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Changes in glycosylation have long been associated with disease. While there are many methods to
detect changes in glycosylation, plant derived lectins are often used to determine changes on specific pro-
teins or molecules of interest. One change in glycosylation that has been observed by us and by others is a
disease or antigen associated increase in fucosylation on N-linked glycans. To measure this change, the

Keyvyords: fucose binding Aleuria aurantia lectin (AAL) is often utilized in plate and solution based assays. AAL is
Lectin a mushroom derived lectin that contains five fucose binding sites that preferentially bind fucose linked
Eéll;lccstryiology (o-1,3, @-1,2, 0,4, and a-1,6) to N-acetyllactosamine related structures. Recently, several reports by us
Fucosylation and by others have indicated that specific fucose linkages found on certain serum biomarker glycopro-
Hepatitis tein’s are more associated with disease than others. Taking a site-directed mutagenesis approach, we

have created a set of recombinant AAL proteins that display altered binding affinities to different analytes

containing various fucose linkages.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The glycosylation of proteins is cell specific and the N-linked
glycan a protein carries reflects modifications occurring in the cell
from which it came [1]. Sugar (glycan) structures on the same pro-
tein secreted from malignant or diseased tissue and normal cells
may, and often do, differ [2-7]. Indeed, we and others, have ob-
served changes in N-linked glycosylation with the development
of cirrhosis and hepatocellular carcinoma (HCC) [8-16]. Specifi-
cally, the amount of fucosylated N-linked glycan derived from total
protein preparations isolated from the serum of individuals chron-
ically infected with HCV and a diagnosis of HCC was consistently
greater than healthy subjects or those with HCV and “inactive” dis-
ease [11].

Plant lectins are often utilized to measure changes in glycosyla-
tion. The Aleuria aurantia lectin (AAL) detects various fucose linkages
(o-1,2; o-1,3; o-1,4; o-1,6) attached to either a N-acetylglucosa-
mine (GIcNAc) or a galactose residue. The crystal structure for AAL
has been solved by several groups and reveals that AAL monomers
display a six-bladed B-propeller fold with five conserved fucose
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binding sites located between each blade [17-19]. The sixth site
does not contain the conserved amino acids residues required to
form the fucose binding pocket and it is proposed that the sixth site
forms closure contacts between blades 1 and 6 to help stabilize the
overall B-propeller structure [18]. The multivalent nature of AAL
gives it an unusually high binding affinity (LM) for carbohydrate li-
gands compared to other lectins. In this study, we have modified
amino acids residues within the fucose binding sites and also cre-
ated domain swap mutations to determine whether individual
fucose binding domains play a role in recognizing specific fucose
linkages. Our studies indicate that the while sites 2 and 4 are primar-
ily involved in binding to a-1,2; a-1,3; o-1,4 linked fucosylated gly-
cans, site five may be more important in binding to o-1,6 linked core
fucose.

2. Methods
2.1. Glycoconjugates and lectins

Monosaccharide and oligosaccharide bovine serum albumin
(BSA) conjugates; 1-fucose-BSA, p-galactose-BSA, o-1,2-fucose-
BSA, a-1,3-fucose-BSA, and a-1,4-fucose-BSA were all purchased
from V-Labs, Inc. (Covington, LA). Native AAL was purchased from
Vector Laboratories (Burlingame, CA).
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2.2. rAAL plasmid construction

Briefly, the wild-type AAL sequence was engineered and syn-
thesized to include unique Nde I and Xho I restriction sites at the
5" and 3’ ends (respectively) of the AAL gene sequence and blunt-
end cloned into shuttle vector pUC57 (GenScript, Inc. Piscataway,
N]J). The synthesized gene product was subsequently subcloned
as an Ndel-Xhol fragment from the pUC57 cloning vector into the
T7 expression vectors pET 29-b (Novagen) and pQE-T7 (Qiagen)
which results in the addition of the sequence for an in frame histi-
dine tag at the C-terminal end of the AAL gene sequence.

2.3. Expression and purification

The rAAL his-tagged construct was transformed into bacterial
strain BL21 Star (DE3) that carries the gene for the T7 RNA poly-
merase under control of the lacUV5 promoter and allows for high
level isopropyl-beta-p-thiogalactopyranoside (IPTG) inducible
expression of gene products from T7 expression vectors such as
pET and pQE. Bacterial transformation and cell culture growth con-
ditions were done following manufacturers protocol (Invitrogen).
Cells were harvested by centrifugation and cell pellets were
washed with 1x phosphate buffered saline (PBS) containing prote-
ase inhibitors (SigmaFast EDTA-free). Total cellular protein lysates
were made using an Avestin C5 high pressure homogenizer. FPLC
purification methods for the rAAL histidine tagged protein used
Ni-NTA (Qiagen) and IMAC HisTrap HP (GE Healthcare) columns.
Bacterial cell lysate from IPTG induced cultures was loaded onto
to the column in binding buffer; 50 mM NaHPO,4, 1 M NaCl (pH
7.0) and bound histidine tagged rAAL was washed and eluted using
an imidazole step gradient (250-800 mM imidazole) in binding
buffer.

2.4. Mutagenesis of AAL

The rAAL construct containing the asparagine (N) 224 to gluta-
mine (Q) point mutation (N224Q) was synthesized as a 526 bp Sac
I-Xho I fragment and blunt-end cloned into shuttle vector pUC57
(GenScript Inc.). A 526 bp Sac I-Xho I fragment containing N224Q
mutation was gel isolated from the pUC57 construct and ligated
into the Sac I-Xho I digested rAAL pQE T7 plasmid.

The X-2, 4 domain swap mutant contains the first five AAL ami-
no acids and an intact B-propeller blade 1 (amino acids L5-A57)
followed by a reiteration of blade 2 (K58-V109) and blade 4
(V163-A208). The construct was designed such that there is an in-
tact blade six following the second blade 4. The sequence was syn-
thesized (GenScript) as a 699 bp Nco I-Nhe I fragment which
includes the Nco I site in blade 1 located at codons 44 and 45
and the rest of the blade 1 sequence to A57 followed by the blade
2-4-2-4 reiteration and the blade 6 sequence from L261 to the
Nhel site located at codons 281 and 282. The 699 bp X-2-4 frag-
ment was subcloned from the pUC57 cloning vector as a 699 bp
Nco I-Nhe I fragment and ligated into Nco I-Nhe I restricted rAAL-
pQE T7.

2.5. Glycan analysis

Glycan analysis was performed on AFP (alpha-fetoprotein), as
previously described [10,11,20-22].

2.6. Fluorophore and enzyme-linked lectin assays

rAAL proteins were biotinylated using NHS-PEG;,-biotin
(ThermoScientific) according to the manufacturer’s instruction.
The biotin/protein ratio was determined to be ~1:1 biotin moie-

ties per molecule of rAAL using a Pierce Biotin Quantitation kit
(ThermoScientific).

Microtiter plates (Nunc Maxisorp) were coated with 0.05 pg/mL
of L-fucose-BSA, p-galactose-BSA, a1-2-fucose-BSA, a1-3-fucose-
BSA, and o1-4-fucose-BSA in 100 puL of coating buffer 1x Tris Buf-
fered Saline (TBS) (50 mM Tris-HCIl, 150 mM NaCl (pH 7.6)) and
Fluorophore-linked immunosorbent lectin assays (FLISA) analysis
was performed as described previously [23-25].

To test o-1,6 linked core fucose lectin binding either AFP, which
was shown to contain only core fucose or modified human IgG was
utilized. AFP purified from human cord blood (Lee Biosolutions)
was directly coated at 5.0 pg/mL in 100 pL of 1x TBS, For IgG
1.0 mg of human IgG (Sigma Aldrich, St. Louis, Missouri, MO) was
incubated with 1000 units of IgGZERO endoglycosidase (Bulldog
Bio, Rochester, New York) in 1x PBS at 37 °C for 1 h to degalactosy-
late the IgG glycan [26,27]. Removal of this portion of the glycan
exposes the core linked fucose and makes it available for recogni-
tion by core fucose binding lectins [28,29]. The IgG/IgGZERO reac-
tion mixture was then run over a protein A/G Sepharose column to
remove the IgGZERO enzyme. FLISA assays were run as described
above using 1.25 pg/mL of IgGO to coat the wells.

2.7. Thickness shear mode (TSM) sensors

The use of TSM has been described previously [30]. Briefly, the
100 MHz Thickness shear mode sensor used had a geometry of a
double sided mesa structure. The sensor’s outer diameter, diameter
of the mesa, diameter of the gold electrodes and thickness of the
membrane was 5, 3, 1.5 mm, and 16 pum, respectively. The sensors
were a 100 MHz AT-cut quartz crystal sandwiched between two
gold electrodes. Initial readings were taken in air for 5 min to de-
tect any faulty sensors then 5 pL of PBS was dispensed on top of
the sensor for another set of readings lasting 15 min to measure
consistency. The PBS was removed and AFP (5 pL at 0.1 mg/mL)
or control ligand (0.1 mg/mL) was adsorbed on the surface for
1 h while recording the frequency then washed 3x with 5 pL of
PBS. PBS was removed and 5 pL of BSA (0.1 mg/mL) was applied
and incubated while recording for 1 h. The sensor was washed, re-
corded and dried. Lectin (5 pL at 0.1 mg/mL) was applied for 1 h.
Measurements were made on a personal computer using a pro-
gram written in Labview interfaced to a HP 4395A Network Ana-
lyzer and the microwave switch. A wide span of 2000 kHz about
a center frequency was made use of to identify the resonant peak,
followed by a narrow span of 100 kHz. The bandwidth of the two
scans was set at 1 and 100 Hz, respectively. The above settings re-
sulted in a noise level of 35 Hz in air and 350 Hz in liquids.

3. Results and discussion

3.1. Development of A. aurantia lectins (AAL) with altered binding
specificities

In our previous plate based work we utilized native (n)AAL
(Vector Labs, Inc., Burlingame, CA), as it is the only commercially
available fucose binding lectin [7,23-25,29,31]. In an effort to cre-
ate fucose binding lectins with increased specificity and sensitivity,
we constructed recombinant (r)AAL molecules containing specific
point mutations and domain changes. Previous surface plasmon
resonance binding affinity (Biacore) studies have indicated that
there is one high affinity nanomolar (nM) fucose binding site pres-
ent in rAAL that is not detected in the native commercially avail-
able lectin [17,32]. Based on structural analysis it has been
proposed that the five genetically distinct fucose binding sites in
AAL display varying binding affinities towards fucose and different
fucose linked oligosaccharides, with the 2 and 4 sites having higher
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binding affinities than the 3 and the 5 sites [17,32]. Interestingly,
the high affinity (nM) site bound to «-1,2; a-1,3 and «-1,4 linked
fucosylated oligosaccharides but not to o-1,6 fucose linked oligo-
saccharides [17,32].

To test the hypothesis that the 2 and 4 sites have higher avidity
towards o-1,2; o-1,3 and o-1,4 linked fucosylated oligosaccha-
rides, we have created a rAAL molecule with re-iterated 2 and 4
sites (X-2,4, see Fig. 1A). The X-2,4 domain swap mutant contains
a 1-2-4-2-4-6 B-propeller arrangement (Fig. 1A). While the first
fucose binding domain has been implicated as being a potential
high affinity binding site we have found that making alterations
in either propeller domain 1 or 6 has a detrimental effect on pro-
tein expression and/or purification (data not shown) so we have
maintained these two domains in our constructs [17,32].

Additionally, crystal structure analysis of AAL [18,19] has
shown that the 2 and 4 binding sites have glutamine (Q) residues
in their fucose binding pockets that coordinate with other amino
acids within the pocket to maintain a secondary structure required
for high affinity fucose binding. In binding sites 3 and 5, an aspar-
agine (N) is found in this position. As the side chain on N is one car-
bon shorter than Q, the 3 and 5 binding sites lack critical hydrogen
bond contacts required for high affinity fucose binding [18]. Thus,
we changed the 224 asparagine in binding site 5 to glutamine to
create rAAL N224Q (Fig. 1A). This mutation is predicted to increase
the hydrogen bonding potential of the 5 site for fucose containing
targets.

Using a bacterial T7 inducible expression system we have devel-
oped a two column FPLC IMAC procedure which yields >90% pure
fucose free recombinant AAL. Fig. 1B shows an SDS-PAGE coomas-
sie stain analysis of purified wild-type rAAL, the X-2,4 AAL and
N224Q mutant proteins. Bovine serum albumin (BSA) loading con-
trols are also shown for reference and for use in quantitation.
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Fig. 1. (A) Arrangement of the B-propeller motifs in the recombinant AAL proteins
with the location of the N224Q point mutation in motif 5 and the C-terminal
histidine tag. The five fucose binding sites are located between each blade of the
propeller. (B) SDS-PAGE coomassie stained gel showing purity of the Immobilized
Metal Affinity Chromatography (IMAC) nickel column isolated recombinant AAL
proteins. Bovine serum albumin (BSA) standards were loaded on the gel for
quantitative comparison. The 320 amino acid X,2-4 domain swap mutant runs at a
slightly lower molecular weight compared to the 325 amino acid rAAL and N224Q
proteins.

3.2. Fluorophore-Linked Immunosorbent Lectin Assay (FLISA) analysis

Using a lectin-FLISA based approach, we compared binding
affinities of the rAAL proteins and the native commercial (n) AAL
to a-1,2; o-1,3 and ao-1,4 fucose linked BSA glycoconjugates and
also to human IgGO which serves as a a-1,6 fucose glycoprotein
target. FLISA analysis shows that the recombinant lectins all bind
the fucose-linked BSA conjugates with approximately the same
affinity. As shown previously [17], the amount of commercial na-
tive lectin bound to the glycoconjugates was typically 3- to 5-fold
less than the rAAL proteins (Fig. 2 panels A, B, and C). Interestingly,
there was a significant difference seen in the binding of the rAAL
mutant lectins to o-1,6 fucose. As shown in Fig. 2D the amount
of bound N224Q was more than 2-fold higher the wild-type rAAL
and 8- to 10-fold higher than the X-2,4 mutant and nAAL. While
the nAAL binding to the a-1,6 fucose ligand is similar to its binding
affinities for the o-1,2; o-1,3 and a-1,4 fucose linked BSA glycocon-
jugates, the differential binding of the rAAL mutants indicates that,
relative to the wild-type rAAL, the N224Q protein has an increased
binding specificity for a-1,6 fucose linked analytes, while removal
of AAL binding sites 3 and 5 in the X-2,4 mutant leads to a de-
creased affinity for a-1,6 fucose linked targets while still retaining
wild-type levels of binding to the o-1,2; o-1,3 and a-1,4 fucose gly-
coconjugates. This binding is fucose specific, as lectin binding can
be abrogated after washing with TNT containing 250 mM fucose
(data not shown). Additionally, all lectins bound to an L-fucose
BSA glycoconjugate with approximately the same binding affinity
(data not shown) but did not bind to a galactose-BSA glycoconju-
gate (Fig. 2E).

3.3. Enzyme linked lectin assay (ELLA) analysis

We have employed a number of different fucosylated targets to
further define the ligand binding specificity and sensitivity of the
recombinant AAL proteins. One concern in lectin based detection
assays is the sensitivity of the system. The diagnostic changes in
glycosylation in a number of biomarker proteins are small and re-
quire very sensitive methods of detection. To assess the binding
sensitivity of the rAAL proteins for low levels of target analyte
we used AFP purified from human cord blood as a a-1,6 fucose gly-
coprotein target. AFP has a single site of glycosylation [33] and gly-
can analysis shows that this commercial preparation has ~3.0%
core (a-1,6-linked) fucosylation (Fig. 3A). The ability of nAAL and
the recombinant lectins to detect this level of fucosylation was
determined by enzyme linked lectin assay (Fig. 3B and C) and by
a thickness sheer mode (TSM) sensor analysis (Fig. 4) [34].
Fig. 3B shows the detection of several concentrations of AFP using
biotinylated rAAL and nAAL. The results indicate that, when using
equivalent amounts of lectin, the rAAL gives greater signal at all
AFP concentrations tested. Fig. 3C shows the results of all lectins
in the detection of 0.5 pg of cord blood AFP bound to the plate. Re-
sults shown in Fig. 3C corroborate our previous results using hu-
man IgG0 as a a-1,6 fucose glycoprotein target (Fig. 2D), and
indicate that the N224Q protein has an increased sensitivity for
detecting low levels of o-1,6 fucose analyte, with more than a 3-
fold higher binding than the wild-type rAAL and >10-fold higher
binding than the X-2,4 mutant or the nAAL.

In Fig. 4 we utilized non biotinylated lectin in a thickness sheer
mode sensor (TSM) (similar to Biacore detection) to detect binding
of the wild-type rAAL, N224Q, and the native nAAL to the cord
blood AFP. In this system, AFP is adsorbed onto a gold electrode
of the TSM sensor and lectin applied. Binding is determined by a
change in resonant frequency of the sensor [34]. As this Figure
shows, there is over a 6-fold increase in binding of the N224Q
lectin as compared to the wild type recombinant lectin or the
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Fig. 2. FLISA analysis showing binding of recombinant AAL proteins and commercially purchased native nAAL (Vector Labs) to different fucosylated-BSA glycoconjugates
(Panels, A, B, and C), and to the degalactosylated human (h)IgGO (Panel D), which serves as a a-1,6 fucose glycoprotein analyte. All lectins were biotinylated to the same
biotin/protein molar ratio’s and were used at the same concentrations in all experiments. Similar results were obtained doing the same experiments in an ELLA format.
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Fig. 3. ELLA analysis showing binding of recombinant AAL proteins and commercially purchased native nAAL (Vector Labs) to AFP purified from human cord blood. (A) HPLC-
based glycan sequencing of purchased AFP from cord blood. The arrow indicates the peak identified as FcA2G2, which contains the o-1,6 core fucosylated biantennary
N-glycan. This peak represents ~3.0% of the total AFP glycoforms. (B) ELLA analysis comparing binding of wild-type rAAL and nAAL to varying amounts of AFP containing 3.0%
o-1,6 core fucosylated biantennary N-glycan. Both lectins were used at the same concentration and contained similar levels of biotinylation. (C) ELLA analysis showing
binding of rAAL proteins and nAAL to plates coated with 5.0 pg/mL cord blood purified AFP.

commercially purchased nAAL in line with the results presented in
Figs. 2 and 3.

It is noted that the difference in the ability of the rAAL or nAAL
to detect o-1,6 fucose analytes; AFP (Figs. 3C and 4B); and human

IgGO (Fig. 2D) is related to the amount of fucosylation on the pro-
teins examined. In the case of IgGO (Fig. 2D), there is a single site of
glycosylation and >90% of the IgGO molecules contain this core
(-1,6) fucosylation [29]. In contrast, the AFP used in Figs. 3A-D
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Fig. 4. (A) A conceptual model for TSM sensor operating at the fundamental
resonance frequency of 100 MHz. Loading the sensor surface with liquid and
biological media causes a change in the electromechanical impedance on the
surface of the sensor due to the changes in mechanical properties of the medium.
These changes are monitored as a function of time. (B) TSM analysis showing
binding of recombinant AAL proteins and commercially purchased native nAAL
(Vector Labs) to AFP purified from human cord blood.

and 4B also has a single site but only ~3.0% of the total protein is
fucosylated. Treatment of either human IgG or AFP with sodium
periodate (periodate oxidation) or with bovine kidney fucosidase
abolished the signal confirming that lectin binding was fucose spe-
cific (data not shown).

In conclusion, these studies indicate that mutagenesis based
changes of recombinant lectins has the potential to create reagents
with the increased specificity and sensitivity required for robust
diagnostic assay development.

Acknowledgments

This work was supported by Grants CA120206, CA120206-04S1
and CA136607 from the National Cancer Institute (NCI), the Hepa-
titis B Foundation, and an appropriation from The Commonwealth
of Pennsylvania.

References

[1] P.M. Rudd, R.A. Dwek, Glycosylation: heterogeneity and the 3D structure of
proteins, Crit. Rev. Biochem. Mol. Biol. 32 (1997) 1-100.

[2] Y. Aoyagi, Y. Suzuki, K. Igarashi, T. Yokota, S. Mori, T. Suda, A. Naitoh, M.
Isemura, H. Asakura, Highly enhanced fucosylation of alpha-fetoprotein in
patients with germ cell tumor, Cancer 72 (1993) 615-618.

[3] R. Saldova, Y. Fan, J.M. Fitzpatrick, RW. Watson, P.M. Rudd, Core fucosylation
and alpha2-3 sialylation in serum N-glycome is significantly increased in
prostate cancer comparing to benign prostate hyperplasia, Glycobiology 21
(2011) 195-205.

[4] U.M. Abd Hamid, L. Royle, R. Saldova, C.M. Radcliffe, D.J. Harvey, S,J. Storr, M.

Pardo, R. Antrobus, C.J. Chapman, N. Zitzmann, J.F. Robertson, R.A. Dwek, P.M.

Rudd, A strategy to reveal potential glycan markers from serum glycoproteins

associated with breast cancer progression, Glycobiology 18 (2008) 1105-1118.

R. Saldova, L. Royle, C.M. Radcliffe, U.M. Abd Hamid, R. Evans, ].N. Arnold, R.E.

Banks, R. Hutson, D.J. Harvey, R. Antrobus, S.M. Petrescu, R.A. Dwek, P.M. Rudd,

Ovarian cancer is associated with changes in glycosylation in both acute-phase

proteins and IgG, Glycobiology 17 (2007) 1344-1356.

(5

[6] G. Tabares, C.M. Radcliffe, S. Barrabes, M. Ramirez, R.N. Aleixandre, W. Hoesel,
R.A. Dwek, P.M. Rudd, R. Peracaula, R. de Llorens, Different glycan structures in
prostate-specific antigen from prostate cancer sera in relation to seminal
plasma PSA, Glycobiology 16 (2006) 132-145.

[7] K.Y. White, L. Rodemich, J.O. Nyalwidhe, M.A. Comunale, M.A. Clements, R.S.
Lance, P.F. Schellhammer, A.S. Mehta, O.J. Semmes, R.R. Drake, Glycomic
characterization of prostate-specific antigen and prostatic acid phosphatase in
prostate cancer and benign disease seminal plasma fluids, J. Proteome Res. 8
(2009) 620-630.

[8] A. Naitoh, Y. Aoyagi, H. Asakura, Highly enhanced fucosylation of serum

glycoproteins in patients with hepatocellular carcinoma, ]. Gastroenterol.

Hepatol. 14 (1999) 436-445.

K. Noda, E. Miyoshi, J. Gu, C.X. Gao, S. Nakahara, T. Kitada, K. Honke, K. Suzuki,

H. Yoshihara, K. Yoshikawa, K. Kawano, M. Tonetti, A. Kasahara, M. Hori, N.

Hayashi, N. Taniguchi, Relationship between elevated FX expression increased

production of GDP-i-fucose a common donor substrate for fucosylation in

human hepatocellular carcinoma and hepatoma cell lines, Cancer Res. 63

(2003) 6282-6289.

[10] T.M. Block, M.A. Comunale, M. Lowman, L.F. Steel, P.R. Romano, C. Fimmel, B.C.
Tennant, W.T. London, A.A. Evans, B.S. Blumberg, R.A. Dwek, T.S. Mattu, A.S.
Mehta, Use of targeted glycoproteomics to identify serum glycoproteins that
correlate with liver cancer in woodchucks and humans, Proc. Natl. Acad. Sci. U
S A 102 (2005) 779-784.

[11] M.A. Comunale, M. Lowman, R.E. Long, ]. Krakover, R. Philip, S. Seeholzer, A.A.
Evans, HW.L. Hann, T.M. Block, A.S. Mehta, Proteomic analysis of serum
associated fucosylated glycoproteins in the development of primary
hepatocellular carcinoma, J. Proteome Res. 6 (2006) 308-315.

[12] R. Goldman, H.W. Ressom, R.S. Varghese, L. Goldman, G. Bascug, C.A. Loffredo,
M. Abdel-Hamid, I. Gouda, S. Ezzat, Z. Kyselova, Y. Mechref, M.V. Novotny,
Detection of hepatocellular carcinoma using glycomic analysis, Clin. Cancer
Res. 15 (2009) 1808-1813.

[13] X.E. Liu, L. Desmyter, C.F. Gao, W. Laroy, S. Dewaele, V. Vanhooren, L. Wang, H.
Zhuang, N. Callewaert, C. Libert, R. Contreras, C. Chen, N-glycomic changes in
hepatocellular carcinoma patients with liver cirrhosis induced by hepatitis B
virus, Hepatology 46 (2007) 1426-1435.

[14] T. Nakagawa, S. Takeishi, A. Kameyama, H. Yagi, T. Yoshioka, K. Moriwaki, T.
Masuda, H. Matsumoto, K. Kato, H. Narimatsu, N. Taniguchi, E. Miyoshi,
Glycomic analyses of glycoproteins in bile and serum during rat
hepatocarcinogenesis, ] Proteome Res. 9 (2010) 4888-4896.

[15] T. Nakagawa, E. Miyoshi, T. Yakushijin, N. Hiramatsu, T. Igura, N. Hayashi, N.
Taniguchi, A. Kondo, Glycomic analysis of alpha-fetoprotein L3 in hepatoma
cell lines and hepatocellular carcinoma patients, J. Proteome Res. 7 (2008)
2222-2233.

[16] K. Tanabe, A. Deguchi, M. Higashi, H. Usuki, Y. Suzuki, Y. Uchimura, S.
Kuriyama, K. Ikenaka, Outer arm fucosylation of N-glycans increases in sera of
hepatocellular carcinoma patients, Biochem. Biophys. Res. Commun. 374
(2008) 219-225.

[17] ]. Olausson, L. Tibell, B.H. Jonsson, P. Pahlsson, Detection of a high affinity
binding site in recombinant Aleuria aurantia lectin, Glycoconj. J. 25 (2008)
753-762.

[18] M. Fujihashi, D.H. Peapus, N. Kamiya, Y. Nagata, K. Miki, Crystal structure of
fucose-specific lectin from Aleuria aurantia binding ligands at three of its five
sugar recognition sites, Biochemistry 42 (2003) 11093-11099.

[19] M. Fujihashi, D.H. Peapus, E. Nakajima, T. Yamada, J.I. Saito, A. Kita, Y. Higuchi,
Y. Sugawara, A. Ando, N. Kamiya, Y. Nagata, K. Miki, X-ray crystallographic
characterization and phasing of a fucose-specific lectin from Aleuria aurantia,
Acta Crystallogr. D Biol. Crystallogr. 59 (2003) 378-380.

[20] G.R. Guile, P.M. Rudd, D.R. Wing, S.B. Prime, R.A. Dwek, A rapid high-resolution
high-performance liquid chromatographic method for separating glycan
mixtures and analyzing oligosaccharide profiles, Anal. Biochem. 240 (1996)
210-226.

[21] T.S. Mattu, RJ. Pleass, A.C. Willis, M. Kilian, M.R. Wormald, A.C. Lellouch, P.M.
Rudd, ].M. Woof, R.A. Dwek, The glycosylation structure of human serum IgA1
Fab and Fc regions and the role of N-glycosylation on Fc alpha receptor
interactions, J. Biol. Chem. 273 (1998) 2260-2272.

[22] P.M. Rudd, T.S. Mattu, N. Zitzmann, A. Mehta, C. Colominas, E. Hart, G.
Opdenakker, R.A. Dwek, Glycoproteins: rapid sequencing technology for N-
linked and GPI anchor glycans, Biotechnol. Genet. Eng. Rev. 16 (1999) 1-21.

[23] M.A. Comunale, L. Rodemich-Betesh, ]J. Hafner, M. Wang, P. Norton, A.M. Di
Bisceglie, T. Block, A. Mehta, Linkage specific fucosylation of alpha-1-
antitrypsin in liver cirrhosis and cancer patients: implications for a
biomarker of hepatocellular carcinoma, PLoS ONE 5 (2010) e12419.

[24] M.A. Comunale, M. Wang, J. Hafner, ]. Krakover, L. Rodemich, B. Kopenhaver,
R.E. Long, O. Junaidi, A.M. Bisceglie, T.M. Block, A.S. Mehta, Identification and
development of fucosylated glycoproteins as biomarkers of primary
hepatocellular carcinoma, ]. Proteome Res. 8 (2009) 595-602.

[25] M. Wang, R.E. Long, M.A. Comunale, O. Junaidi, J. Marrero, A.M. Di Bisceglie,
T.M. Block, A.S. Mehta, Novel fucosylated biomarkers for the early detection of
hepatocellular carcinoma, Cancer Epidemiol. Biomarkers Prev. 18 (2009)
1914-1921.

[26] M. Collin, O. Shannon, L. Bjorck, IgG glycan hydrolysis by a bacterial enzyme as
a therapy against autoimmune conditions, Proc. Natl. Acad. Sci. U S A 105
(2008) 4265-4270.

[27] M. Allhorn, Al Olin, F. Nimmerjahn, M. Collin, Human IgG/Fc gamma R
interactions are modulated by streptococcal IgG glycan hydrolysis, PLoS ONE 3
(2008) e1413.

[9



(28]

[29]

(30]

(31]

P.R. Romano et al./Biochemical and Biophysical Research Communications 414 (2011) 84-89 89

A. Balagopal, F.H. Philp, ]. Astemborski, T.M. Block, A. Mehta, R. Long, G.D. Kirk,
S.H. Mehta, A.L. Cox, D.L. Thomas, S.C. Ray, Human immunodeficiency virus-
related microbial translocation and progression of hepatitis C,
Gastroenterology 135 (2008) 226-233.

A.S. Mehta, R.E. Long, M.A. Comunale, M. Wang, L. Rodemich, J. Krakover, R.
Philip, J.A. Marrero, R.A. Dwek, T.M. Block, Increased levels of galactose-
deficient anti-Gal immunoglobulin G in the sera of hepatitis C virus-infected
individuals with fibrosis and cirrhosis, J. Virol. 82 (2008) 1259-1270.

E. Ergezen, S. Hong, K.A. Barbee, R. Lec, Real time monitoring of the effects of
Heparan Sulfate Proteoglycan (HSPG) and surface charge on the cell adhesion
process using thickness shear mode (TSM) sensor, Biosens. Bioelectron. 22
(2007) 2256-2260.

M.A. Comunale, M. Wang, L. Rodemich-Betesh, ]. Hafner, A. Lamontagne, A.
Klein, J. Marrero, A.M. Di Bisceglie, R. Gish, T. Block, A. Mehta, Novel Changes in

[32]

[33]

[34]

glycosylation of serum Apo-] in patients with hepatocellular carcinoma,
Cancer Epidemiol, Biomarkers Prev. 20 (2011) 1222-1229.

M. Wimmerova, E. Mitchell, J.F. Sanchez, C. Gautier, A. Imberty, Crystal
structure of fungal lectin: six-bladed beta-propeller fold and novel fucose
recognition mode for Aleuria aurantia lectin, J. Biol. Chem. 278 (2003) 27059~
27067.

K. Yamashita, K. Taketa, S. Nishi, K. Fukushima, T. Ohkura, Sugar chains of
human cord serum alpha-fetoprotein: characteristics of N-linked sugar chains
of glycoproteins produced in human liver and hepatocellular carcinomas,
Cancer Res. 53 (1993) 2970-2975.

E. Ergezen, M. Appel, P. Shah, J.Y. Kresh, R.M. Lec, D.M. Wootton, Real-time
monitoring of adhesion and aggregation of platelets using thickness shear
mode (TSM) sensor, Biosens. Bioelectron. 23 (2007) 575-582.



	Development of recombinant Aleuria aurantia lectins with altered binding  specificities to fucosylated glycans
	1 Introduction
	2 Methods
	2.1 Glycoconjugates and lectins
	2.2 rAAL plasmid construction
	2.3 Expression and purification
	2.4 Mutagenesis of AAL
	2.5 Glycan analysis
	2.6 Fluorophore and enzyme-linked lectin assays
	2.7 Thickness shear mode (TSM) sensors

	3 Results and discussion
	3.1 Development of A. aurantia lectins (AAL) with altered binding specificities
	3.2 Fluorophore-Linked Immunosorbent Lectin Assay (FLISA) analysis
	3.3 Enzyme linked lectin assay (ELLA) analysis

	Acknowledgments
	References


