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Introduction

Many researchers use MAL (Maackia amurensis leukoaggluti-
nin) and MAH (M. amurensis hemagglutinin), the seed lectins
from M. amurensis, as glycoanalytical tools to probe biologi-
cal targets for o2-3-linked sialic acids. The carbohydrate-
binding specificities of these lectins have been -carefully
defined in several independent studies (Table I). However,
investigators using M. amurensis lectins (MALs) for glycoa-
nalysis often cite these specificities incorrectly (Table II). One
reason for this discrepancy is that the M. amurensis seed
lectins have been given a variety of different, but highly
similar, names (Table I). This makes it particularly difficult to
extract the correct binding specificities of these two distinct
lectins (termed MAL and MAH herein) from the literature.
Another reason for this discrepancy is that the technical speci-
fications provided by some commercial vendors’ cite binding
specificities that differ from those defined in direct scientific
studies (Tables I and II). Thus, researchers who rely on
vendor’s specifications can be misinformed. The confusion
regarding the binding specificities of MAL and MAH and its
impact on the accurate use of M. amurensis seed lectins for
glycoanalysis was previously noted in two publications
(Nicholls et al. 2007; Varki and Varki 2007). However, no
communication has focused specifically on this topic. Having
experienced serious confusion in this area, we thought it
would be useful to review the binding properties of MAL and
MAH and illustrate their utility as glycoanalytical tools in a
controlled lectin-blotting assay.

Literature review

The presence of hemagglutinating activity in M. amurensis
seed extracts was first described in the early 1960s (Boyd
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et al. 1961). Hemagglutinating proteins from M. amurensis
seeds were subsequently isolated as a first fraction with rela-
tively more potent hemagglutinating activity, which was
called MAH, and a second fraction with relatively more
potent lymphocyte mitogenic activity, which was called
MAM (M. amurensis mitogen; Kawaguchi et al. 1974b).
Initial studies suggested that MAH bound preferentially to sia-
lylated O-linked glycans, whereas MAM bound preferentially
to sialylated N-linked glycans (Kawaguchi et al. 1974a,
1974b; Kawaguchi and Osawa 1976).

Later, MAM was found to bind strongly to leukocytes
and re-designated MAL (Wang and Cummings 1987),
which is the term we will use henceforth. Subsequent
studies showed that MAL bound glycans with sialic acids
in o2-3-, but not o2-6-linkages to galactose (Wang and
Cummings 1988). This result was confirmed and extended
by several investigators who observed that MAL bound
most preferably to terminal Siac2-3GalB1-4Glc(NAc) in
N-linked glycans (Knibbs et al. 1991; Kaku et al. 1993;
Johansson et al. 1999; Imberty et al. 2000; Yamamoto et al.
2005; Nicholls et al. 2007). Nicholls et al. (2007) also
recently found that MAL can bind to the unsialylated
glycan, SO4-3-GalB1-4Glc(NAc).

MAL and MAH have very similar amino acid sequences
(86% identity) and probably have similar secondary and ter-
tiary structures, as well (Yamamoto et al. 1994, 1997; Imberty
et al. 2000). Thus, it is not surprising that their binding prefer-
ences are somewhat similar. Since its initial characterization,
MAH was found to bind preferentially to an O-linked, disialy-
lated tetrasaccharide with the structure Siao2-3Galf1-3
(NeuSAco2-6)GalNAc, in which the o2-6-linked NeuSAc is
not required for binding (Konami et al. 1994; Imberty et al.
2000; Brinkman-Van der Linden et al. 2002; Maenuma et al.
2008, 2009). Like MAL, MAH also can bind unsialylated
structures, such as glycans containing SO4-3-GalB1-3GalNAc
(Bai et al. 2001; Maenuma et al. 2008).

A defined glycan array also has been used to examine the
binding specificities of MAL and MAH, and the results have
been posted on the public website of the Consortium for
Functional Glycomics (http:/www.functionalglycomics.org/).
Generally, the glycan array results confirmed the results of other
direct studies and identified some new binding substrates. For
example, they showed that MAL can bind the polysialylated
structure NeuSAco2-8NeuSAco2-8NeuSAco2- 3Galfl- 4Glc,
indicating that this lectin tolerates substitution at C8 of
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Table 1. Maackia amurensis seed lectin-binding specificities defined by direct studies

MAL, MAM, MAL-I, MAA-1, MAA

MAH, MAL-II, MAA-2, MAA

Preferred binding substrates ~ Siao2-3Galp1-4GlcNAc' a2-3 _pl-4 Siac2-3Galp1-3(£Siac2-6)GalNAc’
(Refs 1-8) (Refs 1, 10-14)
SO,4-3-Galpl-4GlcNAc' (Refs 5,8) 3 pl-4 SO4-3-Galpl-3(+Siac2-6)GalNAc

Weak binding substrates GalB1-4GIcNAc' (Refs 4-6)
SO4-3-Galp (Refs 5, 8)

NeuSAcao2-3Galp1-4Glc
(Refs 3, 4, 6)

Haptenic inhibitors a2-3

Galp1-4Glc (lactose) (Refs 3, 4, 9)

B1-4

4
so,—()
4

(Refs 12, 14, 15)

SO,4-3-Galp (Refs 12, 14)

None clearly identified

O—4

GalB1-4Glc (lactose) (Ref. 9)

pl-4

OC—@

C—@

GalP1-4GlcNAc (Ref. 4)

P
3
1

1=

4 N-acetylneuraminic acid (Ref. 9) ’

O—1»4

N-acetylneuraminic acid (Ref. 9)

Murine laminin (used for purification)
(bovine fetuin)

Positive control

4

Human glycophorin A (also known as PSA-1) (bovine fetuin)

References: 1, Imberty et al. (2000); 2, Johansson et al. (1999); 3, Kaku et al. (1993); 4, Knibbs et al. (1991); 5, Nicholls et al. (2007); 6, Wang and Cummings
(1988); 7, Yamamoto et al. (2005); 8, CFG glycan array for MAL; 9, Kawaguchi et al. (1974b); 10, Brinkman-Van der Linden et al. (2002); 11, Konami et al.
(1994); 12, Maenuma et al. (2008); 13, Maenuma et al. (2009); 14, CFG glycan array for MAH; 15, Bai et al. (2001).

TSome researchers investigated binding specificity using glycans with Glc instead of GIcNAc on the reducing end.

IMAL also recognizes the structure (Siao2-8),Siac2-3GalB1-4GlcNAc, but not polysialic acid (Siao2-8), per se.

Siac2-3Galf1-4Gle. In addition, the array results showed
that MAH can bind to all structures containing SO4-3-Galp,
underscoring the ability of this lectin to bind sulfated
glycans. Table I summarizes the results of direct studies
on the binding specificities of MAL and MAH, including the
glycan array studies, lists haptenic inhibitors of lectin binding
and includes suggested controls for lectin blotting experiments.
As mentioned in the Introduction, the use of several different,
but similar names for the M. amurensis seed lectins has contrib-
uted to the confusion surrounding their carbohydrate-binding
specificities. For example, MAL is sometimes called MAL-I (e.
g. Bai et al. 2001), MAA (M. amurensis agglutinin, e.g.
Ohyama et al. 2004) or MAA-1 (e.g. Nicholls et al. 2007), and
MAH is sometimes called MAL-II (e.g. Hennet et al. 1998),
MAA (e.g. Netkens et al. 2007) or MAA-2 (e.g. Nicholls et al.
2007). Furthermore, the terms MAA (indicating M. amurensis
agglutinin) and MAL (indicating M. amurensis lectin) have
been used to designate either the individual lectins or mixtures
of both, often with no distinction. In fact, some vendors (e.g.
EY Laboratories Inc., San Mateo, CA; Roche Diagnostics,
Indianapolis, IN; Sigma-Aldrich Corporation, St Louis, MO)
provide undefined mixtures of M. amurensis seed lectins that

can contain unequal amounts of MAL and MAH (Nicholls
et al. 2007; Varki and Varki 2007). The binding specificities of
these mixtures encompass those of both lectins, but can be
more similar to that of either one of the individual lectins
(Nicholls et al. 2007). Table II summarizes some incorrectly
cited binding specificities for MAL and MAH from the
scientific and commercial literature that have contributed to the
confusion surrounding the use of these lectins for glycoanalysis.

Control experiment

To demonstrate that MAL and MAH can be used effectively as
glycoanalytical probes, we performed a lectin blotting assay
with commercial bovine fetuin as the target. We chose fetuin
because it is an inexpensive, readily available glycoprotein that
has both N- and O-linked glycans with well-characterized
structures. Bovine fetuin has N-linked glycans with terminal
Sian2-3GalB1-4GlcNAc, Siao2-6Galpl1-4GIlcNAc and unsub-
stituted Galp1-4GIcNAc residues (Green et al. 1988). It also
has O-linked glycans that include extended core 1 structures
comprised of Siac2-3GalBl-3+(Neu5Aco2-6)GalNAc (Spiro
and Bhoyroo 1974; Edge and Spiro 1987; Royle et al. 2002).
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Table II. Wide variety of M. amurensis seed lectin-binding specificities cited
in glycoanalytical studies or by commercial vendors

Lectin Binding specificities
pl1-4
MAL GalB1-4GlcNAc (Refs 1-6) O_.
a2-3
Neu5Aca2-3Gal (Refs 7-11) ’_O
1-3
GalB1-3GlcNAc (Refs 7, 9, 12-15) Oﬁ_.
a2-3
Neu5Aco2-3 (Ref. 16) ’_
Terminal Galactose (Refs 9, 17) O
N-acetylglucosamine (Ref. 18) .
a2-3
MAH Neu5Aco2-3Gal (Refs 4, 8, 9, 19) ’_O
a2-3
NeuS5Aco2-3 (Refs 5, 14, 15, 20, 21) ’_

Neu5Acao2-3GalB1-4GlcNAc (Ref. 3)
Neu5Aco2-3GalNAc (Ref. 9)

MAA NeuS5Aco2-3 (Refs 22-24)

Neu5SAco2-3Gal (Ref. 25)

DS g“”

Sia containing glycoconjugates (Ref. 26)

References: 1, Brownlee et al. (2007)"; 2, Dorscheid et al. (1999); 3, Meagher
et al. (2005); 4, Yamada et al. (2006); 5, Vector labs catalog 2010'; 6,
Bio-world catalog 2010; 7, Carpenter et al. (1996); 8, Chen et al. (2008); 9,
Giannasca et al. (1997); 10, Legardinier et al. (2005); 11, Ohyama et al.
(2004); 12, Dalmasso et al. (2000); 13, Grange et al. (2002); 14, Tatsuzuki
et al. (2009); 15, Axxora catalog 2010"; 16, Pan et al. (2002); 17, Bio-world
catalog 2010; 18, Nozaki et al. (2007); 19, Vercoutter-Edouart et al. (2008);
20, Hennet et al. (1998); 21, Yao et al. (2008); 22, Jarvis and Finn (1995);
23, Marchal et al. (2001); 24, Pilobello et al. (2005); 25, Roche DIG Glycan
Differentiation Kit; 26, Sigma-Aldrich catalog 2010.

f«Tolerates™ NeuSAc linked to carbon 3 of galactose.

fMAA is an undefined mixture of MAL and MAH.

Thus, bovine fetuin has N-glycans that should be recognized
by MAL and O-glycans that should be recognized by MAH.
In addition, fetuin has glycans that can be recognized by
Sambucus nigra agglutinin (SNA, binds terminal Siaa2-6Gal;
Shibuya et al. 1987) or Ricinus communis agglutinin I (RCA-I,
binds terminal B-linked galactose; Baenziger and Fiete 1979;
Itakura et al. 2007), which were used as controls in our lectin
blotting assay.

Bovine fetuin (Sigma-Aldrich Corporation) was dissolved
in ddH,O at a concentration of 5 pg/ul. For untreated
samples, the fetuin solution was simply diluted 1:5 in water.
For desialylation, samples of the fetuin solution were treated
with Salmonella typhimurium o2-3 sialidase (New England
Biolabs, Ipswich, MA) according to the manufacturer’s
instructions. Briefly, 20 uL of the fetuin solution was incu-
bated overnight at 37°C with 50 U of sialidase in a final
volume of 100 pL of 50 mM sodium citrate (pH 6.0), 100
mM NaCl and 100 pg/mL bovine serum albumin (BSA). For
de-N-glycosylation, samples of the fetuin solution were

990

treated with Flavobacterium meningosepticum PNGase F
(New England Biolabs) according to the manufacturer’s
instructions. Briefly, 20 uL of the fetuin solution was mixed
with 50 uL of ddH,O, 10 uL of 10x reaction buffer and
10 uL of 10x glycoprotein denaturing solution and incubated
at 100°C for 10 min. Ten microliters of 10% NP-40 and 500
U of PNGase F were added and the final reaction mixture was
then incubated overnight at 37°C.

For analysis, 5 uL of each treated or untreated protein
sample were mixed with sodium dodecyl sulfate polyacryl-
amide gel electrophoresis loading buffer (yielding 50 mM
Tris, pH 6.8, 10% glycerol, 1% SDS, 0.01% bromophenol
blue, 1% B-mercaptoethanol), and the mixtures were incu-
bated at 65°C for 10 min. The samples were then separated on
10% SDS-polyacrylamide gels, transferred to Immobilon P
membranes (Millipore, Bedford, MA) for 3 h at 70 V, and the
membranes were blocked with MAL buffer [10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH
7.5, 150 mM NaCl, 0.2% BSA, 0.2% Tween-20, 0.08%
NaN;] for 1 h at room temperature. The membranes were
probed overnight with 10 mL of 1 ug/mL biotinylated MAH
or MAL in MAL buffer or 10 mL of 1 ug/mL biotinylated
SNA or RCA-I lectin in SNA buffer (10 mM HEPES, pH 7.5,
150 mM NaCl, 1% BSA, 0.1% Tween-20, 0.08% NaN3, 1
mM CaCl,, 1 mM MgCl,, 1 mM MnCl,). All biotinylated
lectins were purchased from Vector Laboratories, Burlingame,
CA, which markets the lectin designated MAL herein as
MAL-I with a binding preference for GalB1-4GlcNAc and the
lectin designated MAH herein as MAL-II with a binding pre-
ference for o2-3-linked sialic acids. The membranes were
washed thrice for 5 min with 10 mL of the respective lectin-
binding buffers and then probed for 1 h with 10 mL of 1 pg/
mL streptavidin-alkaline phosphatase (Vector Laboratories) in
the same buffers. The membranes were washed thrice again
for Smin with 10 mL of their respective lectin-binding
buffers, and signals were developed using nitroblue tetrazo-
lium and 5-bromo-4-chloro-3-indolyl phosphate according to
an established method (Sambrook et al. 1989).

The lectin blotting assay results showed that MAL and
MAH bound to untreated fetuin, as expected from its known
glycan  structures (Figure 1). Treatment with an
02-3-linkage-specific sialidase (Hoyer et al. 1991) slightly
increased the electrophoretic mobility of fetuin, indicating that
terminal sugars had been removed. The o2-3 sialidase treat-
ment also strongly reduced MAL staining, reflecting the fact
that Siac2-3GalB1-4GlcNAc is the preferred glycan-binding
target for this lectin (Table I). Notably, a low level of residual
MAL staining remained, illustrating that the underlying
GalB1-4GIcNAc moiety is a secondary binding target for
MAL. The 02-3 sialidase treatment eliminated MAH staining,
reflecting the fact that Siao2-3GalBl-3(=NeuSAco2-6)
GalNAc is the preferred glycan-binding target for this lectin
(Table I). In contrast to the low level of residual binding
observed with MAL, no residual binding was observed with
MAH, illustrating that Galfl1-4GlcNAc is not a secondary
binding target for this lectin. Importantly, the o2-3 sialidase
treatment did not alter the level of SNA staining, confirming
retention of the o2-6-linked sialic acids and, thereby, the
02-3-linkage specificity of the sialidase. The o2-3 sialidase
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Fig. 1. Lectin blots of untreated (—), S. typhimurium 02-3 sialidase treated (0:2-3 N) or PNGase F (PNG-F) treated bovine fetuin. CBB, Coomassie brilliant blue stain;
MAL, Maackia amurensis leukoagglutininy MAH, Maackia amurensis hemagglutinin; SNA, Sambucus nigra agglutinin; RCA-I, Ricinus communis agglutinin 1.

treatment increased the level of RCA-I staining, as expected
from the increased exposure of underlying B-linked galactose
residues resulting from the removal of terminal sialic acids.

In addition to demonstrating their utility in detecting
02-3-linked sialic acids, the results shown in Figure 1 also
demonstrated that one can use MAL and MAH to distinguish
between N- and O-linked o2-3-sialylated glycans. Treatment
with PNGase F, which removes only N-linked glycans
(Tarentino et al. 1985), essentially eliminated MAL staining,
illustrating the specificity of MAL for terminal Siao2-
3Gala1-4GIcNAc moieties on N-linked glycans. The absence
of residual MAL staining after PNGase F treatment highlighted
the fact that this enzyme removes the entire N-glycan, includ-
ing the secondary binding substrate GalB1-4GIlcNAc, not just
the terminal o2-3-linked sialic acids. In contrast, treatment
with PNGase F had no impact on the level of MAH staining,
reflecting the specificity of this lectin for the O-linked glycan,
Siao2-3GalB1-3(£tNeu5Aco2-6)GalNAc, which cannot be
removed by PNGase F. Like MAL staining, RCA-I and SNA
staining were essentially eliminated by treatment with PNGase
F, indicating that nearly all of their binding sites had been
removed by this N-glycan specific reagent.

Conclusions

The binding preferences and specificities of the seed lectins
from M. amurensis have been clearly defined in a wide
variety of scientific studies and a clear understanding of this
information is required in order to use these lectins effectively
as probes for glycoanalytical assays. In addition to under-
standing their binding preferences and specificities, it is essen-
tial for investigators to know that other names have been used
for the M. amurensis seed lectins designated MAL and MAH
herein. Furthermore, it should be known that some scientific
and commercial literature inaccurately or incorrectly cites their
binding targets and that these lectins are sometimes sold as
mixtures comprising different proportions of the two individ-
ual M. amurensis seed lectins.

Generally, MAL (also designated as MAM, MAL-I or
MAA-1) should be used to detect N-linked or core 2 O-linked
glycans containing the trisaccharide Siaa2-3GalP1-4GlcNAc
and MAH (also designated as MAL-II or MAA-2) should be
used to detect O-linked glycans containing the trisaccharide

Sian2-3GalB1-3GalNAc. Mixtures of MAL and MAH can be
used to detect glycans containing a2-3-linked sialic acids, but
they cannot be used to determine if the binding target is an
N- or O-linked glycan. Furthermore, the binding assays must
include sialidase-treated controls, which are required to deter-
mine if an observed MAL, MAH or MAL/MAH binding
signal is specific for o2-3-sialylated glycans. Sialidase treat-
ment will greatly reduce or eliminate the lectin-binding signal
if it is specific for these carbohydrates. In contrast, sialidase
treatment will have no impact on non-specific lectin—protein
interactions or on MAL or MAH binding to glycans contain-
ing SO,4-3-Galp. Sialidase-insensitive MAL or MAH binding
due to the presence of glycans containing SO4-3-Galp can be
assessed using additional approaches. For example, MAL or
MAH signals resulting from SO4-3-Galp binding in live cell
surface staining assays should be reduced if the cells are
grown in the presence of chlorate, an inhibitor of macromol-
ecular sulfation (Bai et al. 2001). MAL or MAH signals
resulting from SO4-3-Galf binding in lectin blotting assays
should be more completely reduced by desulfation and desia-
lylation (e.g. by mild methanolysis; Slomiany et al. 1981)
than by desialylation alone (Tsujii-Hayashi et al. 2002). In
addition to using sialidase treatments as a negative control, a
positive control should be included to validate negative
signals if they are to be taken as an indicator of the absence
of 02-3-sialylated glycans (see Table I for suggestions).
However, negative results obtained using either MAL or
MAH alone do not necessarily demonstrate the absence of
02-3 linked sialic acids, as a sample might contain
02-3-sialylated glycans that cannot be recognized by the indi-
vidual lectins. For example, MAL would not stain samples
that have o2-3-sialylated core 1 O-glycans, but lack
o2-3-sialylated N-glycans and MAH would not stain samples
that have o2-3-sialylated N-glycans, but lack o2-3-sialylated
core 1 O-glycans. Finally, all experimental conditions (e.g.
lectin and lectin target concentrations, blocking conditions,
binding conditions and signal development times) need to be
optimized to provide clear staining of the positive control in
parallel with minimal or no staining of the negative control.
In summary, MAL and MAH can serve as excellent glycoana-
lytical tools if one develops stringent experimental conditions,
incorporates informative controls and clearly understands the
glycan-binding specificities of these M. amurensis seed
lectins.
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