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Abstract
A fully integrated platform was developed for capturing/fractionating human fucome from
disease-free and breast cancer sera. It comprised multicolumn operated by HPLC pumps and
switching valves for the simultaneous depletion of high abundance proteins via affinity-based
subtraction and the capturing of fucosylated glycoproteins via lectin affinity chromatography
followed by the fractionation of the captured glycoproteins by reversed phase chromatography
(RPC). Two lectin columns specific to fucose, namely Aleuria aurantia lectin (AAL) and Lotus
tetragonolobus agglutinin (LTA) were utilized. The platform allowed the “cascading” of the serum
sample from column-to-column in the liquid phase with no sample manipulation between the
various steps. This guaranteed no sample loss and no propagation of experimental biases between
the various columns. Finally, the fucome was fractionated by RPC yielding desalted fractions in
volatile acetonitrile-rich mobile phase, which after vacuum evaporation were subjected to
trypsinolysis for LC-MS/MS analysis. This permitted the identification of the differentially
expressed proteins (DEP) in breast cancer serum yielding a broad panel of 35 DEP from the
combined LTA and AAL captured proteins and a narrower panel of 8 DEP that were commonly
differentially expressed in both LTA and AAL fractions, which are considered as more
representative of cancer altered fucome.
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1. Introduction
Protein glycosylation is one of the most common and complex post-translational
modifications of proteins. In fact, glycosylation affects more than half of all the proteins in
an eukaryotic cell [1, 2]. Protein glycosylation can occur at more than one position in the
amino acid sequence, and the glycans at even a single position may be heterogeneous or
may be missing from some protein molecules. This yields the so-called glycoforms, and the
relative proportions of the glycoforms are found to be reproducible, not random, and depend
mainly on the environment in which the protein is glycosylated [3].
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It has been well known for decades that glycoproteins in eukaryotic cells, undergo changes
in their glycosylation with the onset of and during cancer and inflammation (for recent
reviews, see refs. [4, 5]). For instance, cancer associated changes in glycosylation include
both the under- and over-expression of naturally occurring glycans. These structures most
often arise from changes in the expression levels of glycosylating enzymes such as
glycosyltransferases and glycosidases in cancerous cells versus healthy cells [6]. Therefore,
changes in glycoprotein expression are often a hallmark of disease states. Most often, the
disease is associated with changes in a set of glycoproteins, or the so-called sub-
glycoproteomics. On this basis, profiling the glycoproteins that are most affected in
biologically diseased matrices and fluids should in principle be sufficient, and represents a
promising strategy for determining glycoprotein biomarkers. This sub-glycoproteomics
approach to find glycoprotein biomarkers of carcinoma or chronic inflammation would
involve the selective isolation and targeting of the sub-glycoproteomics from serum samples
or that are shed or secreted by diseased cell lines. Of interest to the present research report is
a major glycan alteration that involves increased Lewis (Le) antigen expression in many
epithelial cancers, which are synthesized by fucosyltransferases I-VIII, which add fucose in
a (1,2/3/4) or (6)-linkage to galactose (Gal) or N-acetylglucosamine (GlcNAc) residues [7].
Thus, the sub-glycoproteomics involving the selective isolation and targeting of aberrantly
fucosylayted proteins (or the so called fucome) is the major objective of this research report
in the aim of providing a promising strategy for revealing differentially expressed proteins.

When focusing on profiling specific sub-glycoproteomics, it becomes necessary to remove
some of the high abundance proteins such as albumin (HSA), which represents ~50% of the
total mass of serum proteins and immunoglobulins (Ig’s) which represent an additional
~20% of the total mass of serum proteins. The removal of this group of high abundance
proteins was achieved in the present investigation by immunosubtraction for HSA and
microbial protein-based affinity subtraction (e.g., protein A and protein G′) for Ig’s. For a
very recent review on depletion of high abundance proteins by a variety of approaches, see
Selvaraju and El Rassi [8].

To capture a given sub-glycoproteomics, e.g., the fucome, lectin affinity chromatography
(LAC) offers the potential to achieve this goal [9]. In fact, LAC is an important tool to study
and unlock glycosylation. LAC generally results in an enrichment of classes of different
glycoproteins, possessing similar carbohydrate determinants recognized by the immobilized
lectin and called “lectin receptors”. Therefore, LAC should facilitate the profiling of specific
sub-glycoproteomics, e.g., the fucome. Indeed, LAC has been used to selectively capture
sub-glycoproteomics in various formats including single, serial-LAC, and multi-LAC (M-
LAC) [10–17]. Serial LAC refers to using LAC in a sequential or serial fashion where the
pass through fraction from one lectin column is collected and further analyzed on a second
lectin column and so forth. Serial LAC involves excessive discontinuous sample
manipulation (e.g., dialysis, concentration, drying, reconstitution), which causes sample loss
and propagation of experimental biases from step-to-step or column-to-column. Multi-LAC
(M-LAC) refers to using a mixture of immobilized lectins having complementary
specificities in a given column, i.e., mixed bed column. After loading the sample onto the
column, the M-LAC column is eluted sequentially using specific displacer (i.e., haptenic
sugar) for each lectin. Sequential elution may not be a clear cut, and some glycoproteins
captured by another lectin may be concurrently eluted (cross inhibitory reactivity). Also,
since most lectins are glycoproteins, M-LAC may introduce a lowering in the capturing
capacity of each lectin due to possible bead-to-bead interactions in a mixed bed column.

This research report is aimed at eliminating the above drawbacks by achieving the on line
depletion of some high abundance proteins (i.e., HSA and Ig’s) simultaneously with the
capturing of specific sub-glycoproteomics (i.e., the fucome) followed by the fractionation of
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the captured glycoproteins using reversed phase chromatography (RPC). This entailed the
design of a platform that operates multicolumn columns via switching valves and
incorporates multiple high precision HPLC pumps.

With the intention to capture the fucosylated serum glycoproteins (i.e., the fucome), two
fucose specific lectins namely, Aleuria aurantia lectin (AAL) and Lotus tetragonolobus
agglutinin (LTA) were immobilized onto the surface of glyceryl methacrylate (GMM)/
pentaerythritol triacrylate (PETA) monolith. The GMM-PETA monolith was very recently
introduced by Gunasena and El Rassi for performing immuno affinity chromatography at
reduced nonspecific interactions [18]. Immobilized AAL has a strong affinity towards core
fucosylated glycans (i.e.,) where a fucose residue is attached to the innermost GlcNAc of the
N-linked-core structure represented as Fucα1→6GlcNAc→R and has weak binding
towards fucose in the outer arm such as Fucα1→2Galβ1→4GlcNAcβ1→R,
Galβ1→4(Fucα1→3)GlcNAc→R and Galβ1→3(Fucα1→4)GlcNAc→R, where R = H or
sugar [19]. Immobilized LTA can bind to glycans having fucose present in the outer arm
including Fucα1→3/1→4GlcNAc and Fucα1→2Gal. LTA also has an affinity for glycans
containing the Lex determinant represented as Galβ1→4(Fucα1→3)GlcNAcβ1→R [20].
The haptenic sugar for AAL and LTA is α-L-fucose. Similarly, to deplete HSA and Ig’s
anti-HSA antibody and protein A and protein G′ were immobilized on the GMM-PETA
monolith.

Disease-free and breast cancer sera were selected as the proteomics samples to challenge the
platform and evaluate its effectiveness in facilitating the sample preparation and
fractionation as far as the fucome capturing is concerned. The integrated platform introduced
in this research report is unique in its design and effectiveness in reproducibly preparing
serum samples for further differential quantitative analysis by LC-MS/MS. The platform
eliminates all the experimental biases that would occur in the multi step methodologies
normally required in proteomics/glycoproteomics. In fact, and as will be shown here, the
proposed platform eliminates the need for multi step dialysis, dilution, centrifugation,
fractionation, transfer from vessel to vessel, etc. The integrated platform allows the transfer/
processing of the glycoproteomics/proteomics sample from column-to-column in the liquid
phase in a highly reproducible manner using high precision HPLC pumps and valves, and
isolate and concentrate the required information with zero sample loss and zero propagation
of experimental errors. The platform is a multistage operation working in “cascade”
whereby the needed information is processed in a continuous fashion from the first stage to
the last stage in the process. The platform assembles various modes of chromatography that
are working in harmony to extract, concentrate and fractionate the sub-glycoproteomics of
interest. The platform with its unique design is fully amenable to automation and can be
readily scaled up or down to fit various sample sizes making the platform the instrument of
future for clinical and biomedical research set ups.

2. Experimental
2.1. Instrumentation

The HPLC setup consisted of a quaternary solvent delivery system Model Q-grad pump
from Lab Alliance (State College, PA, USA), a solvent delivery system Model CM4000, and
a Model 3100 UV-Vis variable wavelength detector from Milton Roy, LDC division
(Riviera Beach, FL, USA) and a Rheodyne injector Model 7010 (Cotati, CA, USA)
equipped with a 20-μL loop. All the switching valves were from Rheodyne, while one 3-
way valve was from SSI (State College, PA, USA). The Spectra/Chrom CF-1 fraction
collector was from spectrum chromatography (Houston, TX, USA). All mass spectra were
obtained using a hybrid LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA).
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2.2. Reagents and materials
The unconjugated lectins namely, AAL and LTA were purchased from Vector Laboratories
(Burlingame, CA, USA). Pooled breast cancer serum from five donors and pooled disease-
free human serum from five donors (same age group and race as the cancer serum) were
purchased from Bioreclamation (Westbury, NY, USA). Stainless steel tubing of 4.6 mm ID
was obtained from Alltech Associates (Deerfield, IL, USA). Glycerylmethacrylate (GMM)
was purchased from Monomer-polymers & Dajac Labs (Feaster-Ville, PS, USA).
Pentaerythritol triacrylate (PETA), 2,2′-azobis(isobutyronitrile) (AIBN) and 1-dodecanol
were purchased from Aldrich Chemical Co. (Milwaukee, WI, USA). Sodium periodate,
sodium cyanoborohydride, trifluoroacetic acid (TFA), L-(−)-fucose, protein A (from
Staphylococcus aureus), protein G′ (from Streptococcus sp.) and IgG fraction of anti-human
albumin (rabbit) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cyclohexanol
and HPLC grade acetonitrile were obtained from Fisher Scientific (Fair Lawn, NJ, USA).
The reversed phase chromatography column (ProSwift™ RP-1S) was purchased from
Dionex Corporation (Sunnyvale, CA, USA).

2.3. Monolithic affinity columns
A 20 g polymerization mixture containing 7.6% w/w GMM, 7% w/w PETA, 59.1% w/w
cyclohexanol 22.9% w/w dodecanol and 3.4% w/w water containing 1.0% w/w AIBN with
respect to the monomers [18] was sonicated for 15 min, purged with nitrogen for 5 min and
introduced into three stainless steel columns of dimensions 25 cm × 4.6 mm ID each that
function as molds for the monoliths, and were heated at 60 °C for 15 h in a gas
chromatography oven. The resulting monolithic columns were washed extensively with
acetonitrile followed by water. The monolithic support was transferred from the 25 cm
column to a shorter column (5 or 3 cm × 4.6 mm ID) by connecting the two columns with a
¼″-union and running water through the columns at flow rate of 3.0 mL/min until the
unmodified monolithic support is transferred. A total of four columns of dimensions 3 cm ×
4.6 mm ID and two columns of dimensions 5 cm × 4.6 mm ID were prepared.

The 3 or 5 cm monolithic columns were allowed to react with freshly prepared 0.1 M NaIO4
for 2 h at room temperature to convert the diol groups into aldehyde groups followed by a 5
min water wash. Then, the immobilization of lectin was done on the column by passing a
solution of 1 mg of AAL or LTA in 0.5 mL of 0.1 M sodium acetate, pH 6.4, containing 0.1
M fucose and 50 mM sodium cyanoborohydride through the column for overnight at room
temperature. For the anti-HSA column, a 5-mL solution containing 2 mg/mL of anti-HSA
antibody containing 50 mM sodium cyanoborohydride in 0.1 M sodium acetate, pH 6.4, was
passed through the column overnight [21, 22]. Protein A and G′ columns were prepared in
the same way as the anti-HSA column except that a 1-mL solution containing 2 mg/mL of
Protein A or Protein G′ was used. After passing the immobilization solution for overnight, a
solution containing 0.4 M Tris/HCl, pH 7.2, and 50 mM sodium cyanoborohydride was
passed through the columns for 3 h at room temperature to scavenge the residual aldehyde
groups. The immobilized lectin columns as well as the anti-HSA, Protein A and Protein G′
columns were stored with the mobile phase containing 20 mM Tris-HCl, pH 7.4, containing
0.08% NaN3 at 4 °C until use.

2.4. Chromatographic conditions for the depletion of albumin and Igs followed by
enrichment of the fucosylated glycoproteins

The simultaneous depletion of albumin and Igs (i.e., IgG’s, IgA and IgM) followed by
enrichment/concentration and RPC separation of the fucosylated glycoproteins was achieved
by the following order of tandem affinity columns. Two anti-HSA columns (5 cm × 4.6 ID
mm each) → Protein G′ column (3 cm × 4.6 mm ID) → Protein A column (3 cm × 4.6 mm
ID) → LTA column (3 cm × 4.6 mm ID)→ AAL column (3 cm × 4.6 mm ID) → RPC
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column (3 cm × 4.6 mm ID). The chromatographic set-up is shown in Fig. 1. The RPC
column, which was initially stored in ACN was washed with 20 column volumes of water to
remove the ACN. The binding mobile phase consisted of 20 mM Tris, pH 7.4, containing
0.3 M NaCl. The eluting mobile phase for the depletion column was 50 mM NaH2PO4, pH
2.2. The eluting mobile phase for the lectin columns was 5 mM fucose in the binding mobile
phase. The aqueous-rich mobile phase (mobile phase A) for the RPC column consisted of
H2O/ACN (95:5 v/v) containing 0.1% TFA and the organic-rich mobile phase (mobile phase
B) consisted of ACN/H2O (95:5 v/v) containing 0.1% TFA.

While by passing the RPC column, 20 μL of 3-fold diluted serum were injected onto the
depletion and the lectin columns that were previously equilibrated with the binding mobile
phase. After 20 min of washing with the binding mobile phase, the depletion columns were
eluted at a flow rate of 0.8 mL/min, followed by re-equilibration of the depletion columns.
Another 20 μL of the same 3-fold diluted serum was injected onto the depletion and the
lectin columns. Thus, serum proteins from a total of 40 μL (20 + 20 μL) of 3-fold diluted
serum were accumulated onto the lectin columns. Using the eluting mobile phase, the
proteins captured by the LTA column were transferred to the RPC column, which was in
water. The RPC column was washed with mobile phase A to remove the salts for 20 min.
This was followed by a linear gradient elution of the RPC column at increasing ACN
concentration in the mobile phase. The linear gradient consisted of increasing the % of
mobile phase B from 0% to 75% v/v in mobile phase A for 12 min. This was followed by 2
min at 75% mobile phase B, and then returning to initial elution conditions in 1 min. Before
the next gradient run, the RPC column was washed with water for 15 min, and then for 20
min with 100% mobile phase A. Now, the accumulated proteins on the AAL lectin column
were eluted and transferred to the RPC column. The elution of the RPC column was
performed in the same way as described above. The protein fractions from the RPC column
were collected every 24 s and evaporated to dryness in a SpeedVac from Savant
Instruments, Inc. (Holbrook, NY) and stored at -20 °C until further use.

3. Results and Discussion
3.1. Some operational aspects and basic components of the integrated platform

3.1.1. Overall strategy: Simultaneous depletion of albumin and Igs followed by
selective enrichment/concentration of proteins—The integrated platform for
achieving the simultaneous depletion of albumin and Ig’s as well as the selective capturing
and enrichment of proteins is shown in Fig. 1. The operational steps of the platform are
summarized in the legend of Fig. 1 while the chromatographic conditions are detailed in the
experimental section above.

The GMM-PETA monolith, which has been shown previously to exhibit minimal amount of
non-specific hydrophobic interactions with serum proteins [18], was selected as an ideal
monolith for the preparation of the affinity columns used in the current study. As mentioned
in the experimental section, 20 μL of 3-fold diluted serum were injected into the depletion
and the lectin columns. This was followed by elution and re-equilibration of the depletion
columns. The pass-through fraction from the depletion and lectin columns as well as the
eluted albumin and Igs fractions from the depletion columns are shown in Fig. 2. The
combined areas of the retained peaks by the depletion columns were almost 4 times larger
than the area of the non-retained peak (i.e., pass through) by the depletion and the lectin
columns. This is not surprising since albumin and Ig’s correspond up to 70% of the total
mass of serum proteins. The pass through fraction, which contains in principle the non-
glycosylated proteins and the glycoproteins lacking affinity to LTA and AAL columns (e.g.,
non-fucosylated glycoproteins), is quite large signaling the relatively low amount of the
particular glycoproteins (e.g., fucosylated proteins) retained by the lectin columns.
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As expected, it was observed that when the same amount of serum was injected onto the
lectin columns in the absence of the depletion columns, the lectin columns captured higher
amount of proteins. This is clearly seen in Fig. 3 that shows the RPC chromatograms of the
LTA and AAL captured proteins with and without depletion. This might be due to the fact
that the lectin columns captured some of the glycosylated Igs. The most noticeable
difference was observed with the RPC fractionation of the proteins captured by the LTA
column, probably due to the fact that the LTA column is the first column in the tandem
column format used. A detailed discussion is given below in section 3.1.3. A salient feature
of the integrated platform that should be mentioned here is the reproducibility of the elution
profile from the RPC column as far as the retention time of the major peaks in the RPC
chromatograms portrayed in Figs 5 and 6 despite the fact that these chromatograms were
generated on two different days and replicate preparation of the lectin columns. This is
discussed further in section 3.1.4.

Furthermore, the platform is fully integrated comprising multi-affinity columns operating in
cascade in the sense that there is no sample handling between the various steps, which
guarantee no sample loss and no propagation of experimental biases from step-to-step or
column-to-column. In fact, the sample is moved from column-to-column in the liquid phase
and requiring no sample manipulation (e.g., collecting, desalting, dialysis) between columns.
Finally, the sample is fractionated by RPC yielding desalted fractions in volatile ACN – rich
mobile phase, which after evaporation in a speed vacuum are subjected to LC-MS/MS
analysis. Thus, the “cascading” concept involving the continuous transferring and
processing of the proteomic sample from column to column has been put to work in a multi-
column liquid phase separation platform yielding a highly reproducible depletion/capturing/
fractionation unit that is readily amenable to automation.

3.1.2. Loading capacity of the anti-HSA column—In a recent study from our
laboratories, Jmeian and El Rassi reported the sample loading capacity of the protein A and
protein G′ columns to be ~ 7–25 fold higher than that of the antibody affinity columns [21].
In the current study, it was therefore very important to evaluate the sample loading capacity
of the anti-HSA column since it is the “weak link” column in the tandem depletion column
format composed of the anti-HSA column → protein G′ column → protein A column.
Standard solutions of human serum albumin of varying concentration were injected onto the
anti-HSA column (5 cm × 4.6 mm ID) and the peak areas of the retained and the pass
through peaks were plotted against the amount of injected albumin (see Fig. 4). It can be
seen from Fig. 4 that one single anti-HSA column of the dimensions 5 cm × 4.6 mm ID can
handle a maximum of 0.4 mg of albumin before an overflow peak becomes noticeable and
its area can be evaluated. Considering the fact that human serum contains 35–50 mg
albumin/mL of serum [23], the injection of 20 μL of 3-fold diluted serum into the depletion
columns corresponds to injecting 0.24 – 0.34 mg of albumin into the integrated platform,
which in its actual operation includes two of the 5 cm × 4.6 mm ID anti-HSA columns. The
0.24 – 0.34 mg quantity is therefore well below the 0.4 mg maximum capacity of one single
anti-HSA column.

3.1.3. Assessing the need for depleting albumin and Igs—In order to assess the
virtue of depleting albumin and Igs on the results of the integrated platform, 3 fold diluted
disease-free human serum was processed by the platform in the presence and absence of the
3 depletion columns under otherwise the same operating conditions, see Fig. 3. As one
would expect, besides the commonly captured proteins, the two lectin columns of the
integrated platform captured some different proteins or the so-called unique proteins in the
presence than in the absence of the depletion columns. It is the nature of the unique proteins
as well as their level of abundance, which should favor one approach over another (i.e.,
depletion vs. no depletion).
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For the LTA column, 31 unique proteins were captured by this column in the presence of
depletion columns versus 30 unique proteins in the absence of the depletion columns (Table
S-1, Supplementary Information) as was measured in the RPC collected fractions by LC-
MS/MS. In the case of depletion, the 31 unique proteins listed in Table S-1 comprised 17
low abundance proteins and only one Ig chain, whereas in the case of absence of depletion
columns, the 30 unique proteins captured by the LTA column included 10 different Ig chains
and 12 low abundance proteins that are listed in Table S-1. In the case of online depletion,
and to enumerate, the 17 low abundance proteins were cartilage acidic protein 1, cartilage
oligomeric matrix protein, cathelicidin antimicrobial peptide, cholesteryl ester transfer
protein, dermcidin, desmoplakin, extracellular matrix protein 1, filaggrin-2, histone H4,
hornerin, keratin type I cytoskeletal 16, keratin type I cytoskeletal 17, protein S100-A8,
secreted phosphoprotein 24, semenogelin-1, semenogelin-2 and titin. In the case of absence
of online depletion columns, the 12 low abundance proteins found in the LTA fractions
included 8 proteins of known concentrations such as adipocyte plasma membrane-associated
protein, apolipoprotein (a), cadherin-5, complement C1r subcomponent-like protein, EGF-
containing fibulin-like extracellular matrix protein 1, ficolin-2, mannose-binding protein C,
and serum paraoxonase/lactonase 3. The 4 remaining proteins have unknown concentrations
including c4b-binding protein beta chain, collectin-11, keratinocyte proline-rich protein and
solute carrier family 2 facilitated glucose transporter member 2.

The protein fractions captured by the AAL column in the presence or absence of the online
depletion columns contained 32 and 28 unique proteins (Table S-2), respectively, as
measured in the RPC fractions by LC-MS/MS. In the case of online depletion, the 32 unique
proteins comprised 6 Ig chains and 12 low abundance proteins. To enumerate, the 12 low
abundance proteins included annexin A2, beta-Ala-His dipeptidase, cholinesterase,
dermcidin, desmoglein-1, extracellular matrix protein 1, filaggrin, histone H4, low affinity
immunoglobulin gamma Fc region receptor III-A, phosphatidylinositol-glycan-specific
phospholipase D, protein S100-A8 and vitamin K-dependent protein C. Oppositely, in the
absence of online depletion, the 28 unique proteins captured by the AAL column comprised
10 low abundance proteins whereby the concentration of the C4b-binding protein beta chain
is not known while the following 9 low abundance proteins have known concentrations:
apolipoprotein(a), CD44 antigen, complement factor H-related protein 3, filaggrin-2,
hepatocyte growth factor activator, low affinity immunoglobulin gamma Fc region receptor
III-B, L-selectin, mannan-binding lectin serine protease 1, scavenger receptor cysteine-rich
type 1 protein M130 and vascular cell adhesion protein 1. Furthermore, in the absence of
online depletion, the AAL columns captured 10 Ig chains (see Table S-2).

On the basis of the number of the low abundance proteins that were unique to the lectin
columns in the presence or absence of online depletion columns (17 vs. 12 proteins,
respectively) and also considering the amount of Igs captured under both conditions (7
unique Igs with depletion vs. 20 unique Igs without depletion), the depletion method is
considered superior. This finding has justified the implementation of online depletion in the
integrated platform.

On the other hand and despite the fact that the two 5 cm × 4.6 mm ID anti-HSA columns
were used below their maximum capacity, there is still some serum albumin captured by the
LTA and the AAL columns. However, the combined average spectral count of serum
albumin for both lectin columns was 39 in the presence vs. 313 in the absence of the anti-
HSA column. This represents 8-fold reduction in the serum albumin binding to the lectin
columns. Also, there were an overall 15 different Ig chains identified in the LTA fractions in
the presence of depletion columns whereas without the depletion column 25 different Ig
chains were identified. The Igs and HSA found in the presence of depletion columns might
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be due in part to protein-protein interactions that are often observed in complex proteomics
samples and protein-based affinity assays [24, 25].

3.1.4. Reproducibility of the platform as manifested by its major output, the
RPC fractionation of proteins captured by the lectin columns—In proteomic
analysis, the fractionation of the complex protein mixture is an important step in the overall
workflow and any inconsistency in this step directly affects the identification of the
differentially expressed proteins in the diseased serum when compared to the disease-free
serum. On this basis, the integrated platform was evaluated for its reproducibility in the RPC
profiling of the proteins captured by the lectin columns, which is the final output of the
platform.

The reproducibility from run-to-run was evaluated in terms of the RPC fractionation by
gradient elution of the LTA and AAL captured proteins. The visual examination of the RPC
chromatograms readily showed that the platform generated reproducible RPC profiles.
Furthermore, the reproducibility was assessed by calculating the percent relative standard
deviation (% RSD) of the retention time and peak area. The average % RSD (n = 2) for the
retention time and peak areas of the peaks in the RPC chromatogram of LTA captured
proteins were 0.24 % and 11.2 %, respectively. For the RPC chromatograms obtained for the
AAL captured proteins, the respective average % RSD (n = 2) for the retention time and
peak areas were 0.13 % and 4.8 %. It was observed that not only the retention time/peak
areas were very reproducible in terms of %RSD but also the spectral count for most of the
proteins were similar in both runs. For example, it was seen that the spectral count was the
same (12 vs. 12) in the LTA fraction from run 1 and run 2 for the low abundance
glycoprotein kallistatin, which has a concentration of 22.1 ± 3.5 μg/mL in plasma [26].

The reproducibility of the platform as manifested by the RPC fractionation of the proteins
captured by two lectin columns prepared on two different days (i.e., lectin column-to-lectin
column reproducibility) was also assessed. For instance, the RPC chromatograms obtained
for the proteins captured by two different LTA column preparations without the depletion
columns were very much reproducible as is readily revealed in the chromatograms shown in
Fig. 5. The % RSD (n=2) for retention time and peak area was 0.13 % and 7.43 %,
respectively.

To evaluate the day-to-day reproducibility of the platform, some selected fractions of the
AAL captured proteins that were fractionated by RPC were subjected to mass spectrometric
analysis. The stringent conditions that were used to identify the differentially expressed
proteins in cancer serum with respect to disease-free serum were also used to make the
comparison of the mass spectral counts for the proteins that were identified from fractions
collected on different days (i.e., the day-today reproducibility analysis). The spectral counts
were strictly those of the proteins identified on the basis of 99.9% protein identification
probability, 95% peptide identification probability with minimum 5 unique peptides. Also,
the keratins that had grouping ambiguity in the sense that they shared some of the peptides
with one or more proteins were not considered for the reproducibility or differential
analysis. Figure 6 shows representative chromatograms of RPC gradients of the AAL
captured proteins for the day-to-day reproducibility. It was observed that not only retention
time and peak areas were very reproducible (%RSD for retention time was on the average
0.57% and %RSD for peak areas was on the average 7.8%) but also most of the proteins
identified from the two different days did have spectral counts that were less than two
standard deviations away from each other as determined by the scatterplots or Q-Q plots,
which plot the normalized spectral counts for each protein found in a given fraction on a
certain day versus the normalized spectral count of that same protein found in that same
fraction on another day. For example, with the above said conditions, and using Q-Q plots
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for fraction # 18 from day 1 and day 2, two proteins only (Ig mu chain C region and
fibronectin) were two standard deviations away. The protein Ig mu chain C region was
found on both days whereas fibronectin was found only on day 2. In the same way, in
fraction #19 from day 1 and day 2, only the protein fibronectin that was found on both days
was different and all other proteins were less than two standard deviations away from each
other (see the Q-Q plots in Fig. 7).

3.2. LC-MS/MS identification of proteins captured by the lectin columns
3.2.1. Identification of the proteins captured by the LTA column—The captured
proteins by the LTA column were eluted stepwise with the haptenic sugar fucose and
subsequently trapped on the RPC column, which were then fractionated by a linear gradient
elution of the RPC column at increasing acetonitrile concentration in the mobile phase. This
led to various collected RPC fractions (see Fig. 8A) that were subjected to LC-MS/MS
analysis. Only proteins that exhibited protein identification probability greater than 99 %
with peptide identification probability greater than 95 % containing at least two unique
peptides were considered and are listed in Table S-3. The false rate discovery for both
protein and peptide identification was 0.0% for both the LTA and AAL captured proteins.
The numbers of the identified proteins from the disease-free serum and cancer serum were
148 and 138 non-redundant proteins, respectively. In the LTA fractions, the identified
proteins that were unique to the disease-free and the cancer sera were 22 and 12 proteins,
respectively, while 126 proteins were common to both sera (Table S-3). Some of the
identified proteins were previously reported as cancer biomarker candidates, namely
apolipoprotein C-I, neutrophil defensin1 and serum paraoxonase/arylesterase 1 [27].
Furthermore, some other proteins that were identified in the LTA fractions such as
plasminogen, coagulation factor XII, complement C3, kininogen-1, Ig mu chain C region, Ig
α-2 chain C, apolipoprotein A-I, apolipoprotein E, apolipoprotein C-III, apolipoprotein D,
fibronectin, protein AMBP, vitronectin, histidine-rich glycoprotein, complement factor H,
clusterin, galectin-3-binding protein, inter αtrypsin inhibitor heavy chain H4 and the
fibrinogen chains were reported to have glycans containing the Lex determinant [28], for
which LTA exhibits distinct and strong affinity.

It should be noted that the depletion/enrichment/fractionation achieved by the integrated
platform allowed the detection and identification of 45 low abundance proteins in the LTA
captured protein fractions. Also, proteins with estimated concentrations in the range between
ng level and = 1 ≤ 1 μg level were considered as low abundance proteins. Typical examples
of these low abundance proteins are filaggrin (0.82 ng/mL of plasma), titin (4.1 ng/mL),
filaggrin-2 (4.6 ng/mL), semenogelin-1 and 2 (5.9 ng/mL), and N-acetylglucosamine-1-
phosphotransferase subunit gamma (6.8 ng/mL) [29]. The concentrations of some of the
other low abundance proteins such as actin cytoplasmic 1, complement C5 and complement
C1r subcomponent are not known and these proteins are not listed in the human plasma
proteome reference set that has non-redundant set of 1929 protein sequences compiled by
Farah et al [29].

3.2.2. Identification of the proteins captured by the AAL column—Using the
same approach as in the above section, 141 and 184 non-redundant proteins were identified
in the proteins captured by the AAL column from the disease-free and breast cancer sera,
respectively, that were further fractionated on the RPC column using a linear gradient
elution at increasing acetonitrile concentration in the mobile phase (see Fig. 8B). Again,
only proteins that exhibited protein identification probability greater than 99 % with peptide
identification probability greater than 95 % containing at least two unique peptides were
considered and are listed in Table S-4. In the AAL captured proteins, there were 6 and 49
proteins unique to the disease-free and the cancer sera, respectively, with 135 proteins
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common to both sera. Some of the identified proteins such as afamin, attractin, complement
C1r subcomponent-like protein, cholinesterase, Ig alpha-2 chain C region, kallistatin,
sulfhydryl oxidase 1, vitronectin, and scavenger receptor cysteine-rich type 1 protein M130
have been identified to have core fucosylation [30].

Similarly to what is reported in the above section, numerous proteins that belonged to the
low abundance category (54 proteins) were identified. Typical low abundance proteins could
be cited such as filaggrin (0.82 ng/mL of plasma), transferrin receptor protein 1 (2.9 ng/mL),
long palate, lung and nasal epithelium carcinoma-associated protein 1 (3.3 ng/mL),
follistatin-related protein 1 (3.6 ng/mL), plakophilin-1 (3.6 ng/mL), filaggrin-2 (4.6 ng/mL),
galectin-7 (6.9 ng/mL), angiotensin-converting enzyme (7.4 ng/mL) and calmodulin-like
protein 5 (8.1 ng/mL) [29]. The concentration of some of the low abundance proteins such
as arginase-1, deleted in malignant brain tumors 1 protein, mucin-5B, neutrophil elastase
and premature ovarian failure protein 1B (protein POF1B) are not known [29]. Furthermore,
the concentrations of some of the other low abundance proteins such as actin aortic smooth
muscle, actin cytoplasmic 1, complement C5, complement C1r subcomponent, keratinocyte
proline-rich protein, histone H2B type 1-C/E/F/G/I and putative lipocalin 1-like protein1 are
not known and these proteins are not listed in the human plasma proteome reference set that
has non-redundant set of 1929 protein sequences compiled by Farah et al [29].

Overall, and as determined from SWISSPROT database searching and using NetNGly –
predictor, which can predict the N-glycosylation sites in proteins, there were a certain
number of non glycoproteins in both the AAL and LTA captured proteins from disease free
and breast cancer sera. In fact, searching the LTA captured proteins from the disease free
serum in the SWISSPROT database, and using the NetNGly – predictor revealed that 79%
of the identified proteins were glycoproteins, and 21% were non-glycoproteins. Similarly, in
the cancer serum there were 83% glycoproteins and 17% non-glycoproteins. Also, searching
the AAL captured proteins from the disease free serum in the SWISSPROT database and
using NetNGly – predictor revealed that 75% of the identified proteins were glycoproteins
and 25% were non-glycoproteins. In the case of AAL captured proteins from cancer serum,
the percentage of glycoproteins was 77% and that of non-glycoproteins was 23%. As
mentioned above in section 3.1.3, the capturing of non glycoproteins by the two lectin
columns might be due in part to protein-protein interactions that are often observed in
complex serum samples and protein-based affinity assays [24, 25].

3.2.3. Differentially expressed proteins in the LTA and AAL fractions—The RPC
chromatograms of the LTA and AAL captured proteins from disease-free and cancer sera
are shown in Figs 8A and 8B, respectively. In both figures, one can readily see the
differences between the two serum profiles, which are reflected by peak intensity (noted by
*) and shouldering (noted by **) on the chromatograms. In both cases (i.e., LTA and AAL
fractions), for the identification of the differentially expressed proteins in the cancer serum
relative to the disease-free serum, only proteins with 99.9% protein identification probability
and 95% peptide identification probability with a minimum of 5 unique peptides were
considered (this is the same norm used in section 3.1.4). The differentially expressed
proteins between breast cancer and disease-free sera were revealed using the quantitative Q-
Q scatterplot which plots the normalized spectral count for each protein found in the breast
cancer serum versus the normalized spectral count of that same protein found in the disease-
free serum. The proteins that are more than two standard deviations away from being the
same in both categories are considered as differentially expressed proteins. This scatterplot
approach was used very recently by Selvaraju and El Rassi [9], and proved effective in
revealing candidate biomarkers.
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Using the Q-Q scatterplot just mentioned, 17 identified proteins were found to be either up
or down regulated in the LTA captured proteins (Table S-5). The proteins α-1-antitrypsin,
α-2-HS-glycoprotein and serotransferrin, which were found to be differentially expressed in
the present study have been reported to possess fucosylation in their glycan structures [31].
Some of the other differentially expressed proteins such as apolipoprotein B-100, α-1-
antichymotrypsin, inter-α-trypsin inhibitor heavy chain H4, α-2-HS-glycoprotein, CD5
antigen-like and prothrombin have been reported to have altered fucosylation in
hepatocellular carcinoma (HCC) [32]. The observed elevated level of the protein
complement C4-B in breast cancer serum is in accordance with another report that used L-
phytohemagglutinin (L-PHA) lectin affinity to identify differentially expressed
glycoproteins in breast cancer tissue [33]. Serum amyloid A-4 protein was up regulated
which is in accordance with that reported in ref. [34], where it was found to be at elevated
level in stage 2 breast cancer patients. The protein α-2-HS-glycoprotein that was down
regulated in the LTA fractions has been reported to be a potential cancer biomarker [29].

Similarly to the LTA captured proteins, using Q-Q scatterplots, 26 proteins in the AAL
fractions were found to either be up or down regulated in the cancer serum relative to the
disease-free serum fractions (Table S-6). The differentially expressed proteins such as
afamin, α-1-antitrypsin, α-2-macroglobulin, ceruloplasmin, hemopexin, inter-α-trypsin
inhibitor heavy chain H1 and serotransferrin have been reported to have core fucosylated
glycopeptides [30]. With the exception of serotransferrin, all these core fucosylated proteins
were identified in HCC serum [32]whereby agarose-bound AAL was used to capture
glycoproteins from serum. Also, the differentially expressed proteins found in the AAL
fractions, namely α-1-antitrypsin, α-1-antichymotrypsin, α-2-macroglobulin,
ceruloplasmin, hemopexin and serotransferrin were reported to possess altered fucosylation
by Comunale et al [35] in HCC serum. Furthermore, afamin was found to be at elevated
level in the AAL fraction, which agrees with a recent finding in the sense that this protein
was reported to be significantly up-regulated in pre-diagnostic breast serum [36]. In the
same study, it was also reported that the proteins α-2-macroglobulin and ceruloplasmin [36]
were significantly down regulated in breast cancer serum. The same was observed in the
current study for α-2-macroglobulin but in the case of ceruloplasmin it was up- and down-
regulated in the AAL fractions. In another study, α-2-macroglobulin and serotransferrin
were reported to be at elevated levels in breast cancer plasma [37]. The up-regulated protein
serotransferrin has been listed as candidate cancer biomarker with more than 500 citations in
a compilation of proteins that are differentially expressed in human cancer [27]. The protein
complement C3 was elevated in some of the AAL fractions and down regulated in one
fraction. This finding corroborates with that observed in another study [38] as far as the
elevated level of fucosylation of complement C3 is concerned. Also, complement C3 was
identified as a potential marker of colorectal cancer [38] and a potential candidate to study
changes in breast cancer serum [39]. The proteins α-2-macroglobulin, apolipoprotein A-I,
ceruloplasmin, lactotransferrin and serum albumin have been reported to be potential cancer
biomarkers [29]. The proteins apolipoprotein A-I and hemopexin were reported to be at
elevated level in breast cancer tissues [33] and in this study it was the same in the case of
hemopexin, whereas apolipoprotein A-I was down regulated. The observed difference might
be due to the fact that the lectins L-PHA and AAL have different affinity toward
glycoproteins, that is, L-PHA has affinity towards β(1,6)-branched N-linked glycans
whereas AAL has affinity towards the fucosylated glycans. In a recent study from our
laboratory involving the use of broad selectivity lectins namely, concanavalin A, wheat
germ agglutinin and ricinus communis agglutinin-I to identify the proteins that were
differentially expressed in breast cancer serum [9], the proteins afamin and hemopexin were
found to be up-regulated and in the current study also elevated levels were observed for
these two proteins. In the same study, the proteins α-2-antiplasmin and inter-α-trypsin
inhibitor heavy chain H1 were down regulated whereas in the current study these two
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proteins were up regulated. This might be due to the difference in the lectin specificities. As
discussed above, the protein plasma kallikrein was up regulated in one of the RPC fraction
of LTA captured proteins, whereas in the AAL captured proteins kallikrein was found to be
down-regulated in breast cancer serum. This might be due to the partial loss of the core
fucosylation in the protein for which AAL has affinity. Finally, the two differentially
expressed proteins desmoplakin and phosphatidylinositol-glycan-specific phospholipase D
in the AAL fractions have been previously predicted to be at 20 ng/mL and 0.46 μg/mL
concentration levels in plasma, respectively [29].

Overall, among the 43 DEP in the AAL and LTA fractions (26 proteins from AAL + 17
proteins from LTA), 8 DEP were found in common to both LTA and AAL fractions, see
Table 1. On the other hand, 9 proteins were found to be unique to the LTA column and 18
other proteins were unique to the AAL column fractions. Therefore, a combined total of 35
proteins are in fact differentially expressed in the LTA and AAL captured proteins when
taking into consideration the 8 common differentially expressed proteins in the fractions of
LTA and AAL columns.

The combined 35 DEP constitute a broad panel of DEP while the 8 common DEP may be
viewed as a narrower panel of DEP (see Table 1). The narrower panel may be more
representative of what is happening at the fucome level in breast cancer since this panel is
common to both lectins (i.e., LTA and AAL) that have complementary affinity towards
fucosylated glycoproteins. The fucosylation of the protein panels have been discussed in the
above section and the fucosylated proteins are also indicated in Table 1.

It is interesting to note that among the combined 35 DEP in the LTA and AAL fractions, 28
proteins were found in the regions marked by * and ** in Figs 8A and 8B, which indicate
difference in peak intensity and the presence of shouldering. This quick visual finding of the
difference between disease-free and breast cancer sera by a simple visual inspection of the
corresponding RPC chromatograms of targeted captured proteins may prove useful in
expediting the screening of a large number of biological samples in clinical and medical
setups. Also, this quick visual inspection should in principle reduce the exuberant cost and
length of the LC-MS/MS analysis in the sense that only those fractions corresponding to the
RPC peaks with apparent difference would be analyzed by LC-MS/MS rather than analyzing
all the collected fractions.

4. Concluding remarks
The developed and tested multicolumn liquid phase sample preparation, separation and
fractionation platform has been demonstrated to be very suitable for the reproducible
processing and efficient capturing and concentration of the human fucome from disease-free
and breast cancer serum. The platform allowed the convenient comparison of the
fucosylated proteins in breast cancer serum to those in disease-free serum yielding a broad
panel of 35 DEP from the combined LTA and AAL captured proteins and a narrower panel
of 8 DEP that were commonly differentially expressed in both LTA and AAL captured
proteins, which are considered as more representative of the altered fucome in breast cancer
due the complementary specificity of both lectins. This was accomplished with virtually no
sample loss and dilution or experimental biases when comparing the diseased serum fucome
to the disease-free fucome by LC-MS/MS due to the cascading nature of the platform.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Nonstandard abbreviations

AAL Aleuria aurantia lectin

DEP differentially expressed protein

GlcNAc N-acetylglucosamine

AIBN 2,2′-azobis(isobutyronitrile)

GMM glycerylmethacrylate

HSA human serum albumin

Ig’s immunoglobulins

LAC lectin affinity chromatography

LTA Lotus tetragonolobus agglutinin

PETA pentaerythritol triacrylate

L-PHA L-phytohemagglutinin

RPC reversed phase chromatography

TFA trifluoroacetic acid
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Figure 1.
Schematic representation of the platform for the simultaneous depletion of albumin and Igs,
and the enrichment of fucosylated glycoproteins, and the subsequent RPC fractionation of
the captured proteins. When the switching valve (SV) A, B, C and D were in 2, 3, 5 and 7
positions, respectively, the 3-fold diluted serum was injected onto the depletion and the
lectin columns, followed by washing with the binding mobile phase (BMP) using pump A.
Then, the eluting mobile phase for the depletion columns was passed by changing the SV-A
position to 1, thus by-passing the lectin and the RPC columns. The depletion columns were
re-equilibrated again with the BMP, after which the SV-A was changed back to position 2.
Then, the LTA column was eluted using pump B, while the 3-way valve was in position 9,
SV-B in position 3 and SV-C in position 6, thus by-passing the AAL column and passing
through the RPC column. This was followed by washing, eluting and re-equilibrating the
RPC column using the mobile phase from pump B, while the 3-way valve is in position 10.
Then, the AAL column was eluted by changing the 3-way valve position back to 9, SV-B
position to 4, SV-C position to 5 and SV-D position to 8. This was again followed by
washing, eluting and re-equilibrating the RPC column by keeping the 3-way-valve in
position 10.
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Figure 2.
Chromatogram of the pass-through fraction and the eluted fraction from the anti-albumin
and protein A and protein G′ columns when 20 μL of a 3-fold diluted serum was injected
into the tandem affinity columns (the depletion and the lectin columns). The binding mobile
phase consisted of 20 mM Tris, pH 7.4, containing 0.3 M NaCl and the eluting mobile phase
for the depletion columns was made up of 50 mM NaH2PO4, pH 2.2. Flow rate, 0.8 mL/min.
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Figure 3.
Chromatograms of (A) RPC fractionation of the LTA captured proteins and (B) RPC
fractionation of the AAL captured proteins with depletion (D), and without depletion (ND)
of albumin and Igs. The RPC fractionation was carried out by a linear gradient elution at
increasing ACN concentration in the mobile phase by going from 0 % to 75 % of mobile
phase B in 12 min. Mobile phase A consisted of H2O/ACN (95:5 v/v) containing 0.1% TFA
and mobile phase B consisted of ACN/H2O (95:5 v/v) containing 0.1% TFA. Flow rate, 1
mL/min; UV detection, 214 nm.
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Figure 4.
Plot of peak area versus the amount of standard human serum albumin protein injected on
the anti-HSA column (5 cm × 4.6 mm ID). Flow rate 1 mL/min, other conditions same as
Fig. 2.
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Figure 5.
Representative RPC fractionation chromatograms of proteins captured by the LTA column
showing the reproducibility from lectin-to-lectin column. Experimental conditions for RPC
fractionation are the same as in Fig. 3.
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Figure 6.
Representative RPC fractionation chromatograms of proteins captured by the AAL column
showing the reproducibility from day-to-day. Experimental conditions for RPC fractionation
are the same as in Fig. 3.
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Figure 7.
Representative Q-Q scatterplots for the to day-to-day reproducibility of MS spectral counts.
The squares that plot outside the dotted lines are more than two standard deviations away
from being the same in both categories. The dotted lines delimit the upper and lower error
bars.
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Figure 8.
Comparison of chromatograms of the RPC fractionation of proteins captured by the LTA
column (in A) and AAL column (in B) from disease-free (DFS) and breast cancer sera (CS).
Experimental conditions for RPC fractionation are the same as in Fig. 3.
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