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The separation of intact proteins, including protein isoforms arising from various amino-acid modifica-
tions, employing a poly(styrene-co-divinylbenzene) monolithic capillary column in high-performance
liquid chromatography coupled on-line to a time-of-flight mass spectrometer (MS) is described. Using
a 250 mm x 0.2 mm monolithic capillary column high-sensitivity separations yielding peak capacities of
>600 were achieved with a 2 h linear gradient and formic acid added in the mobile phase as ion-pairing
agent. The combination of high-resolution chromatography with high-accuracy MS allowed to distin-
guish protein isoforms that differ only in their oxidation and biotinylation state allowing the separation
between structural isoforms. Finally, the potential to separate proteins isoforms due to glycosylation is

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The mainstay of the successful mass-spectrometry (MS) based
proteomics in the past 15 years is the so-called bottom-up approach
to proteomics. It is based on the proteolytic digest of proteins in gel
or in solution, followed by chromatographic separation and mass-
spectrometric identification of the peptide ions by matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) or electro-
spray ionization (ESI) MS [1,2]. The introduction of high-resolution
mass spectrometers and of new fragmentation techniques has
resulted in the increased interest in top-down approaches to pro-
teomics [3,4]. MS-based top-down proteomics is based on the
chromatographic separation of intact proteins followed by their
fragmentation in the gas phase using collision-induced dissociation
(CID) [5,6], electron-capture dissociation (ECD) [7,8] or electron-
transfer dissociation (ETD) [9,10].

Top-down approaches are attractive, because they have the
potential to supply information about the modifications of the ana-
lyzed proteins, resolving isoforms that are frequently unresolved
in bottom-up proteomics experiments, including isoforms result-
ing from proteolytic processing, oxidative damage, glycosylation,
or other forms of post-translational processing. The two main pre-
requisites for successful top-down proteomics are high-resolution
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chromatography and high sensitivity and high-resolution mass
spectrometry with fragmentation possibilities. To achieve their full
potential, top-down workflows have to overcome several chal-
lenges: (1) chromatographic separation of complex mixtures of
the intact proteins, (2) fragmentation of the proteins in the gas-
phase, (3) sensitivity of detection for the intact proteins, and (4)
data analysis of the complex MS/MS spectra.

For the separation of intact proteins, reversed-phase liquid chro-
matography (RPLC) has often been employed, due to excellent
solvent compatibility with electrospray interfacing prior to MS
detection. However, low protein recovery has frequently been a
problem associated with this approach [11]. Polymer monolithic
stationary phases have shown great potential for RPLC separations
of large biomolecules, including intact proteins [12-15], oligonu-
cleotides [16,17], and peptides [18-20]. Conceptually, this material
is very well suited to perform large-molecule gradient-separations
since mass transfer is mainly driven by convection, rather than
by diffusion due to the absence of mesopores (stagnant zones in
microglobules) [21]. In addition, Kelleher et al. demonstrated that
polymeric stationary phases led to superior sensitivity over silica-
based media in reversed-phase nanocapillary LC, with detection of
proteins >50 kDa [22].

Polymer monoliths from styrene and divinylbenzene were ini-
tially developed by Svec and coworkers in large [.D. column formats
for the separation of styrene oligomers and polymers based on
precipitation-redissolution chromatography [23]. Similar mate-
rials have more recently been used for the extracts of intact
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membrane proteins containing antenna or/and core proteins [24].
RPLC-MS was performed by applying linear 20-40 min acetonitrile
gradients containing 0.05% trifluoroacetic acid and identification
was based on comparison of the measured intact mass of the
protein and the theoretical relative molecular weight (M;) val-
ues. To achieve full baseline separation between 12 core proteins
present in spinach, column temperatures up to 78 °C were applied.
A disadvantage of applying higher temperatures is that proteins
may be prone to degradation, i.e. intra-molecular disulfide bonds
may be broken and the amide backbone of the proteins may be
hydrolyzed, making protein identification based on the comparison
ofthe experimentally determined and theoretical molecular weight
difficult [25]. This separation example shows the need for mono-
lithic columns with improved morphology and the development
of longer monolithic columns providing better separation perfor-
mance at mild LC conditions. Recently, we demonstrated the use of
a 50mm long poly(styrene-co-divinylbenzene) monolithic 1 mm
L.D. column for the separation of intact proteins [26]. When apply-
ing a 1 min gradient peak widths at half height of only 1s were
achieved. At longer gradient duration (120 min) a maximum peak
capacity of 475 was observed [26]. Using a 50 mm long capillary
poly(styrene-co-divinylbenzene) monolith coupled to a LTQ Orbi-
trap XL mass spectrometer a limit of detection in the low femtomol
range was achieved using a standard mixture of nine proteins with a
molecular weight ranging between 5.7 and 150 kDa [27]. Using the
developed LC-MS method, the 70% ethanol-soluble subproteome
of wheat grains was analyzed and 53 different protein masses
were obtained from 26 extracted mass spectra. However, it was
concluded that identification by comparison of measured molec-
ular masses with masses derived from the published sequences
was not possible due to the high sequence homology of gliadins
and high number of protein and gene sequences available in the
databases. In an experimental study to investigate the effect of
column parameters (morphology and length) and gradient time
on the performance of capillary poly(styrene-co-divinylbenzene)
monoliths, it was shown that when using long (250 mm) mono-
lithic columns with optimized morphology a peak capacity of 620
could be achieved for the separation of intact proteins applying a
120 min gradient and UV detection [28].

The present paper discusses the potential of long poly(styrene-
co-divinylbenzene) monolithic capillary columns for the gradient-
elution LC-TOF-MS analysis of intact proteins, including protein
isoforms. We address two aspects relevant to the top-down pro-
teomics workflow, namely chromatographic separation at high
resolution and MS sensitivity in the detection of the separated pro-
teins. Experimental conditions, including ion-pairing agent (TFA
versus FA) and gradient time, were adjusted and their effects on
retention, peak widths, and signal-to-noise ratios are discussed. We
demonstrate the high-resolution separation of a standard 48 pro-
tein mixture with low (sub-pmol) protein amounts. In addition, the
potential of this set-up for the separation of protein isoforms arising
from amino acid modifications is investigated, including oxidation
and glycosylation.

2. Experimental
2.1. Chemicals and materials

Acetonitrile (ACN, HPLC supra-gradient quality), formic acid
(FA, LC-MS quality), and trifluoroacetic acid (TFA, ReagentPlus
quality) were purchased from Sigma-Aldrich (Dorset, United King-
dom). A “Universal Proteomics Standard 1” set was purchased from
Sigma-Aldrich (Bornem, Belgium). This set was developed in col-
laboration with the Association of Biomolecular Resource Facilities
(ABRF) Proteomics Standards Research Group (sPRG) (Maryland,

USA) and is comprised of one vial containing 48 human source or
human sequence recombinant proteins. The total protein content
in the vial is 6 mg, which constitutes 5 pmol of each HPLC purified
protein. Water was purified in-house using a Millipore Simplicity
System (Millipore, Bedford, MA, USA).

A5 mm x 0.2 mm PepSwift trap column and a 250 mm x 0.2 mm
PepSwift RP monolithic columns were provided by Dionex Benelux
(Amsterdam, The Netherlands).

2.2. Instrumentation and LC-MS conditions

LC-MS experiments were conducted using an UltiMate
3000 Proteomics MDLC system (Dionex Corporation, Germer-
ing, Germany) consisting of a dual-ternary gradient pump with
membrane degasser, a thermostatted flow-manager module, and
a well-plate autosampler, which was coupled on-line with a
maXis ultra-high-resolution qTOF mass spectrometer with a
nano-electrospray interface (Bruker Daltonics, Bremen, Germany)
equipped with a Proxeon steel emitter.

The separations were performed using the “pre-concentration
injection” set-up, with the trap column maintained outside the
column oven and the monolithic separation column thermostat-
ted in the oven at 60°C. After partial-loop injection of 750 or
200 fmol/protein of the ABRF protein mixture, dissolved in water
containing 0.02% FA, the sample was desalted on the trap column
for 2 min at a flow rate of 20 pL/min and thereafter separated on
the 250 mm long monolithic column applying an aqueous acetoni-
trile gradient from 8% B to 55% B (80% ACN) containing 0.02% FA or
TFA at a flow rate of 1.5 pL/min. The chromatographic peak capac-
ity (n¢) was determined applying Eq. (1), where t; is the gradient
time, and W the average 4 sigma peak width:

tc
Ne = 7 +1 (1)

The data acquisition software was DataAnalysis software 4.0,
SP1 (Bruker Daltonics). Spectra were obtained in positive ion mode
using the following instrumental parameters: capillary voltage,
4.50kV; nebulizer, 0.6 bar; dry gas rate, 4.0 L/min; dry gas tempera-
ture, 180 °C; funnel RF, 400 Vpp; multipole RF, 400 Vpp; ion energy,
5.0eV; collision energy, 10.0 eV; collision RF, 1400 Vpp; ion cooler
RF, 400 Vpp.

Extracted ion chromatograms (EICs) refer to chromatograms
showing the trace of a specific mass (+0.5Da), e.g. 1067.94 +0.5.
EICs are calculated by summing up the intensities of all specified
masses in the mass spectra. Spectra of multiply charged ions were
interpreted using the deconvolution algorithms implemented in
the instrument software package (DataAnalysis software Version
4, SP2, Bruker).

3. Results and discussion
3.1. Optimization of LC-MS conditions

The effect of ion-pairing agent on the chromatographic per-
formance (retention time, peak width) and mass-spectrometric
sensitivity of the gradient-elution LC-TOF-MS separation of intact
proteins on the 0.2 mm x 250 mm monolithic capillary column is
shown in Fig. 1. To compare the retention properties, both the gra-
dient duration and gradient slope were kept constant throughout
the experiments. Retention time, peak width at half height (wy3),
and signal-to-noise (S/N) ratios were determined from extracted-
ion chromatograms of proteins that elute evenly distributed over
the 60 min gradient, see Table 1. No difference in selectivity was
observed for the selected proteins. An increase in retention was
observed when using 0.02% formic acid FA as ion-pairing agent in
the mobile phase, as opposed to 0.02% trifluoroacetic acid (TFA).
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Fig. 1. Effect of ion-pairing agent on retention time, peak width, and MS sensitivity. Base-peak chromatograms applying a 60 min gradient with FA as ion-pairing agent,
750 fmol/protein injected (A), TFA as ion-pairing agent, 750 fmol/protein injected (B), and TFA as ion-pairing agent, 150 fmol/protein injected (C).

This effect was more pronounced for proteins eluting later dur-
ing the gradient, resulting in a maximum shift in retention time of
5.5%.

When comparing the signal intensities of the base-peak chro-
matograms in Fig. 1A and B that have the same amount injected
(750 fmol/protein) and visualized with a similar scale, it can be
observed that the signal with FA as ion-pairing agent (Fig. 2A) is
approximately 2.5-3 fold higher than when using TFA (Fig. 2B).
This is mainly due to ion suppression by TFA. Still, when inject-
ing only 200 fmol/protein and using TFA as ion-pairing agent
(Fig. 1C) signal-to-noise ratio’s determined from extracted ion chro-
matograms ranged between 322 (EIC=1187.0+0.5m/z) and 11
(EIC=1490.5 +£0.5m/z). Table 1 also shows the effect of ion-pairing
agent on wy, and the corresponding peak capacity (n¢), see Eq. (1)
in Section 2. At a gradient time of 60 min, the average peak width
with FA as ion-pairing agent was 12.9 s, whereas the peak width at
half height with TFA was only 10.8 s. As a result, the average peak
capacity is slightly higher when using TFA (211 versus 233 for FA
and TFA, respectively).

Table 1

For the characterization of the 48 protein mixture the LC-TOF-
MS analysis was performed using FA as ion-pairing agent and
applying a gradient time of 120min, thereby increasing the
resolution between the proteins [28]. At these conditions, the
mass-spectrometric resolution (R;) of the TOF mass spectrome-
ter was determined at 29,452 for a low molecular-weight protein
(IGF-II; relative molecular weight, M = 7468 Da), 29,655 for alpha-
lactalbumin with M;=14,070Da, and 26,854 for a peroxiredoxin
1 (M;=21,974Da). Peak capacities of intact proteins were deter-
mined to be between 103 and 679 based on extracted ion
chromatograms. Interesting to note is the variation in peak width,
as illustrated in the extracted ion chromatograms in Fig. 2. The
peak width determined at half height varied between 6 and 41 s.
The presence of broad peaks can partly be explained by protein
heterogeneity, such as glycosylated isoforms of serotransferrin
(M;=79,554 Da) eluting between 90 and 94 min (Fig. 2B). In other
cases heterogeneity in peak width is indicative of imperfect chro-
matographic behavior, e.g. interleukin-8 (M; =8381 Da) elutes as a
broad peak (Fig. 2C).

Retention times, peak widths, and signal-to-noise ratios estimated from extracted ion chromatograms of selected proteins separated on a 250 mm x 0.2 mm monolithic
column applying a 60 min gradient with 0.02% FA or TFA added in the mobile phase, respectively.

M; (Da) FA TFA
tg (min) EIC wipz (8) ne S/N tg (min) EIC Wiz (8) ne S/N
6251 13.169 894.05 (7+) 74 287 127 12.883 1042.89 (6+) 7.6 280 96
9488 21.543 1186.99 (8+) 55 384 43 21.128 1186.99 (6+) 5.9 357 20
8381 27.848 1048.68 (8+) 25.8 82 993 28.036 1397.83 (6) 203 104 714
7468 32.310 1067.93 (7+) 16.3 130 1141 31.008 1245.76 (6+) 13.7 155 684
11,729 37.981 1067.25 (11+) 171 124 1373 37.166 1067.25 (11+) 13.6 156 615
6641 44.006 949.79 (7+) 6.4 330 104 42.402 949.64 (7+) 5.8 368 12.6
17,871 51.195 1052.24 (17+) 109 194 218 50.611 1117.95 (16+) 8.6 247 96.8
1564 58.316 1564.30 (9+) 134 158 1592 55.276 2010.89 (7+) 10.9 195 186
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Fig. 2. Extracted-ion chromatograms demonstrating the difference in peak widths observed for three different proteins. (A) A homogeneous protein (M, 9487 Da,
EIC=1186.99 + 0.1 m/z), (B) a glycosylated heterogeneous protein (M, 79,554 Da, EIC=2040.90 + 0.1 m/z) and (C) a homogeneous protein displaying an increased peak width

(M; 8381 Da, EIC=1048.68 + 0.1 m/z).

Fig. 3 shows the separation of the 48 protein mixture applying a
gradient time of 120 min. A density-view plot (three-dimensional
representation of the LC-TOF-MS analysis depicted in Fig. 3B) illus-
trates the chromatographic resolution (abscissa) and visualizes the
different charge states of the proteins (ordinate). The color inten-
sity (z-axis) represents the ion intensity. The advantage of this
representation of the LC-TOF-MS is that co-eluting proteins can
be distinguished, which is in clear contrast with a total ion chro-
matogram (TIC). This is for example the case for the proteins eluting
between 90 and 94.5 min that co-elute in the TIC representation,
but in the 3D plot five proteins can be distinguished.

Protein identification was based on deconvolution of charge
envelopes in mass spectra followed by matching of experimentally
determined M; values with theoretical values. Fig. 4A shows the
charge envelope of a protein eluting at 67.3 min with a S/N ratio
determined from its EIC of 1263 m/z. The most abundant charge
state was determined at 11+, and the average molecule weight
(M;) after deconvolution was determined at 11,729 Da. This mass
corresponds to the molecular weight of beta-2-microglobulin with
a theoretical M; of 11,731 Da. The mass difference of 2 Da can be
explained by the formation of a disulfide bridge, which is a docu-
mented post-translational modification for this particular protein.
Fig. 4B shows the zoom-in of the most abundant charge state (11+)
of beta-2-microglobulin demonstrating isotopic resolution. Fig. 4C
shows the mass spectrum of two co-eluting proteins at tg = 89.4 min
with a signal-to-noise ratio of 20-40. The charge envelope at high
m/z (marked with asterisks) depicts a protein with the most abun-
dant charge state of 11+, with a M; of 20,568 Da. The protein marked
with black crosses depicts a protein with M; =34,102 (most abun-
dant charge state is 34+). These proteins most likely correspond to
ubiquitin-conjugating enzyme E2 C and annexin A5, respectively.
Fig. 4C clearly shows the need for high-resolution columns in order
to distinguish different protein charge envelopes, particularly for
the prevention of ion-suppression effects that are expected for co-
eluting proteins.

Despite of the use of a high-resolution TOF mass-spectrometer
it should be emphasized that protein identifications can only
be tentative. Experimental molecular weight values may dif-
fer from the theoretical values, for example, due to alternative
splicing and the presence of co- and post-translational modifi-
cations (PTMs). In addition, although the ABRF protein mixture

was intended to contain 48 proteins, the ABRF Proteomics Stan-
dards Research Group Bioinformatics Committee has confirmed
the presence of ‘bonus’ proteins [29]. A table listing all the experi-
mentally determined M; values and corresponding retention times,
and tentative identification (protein name, protein tag, potential
PTMs, and UniProt accession number) and the mass spectra depict-
ing the charge envelopes of the different proteins is supplied as
Supporting Information. In total, 30 different protein masses (57
charge envelopes including protein isoforms) were obtained from
the 120 min gradient run depicted in Fig. 3. Based on mass alone,
24 charge envelopes could be tentatively assigned to proteins that
are known to be in the 48 protein mixture.

3.2. Separation and characterization of protein isoforms

Fig. 5A shows a zoom-in of the three-dimensional represen-
tation of proteins eluting between 96 and 99 min. The similarity
between the charge envelopes is indicative of the elution of protein
isoforms that are baseline separated. The experimentally deter-
mined M; values coincide well with the mass of peroxiredoxin 1
(MW =21,979). Peroxiredoxin I belongs to a family of anti-oxidant
enzymes that control cytokine-induced hydrogen peroxide levels
in cells [30]. When exposed to peroxide, the redox-active Cys-52
is oxidized to Cys-OH, which rapidly reacts with Cys-173-SH to
form an intermolecular disulfide bridge. Overoxidation of perox-
idatic cysteine may occur in the presence of thioredoxin yielding
sulfinic (Cys-SO,H) or sulfonic (Cys-SOsH) acid forms [30]. In addi-
tion, peroxiredoxin 1 contains three methionine molecules that are
prone to oxidation.

In the zoom-in with m/z ranging between 1156 and 1160
depicted in Fig. 5B different protein isoforms can be distinguished.
After mass deconvolution of the charge envelopes of peaks 6-10, a
M value of 21,990 Da was obtained. The M; value of peaks 3-5 was
determined at 21,974 Da. The mass difference of 16 Da between the
two M; values experimentally found is indicative for protein oxida-
tion. The distance in the y-direction between peaks 6-10 and peaks
3-5 that differ in oxidation state (AM=16Da) is approximately
similar as the distance between peaks 3-5 and peaks 1-2 (Fig. 5B).
Therefore, it is likely that this difference in charge state is also
induced by oxidation. We speculate that the native peroxiredoxin I
isrepresented by the cluster of peaks 1-2. Peaks 3-5 may represent
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Fig. 3. LC-TOF-MS analysis of a 48 intact protein mixture on a 250 mm x 0.2 mm monolithic column applying a 120 min gradient. (A) The total ion chromatogram and (B)
the density-view representation. 1 wL injection, 750 fmol/protein, 0.02% FA added in mobile-phase as ion pairing agent, flow rate 1.5 wL/min.

singly oxidized peroxiredoxinI protein isoforms. It is likely proteins
that are oxidized at different sites, i.e. cysteine and methionine oxi-
dation may results in a different tertiary structure of the proteins.
Hence retention factors between singly oxidized species may dif-
fer and a separation between singly oxidized isoforms is obtained.
The five protein isoforms (peaks 6-10) may contain two oxidations.
The extracted ion chromatograms of singly (EIC 1157.5+0.5m/z)
and doubly oxidized isoforms (EIC 1158.3 +0.5m/z) are shown in
Fig. 5C and D, respectively. The w;, ranged between 7.8 and 12.3s.
With increasing oxidation state a shift to lower retention times
is observed, which is in agreement with the fact that the pro-
tein becomes more polar. It is interesting to observe that single
and double oxidations occurring in different places in the perox-
idase appear to cause differences in retention time. This could be
explained either by effects of direct interactions of the oxidized
sequence with the stationary phase or by changes of the tertiary
structure of the protein.

Fig. 6A shows the density view plot of protein isoforms
eluting between 107 and 110min. The experimentally deter-
mined M; value of 14,069.7Da with a charge state of 9+
eluting at 108.5 min corresponds with the molecular weight of
alpha-lactalbumin (14,070 Da). Alpha-lactalbumin is a known gly-

coprotein that acts as a regulatory subunit of lactose synthase.
The mass difference of 326 Da between peaks 1-2 and 2-3 in
Fig. 6B corresponds to the addition of one and two N-(biotinoyl)-
N”-(iodoacetyl)ethylenediamine residues (326.1 Da), respectively.
Biotin tags are widely used enabling the isolation of target pro-
teins via affinity chromatography [31]. The mass difference of 16 Da
observed between peaks 1-4, 4-6, and 2-5 indicates protein oxi-
dation of a methionine or cysteine residue. Also, a shift to lower
retention time is observed, further confirming the addition of a
polar group. The mass difference between peaks 1-7 of 162.5Da
may be explained by the addition of a hexose monosaccharide
residue, as a result of a Maillard reaction. The cluster of peaks
eluting at 108.5 min with a m/z ranging from 1565 to 1575 could
represent the exchange of amino acids.

Fig. 3 shows a broad peak at high mass-to-charge ratio eluting
between 89 and 95 min. In contrast to peroxiredoxin I, where dif-
ferent protein isoforms elute as narrow bands, the magnification
in Fig. 7A shows highly scattered data in both x and y-directions.
This indicates the elution of a very heterogeneous protein(s). In the
zoom-in mass spectrum different isoforms become apparent, with
M, values ranging between 79,265 and 79,864 Da. The strongest sig-
nal in the mass spectrum (peak 2) has a M; value of 79,555 Da with
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Fig.4. Extracted mass spectra obtained for beta-2-microglobulin eluting at 67.3 min (A) with isotoptic resolution (charge is 11+) (B) and mass spectra of ubiquitin-conjugating
enzyme E2 C(*) and annexin A5(+) that co-eluting at 89.4 min (C). LC conditions as described in Fig. 3.

a charge state of 39+. This mass corresponds with the molecular
weight of serotransferrin (MW =75,181 Da) that also contains two
sialylated complex-type bi-antennary oligosaccharides (2 glycans
each with a mass of 2206 Da) located at Asn*32 and Asn%3° [32].
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The carbohydrate compositions outlined in Table 2 would be
consistent with the observed deconvoluted mass spectrum for the
serotransferrin depicted in Fig. 7B. The mass difference between
peaks 1 and 2 (288.4Da) is indicative of the loss of a single sialic

Fig. 5. Zoom-in density views (A and B) and extracted ion chromatograms (C and D) showing protein isoforms of peroxiredoxin 1 that differ in their oxidation state and
place where oxidation occurs. Native peroxiredoxin 1 is represented by peaks 1-2; peaks 3-5 represent singly oxidized peroxiredoxin 1 protein isoforms; peaks 6-10 contain
doubly oxidized peroxiredoxin 1. LC conditions as described in Fig. 3.
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Fig. 6. Zoom-in density views of showing the charge envelope (A) and protein isoforms of alpha-lactalbumin (B). Peak (1) represents the native alpha-lactalbumin (2) and (3)
alpha-lactalbumin containing one and two biotin tags, respectively, (4) alpha-lactalbumin containing one methionine or cystine oxidation, (5) alpha-lactalbumin containing
one biotin tag and one oxidation, (6) alpha-lactalbumin containing two oxidations, and (7) alpha-lactalbumin containing a hexose monosaccharide residue. LC conditions as

described in Fig. 3.
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in provided in Table 2 and discussed in the text. LC conditions as described in Fig. 3.

Table 2
Mass data and possible monosaccharide composition for N-glycosylated isoforms
of serotransferrin.

Peak AM; (Da) NeuAc Fucose Hexose HexNAc
Measured Calculated

1 - - 3 0 10 8

1-2 290 291 4 0 10 8

2-4 144 146 4 1 10 8

4-5 165 162 4 1 11 8

acid (NeuAc, with an average calculated monosaccharide residue
mass of 291.3 Da). The mass difference between peaks 2 and 4 is
likely due the addition of a fucose monosaccharide residue (aver-
age mass: 146.1 Da) that can be linked to a HexNAc residue. The
mass difference between peaks 4 and 5 is indicative of the addi-
tion of a hexose monosaccharide residue (average mass: 162.1 Da).
Peaks 3 and 6 are likely serotransferrin isoforms. The mass differ-
ence between these two peaks (AM=554.2 Da) may be explained
by the presence of two HexNAc residues (N-acetylgalactoseamine
or N-acetylglucoseamine) and one fucose monosaccharide residues
(combined calculated average mass is 552.5 Da). Clearly not all iso-
forms in Fig. 7B could be elucidated. This is due the well-known
microheterogeneity of N-glycans.

4. Conclusions

The limitations and possibilities of the LC-TOF-MS employing
a 250mm long monolithic capillary column for the analysis of
intact proteins have been demonstrated using the ABRF 48 protein
standard mixture. The method allowed for the chromatographic
high-resolution separation of intact proteins at sensitivity levels
that would make this method suitable for the analysis of samples
of biological origin. Protein identification, based on comparison of
the experimentally determined molecular weight with theoretical
masses was tentative. This is the major drawback of this approach
to data analysis, making it unsuitable for the analysis of actual bio-
logical samples. Albeit, this may be overcome by the application of
MS/MS fragmentation techniques that are suitable for the analysis
of large polypeptides, such as electron capture dissociation (ECD)
on FTICR mass spectrometers or collision induced dissociation
(CID) on ion-trap, ion-trap-orbitrap or QqTOF mass spectrome-
ters. The combination of monolith technology and high-resolution
TOF mass spectrometry presented, provides unique resolution to
distinguish proteins isoforms arising from various modifications,
including oxidation and biotinylation. The six most abundant pro-
tein isoforms due to glycosylation of serotransferrin could be
tentatively identified. However, to tackle the microheterogeneity
of N-glycans more efficient separations are required. We are plan-
ning to test if chromatographic performance could be improved
using longer monolithic columns in combination with ultra-high-
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pressure chromatography equipment. Also, we want to combine
this with ETD-based top-down sequencing, aiming to achieve pro-
tein identification in the same experiment.
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