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Abstract
The expression of recombinant proteins in E. coli often leads to inactive aggregated proteins
known as the inclusion bodies. To date, the best available tool has been the use of fusion tags,
including the carbohydrate-binding protein; e.g., the maltose-binding protein (MBP) that enhances
the solubility of recombinant proteins. However, none of these fusion tags work universally with
every partner protein. We hypothesized that galectins, which are also carbohydrate-binding
proteins, may help as fusion partners in folding the mammalian proteins in E. coli. Here we show
for the first time that a small soluble lectin, human galectin-1, one member of a large galectin
family, can function as a fusion partner to produce soluble folded recombinant human
glycosyltransferase, β1,4-galactosyl-transferase-7 (β4Gal-T7), in E. coli. The enzyme β4Gal-T7
transfers galactose to xylose during the synthesis of the tetrasaccharide linker sequence attached to
a Ser residue of proteoglycans. Without a fusion partner, β4Gal-T7 is expressed in E. coli as
inclusion bodies. We have designed a new vector construct, pLgals1, from pET-23a that includes
the sequence for human galectin-1, followed by the Tev protease cleavage site, a 6xHis-coding
sequence, and a multi-cloning site where a cloned gene is inserted. After lactose affinity column
purification of galectin-1-β4Gal-T7 fusion protein, the unique protease cleavage site allows the
protein β4Gal-T7 to be cleaved from galectin-1 that binds and elutes from UDP-agarose column.
The eluted protein is enzymatically active, and shows CD spectra comparable to the folded β4Gal-
T1. The engineered galectin-1 vector could prove to be a valuable tool for expressing other
proteins in E. coli.
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Introduction
Although a number of expression hosts are available for the production of recombinant
proteins, E. coli remains the most favored host. However, the expression of the recombinant
protein in E. coli often leads to the production of protein aggregates named inclusion bodies.
Since E. coli is easy to use as a host, it is essential to find ways to overcome the formation of
inclusion bodies during protein expression [1-4]. The best available tools to date have been
the fusion tags that enhance the solubility of the expressed protein [5] such as DsbC,
thioredoxin, T7pk, SUMO, GST, NusA, and a carbohydrate-binding protein, e.g., maltose-
binding protein (MBP) [6-9]. None of these tags work universally with every protein
partner. Even the most used fusion partner MBP, that is an excellent solubility enhancer,
does not guarantee to give an active form of protein. At times, for purification purposes,
MBP-fusion protein does not bind to the amylose-affinity resin. Other times, after release
from the affinity resin, protein precipitates out, possibly because the protein is misfolded or
prone to aggregation in its native state [7,10]. Here we show that another carbohydrate-
binding protein, human galectin-1, can be an efficient fusion partner.

Galectins are a family of animal lectins defined by shared consensus amino acid sequences
and affinity for β-galactose-containing oligosaccharides [11-14]. The galectin family
members 1-15, are composed of one or two carbohydrate-recognition domains (CRDs).
Among these galectins, galectin-1 has one CRD and binds preferentially to glycoconjugates
with N-acetyllactosamine (Galβ1-3/4 GlcNAc) and to polylactosamine chains and α1-3
sialylated glycans with very high affinity [15]. It is differentially expressed by various
normal and pathological tissues and is present both inside and outside the cells. It binds to a
number of extracellular matrix (ECM) components in a carbohydrate-dependent manner,
such as: thrombospondin, fibronectin and vitronectin [12)], whereas in the intracellular form
it associates with proteins, such as Gemin4 and Ras involving carbohydrate-independent
interactions [16,17].

The β1,4 galactosyltransferase-7 (β4Gal-T7), that belongs to β4Gal-T family, T1-T7,
[18,19], transfers galactose from UDP-α-Gal to xylose bound to a serine residue in the core
protein of proteoglycans, forming the disaccharide sequence, Galβ1-4Xylβ1-, in the
common tetrasaccharide linker sequence GlcAβ1-3Galβ1-3Galβ1-4Xylβ1-R. Protein
expression of β4Gal-T family members, including human β4Gal-T7, produce in E. coli
insoluble inclusion bodies. Although a method of in vitro folding of inclusion bodies of one
member of the family, β4Gal-T1, has been successfully developed in our laboratory [20], the
same method does not fold in vitro the human β4Gal-T7 inclusion bodies. The human
β4Gal-T7 has been expressed in E. coli as MBP fusion protein [21]. The fusion protein,
however, shows poor solubility and aggregates after cleavage with protease to release
β4Gal-T7 from MBP. This encouraged us to test another carbohydrate-binding protein such
as galectin-1 as a fusion partner to increase folding, stability, and solubility of recombinant
human β4Gal-T7, which, without any fusion partner, accumulates as inclusion bodies. We
show here human galectin-1 is an efficient folding partner.

Materials and Methods
The DNA clones containing human β4Gal-T7 and human galectin-1 sequences were
obtained from Open Biosystem; pET23a vector and BL21(DE3)pLysS cells from Novagen;
XL2 blue ultracompetent cells from Stratagene; Taq DNA polymerase, PCR nucleotide mix,
and rapid DNA ligation kit from Roche Pharmaceuticals; DNA miniprep spin columns, PCR
purification and low-melting agarose extraction kits from Qiagen; Restriction enzymes from
New England Biolabs, Inc; Ampicillin, UDP-Gal and xylose from Sigma-Aldrich; UDP-
[6-3H] galactose from American Radiolabeled Chemicals; AG 1-X8 chloride resin 200-400
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mesh from Bio-Rad; UDP-agarose gel from Calbiochem. DNA primers were synthesized by
Integrated Technologies, Inc. Tev (Tobacco etch virus) protease was from Invitrogen.

Construction of galectin-1 vector with supplemental Tev cleavage site and the N-terminal
His-tag (pLgals1-Tev) of the passenger proteins

The pLgals1-Tev vector was constructed using plasmid pET-23a. The human galectin-1
DNA sequence (Lgals1) was PCR amplified using follow primers:

Left primer: 5′ CGCGGATCCGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTC 3′

Right primer:
5′CGCCCCAAGCTTGGGTCAGTCAAAGGCCACACATTTGATCTTGAAGTC3′

The PCR-amplified fragment of Lgals1 was digested by BamHI and HindIII restriction
enzymes and inserted into the pET-23a vector, generating a resulting vector pLgals1 (Figure
1(A)). The vector was used to amplify fragment of the Lgals1 (galectin-1) sequence with
following primers that have coding sequence for the Tev protease cleavage site, 6xHisTag,
and multi-cloning site (MCS) for the restriction sites BamHI, EcoRI, SacI, SalI, HincII,
HindIII, NotI, EagI, and XhoI (Figure 1(B)):

Left primer:
5′GATATACATATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGTTCCGC
TTGT 3′

Right Primer 2 that inserts Tev cleave site:
5′ACCCTGGAAGTACAGGTTCTCGTCAAAGGCCACACATTT 3′

Right Primer 3 that inserts 6HisTag:
5′GTGGTGGTGGTGGTGGTGACCCTGGAAGTACAGGTTCTCGTCAAAGGC 3′

Right Primer 4 that inserts multiple cloning site (MCS): 5′
TGCGGCCGCAAGCTTGTCGACGAGCTCGAATTCGGATCCGTGGTGGTGGTGGTG
GTGACCCTGGAAGTA 3′

The PCR fragment was digested by NdeI and HindIII restriction enzymes and inserted into
pET23a. A schematic representation of expression pLgals1-Tev vector is given in Figure1
(A-B). This pLgals1-Tev vector clone was used for construction of human β4Gal-T7 fused
to galectin-1 (Figure 1(C)).

Cloning and expression of a soluble form of human β4Gal-T7 with human galectin-1 as
fusion partner

For the construction of plasmid containing β4Gal-T7 DNA sequence fused with galectin-1
DNA sequence in the pLgals1-Tev vector, the β4Gal-T7 sequence was PCR amplified using
following primers:

Left primer: 5′ GTCCCAGCCAAGCTTAGCTGCTCTGGGGACGTGGCCCGGGCAGTC
3′

Right primer: 5′GTCCAAGCCCTCGAGTCAGCTGAATGTGCACCAGGGTGTGGCGGT
3′

The PCR fragment was digested with HindIII and XhoI enzymes and sub-cloned into the
pLgals1-Tev vector. The sequence of galectin1-hum-β4Gal-T7 DNA was confirmed by
sequence analysis.
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Expression and purification of galectin-1-hum-β4Gal-T7 fusion protein
To express the soluble galectin-1–hum-β4Gal-T7 fusion protein, E. coli BL21(DE3)pLysS
cells were transformed with the plasmid containing galectin-1–hum-β4Gal-T7 sequence and
grown at 37°C in LB supplemented with ampicillin (100 μg/ml) to OD600 nm = 0.6–0.8.
Isopropyl β-D thiogalactopyranoside (IPTG) was then added to a final concentration of 1
mM and the cells were further incubated overnight at 23 °C. Cells were harvested by
centrifugation at 3000g × 10 min and resuspended in 100 mM PBS buffer, pH 7.4,
containing 0.5 M NaCl, and cells were disrupted by sonication (6 × 30 s). The solution was
centrifuged at 15000g × 20 min at 4°C. The resulting supernatant was loaded on to a 2 ml
bed volume of alpha-lactose column, which was first equilibrated with 100 mM PBS (pH
7.4) buffer containing 0.5 M NaCl (equilibration/wash buffer). Next, the column was
washed with equilibration/wash buffer 5 times the bed volume and the bound protein eluted
with 100 mM lactose.

Purification of human β4Gal-T7 on UDP-agarose column after Tev protease cleavage of the
galectin-1-hum-β4GalT7 fusion protein

Four mg of galectin-1-hum-β4Gal-T7 fusion protein was cleaved with 100 units of Tev
protease in 2.5 ml 50mM Tris/HCl, pH 8.0, 0.5 mM EDTA and 1mM DTT at 4°C for 48
hours. After adjusting Mn2+ concentration to 25 mM, the protein was loaded on a UDP-
agarose column, and human β4Gal-T7 was purified and analysed as described for β4Gal-T1
[20].

Cloning of the human β4Gal-T7 using MBP as a fusion partner
For expression of human β4Gal-T7 fused with MBP, the DNA sequence coding the residues
52 to 327 of human β4Gal-T7 was cloned in to pET23a vector between the BamHI and
EcoRI restriction sites using the following primers:

Left Primer: 5′ GTCCCAGCCGGATCCAGCTGCTCTGGGGACGTGGCCCGGGCAGTC
3′

Right Primer: 5′GTCCAAGCCGAATTCTCAGCTGAATGTGCACCAGGGTGTGGCGGT
3′

The DNA fragment released from the pET23a-β4Gal-T7 vector by digestion with the
restriction enzymes BamHI and HindIII, was sub-cloned into the pMAL-c2x vector between
BamH I and HindIII restriction sites. The sequence of the fusion construct was confirmed by
DNA sequence analysis.

Expression and purification of MBP-hum-β4Gal-T7 fusion protein
To express the soluble MBP–hum-β4Gal-T7 fusion protein, E. coli BL21 cells were
transformed with the pMAL-hum-β4Gal-T7 plasmid and grown at 37°C in LB
supplemented with ampicillin (100 μg/ml) to OD600 nm = 0.6–0.8. Isopropyl β-D
thiogalactopyranoside (IPTG) was then added to a final concentration of 1 mM and the cells
were further incubated overnight at 23°C. Cells were harvested by centrifugation at 3000 g
for 10 min and resuspended in 10 mM Tris/HCl buffer, pH 8.0, containing 150 mM NaCl.
The resuspended cells were disrupted by sonication (6 × 30 s). The solution was centrifuged
at 15000 g × 20 min at 4°C. The resulting supernatant was purified on a 4 ml amylose
column as described [7].
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Purification of human β4Gal-T7 on UDP-agarose column after Factor Xa proteolytic
cleavage of the MBP-hum-β4Gal-T7 fusion protein

Four mg of MBP-hum-β4GalT-7 fusion protein was cleaved with 10 μg of Factor Xa
protease in a total volume of 2.5 ml containing 20 mM Tris/HCl, pH 8.0, 100 mM NaCl, 2
mM CaCl2 at 4°C for 48 hours. The solution was adjusted to 25 mM MnCl2, loaded on a
UDP-agarose column, and purified as described above.

CD spectroscopy of human β4Gal-T7 and bovine β4Gal-T1
The near UV (250-320) and far UV (200-250) CD spectra of human β4Gal-T7 and bovine
β4Gal-T1 proteins at a concentration of 1 mg/ml in 100 mM PBS pH 7.4 were determined
with AVIV Mod.202 CD Spectropolarimeter (Aviv Instruments).

Enzyme activity assay and kinetic analysis of human β4Gal-T7
For specific activity measurements, reactions were carried out at 37°C for 30 min in a 100-
μL volume containing 10 mM MnCl2, 25 mM Tris/HCl (pH 7.0), 500 μM UDP-Gal, 0.5 μCi
of 3H-labeled sugar nucleotide, and 5 mM xylose with 1 μg of enzyme. The reactions were
terminated and analyzed as described [20]. The kinetic analysis was carried out as described
previously for β4Gal-T1 [22].

Results
1.1 Expression and purification of the fusion protein galectin-1-hum-β4Gal-T7

Since without a fusion partner human β4Gal-T7 is produced as inclusion bodies in E. coli
which did not fold in vitro by the method developed in our laboratory [20], we inserted the
human β4Gal-T7 DNA sequence into the pLgals1-Tev vector resulting into the expression
vector pLgals1-hum-β4Gal-T7 (See methods and Figure 1(C)). This construct expressed in
E. coli BL21(DE3)pLysS cells the soluble fusion protein galectin-1-hum-β4Gal-T7 as a 53
kDa protein (Figure S1). After sonication of the cells, the supernatant with a soluble protein
was loaded on the alpha lactose column. Bound fusion protein was eluted with a yield of 15
mg from one liter bacterial culture (Table 1). The fusion protein galectin-1-hum-β4Gal-T7,
in contrast to MBP–hum-β4Gal-T7, did not aggregate and was stable for a long time.

1.2 Expression and purification of MBP–hum-β4Gal-T7 fusion protein
The pmal-2x-hum-β4Gal-T7 construct was expressed in E. coli BL21 cells as MBP-hum-
β4Gal-T7 fusion protein. Analysis of the total protein on the SDS-PAGE gels shows a
predominant band of 71 kDa (Figure S1). After expression of the soluble fusion protein,
supernatant from sonicated cells was loaded on the alpha amylose column. Bound fusion
protein was eluted with a yield of 40 mg from one liter of bacterial culture (Table 1). Fusion
protein aggregated and was difficult to store for long time.

1.3 Solubility of human β4Gal-T7 after release from the fusion partners: galectin-1 or
maltose binding protein

Fifteen mg of lactose column purified galectin-1-hum-β4Gal-T7, produced from a liter of
bacterial culture, after cleavage with Tev protease to release the β4Gal-T7, was very stable
solution and did not aggregate. After purification on UDP-agarose column about 7.5 mg of
purified and soluble β4Gal-T7 was obtained (Table 1, Figure 2). On the other hand, after
factor Xa proteolytic cleavage of 40 mg of MBP-hum-β4Gal-T7 fusion protein, obtained
from a liter of bacterial culture, the protein solution aggregates and clumps. Only 5 mg of
β4Gal-T7 was recovered after UDP-agarose column purification, which was also prone to
aggregation (Table 1). β4Gal-T7 obtained after purification on UDP-agarose column from
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both fusion proteins was detected as a single band of about 31 kDa on SDS-PAGE gel
electrophoresis (Figure 2).

1.4 The near and far UV CD spectra, enzyme activity and kinetic analysis of human β4Gal-
T7

The β4Gal-T7 purified on the UDP-agarose column from the Tev cleaved galectin-1-hum-
β4Gal-T7, showed near and far UV CD spectra comparable to the folded bovine β4Gal-T1
(Figure 3) for which structure is known [23]. The human β4Gal-T7, produced using
galectin-1 as a fusion tag, has a specific activity of 600 nM/min per mg of protein, and
protein shows no loss of activity at least for an hour at 37°C (Figure 4 and insert). The data
of the kinetic analysis with UDP-Gal as donor substrate and xylose as an acceptor substrate
are presented in Table 2.

Discussion
Insolubility of recombinant proteins in E. coli is a major impediment to their production for
structural and functional studies. There is not a single general method that can be used to
express proteins in soluble and folded form in high yields. Using a fusion partner such as
GST or MBP, or SUMO, etc., with a passenger protein helps in producing soluble and
folded fusion protein. However, they do not work universally [5-9]. The best studied and
most thoroughly validated solubility-enhancing protein is the maltose-binding protein
(MBP). Structural studies of MBP have shown that it is an efficient enhancer of solubility
only in the open conformation of the carbohydrate recognition domain (CRD) [10]. It is
most likely that the CRD of the maltose binding protein is involved in folding of the
passenger protein.

The carbohydrate recognition domain represents part of the lectin molecule, which is
responsible for the specific carbohydrate–protein interactions, which generally involve
hydrogen bonding, interactions of the hydrophobic-face of the carbohydrate with the face of
an aromatic side chain, the carbohydrate–π and CH–π stacking interactions, and cation–π
interactions [24-26]. Since the hydrophobic effect, hydrogen bonds and salt bridges, all play
roles in folding a protein, we hypothesized that carbohydrate recognition domains may
provide such a platform during folding of proteins. Thus, based on this rationale, we
attempted to test if galectin-1, a carbohydrate-binding protein, can assist as a fusion partner
in the folding of the passenger protein, β4Gal-T7. We observed it acts as a better
solubilizing and folding agent than MBP.

Galectins are a family of highly conserved glycan-binding proteins with affinity for β-
galactoside-containing oligosaccharides. Galectins can be found inside and outside cells and
have distinct functions in each location [16,17]. In addition to carbohydrates, galectins also
recognize protein ligands. For example, galectin-1 and galectin-3 interact directly with
protein Gemin4, one of the components of snRNPs participating in pre-mRNA splicing and
Ras protein, which communicates signals from outside the cell to the nucleus [3,14,17]. It
was shown that the galactose-dependent binding of galectins, including galectin-1, can be
interfered with by pentapeptide ligands [27]. It is also interesting to note that galectin-1
interacts preferentially with the unfolded vitronectin multimers than with the inactive folded
monomers [12].

Here for the first time we show that galectin-1 as a fusion partner can act as a chaperone for
the expression of soluble and folded passenger protein human β4Gal-T7 in E. coli.
Galectin-1 is about 14 kD protein, which is expressed as soluble protein in E. coli and is
very easily purified by the alpha-lactose column. Human β4Gal-T7 is an important enzyme
involved in the synthesis of proteoglycans, a major component of the extracellular matrix.
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Mutation of β4Gal-T7 is responsible for human diseases like mascular cornealdystrophy and
a progeroid variant of the Ehlers-Danlos syndrome [28,29]. Expression of the recombinant
human β4Gal-T7 alone, without any fusion partner, results in the production of insoluble
aggregates, the inclusion bodies. As a fusion protein with galectin-1 it is expressed as
soluble and active protein in good yields (15 mg of fusion protein/liter bacterial culture).
Recently, human β4Gal-T7 has also been expressed as MBP-fused protein by Daligault F. et
al. [21]. Comparison of the efficiency of production of soluble and folded human β4Gal-T7
using either MBP or galectin-1 as fusion partners has shown that with the latter the final
yield of β4Gal-T7 is higher per liter of culture than with the former, 7.5 mg compared to 5
mg. Although the initial yield of MBP-hum-β4Gal-T7 fusion protein is high, the protein
aggregates, particularly while releasing β4Gal-T7 from the fusion protein using Factor Xa.
Most of it also aggregates during further purification steps.

The CD spectra of human β4Gal-T7 prepared from the galectin-1 fusion protein, after
cleavage with Tev protease and further purification on the UDP-agarose column, was
comparable to the folded bovine β4Gal-T1 [23], confirming that the protein is folded.
Furthermore, the kinetics parameters for the donor substrate UDP-Gal (Km = 0.519 mM)
and for the acceptor xylose (Km = 16 mM) are comparable with the data obtained by
Daligault et al. [21] with the MBP-human β4Gal-T7 fusion protein, using 4-nitrophenyl-β-
D-xylopyranoside as an acceptor substrate (Km for the acceptor, 1.27 mM and Km for UDP-
Gal, 0.23 mM).

The crystal structures of the wild-type galectin-1 and mutant Cys2Ser- and Arg111His-
galectin-1 show the same overall fold except for a set of delineated alternations in distinct
loop regions and turns of mutant protein [30]. It was clearly shown that these single-site
mutations have an effect on the local conformational changes in the loop, which works as a
lid and traps sugar in the CRD. Furthermore, it has been shown that mutations of all six
cysteines to serines, including Cys2, increase the stability of human galectin-1 expressed in
E. coli [31]. We have mutated those six cysteins to serines and used the mutant galectin-1 as
a fusion partner. We observed that mutant galectin-1 by itself was expressed as soluble
protein in E. coli, but as a fusion protein with β4Gal-T7, it gave a very low yield of the
soluble fusion protein (data not shown). A similar observation has been observed with MBP.
It has been reported that mutations of the conserved residues in the CRD domain of MBP
produced insoluble mutated MPB-fusion protein in E. coli [10]. However, the mutated MBP
itself is expressed as soluble folded protein. These observations are consistent with the
hypothesis that the carbohydrate-binding domain plays an important role in assisting the
folding of the carrier protein by involving hydrogen bonding and hydrophobic interactions
in the CRD pocket during folding process. This is further supported by the observation that
the peptides with a core sequence of Tyr-Xxx-Tyr can bind to CRD of galectin-1 [32],
suggesting that the CRD domain has a potential to form CH-π stacking interactions, which
play a role in the folding of proteins.

Conclusion
Our results indicate that proteins with CRD domains, such as galectins, may function as
useful fusion partners for folding proteins such as glycosyltransferases that are difficult to be
expressed as soluble folded proteins in E. coli. Our results with human β4Gal-T7 and
preliminary results with other glycosyltransferases show that galectin-1 can be more
effective in enhancing the solubility and folding of a passenger protein than MBP.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A). Schematics of PCR amplification of gals1 DNA sequence with Tev cleavage site,
6HisTag, and multicloning site (MCS). (B). Schema of pLgals1-Tev vector construct. (C).
Schema of pLgals1-hum-βGal-T7 construct, the pLgals1-Tev sequence fused to human
β4Gal-T7 sequence.
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Figure 2.
SDS–PAGE analyses of fusion proteins, Galectin-1-hum-β4GalT-7 (A) and MBP-hum-
β4GalT-7 (B). Markers (A1 and B1). Galectin-1-hum-β4Gal-T7 after purification on alpha
lactose column (A2), and MBP-hum-β4Gal-T7 after purification on alpha amylose column
(B2). Galectin-1-hum-β4Gal-T7 after cleavage with Tev (A3), and MBP-hum-β4Gal-T7
after cleavage with Factor Xa (B3). β4Gal-T7 after purification on UDP-agarose column
from galectin-1-fusion protein (A4) and from MBP-fusion protein (B4).
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Figure 3.
Comparison of near and far UV CD spectra of hum-β4Gal-T7 with hum-β4Gal-T1.
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Figure 4.
Activity at different concentrations of β4Gal-T7 at 5 mM Xyl, 500 μM UDP-Gal. The insert
shows time course of Gal transfer with 1 μg of β4Gal-T7 at 5 mM Xyl, 500 μM UDP-Gal.
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Table 1

Comparison of the yields of soluble and folded β4Gal-T7 protein per 1 liter of bacterial culture using MBP
and galectin-1 as fusion partners. The yield of the fusion proteins from 1 liter of bacterial culture is 40 mg for
MBP-hum-β4Gal-T7 and 15 mg for galectin1-hum-β4Gal-T7. MBP-hum-β4Gal-T7, in contrast to galectin-1-
hum-β4Gal-T7, precipitates out of solution before and after protease cleavage and cannot be stored for longer
periods of time.

Alpha-lactose UDP-agarose column

hum-Galectin-1-hum-β4Gal-T7 15 mg 7.5 mg

Alpha-amylose UDP-agarose column

MBP-hum-β4Gal-T7 40 mg 5 mg
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