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Abstract

The analysis of recombinant Desmodus salivary plasminogen activator (DSPAal), a heterogeneous glycoprotein,
is demonstrated through the use of high-performance liquid chromatography (HPLC), high-performance capillary
electrophoresis (HPCE), liquid chromatography—electrospray mass spectrometry (LC-ES-MS), and matrix-as-
sisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF-MS). The protein is analyzed at
three specific levels of detail: the intact protein, proteolytic digests of the protein, and fractions from the proteolytic
digest. A method for “on-column” collection of HPLC fractions for subsequent transfer and analysis by HPCE and

MALDI-TOF-MS is shown.

1. Introduction

The development of rDNA-derived protein
pharmaceuticals has been facilitated by the intro-
duction of new analytical methods that can be
used to characterize proteins and/or to demon-
strate consistency of manufacture of a protein.
Peptide mapping is a key method for monitoring
the amino acid sequence and is able to detect
small changes in small to moderate size proteins,
e.g. insulin and human growth hormone. The
analysis of a much larger protein, e.g. fibrinogen
(molecular mass of 350 000), or the heteroge-
neous glycoproteins, such as antibodies (molecu-
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lar mass of 150 000), is hindered by the complex-
ity of the range of peptides generated by an
enzymatic digestion. Such complexity makes a
single reversed-phase high-performance liquid
chromatography (HPLC) separation combined
with on-line UV detection of limited utility.
The advent of commercially available com-
bined HPLC and electrospray ionization mass
spectrometry (LC-ES-MS) systems compatible
with conventional HPLC methodology has in-
creased the power of peptide mapping considera-
bly [1,2]. LC-ES-MS in combination with in-
source collisionally induced dissociation (CID)
has been used effectively to identify sites of N-
and O-linked glycosylation [3-5]. However, even
this technique is limited by insufficient resolution
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resulting from the large number of very similar
peptides caused by variable protein glycosylation
and enzymatic digests of moderately sized glyco-
proteins. It is therefore necessary to employ a
range of techniques with orthogonal selectivity in
order to characterize such samples. A significant
issue is to efficiently utilize such multidimension-
al data in a way that multiple samples can be
characterized for a product development pro-
gram.

It is interesting to note the evolution of the
terms ‘“‘multidimensional” and ‘‘hyphenated”.
Ten years ago, these terms were routinely used
to mean the (generally) on-line coupling of two
single-stage analytical instruments, such as chro-
matography and mass spectrometry. Now, how-
ever, such a coupling is widely accepted and the
multidimensionality of the analysis is of a higher
order. The power of recent techniques lies in
utilizing  chromatography, high-performance
capillary electrophoresis (HPCE), UV-Vis, mass
spectrometric, and other spectrometric data in
an integrated manner.

We have, therefore, investigated the use of
combinations of HPCE, HPLC, LC-ES-MS, and
MALDI-TOF-MS to allow for characterization
of enzymatic digests of underivatized glycopro-
tein samples. The separation selectivity of HPLC
and CE is sufficiently orthogonal to yield a great
deal of comparative information. Although LC-
ES-MS is extremely powerful for peptide map-
ping, when dealing with intact proteins the mass
range is limited to simple mixtures and lower-
molecular-mass  fragments compared with
MALDI-TOF-MS. Thus in combining data from
the two techniques, highly complementary data
are obtained.

As an example of a heterogeneous glycopro-
tein, DSPAal, a single-chain plasminogen ac-
tivator derived from Desmodus rotundus (vam-
pire bat) salivary glands [6] was chosen. DSPA«1
is a serine protease that plays a role in clot lysis.
The potential applications for the molecule are
in the area of thrombotic myocardial and cere-
bral infarctions, deep vein thrombosis, lung
embolism, and peripheral arterial occlusive dis-
eases. DSPAal displays approximately 70% se-
quence homology with the double-chain serine

protease, tissue plasminogen activator (tPA),
and may have a fibrin specificity, with a strict
dependence on polymeric fibrin as a co-factor
[7]. DSPA is known to be heterogeneous when
expressed in CHO cells [8]. It is a large (441
amino acids) complex molecule of calculated
(non-glycosylated) average molecular mass
49 508, with six sites for potential glycosylation,
four O-linked and two N-linked. It has been
proposed, based on homology with other serine
proteases [6] that there are 28 cysteines forming
14 disulfide bridges.

2. Experimental
2.1. Instrumental

HPLC

The HPLC separation was performed on a
Hewlett-Packard 1090 liquid chromatography
system equipped with DRS ternary solvent deliv-
ery system, diode-array UV-Vis detector, auto-
sampler, and heated column compartment (Hew-
lett-Packard, Wilmington, DE, USA). All HPLC
separations were done using a Vydac Cig
(Catalog No. 218TP54, Hesperia, CA, USA)
5-wm particle, 300-A pore size reversed-phase
column. A standard solvent system of water
(solvent A) and acetonitrile (solvent B), both
with 0.1% trifluoroacetic acid (TFA), was used
with a flow-rate of 0.2 ml/min. The gradient for
the separation was constructed as 0-60% B in 90
min. The column temperature was maintained at
45°C throughout the separation.

A schematic for “on-column” fraction collec-
tion is shown in Fig. 1. The effluent from the
HPLC (at 200 wl/min) is mixed with a non-
elutropic solvent, 0.1% TFA at 1000 pxl/min
delivered with an Eldex Model A-30-S metering
pump (Eldex Laboratories, Napa, CA, USA).
The resultant mixture was selectively directed to
one of four possible collection columns, or a
bypass, using a Valco Model CST6UW 6-posi-
tion, 14-port, electrically actuated valve (Valco
Instrument, Houston, TX, USA). The collection
columns consisted of HP hydrophobic sequenc-
ing cartridge columns (P.N. G1073A) in a col-
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Fig. 1. Schematic of on-column fraction collection.

umn adapter (P.N. G1007A). Fractions were
eluted from the collection columns using a gra-
dient from 0 to 90% B in 5 min at a flow-rate of
0.2 ml/min and collected in Eppendorf vials.
Four specific fractions were chosen to be col-
lected from the endoproteinase ArgC digest of
DSPAal. The fraction collection process was
repeated for four separations with 250 wl of
sample at a concentration of 1.2 nmol/ml for a
total sample consumption of 1.2 nmol. For each
run, the specific fraction was directed to the
appropriate cartridge. The samples were then
eluted in approximately 200 nl and concentrated
to a final volume of 100 1. Thus approximately
1.2 nmol of each homogeneous peptide was
collected while a lower amount is present for the
heterogeneous glycoforms. Since in the original
sample the 1.2 nmol was contained in 1000 wl,
while the final fraction volume was 100 wl, an
approximate ten-fold concentration was obtained
along with isolation of the fractions.

High-performance capillary electrophoresis
HPCE was done on a Hewlett-Packard
HP*’CE system with a built-in UV-Vis diode-
array detector (DAD) and MS Windows Chem-
station 3D software. A phosphate deactivated [9]
fused-silica capillary of 50 wm internal diameter
and 56 cm effective length with a 150 pum
extended light path (bubble cell) (P.N. G1600-
62232) was used. The capillary was thermostat-
ted at 35°C. Before each separation, the capillary

was conditioned by flushing with 0.1 M NaOH
for 2 min at 50 mbar, followed by flushing with
background electrolyte for 5 min at 50 mbar.
The background electrolyte consisted of 100 mM
sodium phosphate buffer at pH 2.4 and 100 mM
NaCl. Injections were made by pressure for 10—
30 s at 50 mbar. For peptide separations, the
injection was followed by a trailing electrolyte
consisting of 1 mM phosphoric acid at 5 kV for 2
min. The use of this discontinuous buffer system
served to sharpen the peaks from the injection
plug. The separation was monitored at 200 and
280 nm.

Mass spectrometry

LC-ES-MS. Mass spectrometry was done on a
Hewlett-Packard 5989B quadrupole mass spec-
trometer equipped with extended mass range,
high-energy dynode detector (HED), and a
Hewlett-Packard ~ 59987A  API-electrospray
source with high-flow nebulizer option. Both the
HPLC and MS were controlled by the HP
Chemstation software, allowing simultaneous
instrument control, data acquisition, and data
analysis. The high-flow nebulizer was operated in
a standard manner with N, as nebulizing (1.5
1/min) and drying (15 1/min at 300°C) gas.

To counteract the signal suppressing effects on
LC-electrospray MS of trifluoroacetic acid, a
previously reported method [10], referred to as
the “TFA fix” was employed. The “TFA fix”
consisted of post-column addition of propionic
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acid—isopropanol (75:25) at a flow-rate of 100
p1/min. The TFA fix was delivered using an HP
1050 HPLC pump and was mixed with a zero-
dead-volume tee into the column effluent after
the DAD detector and after the column-switch-
ing valve. Column effluent was diverted from the
MS for the first 5 min of the chromatogram,
during which time excess reagents and unre-
tained components eluted.

For peptide mapping, MS data was acquired in
scan mode, scanning from 200 to 1600 u at an
acquisition rate of 1.35 Hz at 0.15 u step size.
Unit resolution was maintained for all experi-
ments. Data was filtered in the mass domain with
a 0.03 u Gaussian mass filter and in the time
domain with a 0.05 min Gaussian time filter. The
fragment identification was done with the aid of
HP G1048A protein and peptide analysis soft-
ware, a software utility which assigns predicted
fragments from a given sequence and digest with
peak spectral characteristics.

For the in-source collisionally induced dis-
sociation (CID) method for detecting fragments
indicative of glycopeptides [3], the CapEx volt-
age was set to 200 V instead of the standard 100
V. Data acquisition was done in selected-ion
monitoring (SIM) mode, monitoring ions at m/z
147, 204, 292, and 366, each with a 1 u window
and a dwell time of 150 ms, resulting in an
acquisition rate of 1.5 Hz. Data was filtered in
the time domain with a 0.05 min Gaussian time
filter.

MALDI-TOF-MS. Mass spectra were gener-
ated with a Hewlett-Packard 1700XP (predeces-
sor to the Hewlett-Packard G2025A) MALDI-
TOF-MS system. This system utilizes a N, laser
(337 nm) for the desorption/ionization event
coupled with a linear 1.7-m time-of-flight ana-
lyzer for mass analysis. Spectra were acquired at
laser powers just above the ionization threshold
using a matrix consisting of either 2,5-dimethoxy-
4-hydroxycinnamic acid (sinapinic acid, HP P.N.
G2055A) or 2,5-dihydroxybenzoic acid (DHBA,
P.N. G2056A).

Intact protein: DSPAal (0.55 mg/ml) was

mixed 1:1 with a 100 mM sinapinic acid matrix
solution and two 1-u1 aliquots (ca. 10 pmol total)
were sequentially deposited onto the probe tip
and vacuum dried in the HP G2024A sample
prep accessory. Data were collected at a 100
MHz sampling rate and a total of 100 laser shots
were summed. The mass scale was calibrated
using a protein standard mixture (HP P.N.
G2053A) as an external calibrant.

Protein digest mixture and HPLC pooled frac-
tions: The entire digest mixture sample was
prepared by two different methods. For each
method, data were collected at a 400 MHz
sampling rate and a total of 100 laser shots were
summed. The standard preparation method com-
prised of diluting the digest mixture (0.35 mg/
ml) 1:9 with 100 mM sinapinic acid. Two 0.5-ul
aliquots (ca. 600 fmol total) were sequentially
deposited onto the probe tip and vacuum dried.
The alternative method involved generating a
seed layer of polycrystalline DHBA on the probe
tip and adding a sample—matrix solution to the
bed of seed crystals [11]. In this technique, 1 ul
of a saturated DHBA matrix solution (30%
acetonitrile) is added to the probe tip, allowed to
air dry, and mechanically crushed with a glass
slide. Non-adhering crystals were then brushed
off of the probe tip. The digest mixture sample
was diluted 1:9 with the supernatant of the
saturated DHBA solution. Then 1 wl of this
solution (ca. 600 fmol) was applied to the bed of
seed crystals where crystallization commenced
immediately, allowed to sit for ca. 30 s, and
rinsed with ca. 100 ul water prior to the sample—
matrix deposit completely drying out. This meth-
od offers an approach that greatly increases the
tolerance to contaminants which may interfere in
the crystallization process.

The HPLC fractions were mixed 1:1 with a 100
mM sinapinic acid and two 0.5-ul aliquots were
sequentially deposited onto the probe tip and
vacuum dried. Data were collected at a 400 MHz
sampling rate and a total of 75 laser shots were
summed for each fraction.

The mass scale was calibrated using a peptide
standard mixture (HP P.N. G2052A) as an
external calibrant.
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2.2. Chemicals and reagents

HPLC-grade acetonitrile and trifluoroacetic
acid (TFA), as well as EDTA were obtained
from J.T. Baker (J.T. Baker, Phillipsburg, NJ,
USA). Distilled, deionized Milli-Q water (Milli-
pore, Bedford, MA, USA) was used. Urea was
obtained from GIBCO (Gaithersburg, MD,
USA), p,L-dithiothreitol (DTT), iodoacetic acid,
bicine, NaOH, and CaCl, were obtained from
Sigma (Sigma, St. Louis, MO, USA). The en-
zyme endoproteinase Arg-C (Boehringer Mann-
heim, Indianapolis, IN, USA) was used for
mapping. Recombinant DSPAal (from Berlex
Biosciences, Richmond, CA, USA) was purified
from CHO cells, and the starting concentration
was 0.55 mg/ml.

2.3. Methods

Sample preparation

DSPAal (5 mg) was denatured in 6 M urea
and titrated with 5 M NaOH to pH 8.3. The
sample was then reduced using 32 mM DTT
(molar excess to DSPA 1:300) by incubating at
55°C for 3 h. Alkylation of the reduced protein
was done by a further 30 min incubation with 70
mM iodoacetic acid. The reduced and alkylated
DSPA«l was then desalted using size-exclusion
chromatography.

Arg-C digestion

The reduced, alkylated, desalted DSPAa1 was
digested in 200 mM bicine at 37°C with an
enzyme-to-substrate (mass) ratio of 1:50 for 18 h
in the presence of 20 mM DTT, 0.5 mM EDTA,
and 8.5 mM CaCl,. The digestion was quenched
by titrating the sample to pH 1.5.

3. Results and discussion
3.1. Analytical strategy
The analytical approach used for the analysis

of the DSPA«l glycoprotein was to start at the
gross level of the intact protein and use ana-

lytical techniques applicable to such a complex,
high-molecular-mass sample. Following this
characterization, the greater detail of the peptide
map from an endoproteinase Arg-C digest was
examined, followed by individual fractions from
the digest. Thus the focus moved from more
global properties of the sample to increasing
degrees of detail. At each level, HPLC, LC-MS,
HPCE, and MALDI-TOF-MS were applied. At
the more global level, it is not possible to discern
the detailed information of the specialized tech-
niques. On the other hand, it is difficult to
synthesize data from the more specific into a
more global picture. This problem of context of
scale of macromolecular analysis is at the heart
of the need for multidimensional analysis. With
samples of this complexity, no one technique
yields the required depth of structure informa-
tion combined with ready linkage to the overall
structure of the macromolecule.

The intact glycoprotein

At the level of detail of the intact glycopro-
tein, information can be gathered concerning the
gross chemical and structural characteristics of
the protein as well as the purity of the sample
preparation. In the current study, the DSPAal
sample had already undergone a number of
purification steps to isolate it from the cells in
which it was cultured. With such a protein, there
exist multiple opportunities for heterogeneity,
including glycosylation, varying N-terminal se-
quence, amino acid modifications, and
proteolytic clipping. The goal of the purification
step for a recombinant DNA derived pharma-
ceutical glycoprotein such as DSPAal is to be
combined with the production process to
produce a high-purity product in a consistent
manner. Such a product, however, may still
contain substantial heterogeneity introduced by
post-translational ~ modifications ~ such  as
glycosylation. Therefore, the analytical sample
may consist of a mixture of not only potential
contaminants, but heterogeneous glycoforms as
well, which are an intrinsic part of the target
molecule. It is the challenge of the analytical
chemist to devise a suitable set of methods that
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can be applied to such complex samples. Of
course, in addition to separation methods dis-
cussed below, a wide range of tools including N-
and C-terminal sequence analysis, X-ray crys-
tallography, and biological activity tests can be
applied.

The initial examination of the intact protein
sample was performed by reversed-phase HPLC
and is shown in Fig. 2. From the separation, it
can be seen that the sample is quite pure, and at
least in terms of hydrophobicity, relatively
homogeneous, although product variants may
not be separated under the applied conditions
[12]. Through the use of UV-Vis diode-array
detection, its UV spectra can be acquired
throughout the separation (see Fig. 2, inset) and
data can be obtained concerning the relative
number of aromatic amino acids (tryptophan,
tyrosine, and phenylalanine) present in the pro-
tein. In those cases for which the amino acid
composition is known, this information can also
be used as a partial identification for the peak in
the presence of other proteins.

The capillary electrophoresis separation (see
Fig. 3) is used to characterize the intact protein
as well as to gather UV-Vis spectral informa-
tion. In addition, the orthogonality of the sepa-
ration mechanism, being based on charge rather
than hydrophobicity, is useful in the further
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characterization of purity and homogeneity. In
the case of a glycoprotein such as DSPA«1, the
charge heterogeneity introduced from the vari-
able sialic acid content due to the glycosylation
results in a relatively broad peak, but the ab-
sence of other well-separated peaks is consistent
with low levels of other contaminating proteins.

The analysis of the intact glycoprotein by
MALDI-TOF-MS (shown in Fig. 4) yields in-
formation similar to that of HPCE. Although
often a destructive technique, the separation is
based on mass/charge, as is electrophoresis.
Strictly speaking HPCE is based on size/charge,
but for denatured peptides this is closely related
to mass. The two major peaks in the spectrum
represent singly and doubly charged ions from
the protein. The mass of the protein, determined
from the singly charged ion, is 54 111.6 =54
compared with the average molecular mass of
49 508.15 calculated from the amino acid se-
quence only. The difference in M, of 4603 or
approximately 9.3% indicates a mass increase
due to glycosylation. The peak width of approxi-
mately M, 5000 is related to the degree of
microheterogeneity of glycosylation. Based on
the expected resolution of the MALDI-TOF-MS
experiment, if DSPAal were homogeneous, it
would have a peak width at half height on the
order of M, 500 due, in part, to the isotopic
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Fig. 2. HPLC of intact protein; 20 wg total protein injected. See text for conditions.
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Fig. 3. CE of intact protein; 40 pmol total protein injected. See text for conditions.

distribution. In addition, there is some fine-struc-
ture of the [M +1]" peak, which may indicate
the presence of heterogeneous glycoforms.

It is useful at this level, as well as other levels
of detail, to compare the relative sensitivity of
the three techniques discussed above. In the case
of HPLC, the total amount of sample applied
was 20 pg injected in a volume of 10 ul, or a
sample concentration of 2 mg/ml (40 mmol/ml).
As can be seen from the chromatogram, the
HPLC separation could be run at significantly
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lower concentration. In the case of the HPCE
separation, a pressure injection of 1500 mbar s
(50 mbar x 30 s) resulted in an injection volume
of 10 nl, of an original sample concentration of
0.51 mg/ml, corresponding to 5 pg. While the
mass sensitivity of HPCE is very good, due to
the low injection volumes and short detection
path lengths, the absolute concentration sen-
sitivity is less impressive. In the case of MALDI-
TOF-MS, a relatively small amount of sample is
applied. The sensitivity is even more impressive
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Fig. 4. MALDI-TOF-MS of intact protein; 10 pmol total protein applied. Matrix: sinapinic acid.
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when one considers that of the 10 pmol applied,
probably less than 100 fmol are consumed. The
MALDI-TOF-MS technique generates useful
data even when only 10-100 fmol of sample are
applied.

The proteolytic digest

At the next level of detail, the intact glycopro-
tein is digested through the use of a proteolytic
enzyme, resulting in a mixture of not only
fragments due to the selectivity of cleavage, but
of different glycoforms of specific glycosylated
fragments as well. If, as is the case for DSPAal,
the cDNA sequence of the protein is known, the
peptide map generated by the separation of the
digest can be compared with the predicted se-
quence.

The generation of peptide maps through the
chromatographic or electrophoretic separation of
the proteolytic digest (as shown in Fig. 5) is
extremely powerful in generating a “fingerprint”
of the protein. However, when the separation is
monitored with a UV-Vis detector, complete

identification of the individual fragments is prob-
lematic. Although it has been shown that the
individual fragments can be identified by com-
paring the UV spectra with those of standards,
fragment identification usually requires fraction
collection and subsequent analysis by mass spec-
trometry or N-terminal peptide sequencing.
The orthogonal separation mechanisms of re-
versed-phase HPLC and HPCE are evident in
comparing the elution patterns of the two sepa-
rations shown in Fig. 5. This can be exploited to
resolve areas in one mode which co-elute in the
other. The orthogonality of the separation mech-
anisms can also be used in a quality control
environment as a fingerprint which can detect
subtle changes in the protein product.
MALDI-TOF-MS can also be used to char-
acterize enzymatic digest, as shown in Fig. 6. In
this complex spectrum, a number of the pre-
dicted fragments can readily be identified. How-
ever, it is not possible to identify all the digest
fragments present in the sample, due to a num-
ber of factors. The lack of chromatographic or
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Fig. 5. HPLC and CE of digest. (a) HPLC monitored at 214 nm; 78 pmol injected. (b) HPCE monitored at 200 nm; 5 pmol

applied. See text for other conditions.
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Fig. 6. MALDI-TOF-MS of digest; 500 fmol total protein applied. (a) Matrix: polycrystalline DHBA, (b) sinapinic acid.

electrophoretic separation hinders the ability to
spot glycopeptides in complex mixtures. Further-
more, isobaric peptides cannot be resolved by
mass spectrometric techniques alone. The com-
plexity of the sample introduces selectivity in the
ionization process which may suppress specific
fragments. Often, 60-80% of the expected digest
fragments are observed. The formation of matrix
adducts may further complicate the mixture and
may result in ions which are difficult to identify.
In the lower mass range, matrix background ions
are also present. For specific applications, selec-
tivity can be optimized by judicious choice of
matrix. In the data shown in Fig. 6, better detail
is obtained in the lower mass range through the
use of polycrystalline dihydroxybenzoic acid
(DHBA) as a matrix than sinapinic acid. In
general, lower-molecular-mass peptides (<2000)
have higher desorption/ionization yields with
DHBA than with sinapinic acid. More extensive
coverage of a digest mixture can be realized via
MALDI-TOF-MS analysis of prefractionated
HPLC pools of the mixture. Even though the

single-dimensional analysis via MALDI-TOF-
MS of enzyme digests is generally not com-
prehensive, it can be used to quickly generate a
characteristic fingerprint similar to HPLC and
HPCE.

The on-line combination of HPLC and electro-
spray ionization mass spectrometry adds a di-
mension to the analysis of peptide maps which
makes it possible to identify most, if not all, of
the predicted fragments. The LC-ES-MS analy-
sis of the endoproteinase Arg-C digest of
DSPA«1 is shown in Fig. 7. The UV signal at 220
nm is shown in the lower half of Fig. 7 for
comparison. Note that the sensitivities of the two
detectors (UV and MS) are similar and that most
peaks show up in both traces, although the
individual intensities may differ.

Electrospray ionization is particularly useful in
the identification of relatively high-molecular-
.mass peptides because of its ability to generate a
set of multiply charged ions [13] which can be
used to determine the molecular mass of the
peptide even when the molecular mass is far in
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Fig. 7. LC-MS of digest; 78 pmol total protein injected. (a) Mass spectrometry total ion current, (b) 214 nm.

excess of the range available to the mass ana-
lyzer for singly charged molecules. For peptides
found in enzymatic digests. molecular masses are
typically below 5000 and the charge states are
typically less than +5 (positive ion mode). The
mass accuracy of the determination is typically
better than 0.02%. In these experiments, mass
spectral resolution was maintained at unit res-
olution across the scanned mass range and the
sample was based on 78 pmol total protein. This
is an important aid in assigning charge states to
ions from peptides.

The identified fragments are listed in Table 1.
The peaks which are unidentified are highlighted
in Fig. 7. The interpretation of the peptide map
was aided through the use of a software interpre-
tation utility which greatly facilitates assignment
of the predicted fragments to specific peaks in
map. The software can also suggest anomalous
sub-sequence fragments and modifications.

Although endoproteinase Arg-C was used as
the proteolytic enzyme, there were a number of
fragments which could not be explained by the
cleavage selectivity of this enzyme. However,

most of the fragments could be accurately as-
signed as fragments produced by a tryptic digest.
Trypsin cleaves peptide bonds on the C-terminal
side of arginine or lysine residues. By contrast,
endoproteinase Arg-C selectively cleaves only
after arginine residues and, as such, the peptide
fragment mixture which is generated by Arg-C
can be considered a subset of a tryptic digest. All
Arg-C fragments can be interpreted as single or
multiple tryptic fragments. Future studies on
DSPAal will use preparations of the endo-
proteinase that show a greater degree of arginine
specificity.

Table 2 shows a list of predicted fragments
which were not identified in the LC-ES-MS
analysis. A number of predicted fragments were
not identified because the mass of the singly
charged ions falls below the scanned molecular-
mass range (200-1800). Interestingly, those di-
gest fragments which are expected to be glyco-
sylated (O-linked: T25, T36, T39, T45; N-linked:
T15, T43) are either missing or are found at low
abundance relative to other fragments, and can
be used as a rough predictor of glycosylation
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Table 1
Found fragments

Retention  Deconvoluted  Explanation

time mass

10.20 [475.2] Fragment 42 (355-358) CAPK

13.57 [877.9] Fragment 46 (420-427) DVPGV YTK

[439.4] Fragment 30 (254-256) TYR

18.29 [1104.4] Fragment 7 (31-38) VEHCQ CDR

19.46 [1260.5] Combination of fragments 6 to 7 (30-38) RVEHC QCDR

19.77 [780.3] Fragment 12 (84-89) CEVDT R

23.25 [721.4] Fragment 41 (349-354) LYPSS R

23.25 [677.3] Fragment 22 (176-181) ATCGL R

25.59 [993.5] Fragment 14 (102-110) GTWST AESR

26.52 [542.4] Fragment 22 9249-253) VVLGR

28.89 [1404.6) Fragment 13 (90-101) ATCYE GQGVT YR

29.86 [1520.2] Combination of fragments 31 to 32 (257-267) VKPGE EEQTF KVK

30.91 [628.3] Fragment 48 (437-441) DNMHL

32.11 [1488.6] Fragment 21 (163-175) FTSES CSVPV CSK

32.84 [2440.1) Combination of fragments 20 to 22 (163-181) AGKFT SESCS VPVCS KATCG LR

34.05 [1452.6] Fragment 44 (364-376) TVINN MLCAG DTR

35.75 [2151.1] Combination of fragments 38 to 40 (283-348) HKSSS PFYSE QLKEG HVR

36.91 [1867.9] Combination of fragments 39 to 40 (333-348) SSSPF YSEQL KEGHV R

38.44 [1298.7] Fragment 4 (18-27) QESWL RPEVR

41.34 [1938.0] Combination of fragments 30 to 32 (254-269) TYRVK PGEEE QTFKV K

41.82 [1879.8] Fragment 18 (130-145) MPDAF NLGLG NHNYC R

45.21 [1645.9] Fragment 19 (146-159) NPNGA PKPWC YVIK

46.31 [4216.1] Combination of fragments 34-36 (271-306) YIVHK EFDDD TYNND IALLQ LKSDS PQCAQ
ESDSV R

47.76 (1120.6] Fragment 47 (428-436) VINYL GWIR

48.31 [2795.4] Combination of fragments 33 to 35 (270-292) KYIVH KEFDD DTYNN DIALL QLK

49.22 [2667.3] Combination of fragments 34 to 35 (271-292) YIVHK EFDDD TYNND IALLQ LK

54.79 [3414.6] Combination of fragment 24 to 25 (183-212) YKEPQ LHSTG GLFTD ITSHP WQAAI
FAQNR

55.23 [3123.5] Fragment 25 (185-212) EPQLH STGGL FTDIT SHPWQ AAIFA QNR

55.62 [2767.1] Fragment 37 (307-330) AICLP EANLQ LDPWT ECELS GYGK

70.21 [3517.6] Fragment 28 (219-248) FLCGG ILISS CWVLT AAHCF QESYL PDOLK

73.09 [4041.9] Combination of fragments 28 to 29 (219-253) FLCGG ILISS CWVLT AAHCF QESYL PDQLK

VVLGR

sites. This pattern was consistent with carbohy-
drate characterization studies [14] performed by
others. There are also a number of lower-abun-
dance fragments which were not identified at this
stage, but based on previous studies it would be
expected that secondary cleavages induced by
the protease are the cause of many such frag-
ments.

The characterization of enzymatic digests of
glycoproteins by LC-ES-MS can be approached
in three ways [15]. If the mass spectral data is
presented as a contour map of m/z versus time

versus intensity, series of unresolved glycopep-
tides will appear as diagonal bands, since for a
given digest fragment, glycoforms with a greater
degree of glycosylation will appear as slightly
heavier and elute somewhat early [1]. A second
method consists of using in-source collisionally
induced dissociation to fragment glycopeptides,
producing marker ions indicative of specific types
of glycosylation [3]. Finally, if the sequence of
the protein is known, fragments and their glyco-
forms can be predicted from knowledge of typi-
cal glycosylation patterns. One can then hunt for
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Table 2

Not found fragments

Fragment miz Sequence Reason

T2[8-16] 1155.5 DEITQ MTYR ?

T3[17] 174.1 R Low mass

T5[28-29] 233.1 SK Low mass

T6[30] 174.1 R Low mass

T8[31-38] 430.2 GQAR ?

T10[56-82] 3185.2 CHTVP VNSCS EPR ?

T11[38] 174.1 R Low mass

T15[111-123]  1591.8 VECIN WNSSL LTR Possible N-linked glycosylation
T16[124] 174.1 R Low mass

T23[182] 146.1 K Low mass

T26[213] 174.1 R Low mass

T27[214-218) 534.2 SSGER ?

T33{270] 146.1 K Low mass

T43[349-363] 667.4 FLFNK Possible N-linked glycosylation

T45[377-419]  4649.0
VCMND NHMTL LGIIS WGVGC
GEK

SGEIY PNVHD ACQGD SGGPL

Possible O-linked glycosylation

the specific glycoforms through the use of ex-
tracted ion chromatograms [16].

In this study, specific N-linked glycosylation
was identified in DSPA«1. The possible sites of
N-linked glycosylation can be identified from the
known sequence by the consensus sequence
Asn—X-Ser(Thr). The N-linked structure is con-
nected to the Asn residue. In DSPA«1, the two
possible N-linked sites are at residue 117 in
fragment T15[111-123] and residue 362 in frag-
ment T43[359-363]. N-linked glycopeptides gen-
erated in mammalian cell lines often fall into
three general classes: high-mannose, complex,
and hybrid. The expected glycosylation patterns
in DSPA«1 include high-mannose and complex
structures, as illustrated in Fig. 8. All of these
structures share the GIcNAc,Man, backbone
structure shown in the outlined triangle. The
heterogeneity is introduced by the number of
mannoses in high-mannose structures and the
degree of branching in the complex structures.
Branching in complex structures can be intro-
duced by the HexNAc + Hex structure in the
outlined rectangle. Further microheterogeneity
can be introduced by the addition of fucose or
sialic acid.

The choice of the proteolytic enzyme is im-

portant in the characterization of glycoproteins.
The enzyme is typically chosen such that there is
only one possible glycosylation site per fragment,
as is the case for Arg-C digest of DSPA«l.
Fortunately, the unexpected additional frag-
mentation encountered maintained this selectivi-

ty.

High Mannose Man

GlcNAc GlcNAG Man Man

Fuc

Fig. 8. Schematic of N-linked glycoforms.
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Although the use of contour maps has been
shown to be of utility in locating sites of
glycosylation [2], the success of such an approach
depends largely on the complexity of the
glycosylation and the sensitivity of LC—-MS anal-
ysis. If the sample is very heterogeneous, it will
be difficult to differentiate the characteristic
diagonal pattern from background signals. Fig. 9
shows a contour for a section of the Arg-C map
of DSPAal from 40 to 50 min. The encircled
area shows signal due to fragment T15[111-123]
complex sialylated biantennary structures with
two different charge states (+2 and +3) for
different degrees of sialylation. Although the
characteristic pattern is evident in this figure, in
point of fact, these glycopeptides were identified
through the use of extracted ions, as described
below.

The use of in-source collisionally induced
dissociation in the analysis of DSPAal is illus-
trated in Fig. 10. The CID mass spectral acqui-
sition was carried out in selected-ion monitor-
ing (SIM) mode to increase the sensitivity. The
marker ions which were monitored are shown
in Table 3. The reproducibility of the HPLC
separation is sufficiently good that areas iden-
tified in the SIM analysis can be accurately

2000
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Fig. 9. Detail of contour map for DSPAal Arg-C digest; 78
pmol total protein injected. CapEx voltage = 100 V. Data for
signal >2000 counts shown.

compared with separate full spectral acquisi-
tions conducted at lower fragmentation energy.
This allows the parent glycopeptide to be iden-
tified. The success of this technique is limited
by the complexity of the original glycoprotein
and the sensitivity of the LC-MS system. In
cases where there is a large degree of micro-
heterogeneity due to glycosylation, there may
not be an sufficient amount of an individual
glycopeptide present to generate an interpret-
able low-energy spectrum. Note, however, that
the sensitivity from the SIM CID data is suffi-
cient since all of the different chromatograph-
ically unresolved glycoforms will contribute
fragment ions to the electrospray signal. The
summation of the signals due to the marker
ions results in relatively broad looking chro-
matographic peaks. Based on the CID data, it
is possible to infer some glycostructure dif-
ferentiation. For example, all N-linked struc-
tures will generate a m/z 204 ion corre-
sponding to the HexNAc in the backbone
structure. All complex N-linked glycopeptides
will generate a m/z 366 ion corresponding to
the HexNAc + Hex structure indicative of the
branching in multi-antennary structures. Only
fucosylated glycopeptides will generate m/z 147
and only sialylated glycopeptides will generate
a m/z 292 ion.

If the sequence is known and the glycosylation
pattern of the host cell line is known, glycopep-
tides can be predicted and searched for in full
scan mass spectral data via extracted ions. In-
dividual glycopeptides which are present in such
low amounts as to not generate an appreciable
signal in the total ion current may be identified
much more sensitively by looking only at the
signals due to specific ions. An example is shown
in Fig. 11, in which extracted ions corresponding
to the T15 complex biantennary structure with
different numbers of sialic acid are shown. Note
that the region between 43.0 and 43.5 shows
essentially no peaks in the total ion current. This
is because the individual glycopeptides are pres-
ent at significantly lower levels than a homoge-
neous non-glycosylated peptide fragment. From
previous carbohydrate analysis, is known that
DSPAal glycosylation is approximately 34.5%
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Fig. 10. CID detection of glycopeptides; 78 pmol total protein injected. (a) Total-ion chromatogram from scan acquisition
(CapEx = 100 V), (b)—(e) from selected-ion monitoring acquisition (CapEx =200 V): (b) m/z 147, (c) m/z 204, (d) m/z 292, (e)

m/z 366 relative molecular mass.

high-mannose, 39.2% biantennary sialylated,
18.2% biantennary asialylated, 7.1% trianten-
nary, and 1.1% tetraantennary [14]. In future
work, in order to detect more of these struc-
tures, it will be necessary to utilize further
preconcentration to improve the detection limits
of the technique.

HPLC fractionation of the digest

In many cases, the complexity of the mixture
generated by an enzymatic digest of a glycopro-
tein is too high for all components to be com-

pletely resolved by a single-dimensional analyti-
cal technique. Even two-dimensional techniques
such as (LC or CE)-DAD UV-Vis or LC-MS
have insufficient separation power to completely
resolve the mixture. In these case, an orthogonal
third dimension can be exploited. While three-
dimensional systems have been employed on-line
[17], we chose to transfer samples from an LC
separation to subsequent analysis in a semi off-
line technique. Fractions eluting from the re-
versed-phase HPLC separation were selectively
transferred onto disposable hydrophobic collec-

Table 3

Glycomarkers

Sugar Symbol Chemical Mass Ion monitored
formula M+1]"

Fucose Fuc C,O;H; 146.1 147.1

Hexose Hex C,OH,, 162.1 163.1

N-Acetylhexosamine HexNAc C,O,NH 203.2 204.2

N-Acetylneuraminic acid NANA C,,O,NH , 291.3 292.1

Complex branch unit HexNAc + Hex 365.3 366.3
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Fig. 11. Extracted ion detection of glycopeptides. Scan acquisition (CapEx=100 V). (a) Extracted m/z 1608.55,
Gal,Man,GIcNAc,NANA, (+2 charge state). (b) Extracted m/z 1754.2, Gal,Man,GIcNAc,NANA, (+2 charge state). (c)
Extracted m/z 1266.9, Gal,Man,GlcNAc,NANA, (+3 charge state). (d) Total-ion chromatogram.

tion columns after the effluent was diluted with a
non-elutropic solvent. Because of the highly
reproducible retention times of the LC sepa-
ration, this process could be repeated, loading
fractions from multiple LC runs on single collec-
tion columns. The hardware setup employed
used a 14-port, 6-position valve which would
allow four collection columns to be randomly
accessed in addition to a bypass path. Following
fraction collection, the fractions were eluted
from the collection column with a rapid gradient.
Since the fraction elution solvent does not have
to be the same as the solvent system used in the
peptide map, buffer transfer or desalting can also
be accomplished in this step. This had the
advantages of concentrating the samples for
subsequent analysis and of great flexibility in
transferring the sample fraction to subsequent
analytical techniques.

This technique is particularly useful in trans-
ferring samples to subsequent HPCE separation.

As mentioned above, HPCE suffers from rather
poor concentration sensitivity due to relatively
small injection volumes and short-path-length
UV detection. While on-line sample focusing and
preconcentration techniques such as sample
stacking [18] and capillary isotachophoresis
(CITP) [19,20] are extremely useful in this
respect, the low concentration of individual
glycopeptides requires additional concentration
to fully characterize the sample.

The technique is also useful for transferring
samples to inherently static techniques such as
MALDI-TOF-MS, in which an on-line flow-
based approach would be difficult. The frac-
tionation step itself is very important in reducing
the complexity of the mixture to a point at which
most of the components can be identified mass
spectrally by MALDI-TOF-MS. The desalting
characteristics of the fraction elution step can be
very useful in increasing signal yields and the
fraction of components observed.
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Four fractions were collected from the HPLC
peptide map, as illustrated in Fig. 12. Fractions 1
and 2 were chosen because of the high degree of
glycosylation present in these areas as shown by
the CID studies on glycomarkers. Fractions 3
and 4 were chosen because of the absence of
glycoforms and because they represent fairly
clean subsets of the entire map for subsequent
evaluation. The benefits of the approach are not
only the simplification of the analytical sample
via fractionation, but a concentration step of
approximately ten-fold as well.

The four fractions were analyzed by HPCE
using the same method as had been used for the
total digest. The electropherograms of the four
fractions and the original digest are shown in
Fig. 13. Referring to the HPLC fractions shown
in Fig. 12, it can be seen that the first three
HPLC fractions agree with this figure reasonably
well in terms of number of peaks seen in the
clectropherograms. In the fourth fraction, how-

ever, no peaks are seen in the CE separation. It
may be that these compounds, which elute late
in the HPLC analysis, and therefore are hydro-
phobic, either are uncharged or are adsorbed te
surfaces in the sample-transfer or separation
process. The real strength of using CE to
reanalyze HPLC fractions lies in the orthogonali-
ty of the separation mechanism. To fully exploit
this separation power, a method is needed to
couple the CE separation with mass spec-
trometry, either directly via CE-ES-MS or in an
off-line manner running collected CE fractions
by MALDI-TOF-MS. This approach has been
used to characterize growth hormone tryptic
peptides in a CE separation [21]. These ap-
proaches are currently under investigation, and
will be reported in a future publication. Alter-
nately, UV spectra could be used to track the
elution order of a CE separation transferred
from an HPLC fraction, analogously to peak
tracking in HPLC peptide mapping [22]. This
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Fig. 13. HPCE of collected fractions; 30 nl injected. (a) Total Arg-C digest of DSPAa1. (b) HPLC fraction 1. (¢c) HPLC fraction

2. (d) HPLC fraction 3. (¢) HPLC fraction 4.

approach requires that the HPLC separation is
already sufficiently resolved to obtain pure spec-
tra or that pure peptide standards exist.

The four collected fractions were also analyzed
by MALDI-TOF-MS, as shown in Fig. 14. This
is a particularly useful combination because the
sensitivity of MALDI-TOF-MS allows clear
unequivocal spectra which actually exhibit a
selectivity closer to HPCE than HPLC, being
based on mass/charge. The orthogonality of
MALDI-TOF-MS relative to HPLC generates
extremely useful information. In analyzing frac-
tions collected from the total digest, the sample
complexity has been reduced sufficiently so that
the MALDI-TOF-MS spectrum is a good repre-
sentation of the components present in the
fraction. Contrast this with the data obtained for
the total digest, in which only a fraction of the
components are represented by strong signals in
the spectrum. If one compares the MALDI-
TOF-MS result with the analysis of the digest by
LC~ES-MS, there are a number of peaks in each

fraction that are present in both the electrospray
and MALDI-TOF-MS data (see Table 4). A
number of the ions shown in Table 4 have not
yet been identified. Thus one technique rein-
forces peak identification based on data from the
other. There are also a number of peaks that
occur in either one technique or the other, but
not both. Thus a more complete and accurate
picture is obtained by a combination of the two.

Future work

It should be noted that this multidimensional
approach, does not, at this stage, replace more
classical techniques of protein characterization.
The classical approach would include preparative
isolation and purification of the intact protein
and enzymatic digestion followed by collection of
each of the digest fragments for complete charac-
terization by sequencing, mass spectrometry,
UV-Vis, etc. However, it seems clear that, as
our abilities to integrate and interpret the large
amount of data which can be produced by newer
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Fig. 14. MALDI-TOF-MS of collected fractions; 1 wl of
collected fractions applied. Matrix: sinapinic acid. (a) HPLC
fraction 1. (b) HPLC fraction 2. (c) HPLC fraction 3. (d)
HPLC fraction 4.

instrumental techniques improve, many of the
more time and product consuming steps can be
reduced or eliminated. This will have the overall
effect of producing better data in a more timely
manner.

This report represents a work in progress and
there are a number of critical areas that have yet
to be fully developed or exploited. Specifically:

Capillary isotachophoresis (CITP) used as a
sample concentration method for HPCE is an
important step in being able to exploit the

orthogonal and complimentary selectivity of
HPLC and HPCE. Currently, samples eluted
and collected from HPLC columns are not very
well suited to analysis by HPCE in terms of
concentration. Although the ‘on-column’ frac-
tion technique described above improves the
situation, the ability to inject larger volumes into
the HPCE capillary without sacrificing speed or
resolution is needed. This situation is particularly
exacerbated by the microheterogeneity of
glycopeptide samples.

The on-line combination of HPCE and
electrospray MS would simplify the identification
of CE peaks and bring the power of MS to
HPCE just as LC-ES-MS has done for HPLC.
There are a number of instrumental approaches
to this interface, and we are currently evaluating
their use.

Although the coupling of MALDI-TOF-MS
with separation techniques such as HPLC and
HPCE has a great potential, as demonstrated in
this work, there is a fundamental mismatch
between the dynamic environment of the flow-
based system and the static environment of the
matrix crystal in which MALDI-TOF-MS sam-
ples are included. Sample collection from HPCE
has been demonstrated in this context, and we
will be evaluating this technique in the near
future. Approaches for more efficiently using a
greater amount of available sample for MALDI-
TOF-MS also need to be developed.

4. Conclusions

In this work it has been shown that HPLC,
HPCE, LC-ES-MS, and MALDI-TOF-MS are
highly complimentary techniques for examining
glycoproteins. In a problem of this complexity,
different types of data can be integrated to get a
more complete characterization of the analyte.
LC-ES-MS is a powerful technique for the
analysis of peptide maps and shows great po-
tential in the identification of complex regions of
glycosylation. Nonetheless, more work needs to
be done to improve the power of this approach.
High-yield concentration steps will be required
due to extensive carbohydrate heterogeneity.
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Table 4
Analysis of HPLC fractions ES-MALDI

Sequence assignment

LC ESIm/z MALDI-TOF m/z

fraction

1 1347.17 nd
1519.23 nd
629.21 623.1
1205.3
745.7
1858.95 1851.9
1965.05 1966.2
1746.17 1729.3
1906.8 nd
2116.77 2116.6
1850.92 1851.9
1876.84 1877.2
nd 1894.2
nd 2078.3
nd 2160.1

2 1906.97
1299.2 1283.5
1937.99 nd
1282.18 1283.5
1880.21 1881.3
966.23 nd
nd 1653.5
nd 1806.3
nd 1835.1
nd 1856
nd 1896.2
nd 1952.1

3 1121.2 1121.5
2796.14 2795.6
2668 2669.3
4249.65 4249.2
3488.39 3487.2
3429 3429
3414.96 nd
nd 1136.8
nd 1142.2
nd 1163.6
nd 1179.1
nd 1327.7
nd 1345.9
nd 1387.9
nd 1593.3
nd 1688.8
nd 3031.7
nd 34442
nd 4343

4 3518.56 3519
3460.31
3500.8 3500.8
4042.89 4046.9
3985.32 nd
3927.79 nd
nd 3535.8
nd 3630.2

nd 4056.9

T48[437-441]
T21{163-175]
T20-T21[160-175]
T1-T2(1-16]

T38-40[331-348]
T39-40[333-348]

T4[18-27]
T30-32[254-267)

T47[428-436]
T33-35[270-292]
T34-35[271-292]

T28[219-248]

T28-29/A21[219-253]

DNMHL

FTSES CSVPV CSK
AGKFT SESCS VPVCS K
AYGVA CKDEI TOQMTY R

HKSSS PFYSE QLKEG HVR
SSSPF YSEQL KEGHV R

QESWL RPEVR
KYIVH K

VINYL GWIR
KYIVH KEFDD DTYNN DIALL QLK
YIVH KEFDD DTYNN DIALL QLK

FLCGG ILISS CWVLT AAHCF QESYL PDQLK

FLCGG ILISS CWVLT AAHCF QESYL PDQLKVVLGR
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Finally, more effective techniques are required
for the integration of information from the
higher-dimensional data generated by the combi-
nation of these techniques.
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