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Abstract

Galectin-3 modulates cell adhesion and signaling events by specific binding and cross-linking

galactoside containing carbohydrate ligands. Proteolytic cleavage by metalloproteinases yields

in vivo N-terminally truncated galectin-3 still bearing the carbohydrate recognition domain.

Truncated galectin-3 has been demonstrated to act in vivo as a negative inhibitor of galectin-3 due

to higher affinity for carbohydrate ligands. We here present our studies on a series of 12 human

galectin-3 protein constructs. Truncated galectin-3 (Δ1–62 and Δ1–116) and fusions with SNAP-tag

and/or yellow fluorescent protein (YFP) display altered binding efficiencies (ratio of maximum

binding signal and apparent affinity constant Kd) to asialofetuin (ASF) in solid-phase enzyme-

linked immunosorbent assay (ELISA) and surface plasmon resonance (SPR) binding assays.

Galectin-3(Δ1–62) and full-length (native) galectin-3 have highest affinity to ASF in ELISA and SPR

experiments, respectively, whereas galectin-3(Δ1–116) shows only weak binding. We demonstrate

here for the first time that SNAP-tag and YFP fusions of galectin-3 and truncated galectin-3

proteins improve binding efficiencies to ASF. SNAP-tagged galectin-3, galectin-3(Δ1–62) and

galectin-3(Δ1–116) are found with significant (3- to 6-fold) higher binding efficiencies in SPR when

compared with native galectin-3. Fusion of truncated galectin-3 with YFP renders binding proper-

ties similar to native galectin-3, whereas in combination with SNAP-tag improved binding charac-

teristics are obtained. Our results emphasize the importance of the N-terminal domain of human

galectin-3 for ligand binding. Most importantly, in combination with fusion proteins suitable for

the design of diagnostic and therapeutic tools binding properties can be beneficially tuned. The

resulting novel protein tools may be advantageous for potential galectin-3 directed applications in

tumor diagnostics and therapy.
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Introduction

Galectins bind β-galactoside glycan structures and are involved in
various biological processes (Barondes et al. 1994; Cooper 2002)
such as cell adhesion, inflammation, signaling and tumor progres-
sion (Hernandez and Baum 2002; Liu et al. 2002; Almkvist and
Karlsson 2004; Liu and Rabinovich 2005; Elola et al. 2007;
Rabinovich and Toscano 2009). Galectin-1 and galectin-3 have

been demonstrated to trigger tumor angiogenesis by cross-linking of
N-acetyllactosamine (LacNAc) presenting VEGF receptor 2 and
prolonging its cell-surface retention (Markowska et al. 2010; Croci
et al. 2014; Funasaka et al. 2014; Stanley 2014). Both galectins are
therefore considered as targets for cancer therapy. Furthermore,
fusion proteins of these galectins are useful tools to target cell-
surface presented poly-LacNAc (Kupper et al. 2013). Fusion
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proteins of galectin-3 could be used as imaging and/or drug delivery
tool in the context of tumor angiogenesis. However, studies on the
binding characteristics of the galectin fusion proteins have to be car-
ried out to evaluate their potential as “theranostic” tools.

Galectin-3 is the only member of the chimeric type galectin
family and is composed of three domains: a short N-terminal tail
(~20 amino acids), a collagen-like domain cleavable by metallopro-
teinases (~100 amino acids) and the conserved carbohydrate
recognition domain (CRD, ~130 amino acids) (Barondes et al. 1994;
Dumic et al. 2006). The N-terminal domain of galectin-3 has been
demonstrated to be important for the formation of protein oligomers
(Hsu et al. 1992; Kuklinski and Probstmeier 1998; Yang et al. 1998;
Ahmad et al. 2004a; Fermino et al. 2011; Lepur et al. 2012).
However, also the CRD is discussed to induce self-association
(Kuklinski and Probstmeier 1998; Yang et al. 1998; Lepur et al.
2012; Vijayakumar et al. 2013). Specific proteolytic cleavage by
matrix-metalloproteinases MMP-2 and -9 at position Ala62-Tyr63

results in a 22 kDa galectin, comprised of a truncated collagen-like
domain (~50 amino acids) and the CRD (Ochieng et al. 1994;
Guévremont et al. 2004). In vivo, this process takes place during
tumor progression (Wang et al. 2009). It has been shown that
galectin-3C, collagenase truncated galectin-3 (Δ1–107), as well as
MMP truncated galectin-3 (Δ1–62) act as a negative inhibitor of
galectin-3 displaying higher binding affinity to carbohydrate ligands
(Ochieng et al. 1998; Mirandola et al. 2011). In addition, the self-
association potential is reduced after MMP treatment (Ochieng et al.
1998; Nangia-Makker et al. 2007). Truncated galectin-3 may there-
fore inhibit tumor angiogenesis and tumor growth and supports the
effect of anti-tumor drugs (John et al. 2003; Mirandola et al. 2011;
2014a). The characterization of truncated galectin-3 is an important
step toward understanding galectin-3 mediated biological processes in
more detail. However, to the best of our knowledge, a detailed ana-
lysis of the binding specificity of truncated galectin-3 has not been
investigated, so far.

Fluorescently labeled galectins are of high interest for the evalu-
ation of their binding characteristics (Rapoport et al. 2008; Song
et al. 2009; Salomonsson et al. 2010). Labeling is often realized by
random chemical modification of galectins (Patnaik et al. 2006;
Carlsson et al. 2007; Stowell et al. 2008; Song et al. 2009;
Salomonsson et al. 2010), which may affect functional regions.
Fusions of galectins with fluorescent proteins like eGFP have been
used for detection (Davidson et al. 2006; Delacour et al. 2006;
Nakahara et al. 2006; de Melo et al. 2007). However, a comparison
with native galectin regarding the binding properties has been rarely

performed. Another specific fusion protein is introduced by the
SNAP-tag technology. The SNAP-tag is a mutated DNA-repair pro-
tein O6-alkylguanine-DNA alkyltransferase with high affinity for
benzylguanine (BG) derivatives offering, e.g., directed immobilization
of functional proteins (Kindermann et al. 2003; Engin et al. 2010;
Hussain et al. 2011; Recker et al. 2011) or coupling of fluorescent
dyes (Keppler et al. 2004; Gronemeyer et al. 2005; Juillerat et al.
2005; Lukinavicius et al. 2015).

We have recently introduced fusion proteins of galectin-1 and
galectin-3 with combined N-terminal yellow fluorescent protein
(YFP) and SNAP-tag as novel tools in glycobiology (Kupper et al.
2013). The fusion proteins showed similar binding characteristics to
the glycoprotein standard asialofetuin (ASF) when compared with
nonfused galectins. In flow cytometry experiments we demonstrated
specific binding of fluorescent SNAP-tag galectin-3 fusion protein to
mesenchymal stem cells. We also proved high binding capacity for
glycoproteins in affinity chromatography with the immobilized
galectin-3 fusion protein on BG-activated Sepharose beads. We con-
cluded so far that the N-terminal SNAP-YFP fusion does not affect
the binding specificity of galectin-3.

Here, we report on the characterization of a toolbox of
full-length and truncated galectin-3 fusion proteins. N-terminal
His6-tagged full-length galectin-3 and two truncated versions of
galectin-3, galectin-3(Δ1–62) and galectin-3(Δ1–116) were fused to
SNAP-tag and/or YFP, respectively. The binding properties of all 12
galectin-3 fusion proteins (Scheme 1) to ASF were evaluated under
static and flow conditions using solid-phase enzyme-linked immuno-
sorbent assay (ELISA) and surface plasmon resonance (SPR),
respectively. Our results demonstrate different binding properties of
the galectin-3 fusion proteins depending on the respective protein
truncations and their fusion protein partners.

Results and discussion

Production and characterization of full-length and

truncated galectin-3 fusion constructs

Twelve His6-tagged galectin-3 constructs that differ in their fusion
protein partners and truncation were designed (Scheme 1), subse-
quently produced in Escherichia coli Rosetta (DE3) pLysS and puri-
fied by immobilized metal ion affinity chromatography (IMAC). The
protein constructs were named as depicted in Scheme 1. Protein
yields between 2.5 and 19mg protein per 1 g cells were obtained
depending on the fusion protein partners and their truncations

Scheme 1. Protein fusion constructs of human galectin-3. Twelve different Gal-3 fusion proteins were constructed. The constructs differ in the length of the

N-terminus and/or type of fusion protein partners. N-terminal His6-tagged galectin-3 proteins with full-length galectin-3, MMP-derived Δ1–62 truncation of

galectin-3 (Gal-3(Δ1–62)) and N-terminal Δ1–116 truncation of galectin-3 (Gal-3(Δ1–116)) were fused to SNAP-tag (S) and/or YFP (Y), respectively. MMP, matrix-

metalloproteinases; YFP, yellow fluorescent protein.
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(Table I). H6Gal-3 showed the lowest expression yield, whereas
truncation as well as SNAP-tag increased the expression levels.

A second purification step by lactose agarose chromatography
was applied to obtain highly purified proteins as analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE; Figure 1A and B) and western blot (Figure 1C and D).
Distinct protein bands were detected that fit to the theoretical
molecular mass of the corresponding fusion protein (Figure 2 and
Supplementary data, Table S1). All proteins detected in the stained
gel contained the CRD of galectin-3 that was detected in the western
blot by the anti-galectin-3 antibody. Hence, expression and purifica-
tion of the constructs results in pure proteins of correct sizes. Merely

H6Gal-3 shows an additional band at 29 kDa, which probably indi-
cates cleavage at an additional reported potential cleavage site
Gly32-Ala33 for collagenases producing a 27 kDa product (Shekhar
et al. 2004; Nangia-Makker et al. 2007).

Several functions of galectin-3 are mediated by its oligomeriza-
tion (Yamaoka et al. 1995; Elola et al. 2007). In former studies, it
was shown that truncated galectin-3 (Δ1–62 and Δ1–107) has
reduced self-association potential (Kuklinski and Probstmeier 1998;
Ochieng et al. 1998). We performed size exclusion chromatography
(SEC) to investigate the influence of the SNAP-tag and YFP as well
as the truncation on the oligomerization potential of galectin-3 in
solution (Supplementary data, Figures S1 and S2).

Figure 2 shows that molecular masses determined by SEC fit well
with the theoretical values for all proteins constructs. Moreover, all
protein constructs eluted as one peak (Supplementary data,
Figure S2). We conclude that neither SNAP-tag nor YFP alter the
integrity of the galectin-3 proteins as monomers in solution as
described formerly for native human galectin-3 (Hsu et al. 1992;
Massa et al. 1993; Ochieng et al. 1993; Morris et al. 2004).

Binding of galectin-3 fusion proteins to ASF in a

solid-phase assay

The binding properties of the galectin-3 constructs were tested using
the glycoprotein ASF, a suitable ligand for galectin characterization

Table I. Yields of galectin-3 fusion proteins after IMAC purification

Protein Yield (mg/g) Protein Yield (mg/g)

H6Gal-3 2.5 H6YGal-3 3.5
H6Gal-3(Δ1–62) 20 H6YGal-3(Δ1–62) 10
H6Gal-3(Δ1–116) 17 H6YGal-3(Δ1–116) 10
H6SGal-3 9 H6SYGal-3 12
H6SGal-3(Δ1–62) 19 H6SYGal-3(Δ1–62) 17.5
H6SGal-3(Δ1–116) 16 H6SYGal-3(Δ1–116) 15.5

Amount of purified galectin-3 fusion proteins is given in mg protein per g
cells. IMAC, immobilized metal ion affinity chromatography.

Fig. 1. SDS-PAGE and western blot analysis of purified galectin-3 fusion proteins. The purified galectin-3 fusion proteins were analyzed by SDS-PAGE with sub-

sequent Coomassie-staining (A, B) and by western blot (C, D) using an anti-galectin-3 antibody. M, Marker; a, full-length galectin-3; b, galectin-3(Δ1–62); c,
galectin-3(Δ1–116); 1, His6-tag (H6) fusion; 2, H6-SNAP-tag fusion; 3, H6-YFP fusion; 4, H6-SNAP-tag-YFP fusion. SDS-PAGE, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis.
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(Sato and Hughes 1992). Figure 3(A–D) depicts the binding curves
for each galectin construct. We found that the absolute binding sig-
nals of galectin constructs purified by IMAC and by IMAC followed

by lactose affinity chromatography are very similar (Supplementary
data, Figure S3). We concluded that IMAC purification is sufficient
for comparative binding assays of these constructs avoiding also
extensive buffer exchange for removal of interfering lactose traces.

Binding of the His6-tagged galectin-3 proteins differs significantly
depending on the truncation (Figure 3A). Compared to full-length
H6Gal-3, H6Gal-3(Δ1–62) binds most efficient whereas the H6Gal-3
(Δ1–116) shows only a weak binding signal (Figure 3A and
Supplementary data, Table S2). These differences are also reflected by
the calculated apparent Kd values (Figure 4) and binding efficiencies
(Table II). The Kd value is the concentration at which 50% saturation
of the binding signal is reached and a measure for binding affinity
(Hulme and Trevethick 2010; Böcker et al. 2015). Binding efficiency
takes the different saturation levels into account by calculating the
ratio of maximum binding signals and the apparent Kd values.
Among the His6-tagged constructs, H6Gal-3(Δ1–62) shows the high-
est binding affinity to ASF with an apparent Kd value of 4 µM
(Figure 4) and a 2-fold increased binding efficiency compared to
H6Gal-3 (Table II). We confirm previously published data demon-
strating tight binding of truncated galectin-3(Δ1–62) to immobilized
laminin in a similar solid-phase assay (Ochieng et al. 1998). Most
interestingly, His6Gal-3(Δ1–116) lacking the whole N-terminal
domain but still presenting the CRD binds only poorly with an almost
10-fold lower binding efficiency compared to H6Gal-3 (Table II). Our

Fig. 2. Comparison of molecular masses of galectin-3 fusion proteins

obtained by SDS-PAGE and SEC. Molecular masses of galectin-3 fusion pro-

teins determined by SEC (light gray) and by SDS-PAGE (gray) as well as the-

oretical molecular masses (black) are given. See Table S1 in supplementary

data for molecular mass values. SEC, size exclusion chromatography.

Fig. 3. Binding of galectin-3 protein constructs to ASF in a solid-phase ELISA assay. Absolute binding signals are compared for the different fusion types: His6-

tag (H6, A); H6-SNAP-tag (H6S, B); H6-YFP (H6Y, C); H6-SNAP-tag-YFP (H6SY, D), and truncation types: full-length galectin-3 (circle); galectin-3(Δ1–62) (triangle);
galectin-3(Δ1–116) (square). In B, binding curves are additionally zoomed for better comparison in the low-concentration range. ASF, asialofetuin; ELISA,

enzyme-linked immunosorbent assay.
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results underscore the importance of N-terminal sequences of human
galectin-3 for efficient ligand binding. A peptide consisting of amino
acids 98–112 of human Gal-3N-term showed association with the
CRD (Berbís et al. 2014) and could probably lead to tight ligand
interaction.

N-terminal fusion of the SNAP-tag significantly improves bind-
ing of all galectin-3 constructs to ASF (Figure 3 and Table II). Subtle
differences among the differently truncated galectin-3 constructs
occur at low protein concentrations (Figure 3B, insert). Maximum
binding is already reached at protein concentrations below 10 µM
with best binding performance of H6SGal-3(Δ1–62) followed by

H6SGal-3 and H6SGal-3(Δ1–116). This is also reflected by signifi-
cantly lower apparent Kd values (Figure 4B) and up to over 50-fold
increased binding efficiency when compared with H6Gal-3
(Table II). Most importantly, complete exchange of the N-terminal
domain by the SNAP-tag renders the galectin-3 CRD domain as a
fully functional lectin with a 9-fold improved binding efficiency
toward ASF. We can conclude that the SNAP-tag fusion is in general
beneficial for galectin-3 binding to ASF in a solid-phase ELISA.
Fusion with YFP alters the individual binding properties of the
galectin-3 constructs as well (Figure 3C). Identical binding curves
with similar binding behavior as H6Gal-3 (Figure 3C and A) are

Fig. 4. Calculated maximum binding and apparent Kd values for galectin-3 fusion protein binding to ASF in a solid-phase ELISA assay. For all fusion and trunca-

tion variants of galectin-3 values for maximal binding to ASF (A) as well as apparent Kd (B) are compared. Values were calculated by nonlinear fit of binding

data (see Figure 3 and Supplementary data, Table S2).

Table II. Calculated binding efficiencies in ELISA and calculated Kd values in SPR binding experiments to ASF

ELISAa SPR

Protein Binding efficiency (µM−1) Binding potencyb Apparent Kd (µM) Binding potencyc

H6Gal-3 0.12 ± 0.05 1.0 32.46 ± 7.40 1.0
H6Gal-3(Δ1–62) 0.24 ± 0.04 1.9 40.37 ± 9.58 0.8
H6Gal-3(Δ1–116) 0.02 ± 0.01 0.1 60.02 ± 28.4 0.5
H6SGal-3 1.62 ± 0.59 13.2 8.56 ± 0.65 3.8
H6SGal-3(Δ1–62) 6.65 ± 2.11 53.9 10.40 ± 2.13 3.1
H6SGal-3(Δ1–116) 1.16 ± 0.23 9.4 5.55 ± 1.60 5.8
H6YGal-3 0.14 ± 0.10 1.1 12.79 ± 0.43 2.5
H6YGal-3(Δ1–62) 0.11 ± 0.05 0.9 27.01 ± 2.08 1.2
H6YGal-3(Δ1–116) 0.12 ± 0.03 1.0 37.22 ± 5.42 0.9
H6SYGal-3 0.37 ± 0.19 3.0 9.89 ± 2.33 3.3
H6SYGal-3(Δ1–62) 0.62 ± 0.10 5.1 12.92 ± 1.45 2.5
H6SYGal-3(Δ1–116) 0.45 ± 0.10 3.6 20.29 ± 3.38 1.6

Relative improvement for galectin-3 fusion proteins in comparison to H6Gal-3 is indicated. ELISA, enzyme-linked immunosorbent assay; SPR, surface plasmon
resonance; ASF, asialofetuin.

aSince saturation values differ for binding of galectin-3 proteins in ELISA experiments, binding efficiency values were calculated as ratio of maximum binding
signal and apparent Kd value (Supplementary data, Table S2). A higher binding efficiency is due to higher maximum binding and/or lower Kd values (app. affinity
constant).

bRatio of binding efficiency of Gal-3 construct and binding efficiency of H6Gal-3
cRatio of app. Kd values of H6Gal-3 and Gal-3 construct.

461Galectin-3 fusion proteins

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/article/27/5/457/2926803 by guest on 20 August 2022

http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwx007/-/DC1
http://glycob.oxfordjournals.org/lookup/suppl/doi:10.1093/glycob/cwx007/-/DC1


obtained. Importantly, also YFP fusion improves binding of galec-
tin-3(Δ1–116) resulting in similar maximum binding and Kd values
as obtained for full-length galectin-3 (Figure 4 and Supplementary
data, Table S2). However, YFP fusion has no effect on the binding
properties of full-length galectin-3 (H6Gal-3 vs. H6YGal-3) as seen
in Figure 4 and Table II. We conclude that N-terminal fusion of
YFP to truncated galectin-3 may mimic the natural N-terminal
domain of galectin-3 (Scheme 1).

The SNAP-tag-YFP-fusion of galectin-3 combines both effects of
each fusion protein (Figure 3D). The binding curves are similar for
the full-length and truncated constructs, however, with enhanced
binding to ASF. The SNAP-tag increases the binding signal as well
as binding affinity, whereas YFP equalizes the influence of trunca-
tion yielding overall lower Kd values and higher binding efficiency
(Figure 4 and Table II). We can exclude the possibility that the
SNAP-tag and YFP were directly involved in binding as a suitable
construct, H6SY lacking complete galectin-3, did not show any
binding to ASF (Supplementary data, Figure S4). However, the
SNAP-tag could probably be involved in protein oligomerization
resulting in higher binding due to detection of complexed SNAP-
tagged galectin-3. Oligomerization upon ligand binding is known
for galectin-3 (Hsu et al. 1992; Ochieng et al. 1993; Ahmad et al.
2004a) and certainly influences binding assays based on protein
detection by ELISA as performed here. Additionally, oligomeric pro-
teins may bind more tightly, whereas more weakly bound galectin-3
constructs are easily removed during washing steps. As the binding
capacity to fixed ASF amount should be the same, the required
washing procedure between the incubation steps is sufficient to iden-
tify binding differences between the fusion proteins.

Inhibition with competing soluble saccharides proves sugar-
mediated binding of all galectin-3 constructs to ASF (Supplementary
data, Figure S5). All tested constructs are inhibited by LacNAc and
Di-LacNAc. As competitive inhibition by the free glycan is investi-
gated, higher competitive inhibitor concentrations were needed to
inhibit binding to ASF for galectin-3 constructs with high binding
efficiency. Since the affinity of galectin-3 is higher to Di-LacNAc
than to the disaccharide LacNAc (Kupper et al. 2013), the inhibition
curves for Di-LacNAc in this study are shifted to lower inhibition
concentrations. This is the case for all constructs indicating no influ-
ence of the fusion partners on the binding specificity. Recently, we
proved additionally that H6SYGal-3 revealed very similar binding
specificity even to longer oligosaccharides with up to four LacNAc
units compared to H6Gal-3 (Kupper et al. 2013). Our results con-
firm a previous study for a alkaline phosphatase/galectin-3 fusion
protein showing no difference in binding specificity (de Melo et al.
2007).

In general, we determined apparent Kd values in the area of 10−5

to 10−7M which fits well with the reported Kd value (2 µM) for
galectin-3 binding to ASF obtained by a titration experiment (von
Mach et al. 2014). Truncations as well as fusion protein partners
have a significant influence on the Kd values (Figure 4B). The stron-
gest ASF binding could be recorded for H6SGal-3(Δ1–62) shown by
an apparent Kd in the high nanomolar range that is about 35-fold
lower than H6Gal-3. The SNAP-tag may influence the CRD forma-
tion and increase the oligomerization potential. Our results confirm
previous studies on differences in the binding characteristics of full-
length and truncated galectin-3. In vivo, it was shown that MMP-2
cleaved galectin-3 displays 20-fold higher affinity to human umbil-
ical vein endothelial cells (Shekhar et al. 2004). We found a 2-fold
higher binding efficiency of H6Gal-3(Δ1–62) compared to H6Gal-3
(Table II). The crystal structure of human galectin-3(Δ1–112)

reveals optimal binding of lactose, where amino acids 1–112 are not
involved (Saraboji et al. 2012). However, as we observe low binding
of H6Gal-3(Δ1–116), it is possible that N-terminally missing amino
acids contribute to ligand binding. The four additionally truncated
amino acids are just outside the canonical galectin beta-sandwich
but they are ordered in crystal structures and might contribute to
stability. A previous study with hamster galectin-3 also suggests the
involvement of amino acids of the N-terminal domain for binding to
the glycoprotein laminin (Barboni et al. 2000). It was shown that
truncated galectin-3(Δ1–93) binds stronger to laminin than galectin-
3(Δ1–103). Here, Tyr102 and adjacent amino acids contribute
significantly to oligosaccharide binding. The small N-terminal region
was therefore considered to induce a change in CRD structure alter-
ing carbohydrate binding specificity.

N-terminal truncation of galectin-3 influences not only binding
properties but also other biological functions. Compensation of a
missing N-terminal region could also be observed in nuclear local-
ization experiments with hamster and murine galectin-3 (Gaudin
et al. 2000; Davidson et al. 2006). It was demonstrated that
sequences in the N-terminal domain are important for nuclear local-
ization and diminishes this process after deletion. The important
sequences could be substituted by an unrelated sequence, e.g., the
fusion with green fluorescent protein and maltose binding protein,
leading to similar results for truncated and full-length galectin-3.

SPR spectroscopy of galectin-3 fusion proteins on

immobilized ASF

The characteristics of the galectin-3 constructs for ASF binding were
also monitored in SPR experiments under flow conditions. The SPR
sensor chip is made of a 3D matrix for ligand multilayer immobil-
ization. In detail, ASF was immobilized via the amino groups on a
carboxymethyldextran hydrogel chip activated by EDC/Sulfo-NHS.
Bovine serum albumin (BSA) was subsequently immobilized on
both, sample and reference flow cell. BSA immobilization turned out
to be advantageous due to equal protein loads of sample and refer-
ence channel and minimized unspecific binding of galectin.

Binding experiments were run with a flow rate of 20 µL/min.
Binding curves are shown in Figure 5. They arise from the averaged
response at equilibrium of association for seven different galectin-3
concentrations (Supplementary data, Figure S6). The association and
dissociation kinetics were quite fast, and dissociation of H6Gal-3
reached baseline almost completely. This behavior of galectin-3 in
SPR experiments was previously reported (Maljaars et al. 2008).
Incomplete dissociation was seen for high protein concentrations of
fusion proteins with SNAP and YFP (Supplementary data, Figure S6).
Calculated maximum binding response and apparent Kd values of the
galectin-3 constructs are shown in Figure 6. It should be noted that
SPR experiments were performed to investigate the binding behavior
of galectin constructs under flow conditions. To maintain highest
comparability between ELISA and SPR analysis, we calculated Kd of
SPR-experiments not by the kinetic constants kon and koff, but in the
same way as mentioned for our ELISA approach, where Kd is the con-
centration at which 50% saturation of the binding signal is reached.
This method was previously used for SPR-based galectin studies
(Maljaars et al. 2008).

In contrast to the solid-phase ELISA assay, SPR reveals highest
binding for full-length galectin-3 when compared with galectin-3
(Δ1–62) (Figure 5A–C). H6Gal-3(Δ1–116) binds weakest to ASF as
observed in ELISA assay. The binding curve progressions are similar
for SNAP-tag and YFP fusion proteins of galectin-3(Δ1–62) and
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galectin-3(Δ1–116) (Figure 5B and C). However, regarding the
His6-YFP and the His6-SNAP-tag-YFP fusion a different order can
be observed. The response of the galectin-3(Δ1–116) reaches the
highest values, followed by galectin-3(Δ1–62) and galectin-3
(Figure 6A). It is possible that those constructs with slightly lower
molecular mass due to truncation have less steric problems and could
reach higher saturation. In contrast, the maximal binding signals for
SNAP-tag fusion proteins are in the same range (Figure 6A). To com-
pare maximum binding of proteins with a different size, the signals
were normalized by dividing them by the respective molecular mass of
the protein. We conclude that, contrary to the solid-phase assay,
galectin-3(Δ1–62) shows no dominant binding to ASF in SPR.
However, in both flow and solid-phase assays, the N-terminal SNAP-
tag and/or YFP fusions render the galectin-3 CRD domain as a fully
functional binding domain.

The calculated apparent Kd values (Figure 6B and Table II) fur-
ther underline the binding differences of the His6-tagged galectin-3
constructs that are, in contrast, not as distinct as for the solid-phase
assay. The SNAP-tag and SNAP-tag-YFP fusions show higher affin-
ity to ASF than the YFP fused variants indicated by lower apparent
Kd (Table II). The order of affinity constants for the different fusion
types resembles that derived from ELISA assay. However, due to

flow conditions in SPR increases of binding efficiencies are lower
than those observed in the solid-phase ELISA assay (Table II). Flow
makes binding to a ligand more difficult due to shear forces. Under
flow conditions, binding behavior of proteins can be different com-
pared to static conditions in solid-phase assays (Campbell et al.
2009; Hu et al. 2013). With ELISA assay the binding efficiency is
calculated at binding equilibrium conditions after 1 h incubation
time and standardized washing and incubation steps. It is not sur-
prising that under more vigorous flow like in SPR, the Kd values are
higher than with static ELISA conditions. Additionally, the different
time-course of both experiments leads to different time points for
establishing the equilibrium. It has been reported elsewhere that
measured values of static assays and flow-assays may differ. An
inhibition assay to detect paralytic shellfish poisoning toxins by
ELISA and SPR biosensor technology gave lower IC50 values under
static ELISA conditions (Campbell et al. 2009). Similar results
reporting weaker binding under flow conditions were published for
a dengue virus immunoassay (Hu et al. 2013).

The lowest apparent Kd values (highest affinity) are reached by
SNAP-tag fused galectins, and the lowest affinity by His6-tagged
galectins (Figure 6B and Table II). Most remarkably, in both assays,
the H6SGal-3(Δ1–116) reaches a 6-fold higher affinity for ASF

Fig. 5. Binding of galectin-3 fusion proteins to ASF in SPR measurements. Galectin binding to immobilized ASF was monitored under flow (20 µL/min). Binding

responses at equilibrium of seven concentrations (0.08–40 µM) of galectin-3 fusion proteins were plotted and fitted by nonlinear regression. Binding curves are

shown for the different fusion types: His6-tag (H6, A); H6-SNAP-tag (H6S, B); H6-YFP (H6Y, C); H6-SNAP-tag-YFP (H6SY, D), and truncation types: full-length galec-

tin-3 (circle); galectin-3(Δ1–62) (triangle); galectin-3(Δ1–116) (square).
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when compared with H6Gal-3 (Table II). The apparent Kd for
H6Gal-3 of ~32 µM (Table II) is in good accordance to the reported
Kd of 21.5 µM for human galectin-3 in a similar experimental setup
(Maljaars et al. 2008). The general higher binding efficiency of
galectin-3(Δ1–62) constructs compared to full-length galectin-3
could not be seen in SPR under flow conditions (Table II). Although
several studies showed better binding of truncated galectin-3
(Ochieng et al. 1998; Shekhar et al. 2004), isothermal titration
calorimetry revealed similar affinity constants for full-length and
truncated galectin-3 (Ahmad et al. 2004b; Yegorova et al. 2013) or
even contradictory results where doubled association constant was
measured for galectin-3 compared to truncated galectin-3 (Dam
et al. 2005).

In summary, similar conclusions can be drawn from our SPR
experiments: N-terminal fusions of SNAP-tag to full-length and trun-
cated galectin-3 (Δ1–62 and Δ1–116) as well as to YFP-fusion pro-
teins thereof improve binding to ASF. In addition, SNAP-tag and/or
YFP fusions promote the binding affinity of galectin-3(Δ1–116).

With their enhanced affinity SNAP-tagged Gal-3 fusion proteins
could be candidates for anti-tumor therapy and may also serve as
novel tools in molecular imaging. The SNAP-tag offers coupling of
drugs or fluorescent dyes and other reporter groups and therefore
easy localization of galectin-3 in vivo. Truncated galectin-3 is pre-
sent in tumor where competition with endogenous galectin-3 could
lead to reduced tumor angiogenesis, metastasis and progression
(Shekhar et al. 2004; Jarvis et al. 2012). Therapy approaches using
exogenous truncated galectin-3 to decrease tumor volumes and
metastases were already successful in mouse models of breast can-
cer, multiple myeloma and ovarian cancer (John et al. 2003;
Mirandola et al. 2011, 2014a, 2014b).

Conclusions

The present work demonstrates for the first time the influences of
truncations and fusion protein partners on the binding behavior of
human galectin-3. Our results confirm in agreement to literature a

higher affinity of galectin-3(Δ1–62) toward ASF compared to
full-length galectin-3 in solid-phase assay. In contrast, under flow
condition full-length galectin-3 depicted highest ASF affinity.
Galectin-3 fusion proteins with SNAP-tag achieved increased bind-
ing efficiency and binding affinity toward ASF. YFP as fusion
protein partner equalizes the influence of galectin-3 truncations. We
conclude that sequences in the N-terminal domain are important for
ligand detection but can be replaced by an unrelated sequence, here
provided by the corresponding fusion proteins. Additionally, it is
interesting to note that binding characteristics of galectin-3 fusion
proteins are strongly dependent on static or flow conditions in bind-
ing assays. This has to be taken into account for galectin-based
“theranostics” (e.g., targeting in the blood stream) and their mode
of application. This study thus demonstrates how galectin-3 and
especially galectin-3(Δ1–62) as well as galectin-3(Δ1–116) are influ-
enced by fusions and can be beneficially tuned for higher binding
affinity, being in future advantageous in potential applications for
tumor therapy and diagnostics.

Materials and methods

Cloning of galectin constructs

All full-length and truncated galectin-3 constructs for this study
have been designed based on the pETDuet-1-vector encoding
H6Gal-3 and the pET17b-vector encoding H6SYGal-3 (Kupper et al.
2013). For the truncations of galectin-3, we followed on the one
hand the main cleavage site of the metalloproteinases MMP-2 and
-9 between Ala62-Tyr63 (galectin-3(Δ1–62)) and on the other hand
the truncation of the entire N-terminal and collagen-like domain
until Pro117 (galectin-3(Δ1–116)). The genes for galectin-3(Δ1–62)
and galectin-3(Δ1–116) were amplified from pETDuet-H6Gal-3 and
the restriction sites for EcoRI and NotI were simultaneously intro-
duced using the primers 5′-AAGAA TTCAA TGTAC CCTGG
AGCAC CTGG-3′ and 5′-TTTGC GGCCG CTTAT ATCAT
GGTAT ATGAA GCACT GGTG-3′ for H6Gal-3(Δ1–62) and

Fig. 6. Calculated values for maximum binding and apparent Kd of galectin-3 protein constructs for binding to ASF in SPR measurements. For all fusion and

truncation variants of galectin-3 values for maximal binding to ASF (A) as well as apparent Kd (B) are compared. Values were calculated by nonlinear fit of bind-

ing data (see Figure 5). Normalized maximal binding signals were obtained after division of the absolute maximal response signal by the molecular mass of the

corresponding galectin-3 protein construct.
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5′-AAGAA TTCAA TGCCT TATAA CCTGC CTTTG CC-3′ and
5′-TTTGC GGCCG CTTAT ATCAT GGTAT ATGAA GCACT
GGTG-3′ for H6Gal-3(Δ1–116). After cutting the pETDuet-H6Gal-3
and the PCR products with EcoRI and NotI, the final vectors
pETDuet-H6Gal-3(Δ1–62) and -H6Gal-3(Δ1–116) were ligated.

The cloning of the galectin-3 fusion proteins with SNAP-tag and
YFP was very similar. Amplification and insertion of the restriction
sites for BsrGI and NotI were done using the primers 5′-ACATG
TACAA AATGT ACCCT GGAGC ACCTG G-3′ and 5′-TTTGC
GGCCG CTTAT ATCAT GGTAT ATGAA GCACT GGTG-3′ for
H6SYGal-3(Δ1–62) and 5′-ACATG TACAA AATGC CTTAT
AACCT GCCTT TGCC-3′ and 5′-TTTGC GGCCG CTTAT ATCAT
GGTAT ATGAA GCACT GGTG-3′ for H6SYGal-3(Δ1–116).
Afterwards, the restricted pET17b-H6SYGal-3 and the particular PCR
product were ligated to pET17b-H6SYGal-3(Δ1–62) and -H6SYGal-3
(Δ1–116).

The SNAP-tag fusion constructs H6SGal-3, H6SGal-3(Δ1–62) and
H6SGal-3(Δ1–116) were cloned via restriction of pET17b-H6SYGal-3,
-H6SYGal-3(Δ1–62) and -H6SYGal-3(Δ1–116), respectively, with AgeI
and BsrGI to remove YFP-gene, Klenow fill-in of the sticky ends and
subsequent blunt-end ligation of the vectors.

To generate YFP fusion constructs, the genes for YFP-Gal-3,
YFP-Gal-3(Δ1–162) and YFP-Gal-3(Δ1–116) with restriction sites
for NdeI and NotI were amplified from pET17b-H6SYGal-3, pET17b-
H6SYGal-3(Δ1–62) and pET17b-H6SYGal-3(Δ1–116), respectively,
using the primers 5′-AAAAA ACATA TGGTG AGCAA GGGC-3′and
5′-TTTGC GGCCG CTTAT ATCAT GGTAT ATGAA GCACT
GGTG-3′. After restriction of pET28a-vector and PCR products, both
were ligated resulting in pET28a-H6YGal-3, -H6YGal-3(Δ1–62) and
-H6YGal-3(Δ1–116). All ligation products were transformed in compe-
tent cells either E. coli NovaBlue (Novagen/Merck, Darmstadt,
Germany) or E. coli NEB Turbo (NEB, Frankfurt/Main, Germany) for
plasmid selection and isolation. Successful cloning was confirmed by
sequencing.

Expression and purification

All galectin-3 fusion proteins were expressed in E. coli Rosetta
(DE3) pLysS (Novagen/Merck, Darmstadt, Germany). Cell cultiva-
tion, disruption and protein purification by IMAC (HisTrap™,
GE-Healthcare, Munich, Germany) were performed as described
elsewhere (Böcker et al. 2015). His6-tagged and SNAP-tagged
galectin-3 constructs were stored in phosphate-buffered saline con-
taining 2 mM EDTA (EPBS, pH 7.5) at 4°C, while YFP as well as
SNAP-YFP galectin-3 constructs were frozen in EPBS at −20°C.
Buffer exchange was achieved by ultrafiltration (Amicon® Ultra-15,
Merck Millipore, Darmstadt, Germany). Protein concentrations
were determined by Bradford assay (Roti®-Quant, Carl Roth,
Karlsruhe, Germany) using BSA for calibration.

As second purification step affinity chromatography on α-Lactose-
Agarose (Sigma-Aldrich, Taufkirchen, Germany) was performed
using EPBS as running buffer. A 5–10 mg IMAC-purified protein in
EPBS were concentrated by ultrafiltration (Amicon® Ultra-15) and
loaded onto Lactose-Agarose, washed and eluted with 200mM
lactose.

SDS-PAGE and western blot

The purification and the size of the purified proteins were checked by
SDS-PAGE followed by western blot. Here, 0.4 µg for Coomassie-
staining and 0.08 µg for western blot were applied. The proteins
transferred to the PVDF-membrane were detected by incubation with

anti-galectin-3 antibody (Gal379, Biolegend, Fell, Germany) as pri-
mary antibody followed by incubation with anti-mouse-peroxidase
(Sigma-Aldrich).

Size exclusion chromatography

Double purified proteins were analyzed by SEC using TSK-GEL®

G3000SWXL column (5 µm, 7.8mm ID × 30.0 cm L, 10–500 kDa
(globular proteins), Tosoh bioscience, Stuttgart, Germany). About
0.2 nmol protein in 20 µL EPBS was applied onto the column with a
flow rate of 0.5mL/min. The buffer consisting of 0.05M phosphate,
0.15M NaCl, pH 7 was used for protein elution. For molecular mass
calculation, different calibration standards (Serva, Heidelberg, Germany
and Bio-Rad, Munich, Germany) were used (Supplementary data,
Figure S1).

Galectin binding assay on ASF

Binding of full-length and truncated galectin-3 fusion proteins to
ASF (Sigma-Aldrich) was analyzed by an ELISA type assay in 96-
well microtiter plate format as previously described (Kupper et al.
2013). Briefly, ASF (200 µL of 5 µg/mL bovine ASF in sodium
carbonate buffer pH 9.6) was immobilized in microtiter plates
(MaxiSorp, Nunc, Wiesbaden, Germany) over night. After blocking
of residual binding sites with BSA (2% in PBS) different amounts of
galectin were incubated for 1 h in EPBS. Three times washing was
done with 250 µL PBS containing 0.05% Tween® 20 (AppliChem,
Darmstadt, Germany) between the incubation steps. Bound galectin
was detected by incubation with anti-His6-peroxidase (Roche,
Basel, Switzerland, 1:1000 in PBS) and subsequent conversion of
o-phenylenediamine (OPD, Dako, Hamburg, Germany) with read-
out at 492 nm. The presented data are the results of at least three
independent measurements. Kd and the maximuml binding response
were calculated for each galectin-3 fusion construct by nonlinear fit-
ting (ligand binding model: = ∙

+
y B x

K x
max

d
, SigmaPlot (Systat,

Erkrath, Germany)). Kd is the concentration at half-maximum bind-
ing signal.

Inhibition of galectin binding with (Di-)LacNAc-linker-tBoc
Specific binding of the full-length and truncated galectin-3 constructs
was proved by two oligosaccharides used for competitive inhibition
studies of galectin-ASF binding. LacNAc-linker-tBoc (LacNAc) and
Di-LacNAc-linker-tBoc (Di-LacNAc) were synthesized and purified
as described previously (Sauerzapfe et al. 2009; Rech et al. 2011;
Böcker et al. 2015). After immobilization of ASF and blocking as
described before, different concentrations of saccharide were simul-
taneously incubated with galectin for 1 h in EPBS. Controls without
glycan and without galectin were performed to indicate minimal and
maximal binding, respectively. Residual bound galectin was detected
as described by anti-His6-peroxidase and OPD conversion. All
assays were reproduced in at least three independent measurements.

SPR spectroscopy

SPR spectroscopy was performed with Reichert SR7500DC System
(XanTec, Düsseldorf, Germany) using carboxymethyldextran hydro-
gel sensor chips (200M, XanTec). ASF was immobilized on a chip
via EDC-Sulfo-NHS coupling. The immobilization was carried out
with a flow rate of 10 µL/min. After activating the surface with
40 µL Sulfo-NHS/EDC in 100mM MES 10 µL ASF (5 µg/mL in
10mM acetate buffer, pH 4.5) was applied on the sample channel.
To get similar surface condition for sample and reference both flow
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cells were treated with 2% BSA for 2min. Remaining NHS esters
were blocked by injecting 1M ethanolamine (60 µL, pH 8.5).

The binding experiments were carried out with a flow rate of
20 µL/min by successively injecting seven different galectin concen-
trations in EPBS from low to high concentration (0.08 to 40 µM).
The dissociation time was 3min. Between the measurements of dif-
ferent galectin-3 fusion proteins the surface was regenerated several
times with 1M NaCl/20mM HCl and 500mM lactose.

The measured data were subtracted by reference and blank
values using Scrubber2 (BioLogic Software, Campbell, Australia).
The averaged binding response values for each concentration at the
equilibrium binding (average responses from 60 to 140 s) of two dif-
ferent measurements were plotted against the galectin concentration
and Kd and the maximal binding response were calculated for each
galectin-3 fusion construct by nonlinear fitting (ligand binding
model: = ∙

+
y B x

K x
max

d
, SigmaPlot (Systat, Erkrath, Germany)). The

maximal binding signals were normalized to the molecular mass of
the corresponding protein construct dividing by the corresponding
molecular masses (Figure 6).

Supplementary data

Supplementary data are available at Glycobiology online.
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