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Abstract
We previously identified a novel N-terminally processed form
of galectin-1, galectin-1b (Gal-1b) whose expressionwas induced
by DFosB. In the present study, the biochemical properties and
biological functions of Gal-1b were compared with the full-length
form of galectin-1 (Gal-1a). We first purified recombinant mouse
Gal-1a and b (rmGal-1a, b) to near homogeneity. The rmGal-1a
exists as a monomer under oxidized conditions and forms a
dimer under reduced conditions, while the rmGal-1b exists as a
monomer regardless of redox conditions. The affinity of rmGal-
1b to b-lactose was approximately two-fold lower than that of
rmGal-1a under reduced conditions. The viability of Jurkat cells
efficiently decreased when they were exposed to rmGal-1a,
however, rmGal-1b barely induced such a reduction. In contrast,
both rmGal-1a and rmGal-1b exhibited an equivalent capacity to
promote axonal regeneration from the dorsal root ganglion
explants. Our results suggest that the biochemical properties of
rmGal-1b determine its biological functions.
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Introduction

In mammals, the regulation of the cell fate to either proliferate,
differentiate, arrest cell growth, or initiate programmed cell

death is the most fundamental mechanism to maintain normal
cell function and tissue homeostasis. Under multiple signaling
pathways, Jun and Fos family proteins play important roles as
components of an AP-1 (activator protein-1) complex,1,2 to
regulate the transcription of various genes involved in cell
proliferation, differentiation, and programmed cell death.3,4

We previously reported that DFosB, one of AP-1 subunits
encoded by alternatively spliced fosB mRNA,5 triggers one
round of proliferation in the quiescent rat embryo cell lines,
rat3Y1 and rat1a, followed by a different cell fate such as
morphological alteration or delayed cell death, respectively.6,7

As one of the downstream targets of DFosB in rat3Y1 cell line,
we identified a novel form of rat galectin-1 whose N-terminal
residue corresponds to the seventh residue of the already-
known form of galectin-1 (Gal-1a). We named this novel
processed form of galectin-1 as galectin-1b (Gal-1b).6 We
have previously shown that the expression of galectin-1 is
required for the proliferative activation of quiescent rat1a cells
by DFosB, indicating that galectin-1 is one of the functional
targets of DFosB to modulate cell fate.7

Galectin family protein is defined by its affinity for
b-galactoside sugars and shared amino-acid sequence which
encodes the carbohydrate-binding-domain (CRD),8 and 10
mouse proteins are now registered in the database. Galectin-
1, one of the well-studied proteins among the known galectin
families is a 14.5-kDa protein with a single CRD in the
molecule. Galectin-1 is expressed in many tissues including
skeletal muscle, liver, spleen, and lung.9–14 It has been
documented that galectin-1 is a multifunctional molecule
involved in the regulation of either cell–cell15 or cell–
extracellular matrix adhesion,16 cell proliferation,7,17 pro-
grammed cell death,18,19 the Ras signaling pathway,20,21

and is also related to the mRNA splicing mechanism.22,23

The amino-terminal alanine residue of Gal-1a is acetylated
after the removal of the first methionine residue (Figure 1a)24

and Gal-1a forms a homodimer in physiological conditions
(Figure 1b).25,26 Recently, it has been shown that a mono-
meric form of oxidized Gal-1a strongly promotes axonal
regeneration after axotomy in the peripheral nerves.27–29

Because Gal-1b lacks the N-terminal six residues, which
were reported to be important for the dimer formation of
Gal-1a26,30 (Figure 1a), it is most likely that Gal-1a and Gal-1b
exhibit distinct biological functions with different biochemical
properties.
To explore the distinct biochemical properties of Gal-1b,

the recombinant proteins of mouse Gal-1a and Gal-1b
were expressed in Escherichia coli cells and then were
purified to near homogeneity. In the present study, we report
that the affinity of Gal-1b to lactose is 2.27-fold lower than
that of Gal-1a and Gal-1b is present in a monomeric form
regardless of the redox conditions, and that Gal-1b promotes
axonal regeneration as does Gal-1a, however, it has much
less cytotoxicity.
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Results

Expression and purification of rmGal-1a and
rmGal-1b

Amino-acid sequences of galectin-1 are well conserved
among mammals, and more than 90% of them are identical
among rat, mouse, and human. In the present study, we
prepared and characterized recombinant mouse Gal-1a and
Gal-1b (rmGal-1a, b).
Both rmGal-1a and rmGal-1b expressed inE. coli cells were

soluble in the presence of 14mM b-ME, and thus were purified
by affinity chromatography with lactose-agarose. During
affinity chromatography, we found that a substantial amount
of rmGal-1b, but not rmGal-1a, was recovered in the flow-
through fractions (data not shown). The rmGal-1b that was
recovered in the flow-through fractions is not an inactivated
form because when it was reapplied onto the same column,
essentially the same elution pattern was obtained.
An SDS-PAGE analysis revealed that each preparation

of rmGal-1a and rmGal-1b was almost nearly homogenous
(Figure 2a), and their molecular mass determined by the
MALDI-TOF analysis was 14 734.2 and 14220.2Da, respec-
tively (Figure 2b, c). The values correspond to the molecular
mass of each protein lacking the N-terminal methionine
residue.

The secondary structures of rmGal-1b

rmGal-1b lacks six residues present in the N-terminus of
rmGal-1a. To examine whether this difference affected in the
secondary structures between rmGal-1a and rmGal-1b, the
CD spectrum of each protein was measured (Figure 3a). The
CD spectra of both proteins exhibited a major negative peak
around 215nm, and this peak of rmGal-1b was about 15%
weaker in intensity than that of rmGal-1a, suggesting that
each protein has similar secondary structures of which major
components are b-sheet structure,31,32 and that rmGal-1b
lacks the N-terminal b-sheet.

We next examined the protein fluorescence of rmGal-1a
and rmGal-1b. Gal-1a has a single residue of tryptophan
(Trp68) and tyrosine (Tyr119), which are conserved at the
corresponding positions of Gal-1b.25,33 Upon selective ex-
citation of tryptophan residue at 295 nm, emission spectrum of
rmGal-1a peaked at 348 nm (Figure 3b), and that of rmGal-1b
peaked at 351 nm (Figure 3b).
We also measured protein fluorescence with excitation

at 270 nm, which came from both tryptophan and tyrosine

Figure 1 Crystal structure of galectin-1. (a) The structure of a bovine heart
galectin-1 (Gal-1a). Six amino-acid residues which are missing in Gal-1b are
shown in dark gray and the acetylated alanine at the N-terminus of Gal-1a is
refered as the first residue in the present study. The amino-acid sequences of N-
terminal parts of Gal-1a and Gal-1b are also shown. (b) The structure of Gal-1a
homodimer. The crystal structure of bovine Gal-1a dimer (PDB 1SLA) are shown
by Protein Explorer.50 The Trp68 and Tyr119 residues are shown with the side
chains. The distance between Trp68 and Tyr119 of the same molecule and that
of another molecule formed homodimer are shown

Figure 2 Purified preparations of rmGal-1a and rmGal-1b. (a) 1mg of purified
rmGal-1a and rmGal-1b were separated on a 15% SDS-PAGE gel. (b, c) MALDI-
TOF mass spectrometric analyses of rmGal-1a (b) and rmGal-1b (c)

Figure 3 CD spectra and intrinsic fluorescence emission spectra of rmGal-1a
and rmGal-1b. (a) CD spectra of rmGal-1a and rmGal-1b. CD spectra of
0.01 mg/ml rmGal-1a (black line) and rmGal-1b (gray line) were measured. (b, c)
The fluorescence emission spectra of rmGal-1a and rmGal-1b. The emission
spectra of rmGal-1a (dashed line) and rmGal-1b (solid line) were measured
under the same conditions as in CD measurement with excitation at 295 nm (b) or
at 270 nm (c). (d) The difference between the fluorescence emission spectra of
rmGal-1a and that of rmGal-1b with excitation at 270 nm. The short-range
emission spectra (280–330 nm) of rmGal-1a (dashed line) and rmGal-1b (solid
line) are shown
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residues. The emission spectra of rmGal-1a and rmGal-1b
with excitation at 270 nm exhibited a small additional peak
around 300nm (Figure 3c, d) that from tyrosine residue,34 and
this peak was larger from rmGal-1b than rmGal-1a. In
addition, the intensity of tryptophanyl fluorescence around
350nm for rmGal-1b was almost the same as that for rmGal-
1a, while it was larger when excited at 295 nm. The ratio of
intensity of tryptophanyl fluorescence at 360 nm with excita-
tion at 270 and 295nm (Iex270/Iex295) was higher for rmGal-1a
than for rmGal-1b. This fact revealed that the fluorescence
energy transfer from Tyr119 to Trp68 residues occurs more
efficiently in rmGal-1a than in rmGal-1b. Indeed, the estimated
distance between Trp68 residue in one subunit and Tyr119 in
another subunit of a Gal-1a dimer is 29.3 Å, and is close
enough for efficient energy transfer (Figure 1b).34

rmGal-1b exists as a monomer while rmGal-1a
forms a homodimer under reduced conditions

Gal-1a has been reported to form a homodimer in a con-
centration-dependent manner,35 and that hydrophobic amino-
acid residues at both N- and C-terminal parts are important in
its dimerization.26,30

We performed a size-exclusion HPLC analysis to separate
the dimer and monomer forms of rmGal-1a and rmGal-1b
(Figure 4). To avoid their spontaneous oxidation during the
experiments, each protein was prepared in PBS containing
4mM b-ME and the same buffer was used as the solvent for
HPLC. Under our conditions, the retention time of each
preparation was 9.5min for rmGal-1a and 10.5min for rmGal-
1b (Figure 4a), respectively, indicating that rmGal-1a behaves
as a dimer while rmGal-1b as a monomer. We found that

rmGal-1a behaved exclusively as a dimer at concentrations
from 0.0625mg/ml (4.2 mM) to 1.0mg/ml (67mM). In contrast,
rmGal-1b behaved mostly as a monomer with a slight trend
to form a dimer at higher concentrations (Figure 4a, b).
Essentially, the same results were obtained when experi-
ments were performed with a buffer containing 10mM
b-lactose (Figure 4c).

Monomerization of rmGal-1a depends on oxidation

Our results indicate that rmGal-1a forms a dimer under
reduced conditions. On the other hand, Inagaki et al.29

showed that human Gal-1a oxidized in vitro by air is a
monomeric form. Therefore, we examined the possibility that
the monomer–dimer equilibrium of rmGal-1a may be modu-
lated by redox conditions. Alterations of the monomer–dimer
equilibrium of rmGal-1a during spontaneous oxidation by air at
41C in the presence of various concentrations of b-ME, were
monitored by size-exclusion HPLC for 50 days (Figure 5a).
The content of the monomer form of rmGal-1a increased
in a time-dependent manner in the absence or presence of a
lower concentration of b-ME (0.7mM), and in the former
conditions more monomers were formed (Figure 5a). In the
presence of 14mM b-ME, rmGal-1a remained as a dimer
for at least 50 days. Spontaneously oxidized rmGal-1a by
incubation in the absence of b-ME for 50 days, in which
80% was a monomer, was completely converted to a
dimer 24 h after incubation in the presence of 14mM b-ME
(Figure 5b, d). A monomeric form of rmGal-1a that oxidized in
the presence of Cu2þ was partially converted to a dimeric
form 24h after incubation in the presence of 4mM b-ME
(Figure 5c, e). In contrast, rmGal-1b was a monomer form,
regardless of incubation for 3 days in the presence of b-ME
(Figure 5a).
We thus concluded that the monomer–dimer equilibrium of

rmGal-1a is determined by the redox condition.

Lectin activity of rmGal-1a and rmGal-1b

The sugar binding activity is another function of galectin-1. To
compare their affinity to b-lactose quantitatively, we used
fluorescence spectroscopy to examine the concentration-
dependent quenching of the tryptophanyl fluorescence by
b-lactose, since Trp68 residue resides in the lactose
binding domain of galectin-1.25 The addition of b-lactose
decreased the fluorescence intensity of both rmGal-1a and
rmGal-1b in a concentration-dependent manner (Figure 6),
and the fluorescence peak was shifted to shorter wavelength
(data not shown). The binding constant of each protein
for b-lactose was calculated with a simple binding model of
one b-lactose molecule per subunit without any cooperativity
(Kd¼ 0.22mM for rmGal-1a and 0.50mM for rmGal-1b)
(Figure 6).
Next, we examined the hemagglutination activity of rmGal-

1a and rmGal-1b. In the absence of b-lactose, rmGal-1a and
rmGal-1b induced agglutination at concentrations of X0.98
and X15.6 mg/ml, respectively (Figure 6b). The hemaggluti-
nation of each protein was inhibited in the presence of 5mM b-
lactose, thus confirming that this hemagglutination was a
specific activity of each protein (Figure 6b).

Figure 4 Dimerization of rmGal-1a and rmGal-1b did not depend on its
concentration under reduced condition. (a) Monomer–dimer equilibrium of
rmGal-1a and rmGal-1b. rmGal-1a or rmGal-1b was serially diluted from 1 to
0.0625 mg/ml with PBS containing 4 mM b-ME, and were incubated at 41C at
least for 20 h, and then 10 ml of each sample was applied to the size-exclusion
HPLC. A chromatogram of each analysis was overlaid. The arrowhead indicates
an elution peak of a monomer form and the arrow indicates that of a dimer form.
(b) Content of monomer formed at different concentrations of each rmGal-1a
(circles) and rmGal-1b (triangles) was estimated from the peak areas, and plotted
against concentration of each protein. (c) The content of the monomer formed at
different concentrations of each rmGal-1a (circles) and rmGal-1b (triangles) in
the presence of 10 mM b-lactose was estimated and plotted
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rmGal-1b lacks an ability to decrease the cell
viability

It has been established that Gal-1a has an ability to induce
apoptosis in activated T cells or some leukemic cell lines such
as Jurkat cells.18,36–38We thus examined whether the viability
of Jurkat cells decreases with rmGal-1b in comparison
to rmGal-1a. With 0.1mg/ml or higher concentrations of
rmGal-1a the viability of Jurkat cells effectively decreased
in comparison with PBS control (Figure 7a). In contrast,
much higher concentrations of rmGal-1b slightly decreased
the viability of Jurkat cells. After exposure to 0.2mg/ml of
rmGal-1a, the viability of Jurkat cells decreased to 75% the

Figure 5 Dimerization of rmGal-1a depends on redox conditions. (a)
Spontaneous oxidation of rmGal-1a. rmGal-1a were prepared at the
concentrations of 0.1 mg/ml in PBS with 14 mM b-ME (closed circles) or
0.7 mM b-ME (open circles) or no b-ME (open squares). After incubation at 41C
for the indicated periods, the content of monomeric rmGal-1a was determined by
the size-exclusion HPLC. The content of monomeric rmGal-1b incubated in the
presence of 14 mM b-ME for 3 days was also determined (closed triangles). (b)
Oxidized rmGal-1a by air exists mostly as a monomer. rmGal-1a, oxidized at 41C
for 50 days in the absence of reducing agent was applied to the size-exclusion
HPLC. (c) Oxidized rmGal-1a exists as a monomer. The oxidized rmGal-1a in the
presence of CuSO4 as described in the Materials and Methods, was analyzed by
the size-exclusion HPLC. (d) Reversible dimer formation of spontaneously
oxidized rmGal-1a. The oxidized rmGal-1a shown in (b) was incubated in the
presence of 14 mM b-ME for 24 h at 41C, and then was analyzed by size-
exclusion HPLC. (e) Reversible dimer formation of oxidized rmGal-1a. The
oxidized rmGal-1a shown in (d) was incubated in the presence of 4 mM b-ME at
41C for 24 h, and then it was applied to the size-exclusion HPLC. The arrowhead
indicates the elution peak of a monomer form and the arrow indicates that of a
dimer form

Figure 6 Lectin activity of rmGal-1a and rmGal-1b. (a) Lactose binding activity
of rmGal-1a or rmGal-1b. Lactose binding activity of rmGal-1a (circles) or rmGal-
1b (triangles) was monitored by their fluorescence change with step-wise
addition of b-lactose. The concentrations of each protein were 50 nM (open
symbols) and 500 nM (closed symbols). The best-fit curves for rmGal-1a
(Kd¼ 0.22 mM) and rmGal-1b (Kd¼ 0.50 mM) are shown. (b) Hemagglutination
activities (HA) of rmGal-1a and rmGal-1b. The hemagglutination activities of
rmGal-1a and rmGal-1b were determined as previously described.29 In brief,
50 ml of 2% (v/v) suspension of glutaraldehyde stabilized rabbit red blood cell
(INTER-CELL TECHNOLOGIES) was mixed with 50 ml of various concentrations
of rmGal-1a or rmGal-1b (0.98 mg/ml to 1 mg/ml) prepared in PBS containing
4 mM b-ME. After incubation at room temperature for 1 h, the hemagglutinating
activity was determined based on the sedimentary state of the erythrocytes. The
hemagglutinating activity was also determined in the presence of 5 mM or 0.5 mM
of b-lactose. All reactions were performed with U-bottom 96-well microtiter plates
(Falcon). The white bars indicate HA(þ ) wells

Figure 7 Effects of rmGal-1a and rmGal-1b on the viability of Jurkat cells. (a)
The viabilities of Jurkat cells after exposure to rmGal-1a or rmGal-1b. Jurkat cells
were exposed to indicated concentrations of rmGal-1a (circles) and rmGal-1b
(triangles) for 24 h. The data are expressed as the mean7S.E.M. (n¼ 4–12),
and then were statistically compared using Mann–Whitney U-tests (*Po0.05).
(b) Effects of b-lactose on the function of rmGal-1a or rmGal-1b. The viabilities of
Jurkat cells after exposure to a concentration of 0.2 mg/ml of rmGal-1a or rmGal-
1b with (closed bars) or without b-lactose (open bars). The data are expressed
as the mean7S.E.M. (n¼ 8–12), and then are statistically compared by ANOVA
(Games–Howell test for multiple comparisons, *Po0.05)
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level of the control, while in the presence of 5mM b-lactose, it
was restored to 94% of the control. On the other hand, rmGal-
1b did not decrease the viability of Jurkat cells at all with or
without b-lactose (Figure 7b).

rmGal-1b promotes axonal regeneration as
efficient as does rmGal-1a

Horie et al.28,29 reported that oxidized human galectin-1 has
no lectin activity and behaves as a monomer but it efficiently
promotes the regeneration of axons from rat DRG explants.
We next examined whether rmGal-1b as well as rmGal-1a has
activity to promote axonal regeneration (Figure 8). To
eliminate any deleterious effects of b-ME, we prepared each
protein in PBS lacking b-ME. The number of regenerating
axons from the central site of the DRG explants increased
significantly with both rmGal-1a and rmGal-1b in a dose-
dependent manner (Figure 8c). With 0.5 or 5 ng/ml of each
protein, about 1.5 times more axons were regenerated from
the central site of the DRG explants in comparison to those in
the control. In contrast, from the peripheral site of the
explants, the maximal number of regenerating axons was
observed at a concentration of 0.5 ng/ml of each protein, and
about 1.5 times more axons were regenerated in comparison
to those in the control (Figure 8d).

Discussion

In the present study, we demonstrated that rmGal-1a forms a
homodimer in the presence of reducing agents, within the
range of its concentration from 4.2 to 67mM (Figure 4), and
that the monomer–dimer equilibrium of rmGal-1a can be

regulated by redox conditions (Figure 5). Cho and Cum-
mings35 reported that a mutant form (C2SrGal-1a) of
recombinant Gal-1a in which the cysteine residue at position
2 (Cys2) was substituted with a serine residue, exists in a
reversible monomer–dimer equilibrium with a Kd¼ 7mM.
However, Giudicelli et al.39 also reported that Gal-1a exists
as a dimeric form even at a low concentration (2 mM) in the
presence of 1mM b-ME using recombinant human galectin-1
(rhGal-1a). There are six cysteine residues in a Gal-1a
molecule, and it has been shown that the formation of
disulfide bonds abolishes its b-galactosides-binding activity.
In the oxidized Gal-1a, formation of a disulfide bond between
residues Cys2 and Cys130 was experimentally demon-
strated.29,40 It is most likely that a structural alteration of the
dimerizing surface consisting of the N- and C-terminal regions
containing Cys2 and Cys130 abolishes the dimer formation.
Here, we may suggest that Gal-1a is one of mediators of the
cellular redox status, thus regulating cellular functions to
achieve cellular adaptations to the redox status.
We previously reported that Gal-1b, the N-terminally

truncated isoform of Gal-1awas identified as one of molecules
whose expression is regulated by DFosB in cultured rat
embryo cell line.6,7 Our data obtained by size-exclusion HPLC
analyses strongly suggested that rmGla-1b exists mostly as a
monomer even in reduced conditions. A protein fluorescence
analysis showed that the energy transfer fromTyr119 to Trp69
was smaller in rmGal-1b than in rmGal-1a which exists as a
homodimer, thus indicating that the two residues are apart
from each other in the former. Together with these data, we
conclude that rmGal-1b exists mostly as a monomer in
solution. We showed that affinity of rmGal-1b to b-lactose was
reduced to 44% levels of that of rmGal-1a in reduced
conditions, and rmGal-1b retained less than 1/16 levels
of hemaggutinating activity observed in rmGal-1a, indicating
that rmGal-1b may not behave as a divalent lectin. We
thus conclude that Gal-1b is a natural monomeric form of
galectin-1.
Moreover, we showed that rmGal-1b, but not rmGal-1a

lacks the ability to decrease the viability of Jurkat cells in a
lactose-sensitive manner (Figure 7), while rmGal-1b pro-
motes axonal regeneration from the DRG explants as efficient
as does rmGal-1a (Figure 8). These findings are consistent
with the monomeric status of rmGal-1b. We thus propose
that the multifunctional properties of galectin-1 are somehow
attributed not only to the redox regulation but also to the
presence of two distinctive isoforms, Gal-1a and Gal-1b.
In the DRG, about 20% of the neurons strongly express

galectin-1, and the expression of galectin-1 is considered to
likely increase after peripheral nerve injury.41 In vitro studies
using DRG explants revealed that oxidized Gal-1a directly
stimulates macrophages to secrete a factor that promotes
axonal growth;42 however, many important questions remain
to be answered. Concerning Gal-1b, we must clarify whether
or not Gal-1b also acts on macrophages, and whether the
oxidation of cysteine residues in Gal-1b is required for such
regeneration.
In the central nervous system, galectin-1 in the olfactory

system has been shown to be involved in neurite outgrowth
and synaptic connectivity during development. In contrast, the
expression of DFosB is highly inducible in the adult brain in

Figure 8 Effects of rmGal-1a and rmGal-1b on axonal regeneration from the
DRG explants. (a, b) Immunofluorescence microscopic identification of
regenerating axons from the peripheral site of adult rat DRG explants in the
absence (a) or presence of 0.5 ng/ml of rmGal-1b (b) (scale bar¼ 200 mm). (c,
d) Promotion of axonal regeneration by rmGal-1a and rmGal-1b. The relative
number of regenerating axons from central (c) and peripheral (d) sites of the
DRG explants in the presence of the indicated concentrations of rmGal-1a
(closed bar) or rmGal-1b (open bar) are shown in comparison with the control.
The data are expressed as the mean7S.E.M. (n¼ 8–10), and then were
statistically compared by ANOVA (Dunnett’s test for multiple comparisons,
*Po0.05)

Galectin-1b promotes axonal regeneration
T Miura et al

1080

Cell Death and Differentiation



response to various insults such as ischemic reperfusion
injury,43 seizure induced by electric stimulation or cocaine
administration.44,45 We have shown that the expression of
DFosB in cultured cells modulates the cell fate such as cell
proliferation, cell differentiation, and cell death accompanied
with increased expression of galectin-1.6,7 We found that
galectin-1 is indeed expressed in the adult mouse hippocam-
pus or cortex (T Miura and Y Nakabeppu, unpublished data),
and that the induction of galectin-1 occurs in the rat
hippocampus after ischemic reperfusion injury (H Kurushima
and Y Nakabeppu, unpublished data). These observations
suggest that the two isoforms of galectin-1, both of which are
likely to be induced by DFosB in response to brain damage,
either regulate the cell fate or are involved in neurite outgrowth
and synaptic connectivity of regenerating neurons. Alterations
of the brain function in galectin-1-null and fosB-null mice after
such insults are now being examined in our laboratory.

Materials and Methods

Plasmids

Mouse Gal-1a cDNA was amplified by PCR using first-strand cDNA
prepared from mouse CCE embryonic stem cell line46 as the template with
a Gal-1a-specific primer set (GAL1-5-1: GCTGGATCCATGGCCTGTG-
GTCTG, GAL1-3: GCTGGATCCCTTCACTCAAAGGCCACAC), and was
subcloned into pT7Blue T-vector (Novagen), to obtain pT7Blue-mGla-1a.
For subcloning, a neutral mutation was introduced at the one of two NcoI
recognition site by recombinant PCR methods using two sets of primers,
(M4: GTTTTCCCAGTCACGAC, MuFw: GGCGTCTCCGTGGGCATTG-
AAGCGAGG) and (MuRv: AATGCCCACGGAGACGCCAACACC, RV:
CAGGAAACAGCTATGAC), to obtain pBluescript-rmGal-1a. For the
expression of recombinant mouse Gal-1a (rmGal-1a) in E. coli, a
NcoI–BamHI fragment encoding mouse Gal-1a derived from pBluescript-
rmGal-1a was subcloned into a NcoI–BamHI-digested pET8c,47 and
pET8c-rmGal-1a was obtained.

We designed a 50-primer to place the start codon just in front of the N-
terminus of mouse galectin-1b, and named GAL1-5-2 (GGTGCTAGCAT-
GAGCAACCTGAATCTCAAACCTGG). Using pT7Blue-mGal-1a as a
template, PCR was performed with a primer set of GAL1-5-2, and
GAL1-3, and PCR product was subcloned into pT7Blue T-vector. A NdeI–
BamHI fragment encoding mouse Gal-1b, in which the NdeI-cleaved end
was filled in by Klenow fragment, was subcloned into NheI/BamHI cleaved
pET3a,47 in which the NheI-cleaved end was filled in by Klenow fragment,
to obtain pET3a-mGal-1b. All primers used in the present study were
obtained from Greiner Japan and the DNA sequences of each plasmid
were all confirmed with ABI Prism Big Dye terminator cycle sequencing kit
and ABI PRISM 3100 Genetic Analyzer (PE Applied Biosystems).

Expression and purification of rmGal-1a and
rmGal-1b

E. coli strain of BL21 (CodonPlus RIL) cells (Stratagene) were transformed
with pET8c-rmGal-1a or pET3a-mGal-1b, and then were grown in an
LB medium with 50mg/ml of ampicillin, at 371C with vigorous shaking.
Protein expression was induced by the addition of 1 mM isopropyl b-D-
thiogalactoside to the cultures and cell pellets of approximately 7 g
wet weight were obtained from a 2-l culture. The purification of rmGal-1a
and rmGal-1b was performed as previously described,48 with some
modifications. In brief, E. coli cell pellets were resuspended with Buffer T

(50 mM Tris-HCl (pH 7.6), 100 mM NaCl, 14 mM b-mercaptoethanol (b-
ME)) supplemented with protease inhibitor cocktail (Sigma). After being
disrupted by sonication, the cell lysate was clarified by centrifugation at
40 000� g, for 30 min at 41C. The recovered supernatant was applied to a
column packed with lactose-agarose (Seikagaku Corporation) and bound
proteins were eluted with Buffer T containing 200 mM b-lactose (Sigma).
Fractions containing the recombinant protein were collected, and then
were dialyzed against PBS containing with 4 mM b-ME. The dialyzed
fraction was applied to Detoxi-gel column (Pierce), and the elute was
filtered through Millex-GX (Millipore), and was stored at �801C until use.
Column chromatography was performed with the Äkta system (Amersham
Bioscience).

Mass spectrometry analysis

Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF)
mass spectra of purified proteins were recorded on an Autoflex mass
spectrometer (Bruker Daltonics), in the 6000–22 000 Da mass range, with
Protein calibration standard I (Bruker Daltonics). A saturated solution of
sinapinic acid in 30% acetonitrile/0.07% trifluoroacetic acid (vol/vol) was
used as matrix.

Circular dichroism (CD) and fluorescence
measurements

CD spectra were measured using a step mode (bandwidth: 2 nm; interval:
0.1 nm; response time: 0.125 s) in a J-810 CD spectrometer (Jasco)
equipped with a temperature controller. The spectra were averaged over
four scans. Fluorescence was measured in an F-6500 spectrofluorometer
(Jasco) equipped with a temperature controller. The emission spectra
(bandwidth: 3 nm; response time: 0.5 s; scan rate: 100 nm/min) were
measured with excitation at 295 or at 270 nm. The spectra were averaged
at least at two scans, and were corrected by subtracting the buffer signal.
The experiments were mainly performed in PBS buffer with 1 mM b-ME.
Some CD and fluorescence measurements were performed in 20 mM
sodium phosphate with 1 mM b-ME. The buffers were degassed just
before use.

Size-exclusion HPLC

To separate the monomeric and dimeric forms of rmGal-1a or rmGal-1b,
size-exclusion HPLC was performed as described previously,35 except for
using Class-VP HPLC System (Shimazu) equipped with TSK-GEL
superSW2000 column (Tosoh). The column was equilibrated with PBS
containing 4 mM or 14 mM of b-ME and 10 ml of the sample was injected
into the column. Separation was carried out isocratically at 0.35 ml/min for
25 min. The elution of protein was monitored by absorbance at 214 nm.

Preparation of oxidized rmGal-1a

rmGal-1a was oxidized in the presence of CuSO4 as described
previously.29 The solution of rmGal-1a (45.5 mg/ml in 20 mM Tris-HCl
(pH 8.0)) was prepared in a Slide-A-Lyzer (MWCO: 3500, Pierce), and
oxidation was performed by dialysis of the solution in the Slide-A-Lyzer
against the buffer containing 0.0001% (w/v) CuSO4 at 41C for 2 days. The
solution was further dialyzed against 10 mM Tris-HCl (pH 7.5)/10 mM NaCl
for two days, and was applied to a HitrapQ column (Amersham
Biosciences). Bound Gal-1a was eluted with a linear gradient of 10 mM to
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1 M NaCl in 10 mM Tris-HCl (pH 7.5), and fractions containing the
monomeric Gal-1a were pooled and used as oxidized Gal-1a.

Jurkat cell culture and viability assay

The Jurkat E6.1. cell line was obtained from ATCC and cultured in
RPMI1640 medium (Gibco) supplemented with 4.5 g/l glucose, 10 mM
HEPES, 1 mM sodium pyruvate and 10% heat-inactivated FBS.
Exponentially growing Jurkat cells were prepared at 4� 105 cells/ml in
RPMI1640 medium supplemented with 1% heat-inactivated FBS. Various
concentrations of rmGal-1a or rmGal-1b were prepared in PBS containing
4 mM b-ME. A volume of 75ml of the cell suspension was mixed with 25ml
of rmGal-1a or rmGal-1b solution in flat-bottom 96-well microtiter plates
(Sumilon), and the mixture was incubated at 371C in a CO2 incubator for
24 h. The number of viable cells was estimated by CellTiter-Glot
Luminescent Cell Viability Assay (Promega) and Walloc 1420 ARVO
multilabel counter (Perkin-Elmer).

Assay for axonal regeneration in vitro and
immunohistochemical identification of
regenerated axons

Axonal regeneration was detected with a three-dimensional culture of
adult rat DRG explants embedded in collagen gel as described
previously.27,49 During the experiment (for 7 days), either rmGal-1a or
rmGal-1b was added to the culture system at a final concentration of 0.05,
0.5 and 5 ng/ml. For immunofluorescence microscopy, the tissues were
fixed with 4% paraformaldehyde. An anti-bIII tubulin monoclonal antibody
(Promega) was applied to the fixed tissues in 0.3% Triton X-100 in PBS for
2 days. A FITC-labeled goat anti-mouse IgG antibody (Chemicon) was
applied for 2 days. The tissue was observed with a fluorescence
microscope (Nikon TE 300) equipped with a color chilled 3CCD camera
(Hamamatsu, C5810).
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