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Abstract The flexible peptides (GGGGS)n (n≤3), the α-
helical peptides (EAAAK)n (n≤3) and two other peptides
were used as linkers to construct bifunctional fusions of
β-glucanase (Glu) and xylanase (Xyl) for improved
catalytic efficiencies of both moieties. Eight Glu-Xyl fusion
enzymes constructed with different linkers were all
expressed as the proteins of ca. 46 kDa in Escherichia coli
BL21 and displayed the activities of both β-glucanase and
xylanase. Compared to all the characterized fusions with
the parental enzymes, the catalytic efficiencies of the Glu
and Xyl moieties were equivalent to 304–426% and 82–
143% of the parental ones, respectively. The peptide linker
(GGGGS)2 resulted in the best fusion, whose catalytic
efficiency had a net increase of 326% for the Glu and of
43% for the Xyl. The two moieties of a fusion with the linker
(EAAAK)3 also showed net increases of 262 and 31% in
catalytic efficiency. Our results highlight, for the first time,
the enhanced bifunctional activities of the Glu-Xyl fusion
enzyme by optimizing the peptide linkers to separate the two
moieties at a reasonable distance for beneficial interaction.
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Introduction

Polysaccharides, such as arabinoxylans, mixed-linked-β-
glucans, celluloses, mannans, and galactans are rich in the
endosperm cell walls of cereal grains (Longland et al. 1995)

and can be converted into animal nutrition and fuel ethanol by
microbial enzymes (Dien et al. 2003; Levasseur et al. 2005).
Hydrolysis of the endosperm cell walls requires actions of
different enzymes to degrade the polysaccharides into
utilizable oligo- or monosaccharides. Since fibrolytic
enzymes tend to evolve toward bi- or multifunctional
directions for more efficient biodegradation of plant fibre
(Xue et al. 1992; Flint et al. 1993), an interest in construction
of bi- or multifunctional fusions of the enzymes for the
degradation of cereal polysaccharides has been increasing.

Plenty of fusion enzymes have been developed by means
of end-to-end fusion technique (Trujillo et al. 1997; Hong
et al. 2006). With this technique, individual genes encoding
intact functional proteins are fused into a chimeric gene that
may encode a larger protein to perform two or more
functions (Doi and Yanagawa 1999). Previous studies have
shown that proper linker peptides can be inserted between
individual enzymes to reduce folding interference from each
other so that the two moieties of a fusion enzyme may
function as independently as possible (Crasto and Feng
2000). Importantly, selected linkers are required to have a
certain degree of flexibility and hydrophilicity (Gustavsson
et al. 2001; Volkel et al. 2001). A web server (Xue et al.
2004) has been established to generate an array of peptide
sequences as linker candidates, whose extended formations
are usually known in public protein data bank. To date, a
large number of peptides have been used as linkers for
constructing fusion enzymes. Of those, the flexible linkers
(GGGGS)n (usually n≤6) are often used to separate
functional domains of bi- or multifunctional fusion proteins
or engineered antibodies (Lois et al. 1998; Remy et al. 1999;
Shan et al. 1999; Wang et al. 2007). However, the moieties
of some fusions constructed with selected linkers are not
always expressed as expected and often lose their functions
(Maeda et al. 1997). Apart from the flexible linkers, the rigid
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peptides (EAAAK)n (n≤6) are also used to take the mission.
For instance, an α-helical conformation is utilized to link
two domains of a fusion protein by controlling a distance
between them (Arai et al. 2004; Chang et al. 2005).

Arabinoxylans and β-glucans constitute major parts of
the endosperm cell walls of cereal grains as animal feed and
can be degraded by endo-1,4-β-xylanase (E.C. 3.2.1.8) and
1,3-1,4-β-glucanase (E.C. 3.2.1.73), respectively. Both
enzymes have been separately applied in feed industry for
breakdown of internal β-1,4-linkages of 1,4-β-D-xylan
backbone (Salobir 1998) and specific cleavage of 1,4-β-D-
glucosidic bonds adjacent to β-1,3-linkages in mixed-
linked-β-glucans (Mathlouthi et al. 2002). It would be
ideal to integrate both enzymes for enhanced biodegrada-
tion of β-glucans and xylans and thus for higher nutrition
availability to animals (Salobir 1998; Mathlouthi et al.
2002). Previously, we constructed a bifunctional fusion of
Bacillus amyloliquefaciens β-glucanase (Glu) and B. sub-
tilis xylanase (Xyl) using the method of end-to-end fusion
with no linker (Lu et al. 2006). However, this Glu-Xyl
fusion was featured with decreased Xyl activity despite
improved Glu activity. This study sought to enhance the
activities of both moieties by optimizing peptide linkers in
the Glu-Xyl fusion. Fusion enzymes with different linkers
were characterized in comparison to the linker-free fusion
and their parental enzymes.

Materials and methods

Strains, vectors, reagents, and enzymes

All plasmids constructed in this study were propagated in
E. coli TOP10F (Invitrogen, Carlsbad, CA, USA). Two
recombinant plasmids harboring β-glucanase gene Glu and
xylanase gene Xyl were constructed previously (Lu et al.

2006). The inducible T7 expression vector, plasmid pET-
30a(+), was purchased from Invitrogen. For protein
expression, the plasmids were transformed into E. coli
BL21(DE3)pLysS (Invitrogen), called BL21 herein, fol-
lowing the manufacturer’s manual. Cells were grown in LB
medium supplemented with 100 μg ml−1 ampicillin or
kanamycin when necessary.

Restriction endonucleases, T4 DNA ligase and Taq DNA
polymerase from Promega (Madison, WI, USA) were used for
gene cloning. Birchwood xylan and barley β-glucan from
Sigma (St. Louis, MO, USA) were used as substrates in all
activity assays of xylanase and β-glucanase throughout the
study.

Construction of chimeric genes and recombinant plasmids

The chimeric genes were constructed using the method of
splicing-by-overlap extension (Lu et al. 2006). Synthetic
oligonucleotides encoding difference sequences of peptide
linkers (Table 1) were introduced between the Glu excluding
the stop codon and the Xyl. To express the fusion enzymes,
the cleavage site of the restriction enzyme EcoRI and XholI
were introduce into the Glu 5′ end and Xyl 3′ end respectively,
followed by digestion with EcoRI and XholI and subsequent
ligation with EcoRI I/XholI-linearized pET-30a(+). The con-
structed plasmids included pET-Glu-S1-Xyl, pET-Glu-S2-Xyl,
pET-Glu-S3-Xyl, pET-Glu-S-Xyl, pET-Glu-α1-Xyl, pET-Glu-
α2-Xyl, pET-Glu-α3-Xyl, and pET-Glu-H-Xyl, and harbored
the chimeric genes Glu-S1-Xyl, Glu-S2-Xyl, Glu-S3-Xyl, Glu-
S-Xyl, Glu-α1-Xyl, Glu-α2-Xyl, Glu-α3-Xyl, and Glu-H-Xyl,
respectively.

Expression of the chimeric genes

The above plasmids were transformed into BL21. Ten
positive transformants taken from each of the transforma-

Table 1 The oligonucleotide sequences of peptide linkers used to fuse the chimeric genes

Peptide linker Nucleotide sequence a Accession number Amino acid sequence

S1 GGTGGCGGTGGCTCG EU181172 (GGGGS)
S2 GGTGGCGGTGGCTCGGGCGGTGGTGGGTCG EU181173 (GGGGS)2
S3 GGTGGCGGTGGCTCGGGCGGTGGTGGGTCGGGTGGCGGCGGATCC EF648220 (GGGGS)3
S3–1 GGTGGCGGTGGCTCGGGCGGAGGTGGGTCGGGTGGCGGCGGATCA EU181175 (GGGGS)3
S3–2 GGTGGCGGTGGCTCGGGCGGAGGTGGGTCTGGTGGCGGCGGATCT EU181174 (GGGGS)3
S3–3 GGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGATCT EU181176 (GGGGS)3
S3–4 GGCGGGGGTGGCTCTGGGGGTGGCGGAAGCGGTGGCGGGGGCTCG DQ100310 (GGGGS)3
Α1 GAAGCTGCGGCAAAA EU183362 (EAAAK)
Α2 GAAGCTGCGGCAAAAGAAGCAGCGGCTAAA EU183363 (EAAAK)2
Α3 GAAGCTGCGGCAAAAGAAGCAGCGGCTAAAGAAGCGGCGGCAAAA EU365623 (EAAAK)3
S ATGGGGAGCTCTTCGAAT DQ100312 MGSSSN
H ACCGGCAGCCGCAAATATATGGAACTGGGCGCGACCCAGGGCATGG

GTGAGGCCCTGACCCGTGGCATG
DQ100311 TGSRKYMELGATQG

MGEALTRGM

a The italicized bold bases indicate the differences between S3, S3–1, and S3–2.
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tions were shaken at 30°C in 6 ml kanamycin-inclusive LB
medium. When the OD600 of the cultures reached 0.6
(usually 6–8 h after initiation), expression of each of the
chimeric genes was induced for 6 h by adding 0.5 mM
isopropyl-β-D-thiogalactopyranoside to the BL21 cultures.
The transformant over-expressing each of the chimeric
genes (i.e., showing maximal enzymatic activity) was used
in the following assays.

Purification and zymogram of the fusion enzymes

Each of the fusion enzymes for purification was produced
in 500 ml baffled shake flask. Every 80-ml cell broth was
sonicated for 3 s at 220–240 W in ice bath at 3-s interval
during a 20-min period. The sonicated suspension was then
centrifuged for 20 min at 4°C and 10,000×g. Subsequently,
the fusion protein was fractioned on ice by slowly adding
solid (NH4)2SO4 to the supernatant being stirred until 30%
saturation (164 mg ml−1) was achieved (within 30 min).
The resultant solution was kept overnight at 4°C. The
precipitate was discarded and the supernatant was further
saturated with solid (NH4)2SO4 to 60% saturation (345 mg
ml−1). The solution was centrifuged again as above after
overnight maintenance at 4°C. The precipitate was used for
further purification by chromatography.

The precipitates of the fusion enzymes Glu-S1-Xyl, Glu-
S2-Xyl, Glu-S3-Xyl, Glu-S-Xyl, Glu-α1-Xyl, Glu-α2-Xyl,
Glu-α3-Xyl, and Glu-H-Xyl were separately dissolved in
50 mM sodium acetate buffer (pH 5.0), followed by
desalting with a Sephadex™ G-25 column. Each active
fraction was loaded onto a cation exchange column of
HiTrap CM FF (GE Healthcare Bioscience, Shanghai,
China), which was pre-equilibrated with the sodium acetate
buffer (loading buffer). The column was washed with ten-
bed volumes of the elution buffer (the loading buffer plus
1 M NaCl) in the gradient solutions of 0–1.0 M NaCl. The
active fractions were then desalted, pooled, and determined
for purity via the analysis of sodium dodecyl sulfate-
polyarcylamine gel electrophoresis (SDS-PAGE). Each of
the purified solutions was dried in a vacuum-freeze drier.
The concentration of each active protein was determined
using bovine serum albumin as standard (Bradford 1976).

Zymograms analysis was performed using the method of
Morag et al. (1990). Samples of the purified fusion
enzymes were run through SDS-PAGE (12.5% polyacryl-
amide co-polymerized with 0.5% (w/v) β-glucan or xylan).
Subsequently, the gels were washed four times for 30 min
at 4°C in the buffer of 0.1 mM glycin–NaOH (pH 9.0) with
gentle shaking. The first two washes were conducted with
25% (v/v) isopropanol. The gels with the renatured protein
were further incubated for 30 min in the same buffer at
37°C, soaked in 0.1% (w/v) Congo red for 15 min at room
temperature and subsequently washed with 1 M NaCl until

excessive dye was removed from the active bands. The
resultant bands became clear zones after 0.5% (v/v) acetic
acid was added to the gel.

Enzymatic activity assays

For all the fusion enzymes, the Xyl activity was assayed at
50°C for 10 min using 1.8 ml 1.0% (w/v) birchwood xylan in
glycin–NaOH buffer (pH 9.0) and 0.2 ml enzyme solution
(diluted as necessary). The amount of xylose released from
the reaction solution was determined at OD540 after 3,5-
dinitrosalicylic acid was added to terminate the reaction for
5-min boiling (Miller 1959). One unit of xylanase activity
was defined as 1 mM xylose released per min. The Glu
activity was assayed using the same method but the
birchwood xylan was replaced by β-glucan as substrate for
the reaction at 60°C. One unit of β-glucanase activity was
expressed as 1 mM glucose released per minute.

To determine optimal temperatures for the Glu and Xyl
activities, all the fusion enzymes were assayed at the gradient
temperatures of 40–90°C in the above reaction system. The
heat stabilities of both moieties were also assayed at 40–90°C
by incubating the enzyme solution for 10 min at a given
temperature. The residual activity was determined after the
enzyme solution was immediately quenched on ice for 5 min.
Similarly, pH effects on the enzymatic activities and stabilities
were determined at pH 3.0–10.0 under the optimal tempera-
ture of 60°C for the Glu and 50°C for the Xyl, respectively.
Each enzyme solution for reaction was adjusted to pH 3.0–7.0
with 0.2 M Na2HPO4–citric, to pH 8.0 with 0.2 M
Na2HPO4–NaH2PO4, and to pH 9.0 and 10.0 with 0.2 M
glycin–NaOH, respectively. The relative activity of each
moiety was assessed as the ratio of its activity at a concerned
temperature or pH over that of the same enzyme at the
optimal temperature or pH. The pH stability was assayed at
optimal pH 9.0 after a 4-h incubation of the pH-specific
enzyme solutions at 25°C.

The kinetic parameters of all the fusion enzymes, including
the Michaelis constant Km (mg ml−1), the catalytic constant
Kcat (min−1), and the catalytic efficiency Kcat/Km (ml mg−1

min−1), were measured. The Xyl-catalyzed reaction was
performed at 50°C using 1.0–10.0 mg ml−1 birchwood xylan
as substrate in glycin–NaOH buffer (pH 9.0) while the Glu-
catalyzed reaction was carried out at optimal 50 or 60°C
using 1.0–10.0 mg ml−1 β-glucan as substrate. The Km

values were determined using Lineweaver–Burk plots. All
the above assays were repeated three times.

DNA sequencing and accession numbers

All DNA samples were sent to Invitrogen (Shanghai,
China) for sequencing. The sequences of Glu-S1-Xyl, Glu-
S2-Xyl, Glu-S3-Xyl, Glu-S-Xyl, Glu-α1-Xyl, Glu-α2-Xyl,
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Glu-α3-Xyl, and Glu-H-Xyl were determined based on bi-
directional sequencing data from three different positive clones
and were registered in GenBank, respectively (accession
numbers: EU181172, EU181173, EF648220, DQ100312,
EU183362, EU183363, EU365623, and DQ100311).

Results

Expression of the constructed chimeric genes

The chimeric genes constructed by linking the genes Glu
and Xyl with eight of the peptide linkers were expressed
well in the selected BL21 transformants. In the SDS-PAGE
profiles of the crude extracts from their cell cultures, all
products of the chimeric genes expressed in different
transformants were the fusion enzymes of ca. 47 kDa
(Fig. 1). However, the chimeric genes including the linkers
S3–1, S3–2, S3–3, and S3–4 were not successfully
expressed in BL21 and thus excluded for further assays.

Purification and zymogram of the fusion enzymes

The purified fusion enzymes Glu-S1-Xyl, Glu-S2-Xyl, Glu-
S3-Xyl, Glu-S-Xyl, Glu-α1-Xyl, Glu-α2-Xyl, Glu-α3-Xyl,
and Glu-H-Xyl were ca. 46 kDa in mol wt. (Fig. 2a). To
confirm their bifunctional activities, the three fusions Glu-S3-
Xyl, Glu-S-Xyl, and Glu-H-Xyl (Lanes 1, 4, and 5 in Fig. 2a)
were selected for zymogram analysis. Their activities were
confirmed for both Glu (Fig. 2b) and Xyl (Fig 2c).

Characterization of the fusion enzymes

Among the bifunctional fusion enzymes, the Glu was most
active at 60°C (Glu-S3-Xyl, Glu-S1-Xyl, Glu-S-Xyl, and

Glu-H-Xyl) or 50°C (Glu-S2-Xyl, Glu-α1-Xyl, Glu-α2-
Xyl, and Glu-α3-Xyl). The relative activity of this moiety
decreased rapidly at ≥70°C but the declining rates differed
among the fusions (Fig. 3a). In contrast, the optimal
temperature for the Xyl activity was 50°C for all the
fusions (Fig. 3b). However, the Xyl was much less active at
60°C for the fusions with the α-helix motif linkers. Both
moieties shared an optimum of pH 9.0 for peak activity
(Fig. 3c,d), being well in accordance with their parents.

The thermal and pH stabilities of the active moieties are
illustrated for all the fusion enzymes in Fig. 4. Based on the
residual activities assayed at 40–90°C for 10 min, the Glu
of the fusions constructed with most of the peptide linkers
showed greater stability at 40–60°C than the parent and the
same moiety of the linker-free fusion (Fig. 4a). The fusion
Glu-α3-Xyl had even more stable Glu at ≥60°C than the
parent. All the Xyl moieties displayed thermal stabilities
similar or close to the parental enzyme at ≥60°C but some
of them were less stable at 40–50°C (Fig. 4b). For both Glu
and Xyl, the pH stabilities of the linker-inclusive fusions
were less variable at the tested pH range compared to those
of their parents and the moieties of the linker-free fusion
(Fig. 4c,d).

Kinetic parameters for the fusion enzymes

Listed in Table 2 are the kinetic parameters of the Glu and
Xyl moieties of all the fusion enzymes in comparison to
those of the linker-free fusion and their parents. All the Glu
moieties were significantly superior to the parental Glu in
catalytic efficiency (F9,18=8,146, P<0.01). The linker S2
resulted in the best Glu efficiency (Kcat/Km=6,658), which
equaled to 4.26 fold of the parental efficiency (Kcat/Km=
1,563), followed by S1 (Kcat/Km=6,012) and S (Kcat/Km=
5,864), respectively. The Glu moieties associated with the
three linkers S3, α3, and H also displayed high efficiencies
ca. 3.5 fold of the parent.

For the Xyl moiety, the catalytic efficiencies differed
significantly among the fusion enzymes (F9,18=1,214, P<
0.01). Their Xyl all exhibited better efficiencies (Kcat/Km:
1,073–1,875) than that of the linker-free fusion (Kcat/Km=
903) but only those associated with the linkers S2, α3, and
α2 performed better than the parent (Kcat/Km=1,311). The
efficiencies of the three Xyl moieties were equivalent to
1.43, 1.31, and 1.05 fold of the parental efficiency,
respectively.

Discussion

Based on the results presented above, the eight Glu-Xyl
fusion enzymes constructed with peptide linkers were all
bifunctional despite conspicuous variations in optimal

Fig. 1 The SDS-PAGE profiles of the Glu-Xyl fusion enzymes
expressed in E. coli BL21. Lanes 3–10 were loaded with the crude
extracts of the cell cultures expressing the Glu-Xyl fusion enzyme
(white arrow) in the selected transformants Glu-S3-Xyl, Glu-S2-Xyl,
Glu-S1-Xyl, Glu-S-Xyl, Glu-H-Xyl, Glu-α3-Xyl, Glu-α2-Xyl, and
Glu-α1-Xyl, respectively. Lane 1 parental β-glucanase (Glu). Lane 2
parental xylanase (Xyl). M mol marker
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temperature or thermal stability and in catalytic efficiency.
Among the fusion enzymes, the best Glu-S2-Xyl was
characterized with the net increase of catalytic efficiency
by 326% for the Glu moiety and by 43% for the Xyl

compared to the parental enzymes. The fusions associated
with the peptide linkers α3 and α2 also yielded the net
increases of catalytic efficiencies for the Glu by 262 and
247% and for the Xyl by 31 and 5%, respectively. Both

Fig. 2 The SDS-PAGE profiles
(A) of the Glu-Xyl fusion
enzymes purified from the cell
cultures of the E. coli BL21
transformants and their bifunc-
tional activities of β-glucanase
(B) and xylanase (C) detected
by zymogram analysis. Lane 1
Glu-S3-Xyl. Lane 2 Glu-S2-Xyl.
Lane 3 Glu-S1-Xyl. Lane 4 Glu-
S-Xyl. Lane 5 Glu-H-Xyl. Lane
6 Glu-α3-Xyl. Lane 7 Glu-α2-
Xyl. Lane 8 Glu-α1-Xyl. Lane
Glu parental β-glucanase. Lane
Xyl parental xylanase. M mol
marker. A 0.08 μM purified
protein loaded in Lanes 1–3 and
0.05 μM in Lanes 4–8. B and
C 0.04 μM purified protein
loaded in each of the lanes

Fig. 3 The effects of temperature (A Glu; B Xyl) and pH (C Glu; D
Xyl) on the activities of the moieties of the fusion enzymes (empty
circle Glu-S3-Xyl; filled circle Glu-S2-Xyl; empty upright triangle
Glu-S1-Xyl; filled upright triangle Glu-α3-Xyl; empty downward

triangle Glu-α2-Xyl; filled downward triangle Glu-α1-Xyl; empty
square Glu-S-Xyl; filled square Glu-H-Xyl; empty diamond no linker;
filled diamond, parental Glu or Xyl). Error bars SD
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moieties of the fusion enzymes with other linkers did not
show better efficiencies than their parents although a given
moiety could perform better than its parent and the linker-
free fusion. This is the first report on the enhanced
performance of both moieties in the Glu-Xyl fusion with
optimized peptide linkers. The effects of the used linkers on
the performances of the fusion enzymes are discussed
below.

The linkers (GGGGS)n (1≤n≤6) have proved to be
flexible and often used in antibody engineering, which
included the construction of single-chain antibody (scFv)
molecules by joining the variable regions of light- and
heavy-chain (VL and VH) domains (Hoedemaeker et al.
1997) and of diabodies by linking both chains (VL–VH or
VH–VL) with peptides (Volkel et al. 2001) and other
targeting molecules, such as the fusion of scFv and
antitumor by linkers (Rosenblum et al. 2003). They are
also used in the construction of bifunctional proteins,
including cellular localization probes achieved by fusing
green fluorescent protein to the ends of some anchoring
molecules (Petriz et al. 2004) and the fusions of two
enzymes that may catalyze sequential reactions (Seo et al.
2000). For a specific linker, the repeated times of the basic
amino acid sequence (GGGGS) may affect a distance
between the two moieties to be fused and thus vary with
the different fusions. This could be chosen according to the
structure and size of a concerned fusion. Shan et al. (1999)
engineered four scFv molecules by linking the heavy- and

light-chain variable regions of murine anti-human CD20
mAb 1F5 with the spacer peptides (GGGGS)n (n≤3) and
found that the short linker (GGGGS) was best. However,
only the chimeric with the linker (GGGGS)6 was desired
when the extracellular and transmembrane domains of
murine EpoR were fused to one of two complementary
fragments of murine dihydrofolate reductase (Remy et al.
1999). In this study, (GGGGS)2 was best for linking the
Glu and Xyl among the tested peptides (GGGGS)n (n≤3).

Moreover, it should be cautious when a nucleotide
sequence encoding (GGGGS)n was designed. Since the
codon of glycin is GGN (N = A, T, C, or G), the most parts
of the designed nucleotide sequences may consist of G and
C. The GC-rich sequences back-translated on the basis of
codon-usage biases may not be suitable for direct use
because the linker section in a fusion could form stable
mRNA secondary structure, which can depress the transla-
tion of an intact chimeric gene (Gray and Hentze 1994).
Another concern is the effect of codon pair utilization bias
that may decrease the translation efficiency (Gutman and
Hatfield 1989). Due to the compatibility of adjacent
aminoacyl-tRNA isoacceptors at sites A and P of a
translating ribosome, the codon context could affect the
decoding accuracy and speed of mRNA (Irwin et al. 1995;
Moura et al. 2005). This is evident with significantly
increased expression of a fusion antibody by adjusting the
nucleotide sequences of the (GGGGS)3 with mammalian
codon pairing rules (Trinh et al. 2004). Among the five

Fig. 4 The thermal (A Glu; B Xyl) and pH (C Glu; D Xyl) stabilities
of the moieties of the fusion enzymes (empty circle Glu-S3-Xyl; filled
circle Glu-S2-Xyl; empty upright triangle Glu-S1-Xyl; filled upright
triangle Glu-α3-Xyl; empty downward triangle Glu-α2-Xyl; filled

downward triangle Glu-α1-Xyl; empty square Glu-S-Xyl; filled
square Glu-H-Xyl; empty diamond no linker; filled diamond, parental
Glu or Xyl). Error bars SD
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oligonucleotide sequences (S3, S3–1, S3–2, S3–3, and S3–
4) tested in this study, only the chimeric of the Glu and Xyl
genes linked with S3 expressed a fusion protein as was
expected to be bifunctional. Interestingly, the chimeric gene
fused with the linker S3–1 optimized by Trinh et al. (2004)
for a constructed fusion antibody was not successfully
expressed in our study. The S3–1 was originally optimized
based on the codon pair usage rule of mammalian cells and
thus did not suit E. coli. In fact, the S3–1 codon pairs would
be superior to the S3 counterparts if the pairs were
evaluated based on the same rule of E. coli (Gutman and
Hatfield 1989). This suggests that not only the codon
context but other factors, such as the codon-usage bias and
the mRNA secondary structure, influence the translation.

The linker S (MGSSSN) designed with the web server
LINKER (Xue et al. 2004) resulted in a fusion with greatly
enhanced Glu, but slightly reduced Xyl, efficiency in this
study. Blazyk and Lippard (2004) used four linkers to
generate the fusions of the reductase soluble methane
monooxygenase (sMMO) from Methylococcus capsulatus
and found that a fusion with the LINKER-designed peptide
consisting of 14 amino acids exhibited the best function of
electronic transfer. A desired probe for dual localization
of mitochondrial proteins was also achieved by fusing the
α-fragment of β-galactoside to the end of a fumarase with a
short linker designed with the web server (Karnielya et al.

2006). Since the linker length may affect the fusion efficiency
(Crasto and Feng 2000), the linker S consisting of only six
amino acids in length could be too short to separate the two
moieties at a reasonable distance, which allows to enhance
the activities of both Glu and Xyl. Thus, it is convenient to
design peptide linkers with the web server but it is necessary
to optimize their lengths for practical use.

Amino acid sequences to form α-helix or β-strand
structures were not considered as favorable linkers until
an α-helical bundle domain of staphylococcal protein A
was successfully used in the fusion of protein G and
luciferase (Maeda et al. 1997). The linker H used in this
study was a bundle of two α-helices from Humicola
insolens endocellulase (PDB ID: 1a39) and generated a
characterized fusion similar to those fused by the flexible
peptides. It is possible that the partial sequence of this
linker could interact with the C and N terminal of the Glu
and Xyl domains, respectively, thus disturbing the forma-
tion of the α-helical structure (Arai et al. 2004). The
peptides (EAAAK)n (n≤6) are monomeric α-helical
sequences, which can be stabilized by Glu−-Lys+ salt
bridges (Arai et al. 2001), and are less frequently used as
linkers than the (GGGGS)n. However, the efficiencies of
their fusions have proven to be comparable to those of the
flexible linkers (Arai et al. 2001, 2004; Werner et al. 2006).
Interestingly, the Glu thermal stabilities of the three fusions

Table 2 Kinetic parameters of the parental Glu and Xyl and the moieties in each fusion enzyme separately expressed in E. coli BL21

Enzyme/moiety Kinetic parameter (mean±SD)a

Km (mg ml−1) Kcat (min−1) Kcat/Km (ml mg−1min−1)b

Parental Glu 4.20±0.60 6,565±55 1,563±23 h
Glu in Glu-Xyl 2.78±0.38 (0.66) 18,047±113 (2.75) 6,492±42 (4.15) b
Glu in Glu-S3-Xyl 2.19±0.21 (0.52) 12,492±107 (1.90) 5,704±48 (3.45) e
Glu in Glu-S2-Xyl 2.38±0.31 (0.57) 15,847±180 (2.41) 6,658±47 (4.26) a
Glu in Glu-S1-Xyl 2.57±0.24 (0.61) 15,451±44 (2.35) 6,012±35 (3.85) c
Glu in Glu-α3-Xyl 2.27±0.19 (0.54) 12,830±128 (1.95) 5,652±74 (3.62) e
Glu in Glu-α2-Xyl 1.99±0.14 (0.47) 10,802±114 (1.64) 5,428±88 (3.47) f
Glu in Glu-α1-Xyl 2.92±0.23 (0.70) 13,864±144(2.11) 4,748±61 (3.04) g
Glu in Glu-S-Xyl 2.76±0.38 (0.66) 16,185±130 (2.47) 5,864±43 (3.75) d
Glu in Glu-H-Xyl 3.04±0.38 (0.72) 16,997±168 (2.59) 5,591±57 (3.58) e
Parental Xyl 4.95±0.71 6,491±61 1,311±16 d
Xyl in Glu-Xyl 5.75±0.88 (1.37) 5,193±40 (0.80) 903±17 (0.69) h
Xyl in Glu-S3-Xyl 2.21±0.16 (0.48) 2,778±24 (0.43) 1,257±10 (0.96) e
Xyl in Glu-S2-Xyl 2.58±0.36 (0.52) 4,837±83 (0.75) 1,875±24 (1.43) a
Xyl in Glu-S1-Xyl 4.83±0.64 (0.98) 6,110±74 (0.94) 1,265±19 (0.97) e
Xyl in Glu-α3-Xyl 2.79±0.40 (0.56) 4,792±57 (0.74) 1,717±31 (1.31) b
Xyl in Glu-α2-Xyl 4.20±0.85 (0.85) 5,767±76 (0.89) 1,373±23 (1.05) c
Xyl in Glu-α1-Xyl 4.68±0.59 (0.95) 6,023±36 (0.93) 1,287±14 (0.98) de
Xyl in Glu-S-Xyl 4.31±0.69 (0.87) 4,991±50 (0.77) 1,158±16 (0.88) f
Xyl in Glu-H-Xyl 5.21±0.80 (1.05) 5,590±64 (0.86) 1,073±17 (0.82) g

a Each value in parentheses is the ratio of the estimated parameter of a given moiety over that of its parent.
b The ratios with different lowercase letters differed significantly in catalytic efficiency for the concerned moiety of the fusion enzymes (Tukey’s
HSD, P<0.05)
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linked with the peptides (EAAAK)n (1≤n≤3) increased with
the repeated times of the basic sequence; all of them were
more thermally stable than those fused with the flexible
linkers. Noticeably, the Glu moiety of Glu-α3-Xyl even
showed higher thermal stability than the parental enzyme.
This is perhaps due to the rigidity of the α-helical linker that
may cause less overall interference between the linked parts.
Moreover, the α3-linked fusion was secondary to the best
fusion Glu-S2-Xyl when the catalytic efficiencies of both
moieties were concerned. This is well in accordance with a
report that helical spacers could work better than flexible
ones by keeping reasonable distances between functional
domains in fusion proteins (Bai and Shen 2006).

Conclusively, the performance of the Glu-Xyl fusion can
be greatly improved by inserting optimized peptide linkers
between the moieties. Among the tested peptides, both of the
flexible glycin-rich S2 and the rigid helical α3 are excellent to
link the Glu and the Xyl at a reasonable distance for beneficial
interaction and thus for enhanced bifunctional activities.
Changes in linker length and structure would affect overall
performance of both moieties. Thus, it is essential to optimize
the peptide linkers for construction of expected fusion
proteins.
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