HCA and HML isolated from the red marine algae
Hypnea cervicornis and Hypnea musciformis define
a novel lectin family
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Abstract

HCA and HML represent lectins isolated from the red marine algae Hypnea cervicornis and Hypnea
musciformis, respectively. Hemagglutination inhibition assays suggest that HML binds GalNAc/Gal
substituted with a neutral sugar through 1-3, 1-4, or 1-2 linkages in O-linked mucin-type glycans, and
Fuc(a1-6)GIcNAc of N-linked glycoproteins. The specificity of HCA includes the epitopes recognized by
HML, although the glycoproteins inhibited distinctly HML and HCA. The agglutinating activity of HCA
was inhibited by GalNAc, highlighting the different fine sugar epitope-recognizing specificity of each algal
lectin. The primary structures of HCA (9193 = 3 Da) and HML (9357 = 1 Da) were determined by
Edman degradation and tandem mass spectrometry of the N-terminally blocked fragments. Both lectins
consist of a mixture of a 90-residue polypeptide containing seven intrachain disulfide bonds and two
disulfide-bonded subunits generated by cleavage at the bond T**~E>' (HCA) and R**-E*' (HML). The
amino acid sequences of HCA and HML display 55% sequence identity (80% similarity) between
themselves, but do not show discernible sequence and cysteine spacing pattern similarities with any
other known protein structure, indicating that HCA and HML belong to a novel lectin family. Alignment
of the amino acid sequence of the two lectins revealed the existence of internal domain duplication, with
residues 1-47 and 48-90 corresponding to the N- and C-terminal domains, respectively. The six conserved
cysteines in each domain may form three intrachain cysteine linkages, and the unique cysteine residues of
the N-terminal (Cys46) and the C-terminal (Cys71) domains may form an intersubunit disulfide bond.

Keywords: red marine algal lectins; novel protein family; Hypnea cervicornis lectin; Hypnea musciformis
lectin; cysteine-rich proteins

The recognition of carbohydrates by proteins underlies
key cellular processes, such as cell communication, host
defense, fertilization, development, parasitic infection,
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and tumor metastasis. Lectins are the carbohydrate-
binding proteins of non-immune origin found in all
types of living organisms that decipher the glycocodes
encoded in the structure of glycans attached to soluble
and integral cell membrane glycoconjugates (Gabius
and Gabius 1997). Mechanisms for sugar recognition
in microorganisms, plants, and animals have evolved
independently in diverse protein frameworks (Elgavish
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and Shaanan 1997). The largest and best characterized
lectin family is that from terrestrial plants, and accumu-
lating evidence indicates that the vast majority of these
lectins can be classified into four large and three small
families of structurally and evolutionarily related pro-
teins (Van Damme et al. 1998; consult also the 3D
Lectin Database at http://webenligne.cermav.cnrs.fr/
lectines/). The molecular structure and functional fea-
tures of an increasing number of terrestrial plant lectins
have been reported (Loris 2002). However, and in
marked contrast to higher land plant lectins, marine
algal lectins have been isolated and characterized at a
much lower pace since the first report of hemagglutina-
ting activity in these organisms almost 40 years ago
(Boyd et al. 1966). Moreover, to date, biochemical and
structural information on algal lectins is scarce and from
only a few species, and hence the functional and phylo-
genetic classification of these lectins remains obscure.
The available structural information indicates the
existence of different carbohydrate-binding proteins in
the marine algae investigated, including the green
algae Enteromorpha prolifera (Ambrosio et al. 2003)
and Ulva pertusa (Wang et al. 2004), and the red marine
algae Bryothamnion triqguetrum (Calvete et al. 2000),
Hypnea japonica (Hori et al. 2000), Hypnea musciformis
(Nagano et al. 2002), and species of the Eucheuma
(Kawakubo et al. 1999) and Ptilota (Sampaio et al.
1998) genera. Moreover, the complete amino acid
sequences of only three algal lectins have been deter-
mined (Calvete et al. 2000; Hori et al. 2000; Wang et al.
2004). These lectins do not display sequence similarity to
any known plant lectin. Here we report the biochemical
characterization and primary structures of two lectins
(HCA and HML) isolated from the Brazilian red marine
algae Hypnea cervicornis and Hypnea musciformis. HCA
and HML are homologous proteins that belong to a
novel protein family, showing the existence of structural
diversity among the lectins of closely related Hypnea
species living in distant ecosystems, namely, the Pacific
coast of Japan and the Atlantic coast of Brazil.

Results and Discussion

Purification and hemagglutination activity of the
H. cervicornis and H. musciformis lectins

Agglutinating activity against native and trypsin-treated
rabbit erythrocytes has been reported in the aqueous
extracts of the red marine algae H. cervicornis and
H. musciformis (Ainouz and Sampaio 1991). The aggluti-
nins, termed HCA (Hypnea cervicornis agglutinin) and
HML (Hypnea musciformis lectin), were isolated by ammo-
nium sulfate precipitation, ion-exchange chromatography,
and reverse-phase HPLC.
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The agglutination of native and trypsin-treated rabbit
red blood cells by HML was not inhibited by any of the
monosaccharides or disaccharides tested (even at 75 mM
concentration) or by the polysaccharides carrageenan and
fucoidan at a concentration of 2.5 mg/mL (Table 1). This
result, which is in line with previous reports indicating
that in general algal lectins do not show affinity for
simple sugars, but exhibit binding activity for complex
oligosaccharides and glycoproteins (Rogers and Hori
1993; Calvete et al. 2000; Nagano et al. 2002), hampered
a precise assignment of the saccharide specificity of HML.
On the other hand, this was not the case with HCA, as N-
acetyl-D-galactosamine at 9.3 mM inhibited the aggluti-
nation of native rabbit erythrocytes induced by this lectin
(Table 1).

The glycan-recognizing specificity of HCA and HML
was investigated through hemagglutination inhibition

Table 1. Inhibition by monosaccharides, polysaccharides, and
glycoproteins of the hemagglutinating activity of the lectins from
Hypnea musciformis (HML) and Hypnea cervicornis (HCA)

HML HCA
Mono- and disaccharides (mM) (mM)
D-Glucose >75 >75
D-Mannose >75 >75
D-Galactose >75 >75
Methyl-a-D-galactopyranoside >75 >75
L-Fucose >75 >75
N-Acetyl D-galactosamine >75 9.3
N-Acetyl D-glucosamine >75 >75
Lactulose >75 >75
Polysaccharides (pg/mL) (png/mL)
Carrageenan >2500 >2500
Fucoidan >2500 >2500
N-Glycoproteins (pg/mL) (pmg/mL)
Human serotransferrin >2500 156
Desialylated human serotransferrin >2500 78
al acid glycoprotein >2500 >2500
Desialylated al acid glycoprotein 312 2500
Human lactotransferrin 78.1 9.7
Desialylated human lactotransferrin 39 4.8
Hen ovomucoid >2500 >2500
Hen ovalbumin >2500 >2500
Porcine thyroglobulin 2.4 9.7
Desialylated porcine thyroglobulin 2.4 1.2
Bovine lactotransferrin 1250 9.7
Desialylated bovine lactotransferrin 78.1 4.8
Yeast mannan >2500 >2500
O-Glycoproteins (pg/mL) (pg/mL)
Bovine fetuine 1250 156
Bovine asialofetuin 78 9.7
Bovine submaxillary mucin 0.6 0.6
Porcine stomach mucin 0.3 9.7
Ovine submaxillary mucin 39 4.8
Desialylated ovine submaxillary mucin 9.7 2.4

The titer and dilution (in between brackets) used were 64 (1/16) and 32
(1/8) for HML and HCA, respectively.
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assays using an array of glycoproteins containing defi-
nite oligosaccharides. As shown in Table 1, the aggluti-
nating activity of HML and HCA was efficiently
inhibited by some glycoproteins bearing either complex
type N-glycans (human and bovine lactotransferrin;
porcine thyroglobulin) or O-glycans (porcine stomach
mucin; ovine and bovine submaxillary mucins and their
desialylated forms). However, the activity of HML and
HCA could not be impaired by glycoproteins bearing
high-mannose type N-glycans (yeast mannan), glyco-
proteins carrying both N-linked N-acetyllactosamine-
and hybrid-type glycans (hen ovomucoid) or high-
mannose type- and hybrid-type N-glycans (hen ovalbu-
min) (Table 1).

The best inhibitors of the H. musciformis lectin were
the mucins from porcine stomach (0.3 wg/mL) and
bovine submaxillar gland (0.6 pg/mL), and to a lesser
extent (9.7 wg/mL) the desialylated ovine submaxillary
mucin (Table 1). The porcine stomach mucin contains
O-linked carbohydrate structures sharing the core
1 Galp1-3GalNAc disaccharide, which can be substituted
by N-acetyllactosamine branches terminated with fucose

a1-2-Gal (human blood group H), GalNAca1-3[Fuc al—
2]Gal (human blood group A), or GlcNAcal-4-Gal at
their nonreducing ends (Table 2). Tn (GalNAcal-Ser/
Thr) and T (GalB(1-3)GalNAcal-Ser/Thr) antigens are
also present in the porcine stomach mucin (Van Halbeek
et al. 1982; Zenteno et al. 1995; Karlsson et al. 1997). The
bovine submaxillary mucin is a glycoprotein bearing at
least 16 different structures (Savage et al. 1990, 1991; Chai
et al. 1992). Of its oligosaccharides, 85% are acidic O-
linked oligosaccharide chains, including a high density of
sialyl Tn antigens and sialyl core 3 saccharide sequences
(Table 2). The neutral O-linked glycans of bovine sub-
maxillary mucin include the human blood groups A and
H, and the core 3 determinants (Savage et al. 1990, 1991;
Chai et al. 1992) (Table 2). On the other hand, the Tn
antigen accounts for >75% of the carbohydrate chains of
the desialylated ovine submaxillary mucin (Table 2). As a
whole, these data indicate that a preferred carbohydrate
ligand of HML may be GalNAc/Gal substituted with a
neutral sugar through 1-3, 1-4, or 1-2 linkages. Compar-
ison of the blocking activities of the sialylated versus the
desialylated ovine submaxillary mucin, and between the

Table 2. Major saccharide determinants of N- and O-glycoproteins that inhibited the agglutinating activity of the lectins from

Hypnea musciformis (HML) and Hypnea cervicornis (HCA)

Saccharide determinant

N-Glycoproteins

Porcine thyroglobulin; human and bovine lactoferrin

NeuAca 2-6 Gal B 1-4 GlcNAc B 1-2 Man

Fuc o 1-6
al-6 |
Man B 1-4 GlcNAc B 1-4 GleNAc 8 1-ASN
[ a1-3

NeuAca 2-6 Gal B 1-4 GIcNAc B 1-2 Man

O-Glycoproteins

Ovine submaxillary mucin

NeuAc a 2-6 GalNAc « 1Ser/Thr

(Sialyl Tn)

Desialylated ovine submaxillary mucin

GalNAc « 1Ser/Thr

(Tn antigen)

Porcine stomach mucin

GalNAc o 1Ser/Thr

GalB 1-3 GalNAc « 1Ser/Thr

(T antigen)

GIlcNAc a 1-4-Gal

Fuc a 1-2 Gal-
GalNAc a 1-3[Fuca 1-2] Gal-

Bovine submaxillary mucin

(Blood group H)
(Blood group A)

NeuAc a 2-6 GalNAc « 1Ser/Thr

NeuAc a 2-6[GlcNAc B 1-3] GalNAc a 1Ser/Thr

Fuc a 1-2 Gal-

Asialofetuin

(sialyl core 3)

GIcNAc B 1-3 GaINAC « 1Ser/Thr (core 3)
GalNAc a 1-3 [Fuc a 1-2] Gal-
Gal B 1-3 GalNAc a 1Ser/Thr (core 1)

The putative epitope recognized by HML and HCA within N-glycoproteins is highlighted in boldface.
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bovine submaxillary and the porcine stomach mucins,
clearly indicated that the presence of a2—6-linked sialic
acid impaired the blocking activity of the carbohydrates
toward HML.

Among the N-glycoproteins tested, porcine thyroglobu-
lin and its asialo form proved also to be good inhibitors
of HML (Table 1). This glycoprotein exhibits a complex
pattern of glycosylation. It bears two types of chains:
oligomannose type (unit A) and N-acetyllactosamine
type (unit B). Among the latter, the major N-glycans are
mono- and disialylated al-6-fucosylated biantennary-
structures terminated with «2-6-linked sialic acid
(NeuSAc or Neu5Gc) on the Man «al-3 antennae. The
Man al-6 antennae show large heterogeneity. They can
be terminated with Man, GIcNAc, or Gal, and the term-
inal Gal residue can be extended with Gal a1-3-, (NeuSAc
or Neu5Gc) a2—6-, or NeuSAc «2-3-linked residues.
Moreover, 3-0-sulfated Gal and 6-0-sulfated GIcNAc
residues have also been reported (De Waard et al. 1991).
Though this situation greatly complicates the assignment
of possible saccharide determinants recognized by the lec-
tin, the fact that human serotransferrin, a glycoprotein
with diantennary and some minor triantennary N-acetyl-
lactosamine-type glycans without any al-6-linked core
fucose residues (Spik et al. 1975), does not inhibit the
agglutinating activity of HML (Table 1) suggests that the
Fuc a1-6 GlcNAc core sequence of the di- and trianten-
nary glycans of porcine thyroglobulin could represent an
epitope recognized by HML (Table 2). Indeed, this se-
quence is more accessible to the lectin in 12% of the
monosialylated diantennary glycans with the Man al-6
branch ending with nonreducing Man or GIcNAc resi-
dues, than when the Man «1-6 branch is extended with
N-acetyllactosamine or sialyl a2—6 N-acetyllactosamine
sequences. In the latter case, the extended antenna can
fold over the Man- or GlcNAc-terminated branch, there-
by masking the Fuca1-6-GIcNAc determinant (Radema-
cher et al. 1986). Moreover, native or desialylated human
lactotransferrin, which possess two al—6-fucosylated di-
antennary N-acetyllactosamine-type glycans per molecule
(Spik et al. 1982), were relatively good inhibitors of HML,
although they were 32- and 16-fold weaker, respectively,
than porcine thyroglobulin (Table 1), and desialylated
bovine lactotransferrin, containing both oligomannose-
type and heterogeneous N-acetyllactosamine-type N-linked
glycans, 4% of which are al-6-fucosylated diantennary
chains (Codeville et al. 1992), was 32-fold less inhibitory
than porcine thyroglobulin (Table 1).

The best inhibitor of the agglutinating activity of the
H. cervicornis agglutinin (HCA) was the bovine submax-
illary mucin, followed by the desialylated ovine submax-
illary mucin, porcine stomach mucin, and asialofetuin
(Table 1). These results suggested that, like HML, the
HCA lectin may preferably bind to nonsialylated
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GalNAc/Gal substituted with a neutral sugar through
1-3, 14, or 1-2 linkages, though both lectins appear to
exhibit distinct specificities. In line with this conclusion,
HCA but not HML was inhibited by the monosaccha-
ride GalNAc (Table 1). On the other hand, as was the
case with HML, N-glycoproteins bearing al-6-fucosy-
lated N-acetyllactosamine-type glycans (bovine and
human lactotransferrins, porcine thyroglobulin) were
good antagonists of HCA (Table 1). However, these
glycoproteins inhibited distinctly HML and HCA,
further highlighting the different fine sugar epitope-
recognizing specificity of each algal lectin.

Galactoside-specific lectins that are not related to
HCA and HML were previously isolated from the red
marine algae Ptilota filicina (PFL, 19.3 kDa) (Sampaio
et al. 1998), Ptilota serrata (PSL, 18.4 kDa) (Sampaio
et al. 1999), and Ptilota plumosa (PPL, 17.4 kDa) (Sam-
paio et al. 2002). PFL and PSL were inhibited by N-
acetylgalactosamine, D-galactose, and their Cl-nitro-
phenyl-(a or B) derivatives, and the presence of an
acetamido group at C2 enhanced the sugar binding to
the lectins. As described above for HCA and HML,
porcine stomach mucin, and to a lesser extent bovine
submaxillary mucin, were also potent inhibitors of PFL
(4.8 and 310 pg/mL, respectively) and PSL (< 4.8 and
1250 wg/mL, respectively). Similar to the case with
HCA and HML, elimination of sialic acid rendered the
bovine mucin 4 and 65 times more inhibitory of the
hemagglutinating activity of PFL and PSL, respectively.
Additionally, neither sialoglycoproteins (fetuin, al-acid
glycoprotein, transferrin, lactotransferrin) nor high-
mannose-type glycoproteins (ovomucoid, thyroglobulin,
ovalbumin) inhibited the activity of PFL and PSL. On
the other hand, the P. plumosa lectin exhibited human
blood group B (Galal-3[Fucal-2]Gal)-agglutinating
specificity, and this activity was inhibited by galactose,
glucose, and their derivatives. However, all the glyco-
proteins tested failed to block the hemagglutinating
activity of the lectin (Sampaio et al. 2002).

As a whole, the results indicate that related, though
distinct, galactoside-binding activities have emerged in
structurally unrelated lectins from different marine red
alga species.

Biochemical characterization of the H. cervicornis
and H. musciformis lectins

Reversed-phase HPLC analysis of the purified native lec-
tins yielded homogencous chromatographic peaks of
apparent molecular masses by SDS-PAGE of 16.5 kDa
(Fig. 1, lanes a,b). However, the MALDI-TOF masses of
HCA and HML were, respectively, 9193 =3 Da and
9357 = 1 Da (Fig. 2), indicating that these lectins exhibit
anomalous electrophoretic mobility. On the other hand,
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Figure 1. SDS-PAGE of the purified agglutinins. SDS-PAGE analysis
of the lectins from the Brazilian red marine algae H. cervicornis
(HCA) (lane @) native, (lane ¢) reduced and carbamidomethylated;
and H. musciformis (HML) (lane b) native, (lane d) reduced and
carbamidomethylated. (Lane s) Molecular mass standards.

SDS-PAGE under reducing conditions showed that both
HCA and HML contained two disulfide-bonded poly-
peptide chains of apparent molecular masses of 8 and
4.5 kDa (Fig. 1, lanes c¢,d). The MALDI-TOF masses of
native HCA and HML did not change upon incubation of
the lectins with iodoacetamide under denaturing but non-
reducing conditions, ruling out the presence of free sulf-
hydryl groups in their structures. Mass spectrometric
analysis of the reversed-phase-separated fragments of
reduced and carbamidomethylated (CM-) HCA showed
ions at m/z = 9990 and 5643 (peak 2) and 4380 (peak 1)
(Fig. 3), while CM-HML displayed ions at m/z = 10,161
and 5734 (peak 2) and 4460 (peak 1) (Fig. 3). As a whole,
these data clearly indicated that HCA might consist of
a mixture of a single-chain polypeptide containing 14
cysteine residues engaged in the formation of seven intra-
chain disulfide bonds [(9990 — 9193)/58 = 13.74 Cys] and
two disulfide-bonded subunits with oxidized methionine
residues after reduction and carbamidomethylation
[(5643 + 4380) —32 (2 Met-ox) = 9991 Da] contain-
ing seven (intra- + inter-) cysteine linkages. Similarly,
MALDI-TOF mass spectra of CM-HML exhibited ions
atm/z = 10,161, 5734, and 4460, which were interpreted as
a mixture of a full-length polypeptide with 14 cysteine
residues [(10,161 —9357)/58 = 13.86 Cys] and the same
molecule built by two subunits and containing two methio-
nine sulfoxides [(5734 + 4460) — 32 (2 Met-ox) = 10,162
Da). As judged by the SDS-PAGE analysis (Fig. 1), the
major molecular species of both HCA and HML may con-
sist of cleaved, disulfide-bonded subunits.

The primary structures of HCA and HML

Edman degradation of native HCA and HML showed the
N-terminal sequences EAQFPVCCTTQWGLVSATGN
CACGCMGG and EAQIPSCCSSRWGLVSVTGKCAC
DCLGG, respectively. The molecular species detected
by mass spectrometry upon reduction and carbamido-

methylation of HCA and HML were isolated by reversed-
phase HPLC and submitted to N-terminal sequencing. The
single-chain species at m/z = 9990 (HCA) and 10,161
(HML), as well as the fragments of 5643 Da (HCA) and
5734 Da (HML), had blocked N termini, whereas the N-
terminal sequences of the 4380-Da (HCA) and the 4460-Da
(HML) subunits were identical to those of their parent
native molecules. These results indicated that the 5.6/5.7
kDa (HCA/HML) and the 4.3/4.4 kDa (HCA/HML) frag-
ments corresponded, respectively, to the N-terminal and
C-terminal halves of the full-length, single-chain lectins.
Determination of the complete amino acid sequences of
HCA and HML was done by combination of Edman degra-
dation of overlapping peptides obtained by proteolysis of
the reduced and carbamidomethylated full-length lectins
and their subunits and collision-induced fragmentation by
MS/MS analysis of the N-terminal blocked chymotryptic
peptides Q7 (HCA) and Q6 (HML) (Figs. 4,5). The product
ion spectra of the doubly charged ion at m/z = 1269.5 (Q7
of HCA,M + H™ 2537.06) and of the singly charged ion at
m/z = 779.3 (Q6 of HML) produced sequence-specific b-
and y-ion series from b2 to yl, from which their primary
structures were interpreted as (240.1)ACTMDYFPVCCQ
IVLGGGAY and (240.1)FCTL (Fig. 6A), respectively. The
b2 ions at m/z = 240.1 were subfragmented using the (MS)?
option of the QTrap linear ion trap spectrometer, yielding
in each case the same sequence: ZK, where Z corresponded
to a pyroglutamic acid residue (Fig. 6B).

A (M+H)*
9196
100

% Intensity
)

(M+2H)*
4596 \
10 N L.
4800 6600 8400 10200
Mass (m/z)
B
9990
100
£ 170
c
8
£ 40
= . 5643 9196
10 o
4100 5680 7260 8840 10420
Mass (m/z)

Figure 2. MALDI-TOF mass spectrometry. Determination of the
molecular mass of the native lectins isolated from the Brazilian red
algae H. cervicornis (HCA) (A) and H. musciformis (HML) (B).
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M+H” (Da)
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mAU HML 4460 5734 (+10161) %B
800 x\ 2/
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Figure 3. Reversed-phase HPLC. Separation of polypeptides after
reduction and carbamidomethylation of HCA from H. cervicornis. A
similar result was obtained for CM-HML from H. musciformis. The
MALDI-TOF masses of the HCA and HML fragments recovered in
each chromatographic peak are displayed in the box.

The amino acid sequences of HCA and HML each
contains 90 residues and displays 55% sequence identity
(80% similarity), including 14 conserved cysteine resi-
dues engaged in the formation of seven disulfide bonds.
However, they exhibit neither discernible amino acid
sequence similarity with, nor a cysteine spacing pattern
found in any other known protein structure (see below),
strongly indicating that HCA and HML belong to a
novel protein (lectin) family. It is worth noting that the
primary structures of HCA and HML are clearly different
from those of the taxonomically related Hypnea japonica
isolectins A1 and A2 (Hori et al. 2000). The latter resemble
the evolutionarily more distant Bryothamnion triquetrum
agglutinin (Calvete et al. 2000). Hence, our results high-
light the occurrence of lectins of different algal species
and the occurrence of agglutinins from different pro-
tein families isolated from species belonging to the same
genus.

Structural features of HCA and HML

The high cysteine (disulfide bond) content of HCA and
HML is an unusual feature of lectin structures. Among
plant lectins, the only other known example of cysteine-
rich proteins are the chitin-binding lectins, which are
made up of hevein domains comprising ~40 residues,
including eight conserved cysteine residues that are all
involved in intrachain disulfide bonds (Cys3—Cys18,
Cys12—Cys24, Cys17—Cys31, and Cys37-Cys41 in hevein,
the rubber tree latex lectin), and a carbohydrate-binding
site (Van Damme et al. 1998). Alignment of the amino
acid sequences of HCA and HML against themselves
revealed the existence of internal domain duplication
(Fig. 7). Residues 1-47 and 48-90 of each lectin corre-
spond to the N- and the C-terminal domains, respectively.
Hence, generation of the two-subunit HML and HCA
lectin species is accomplished by proteolytic cleavage at
the peptide bond between residues 50 and 51 within the

2172 Protein Science, vol. 14

short polypeptide segment connecting the N- and the
C-terminal domains. It is worth noting that each of these
modules contains seven cysteine residues, six of which are
conserved in position (Fig. 7). The cysteine spacing pat-
terns of the N- and C-terminal domains of HCA and HML
are C(7)CG3(14)Ca(1C5(9)C6(5)C and Cy(8)CrCx(12)
C(1)Cy (1)C5(10)Cy. Homologous cysteines have the same
numbering, and the unique cysteine residues within each do-
main are underlined. Using the CysView program (Lenffer
et al. 2004; available at http://research.i2r.a-star.edu.sg/
CysView/) and the Disulphide Database (DSDBASE)
(Vinayagam et al. 2004; at http://www.ncbs.res.in/~faculty/
mini/dsdbase/dsdbase.html), no protein in the public avail-
able databanks showed a similar cysteine-pairing pattern
or a similar disulfide bond connectivity. This result further
strengthened our conclusion that HCA and HML truly
belong to a novel protein family.

Though the pattern of disulfide bonding remains to
be determined, we hypothesize that the six conserved
cysteines in each domain may form three intrachain
cysteine linkages and that the unique cysteine residues
of the N-terminal (Cys46) and the C-terminal (Cys71)
(Fig. 7) domains may form an intersubunit disulfide
bridge.

Domain duplication is a general mechanism for en-
hancement/diversification of protein structure and func-
tion during evolution. However, whether the tandemly
arranged domains of HML and HCA harbor independent
carbohydrate-binding pockets or both contribute to the

1 10 20
ZKACTMDYFPVCCQIVLGGGAYTAGNPCS
|-~ Q7% (2537.06 Da) CID -—————————|-- Q2 (1198.07 Da)

I K5 (5390.1 D&) -—mmmmmmmmmmmmmmmmm

30 40 503<
CQGFVASKGTCDNPYPCPCTTEAQFPVCEC
|--- (N-terminal) ---

o Q6 (3435 .48 Da)

60 70 80
TTQWGLVSATGNCACGCMGGVPVSDGPCEP
| Q5 (2871.19 Da)

K2 (4378.8 Da) ~m—mm——mmmmmmmmemmmm

90
EVY

Figure 4. Amino acid sequence of HCA. The primary structures of
HCA were determined by combination of Edman degradation of sets
of overlapping peptides obtained by proteolysis of the reduced and
carbamidomethylated full-length lectin and its reversed-phase HPLC
fragments (isolated as in Fig. 3) with chymotrypsin (Q-) and endopro-
teinase Lys-C (K-), and by CID MS/MS analysis of the N-terminal
blocked peptide Q7. Methionine residue at position 6 was oxidized in
Q7. Proteolysis at the Thr50-Glu51 peptide bond, which generates the
N-terminal sequence determined in the native two-chain HCA lectin
and in its 4390-Da C-terminal fragment (identical to peptide K2), is
indicated by scissors. (Z) Pyroglutamic acid.
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1 10 20
ZEFCTLDIAPVCCQIVIGGGEMYTAGNACM
| K9* (4687.93 Da)

|--- @3* (952.52 Da) ---|- Q1*(1232.42 Da)
|---—- Q6 --——|]- Q7% (1769.29 Da; CID M+Na, 1781.3) -|
(779.3 pa) | Q2 (2952.10 Da) -------m-mmmmm
¢ID
30 40 505
CEGFVSGVGRCENPKECPCTREAQIPSCC
|--- (N-terminal) ---
I K7 (3025.08 Da)-------
| Q4 (3466.50 Da)
[- @3b (1479.62 Da) -
o] |- T2 (2222.52 Da) --
[-- T5 (4459.6 Da) --
| D7b (M+Na 2613.5 Da)
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' T1, K1 (WK 2296 Da)
! T3, Q11 (2998.4 Da)----—-——-——

L T6 (3184.82 Da)
| D7a (MiNa 1889.0 Da) --—---

Figure 5. Amino acid sequence of HML. The primary structure of
HML was determined by combination of Edman degradation of sets
of overlapping peptides obtained by proteolysis of the reduced and
carbamidomethylated full-length lectin and its reversed-phase HPLC
fragments (isolated as in Fig. 3) with chymotrypsin (Q-), trypsin (T-),
endoproteinase Lys-C (K-), and endoproteinase Asp-N (D-), and by
CID MS/MS analysis of the N-terminal blocked peptide Q76. Methio-
nine residues at positions 21 and 29 were oxidized in peptides Q1 and
K9, respectively. Proteolysis at the Arg50-GluS1 peptide bond, which
generates the N-terminal sequence determined in the native two-chain
HML lectin and in its 4460 C-terminal fragment (identical to peptide
T5), is indicated by scissors. (Z) Pyroglutamic acid. Mass spectro-
metric sequence determination of Q6 is shown in Figure 6.

formation of a single conformational saccharide recogni-
tion surface, awaits the structure elucidation of lectin-
carbohydrate complexes.
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Materials and methods

Collection of algae and purification of lectins

Specimens of the red algae H. cervicornis and H. musciformis were
collected in the Pacheco beach at the Atlantic coast of the Ceara
State of Brazil. The material was cleansed from epiphytes, trans-
ported within 1 h of collection to the laboratory, and stored at
—20°C until used. The frozen algae were ground to a fine powder
in liquid nitrogen. The powder was extracted, while stirring with
5 volumes of 20 mM phosphate buffer (pH 7.0), containing
150 mM NacCl (PBS). Particulate matter was removed by strain-
ing through a nylon tissue, followed by centrifugation at 15.000g
for 20 min at 4°C. For purification of HCA, the supernatant was
acidified to pH 1.0 with HCI and left for 5 h at 4°C. This acid
treatment effectively removed pigments (phycobilins) that usually
interfere with the subsequent chromatographic steps. The precip-
itated pigments were removed by centrifugation, and the super-
natant (crude extract) was adjusted to pH 7.0 with NaOH.
Proteins were allowed to precipitate at 25°C for 4 h following
the addition of ammonium sulfate to 90% saturation. For pu-
rification of HML, an HML-enriched fraction was obtained by
ammonium sulfate (70% saturation) precipitation. The precipi-
tated HCA and HML proteins were pelleted by centrifugation,
resuspended in a small volume of PBS, dialyzed against 20 mM
phosphate buffer (pH 7.0) (PB), and loaded onto a DEAE-
Sephacel column equilibrated with the same buffer and eluted
at a flow rate of 30 mL/h until the column effluent showed
absorbance at 280 nm of < 0.05. The adsorbed proteins were
eluted with a linear gradient of 0-2 M NaCl in PB buffer. The
elution was monitored at 280 nm, and 3-mL fractions were
collected manually and tested for hemagglutinating activity
toward rabbit native or trypsinized erythrocytes. Active fractions
were pooled, dialyzed extensively against distilled water, freeze-
dried, and stored at —30°C until used. The purity of the lectins
was assessed by MALDI-TOF mass spectrometry (as below) and
N-terminal sequencing (using an Applied Biosystems Precise
instrument following the manufacturer’s instructions). When
necessary, the lectins were further purified by reversed-phase
HPLC using a Lichrospher RP100 C18 column (25 X 0.4 cm,
5 wm particle size) eluting at a flow rate of 1.0 mL/min with a
mixture of 0.1% (v/v) TFA in water (solvent A) and in acetoni-
trile (solvent B) using the following chromatographic conditions:
first, isocratic (5% B) for 5 min, followed by gradients of 5%-—
40% B for 10 min, 35%—-45% B for 10 min, and 45%-75% B for
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Figure 6. Tandem mass spectrometry. (4) Collision-induced fragmentation of the simply charged ion at m/z = 779.3 correspond-
ing to the N-terminal blocked peptide Q6 of HML (Fig. 5). Sequence-specific b and y ions used for structure determination are
indicated. (B) The full (MS)® spectrum and sequence assignment of the b2 ion at m/z = 240.1 produced by MS/MS of the peptide
ion Q6 shown in 4. (F) Immonium ion of phenylalanine at m/z = 120.1. (Z) Pyroglutamic acid.
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HCA ZKACTMD-YF
HML ZKFCTLD-1A

50
HCA - - -|[CTTEAQF
HML - - -|[CTIREAQI

%

Figure 7. Domain duplication. Amino acid sequence alignment of the N-terminal (residues 1-47) and C-terminal (residues 48-90)
tandemly arranged domains of HCA and HML, revealing internal domain duplication. Identical residues are boxed and labeled with

an asterisk below the sequences.

25 min. Protein elution was simultaneously monitored at 216 and
280 nm, and fractions were collected manually and dried in a
vacuum centrifuge (Speed-Vac).

Homogeneity, molecular mass determination,
and quantitation of cysteine residues

The purified lectins were visualized in Coomassie blue-stained
SDS-(15%) polyacrylamide gels with or without prior reduc-
tion with 1% (v/v) 2-mercaptoethanol at 100°C for 2 min. For
mass determination and quantitation of sulfhydryl groups and
disulfide bonds, the purified proteins (1 pgin 2 pL of 100 mM
ammonium bicarbonate [pH 8.3], containing 5 M guanidinium
hydrochloride) were incubated with either 10 mM iodoacet-
amide for 1 h at room temperature, or with 10 mM DTT for
15 in at 65°C, followed by the addition of a fivefold molar
excess of iodoacetamide over reducing agent and incubation
for 1 h at room temperature. The reaction mixtures were freed
from reagents using a C18 Zip-Tip pipette (Millipore) after
activation with 70% acetonitrile and equilibration in 0.1%
trifluoroacetic acid (TFA). Following protein adsorption and
washing with 0.1% TFA, the proteins were eluted onto the
MALDI-TOF plate with 1 pL of 70% acetonitrile and 0.1%
TFA and subjected to mass spectrometric analysis. The mole-
cular masses of the native and the reduced and carbamido-
methylated lectins were determined by MALDI-TOF mass
spectrometry using an Applied Biosystems Voyager DE-PRO
instrument operating at 25 kV accelerating voltage in the
linear mode, and using 3,5-dimethoxy-4-hydroxycinnamic
acid (sinapinic acid) saturated in 70% acetonitrile and 0.1%
TFA as the matrix. The mass calibration standard consisted of
a mixture of the following proteins, whose isotope-averaged
molecular masses in daltons are given in between brackets:
bovine insulin (5734.5), Escherichia coli thioredoxin (11,674.5),
and horse apomyoglobin (16,952.6).

The number of free cysteine residues (Ngy) was determined
using the equation:

Nsy = (M1a — Mnart)/57.05 (1)

where My, is the mass of the denatured but nonreduced pro-
tein incubated in the presence of iodoacetamide, Myar is the
mass of the native protein, and 57.05 is the mass increment due
to the carbamidomethylation of one thiol group.

The number of total cysteine residues (Ncys) was derived using:

Neys = [(MCM - M]A)/SB.OS} + Nsy (2)

where Mcy is the mass of the reduced and carbamidomethyl-
ated protein and 58.05 is the mass increment due to the
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carbamidomethylation of a cysteine residue, which prior to
reduction was involved in the formation of a disulfide bond.

Finally, the number of disulfide bonds (Ns_g) was calculated
from:

NS-S = (Ncys - I\ISH)/2 (3)

All mass values in equations I-IIT are in daltons.

Amino acid sequence determination

The primary structures of HCA and HML were established by
N-terminal sequence analysis of reversed-phase HPLC-purified
reduced and carbamidomethylated fragments, and of sets of
overlapping peptides obtained by proteolytic digestions. To
this end, 100 pg of each purified protein was dissolved in
100 mM NH4HCO; (pH 8.3) and subjected to proteolysis by
trypsin, chymotrypsin, endoproteinase Lys-C, and endoprotein-
ase Asp-N (at an enzyme-to-protein ratio of 1:100, w/w) over-
night at 37°C. Peptides were fractionated by reverse-phase
HPLC on a Vydac Cig (4.6 X 250 mm) column equilibrated in
0.1% (v/v) trifluoroacetic acid (TFA) in water. Elution was
performed at a flow rate of 0.8 mL/min with a linear gradient
of 0%—80% acetonitrile in 0.1% TFA for 100 min. Peptides were
characterized by N-terminal sequence analysis (using an Applied
Biosystems Precise instrument following the manufacturer’s
instructions) and matrix-assisted laser-desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) using an
Applied Biosystems Voyager DE-Pro spectrometer and -
cyano-4-hydroxycinnamic acid (saturated in 70% acetonitrile
and 0.1% TFA as matrix) as the matrix. A tryptic peptide
mixture from the Cratylia floribunda seed lectin (SwissProt acces-
sion code P81517) prepared and previously characterized in our
laboratory was used as the mass calibration standard (mass
range 450-3300 Da).

The amino acid sequences of the N-terminal-blocked
chymotryptic peptides Q7 (m/z = 2537.06; HCA) and Q6 (m/
z =779.31; HML) were determined by collision-induced dis-
sociation (CID) tandem mass spectrometry, MS/MS, and
(MS)®, using a linear ion trap (Qtrap; Applied Biosystems)
mass spectrometer (Hager and Le Blanc 2003) equipped with
a nanoelectrospray source (Protana). The CID spectra were
interpreted manually.

Amino acid sequence and disulfide-bonding
similarity searches

Amino acid sequence similarity searches were carried out against a
nonredundant protein databank using the program PSI-BLAST
(Altschul et al. 1997) available at http://www.ncbi.nlm.nih.gov/
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BLAST. Possible cysteine-pairing patterns and disulfide bond
connectivity similarities were searched using the CysView pro-
gram (Lenffer et al. 2004; available at http://research.i2r.a-star.
edu.sg/CysView/) against the nonredundant UniProt database
downloaded from the Expasy FTP server (ftp://au.expasy.org/
databases/uniprot/current_release/knowledgebase/complete/), and
against the Disulphide Database (DSDBASE) (Vinayagam
et al. 2004; at http://www.ncbs.res.in/~faculty/mini/dsdbase/
dsdbase.html).

Hemagglutination and hemagglutination-inhibition tests

D-Glucose, D-mannose, D-galactose, methyl-a-D-galactopyrano-
side, L-fucose, N-acetyl-D-glucosamine, N-acetyl-D-galactosa-
mine, lactose, lactulose, carrageenan, fucoidan, porcine stomach
mucin, bovine submaxillary mucin, bovine fetuin and asialofetuin,
hen ovalbumin and ovomucoid, porcine thyroglobulin, and yeast
mannan were purchased from Sigma Aldrich Corp. (USA).
Human lactotransferrin and serotransferrin and bovine lactotrans-
ferrin were gifts from Dr. G. Spik (USTL). Ovine submaxillary
mucin was isolated according to the method of Hill et al. (1977).
Asialoglycoproteins were prepared by treatment with 0.1 N tri-
fluoracetic acid for 1 h at 80° C, dialysis against distilled water, and
lyophilization.

Agglutination of either 3% native or trypsin-treated rabbit
red blood cell suspension in PBS by HML and HCA and
inhibition of this agglutination activity by various simple
sugars or glycoconjugates were carried out in U-bottom micro-
titer plates (Thermo Labsystems) by a twofold serial dilution
technique. In each tube, 50 pL of a twofold serial dilution of
simple sugars or glycoconjugates in PBS was added to an equal
volume of lectin solution, which had been carefully diluted to
contain four minimum agglutination doses. After 1 h at room
temperature, 50 pL of the erythrocyte suspension was added.
The mixture was left for 1 h at room temperature and then
examined for agglutination. Results were expressed as the
minimum concentration of simple sugars (millimolar) or gly-
coproteins (micrograms per milliliter) required to completely
inhibit four hemagglutinating units.
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