
width of the Gaussians, and an overall scale factor. The Gaus-
sians all have the same width (variance), and a single scale factor
determines all their heights because their relative heights are
precomputed based on isotope abundances. These are computed
using the total mass corresponding to the peak, and assuming a
generic glycopeptide consisting of 50% H atoms, 30% Carbon,
5% Nitrogen and 15% Oxygen.

The spectrum is centroided, and the resulting peaks are con-
sidered one at a time starting with the most intense. The charge
of a peak is estimated by looking at nearby peaks, and the result-

ing region of the spectrum is fitted to a sum of Gaussians spaced
1/charge apart. The starting point for dfpmin iteration sets the
position parameter to match the Gaussian of highest theoretical
abundance to the highest observed peak in the region. Then dfp-
min is called two additional times, shifted 1/charge to the left,
and to the right.

The table of target glycopeptide masses is computed using
Cartoonist [68]. Cartoonist generates about 145,000 cartoons
using biosynthetic rules, which build up each antenna as a series
of lactosamine units followed by one of nine capping units. Cor-
responding to these cartoons are approximately 6000 different
glycan compositions. The masses of these compositions are used
to populate the table of target masses.

To determine the tolerance used in matching the location
(mass) of the +0 Gaussian and the table of targeted masses, the
entire set of spectra are first scanned for unmodified peptides that
are validated by an MS/MS spectrum. The difference between
the observed and theoretical masses of these peptides is used to
recalibrate the spectrum as described in [70], and the deviation
after recalibration is used as the tolerance. For the spectra used
here, that tolerance is 0.05 Da.

For conversion to cartoons, the demerits system of Cartoon-
ist (see main text) was used [68,70]. Demerits were applied
to cartoons containing anything from the following list: Sia-
Iyl Lewis X, LacdiNAc, sialyl LacdiNAc, two stacked sialic
acids, an antennae with exactly 2 mannose, bisecting GIcNAc,
an antenna with multiple fucose, an absence of base fucosyla-
tion, five antennae, a hybrid structure, uncapped GlcNac, a single
long antennae, or lack of a full trimannosyl core.
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