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ABSTRACT: We demonstrated direct utilization of xylooligosaccharides
using f-xylosidase-displaying Escherichia coli. After screening active f-
xylosidases, BSU17580 from Bacillus subtilis or Tful616 from Thermobifida
fusca YX, were successfully displayed on the E. coli cell surface using Blc or
HdeD as anchor proteins, and these transformants directly assimilated
xylooligosaccharides as a carbon source. The final OD 600 in minimal
medium containing 2% xylooligosaccharides was 1.09 (after 12 h of
cultivation) and 1.30 (after 40 h of cultivation). We then constructed an E.
coli strain displaying both f-glucosidase and B-xylosidase. -glucosidase- and
P-xylosidase-displaying E. coli was successfully grown on a 1% cellobiose and
1% xylooligosaccharides mixture, and the OD 600 was 1.76 after 10 h of
cultivation, which was higher and reached faster than that grown on a
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glucose/xylose mixture (1.20 after 30 h of cultivation).
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he utilization of biomass as a source of renewable,
environmentally friendly energy and/or chemicals has
attracted much attention because of the depletion of fossil fuels
and increasing environmental problems. Starch-rich biomass
derived mainly from corn is the main feedstock for biofuel
production in North America, completely ignoring the massive
amounts of ethanol produced from sugar cane in Brazil. As for
the chemicals in general, most remain petroleum derivatives. As
an alternative to starch-rich biomass, lignocellulosic biomass,
which is one of the most abundant waste materials in the world,
is regarded as a promising feedstock because it is abundant,
inexpensive, and renewable and has favorable environmental
properties.l'2
Lignocellulosic biomass contains not only glucose but also
various other sugars. Xylose is the second most abundant sugar
component of lignocellulose. Industrial effluents, such as
lignocellulose hydrolysates, are composed of a mixture of
mono- and oligomeric hexoses and pentoses; therefore,
coutilization of several sugars in industrial effluents is essential
for economically feasible productivity of biofuels and chemicals.
Lignocellulose hydrolysates are mainly composed of cellooli-
gosaccharides (glucose) and xylooligosaccharides (xylose);
however, there are two major problems for efficient utilization
of lignocellulosic biomass. One is that lignocellulosic biomass
requires costly and complex hydrolyzing steps, such as
pretreatment and/or lengthy cellulase treatment.>~> Efficient
degradation of cellulose requires the synergistic action of the
cellulolytic enzymes endoglucanases (EGs), cellobiohydrolases
(CBHs), and f-glucosidases (BGLs). The cellulose is
degradated by EG and CBH, resulting in cellobiose and some
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cellooligosaccharides, which can be converted to glucose by
BGL. In the case of hemicellulosic materials such as xylan,
several kinds of hemicellulases xylanases (XYNs) and beta-
xylosidases (XYLs) are also required to produce monomeric
pentoses.® Therefore, an efficient and cost-effective method for
the degradation and fermentation of lignocellulosic biomass
into commodity products is required. The other barrier to the
successful utilization of mixed sugars in cellulosic hydrolysates
is sequential utilization of xylose after glucose depletion because
of carbon-catabolite repression (CCR).*™® In short, most
microorganisms consume glucose preferentially to any other
sugar, and whenever glucose is present in the fermentation
medium, other carbon sources are used only when glucose is
completely depleted.

Escherichia coli is a promising host for the production of a
variety of useful compounds and can metabolize all major sugar
monomers existing in plant biomass.”'® Metabolic engineering
allows for the introduction of desirable pathways to produce
target compounds, such as ethanol and other alcohols,* lactic
acids and other organic acids,'>'* and other compounds.'*"®
However, E. coli cannot assimilate both cellooligosaccharides
and xylooligosaccharides, and it also suffers from sequential
sugar utilization by CCR. Several approaches to alleviate
glucose repression have been reported,'™"® but coassimilation
of xylose/glucose is poor when compared to fermentation using
xylose as the sole carbon sugar.
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Here, we constructed cellobiose and xylooligosaccharide-
coassimilating E. coli strains by displaying both f-glucosidase
and p-xylosidase. Usually, E. coli strains cannot assimilate
cellooligosaccharides and xylooligosaccharides because of the
lack of both BGL and XYL capable of hydrolyzing
cellooligosaccharides into glucose and xylooligosaccharides
into xylose, respectively. Providing cellobiose as a glucose
source and xylooligosaccharide as a xylose source, the
engineered E. coli was able to convert cellobiose to glucose
and xylooligosaccharide to xylose on its cell surface and
gradually consumed the produced glucose and xylose. This
enables the glucose/xylose concentration outside the cell to be
gradual, and it limited CCR. Using this approach, we
successfully achieved efficient cellobiose/xylooligosaccharide
coutilization.

B RESULTS AND DISCUSSION

Active Xylosidase (XYL) Expression Using E. coli as a
Host and Growth on Xylooligosaccharides as a Carbon
Source. We cloned 36 kinds of xylosidases (XYLs) from
various microorganisms, and the XYL activities were evaluated
by plate assays using 4-methylumbelliferyl-3-p-xyloside as a
substrate (data not shown). Two kinds of E. coli colonies
carrying XYL genes Tful616 from Thermobifida fusca YX and
BSU17580 from Bacillus subtilis showed bright fluorescence
using 4-methylumbelliferyl-5-p-xyloside as a substrate (data not
shown). These two kinds of xylosidases were displayed on the
E. coli cell surface using HdeD or Blc as anchor proteins, which
are suitable anchor proteins for E. coli cell-surface display.”’

These XYL activities on the cell surface or in culture medium
were quantitatively evaluated using pNPX as a substrate (Figure
1A). In the case of E. coli JCM20137, HdeD-Tful616 showed
the highest XYL activity (104 U/OD 600/mL) followed by Blc-
Tful616 (68 U/OD 600/mL) and HdeD-BSU17580 (31 U/
OD 600/mL). Similarly, in the case of E. coli BW25113, HdeD-
Tful616 showed higher activity (52 U/OD 600/mL) than Blc-
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Figure 1. (A) XYL activity on the E. coli cell surface after 24 h of
cultivation in LB medium. Each XYL was displayed on the cell surface
using HdeD or Blc as an anchor protein. (B) Growth analysis of each
XYL-displaying E. coli strain using xylooligosaccharides as the sole
carbon source. The symbols shown are as follows: JCM/HdeD-
BSU17580 (circles), JCM/Blc-BSU17580 (squares), JCM/HdeD-
Tful616 (diamonds), and JCM/Blc-Tful616 (triangles). Data are
averages from three independent experiments, and error bars represent
standard deviation.
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Tful616 (27 U/OD 600/mL). There were neither XYL activity
nor BGL of blank E. coli JCM20137 cells. In all strains, XYL
activity on the cell surface was higher than that in the culture
supernatant (under 0.0001 U/mL; data now shown), showing
that XYL was successfully expressed on the cell surface and
retained its enzymatic function through the anchor protein.

Using these XYL-displaying E. coli JCM20137 strains, cell
growth on 2% xylooligosaccharides as the sole carbon source
was evaluated (Figure 1B). Xylooligosaccharides containing
about 60% xylobiose, 30% xylotriose, and 10% xylooligosac-
charides were used. The concentrations of each xylooligosac-
charides were determined by HPLC analysis. Interestingly, in
the case of E. coli JCM20137, BSU17580-displaying E. coli
showed a higher growth rate compared to Tful616-displaying
strains even though the XYL activity of BSU17580 was lower
than that of Tful616 (Figure 1A). The values of OD 600 after
12 h of cultivation were approximately 1.09 (Blc-BSU17580)
and 0.96 (HdeD-BSU17580), which were more than 2-fold
higher than those of the Tful616-displaying strains (0.42 of
HdeD-Tful616 and 0.38 of Blc-Tful616). However, the final
values of OD 600 after 40 h of cultivation were approximately
the same: 1.48 (HdeD-Tful616), 1.30 (Blc-BSU17580), 1.28
(HdeD-Tfu1616), and 1.17 (Blc-Tful616). The strain carrying
only the pHLA control plasmid did not have an increased OD
600 (less than 0.15). These results clearly demonstrate the
creation of xylooligosaccharide-utilizing E. coli strains by
displaying active f-xylosidase. In the case of E. coli BW25113
strains, lower growth was observed compared to E. coli JCM
strains (data not shown), which is in accordance with our
previous report.’® These results show that BSU17580 is a
suitable XYL for direct xylooligosaccharide assimilation in
minimal medium using cell-surface display. In addition, the
evaluation of growth on xylooligosaccharides as well as the
evaluation of XYL activity is important for enhancing direct
xylooligosaccharide assimilation.

Cellooligosaccharide and Xylooligosaccharide-Coutil-
izing E. coli by Display of both BGL and XYL. We created
BGL-displaying E. coli strains by introducing a BGL-expression
cassette into the E. coli genome. Figure 2A shows the cell-
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Figure 2. (A) BGL activity on the E. coli cell surface after 24 h of
cultivation in LB medium. BGL genes were integrated into the E. coli
genome, and each BGL was displayed on the cell surface using Blc or
Slp as an anchor protein. (B) Growth analysis of each BGL-displaying
E. coli JCM20137 strain using cellobiose as the sole carbon source. The
symbols shown are as follows: JCM-Tfu0937(bgl)-Blc (circles), JCM-
Blc-Tfu0937(bgl) (triangles), and JCM-Tfu0937(bgl)-Slp (diamonds).
Data are averages from three independent experiments, and error bars
represent standard deviation.
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surface BGL activity of BGL-displaying E. coli strains. E. coli
JCM-Blc-Tfu0937(bgl) showed the highest BGL activity (22
U/OD 600/mL) followed by JCM-Tfu0937(bgl)-Blc (9.9 U/
OD 600/mL) and JCM-Tfu0937(bgl)-Slp (8.4 U/OD 600/
mL). In the case of BW25113 strains, BGL activity was lower
compared to JCM20113-derived strains (Figure 2A). Using
these BGL-displaying E. coli strains, cell growth on 2%
cellobiose as the sole carbon source was evaluated (Figure
2B). JCM-Tfu0937(bgl)-Blc and JCM-Blc-Tfu0937(bgl)
showed similar growth rates, and the values of OD 600 after
35 h were 1.05 and 1.01, respectively. After 80 h of cultivation,
the OD 600 reached 1.67 and 1.61, respectively. In the case of
JCM-Tfu0937(bgl)-Slp, although high growth was observed
during the initial phase after 10 h of cultivation, the final OD
600 value was 1.17 after 80 h of cultivation. In the case of
BW25113-derived E. coli strains (BW-Tfu0937(bgl)-Blc, BW-
Blc-Tfu0937(bgl), and BW-Tfu0937(bgl)-Slp, the values of OD
600 were less than 0.9 after 80 h of cultivation (data not
shown); therefore, JCM-Tfu0937(bgl)-Blc, JCM-Blc-Tfu0937-
(bgl), and JCM-Tfu0937(bgl)-Slp were used in the following
experiments. One possible explanation is that the difference of
the substrate (pNPG or cellobiose) might cause the difference
between pNPG activity and cellobiose assimilation.
XYL-displaying plasmids were introduced into the BGL-
displaying E. coli JCM20137 strains described above, and we
measured growth on a mixture of 1% (w/v) cellobiose and 1%
(w/v) xylooligosaccharides (Figure 3). In the case of JCM-
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Figure 3. Growth analysis of both BGL- and XYL-displaying E. coli
using 1% cellobiose and 1% xylooligosaccharides mixture (total of 2%)
as a carbon source: (A) E. coli JCM-Tfu0937(bgl)-Blc strains and (B)
JCM-T£u0937(bgl)-Slp strains. The symbols shown are as follows: Blc-
BSU17580(xyl) (squares), Blc-Tful616(xyl) (triangles), HdeD-
Tful616(xyl) (diamonds), and HdeD-BSU17580(xyl) (circles). Data
are averages from three independent experiments, and error bars
represent standard deviation.

Tfu0937(bgl)-Blc strains harboring each XYL-displaying
plasmid, E. coli JCM-Tfu0937(bgl)-Blc/Blc-Tful616(xyl)
showed almost the same growth rate as the others (Figure
3A). The OD 600 value was significantly increased after about
an 8—10 h of cultivation, and the final OD 600 values were 1.76
for JCM-Tfu0937(bgl)-Blc/Blc-Tful616(xyl), 1.63 for JCM-
T£u0937(bgl)-Ble/Blc-BSU17580(xyl), 1.61 for JCM-Tfu0937-
(bgl)-Blc/Hded-Tful616(xyl), and 1.60 for JCM-Tfu0937-
(bgl)-Blc/HdeD-BSU17580(xyl). In the case of JCM-Tfu0937-
(bgl)-Slp strains harboring each XYL-displaying plasmid, E. coli
JCM-Tfu0937(bgl)-Slp/HdeD-Tful616(xyl) showed a higher
OD 600 value after 30 h of cultivation (1.76) compared to the
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others (Figure 3B). When JCM-Blc-Tfu0937(bgl) was used as
the host strain, cell growth was slower and the final OD 600
value was less than 1.0 after 30 h of cultivation (data not
shown).

As a control for the cellobiose/xylooligosaccharides mixture,
growth on a glucose/xylose mixture is shown in Figure 4. BGL-
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Figure 4. Growth analysis of both BGL- and XYL-displaying E. coli
using 1% glucose and 1% xylose mixture (total of 2%) as a carbon
source: (A) E. coli JCM-Tfu0937(bgl)-Blc strains and (B) JCM-
Tfu0937(bgl)-Slp strains. The symbols shown are as follows: Blc-
BSU17580(xyl) (squares), Blc-Tful616(xyl) (triangles), HdeD-
Tful616(xyl) (diamonds), and HdeD-BSU17580(xyl) (circles). Data
are averages from three independent experiments, and error bars
represent standard deviation.

and XYL-displaying E. coli showed slower growth compared to
the cellobiose/xylooligosaccharides mixture. The final OD 600
values were less than 1.5 after 30 h of cultivation, notably, 0.69
for JCM-Tfu0937(bgl)-Blc/HdeD-Tful616(xyl). The OD 600
values of the other strains were 1.20 for JCM-Tfu0937(bgl)-
Blc/Ble-Tful616(xyl), 121 for JCM-Tfu0937(bgl)-Blc/Blc-
BSU17580(xyl), and 1.35 for JCM-Tfu0937(bgl)-Blc/HdeD-
BSU17580(xyl). In the case of JCM-Tfu0937(bgl)-Slp strains,
the OD 600 values were also lower compared to those from
cellobiose/xylooligosaccharides cultivation (Figure 3). The OD
600 values were 1.28 for JCM-Tfu0937(bgl)-Slp/HdeD-
Tful616(xyl), 1.36 for JCM-Tfu0937(bgl)-Slp/Blc-Tful616-
(xyl), 0.94 for JCM-T£u0937(bgl)-Slp/Blc-BSU17580(xyl), and
0.82 for JCM-T£u0937(bgl)-Slp/HdeD-BSU17580 (xyl).

Figure 5 shows time courses of sugar concentration for JCM-
Tfu0937(bgl), JCM-Tfu0937(bgl)-Blc/Blc-Tful616(xyl), and
JCM-Tfu0937(bgl)-Blc/Blc-BSU17580(xyl). When cells were
grown on cellobiose/xylooligosaccharides mixture, cellobiose
was gradually decreased, and about 7 g/L of cellobiose was
consumed after 48 h (Figure SA—C). Xylooligosaccharides
were retained in the case of JCM-Tfu0937(bgl), (Figure SA);
however, successful assimilation of xylooligosaccharides was
achieved when the BGL/XYL-displaying E.coli strain was used
(Figure SB,C). Interestingly, a small amount of glucose and
xylose were detected in the medium, suggesting that improve-
ment in the glucose and/or xylose uptake ability could increase
the oligosaccharides-assimilating ability of E. coli.

Using both BGL- and XYL-displaying strains, coassimilation
of cellobiose/xylooligosaccharides was demonstrated (Figure
3). Interestingly, the cell growth rate was slightly improved
compared to when xylooligosaccharides or cellobiose were used
as sole carbon sources (Figures 1 and 2). When a 1%
cellobiose/1% xylose mixture or a 1% glucose/1% cellobiose
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Figure S. Sugar concentrations of both BGL- and XYL-displaying E.
coli using a 1% cellobiose and xylooligosaccharides mixture (A—C) or a
1% glucose and 1% xylose mixture (D—F) as a carbon source. (A, D)
E. coli JCM-Tfu0937(bgl)-Blc, (B, D) JCM-Tfu0937(bgl)-Blc/Blc-
Tful616(xyl), and (C, F) JCM-Tfu0937(bgl)-Blc/Blc-Bsul 7580 (xyl).
The symbols shown are as follows: cellobiose (closed circles), glucose
(open circles), xylooligosaccharides (closed squares), and xylose (open
squares). Data are averages from three independent experiments, and
error bars represent standard deviation.

mixture were used as carbon sources, repression of cell growth
was also observed (data not shown), which may have been
partially caused by CCR. One possible explanation for this
difference is that supplying monomeric sugars (i.e., glucose and
xylose) gradually to E. coli cells avoids CCR and achieves
efficient utilization of mixed sugars.

Most previous work done to develop strains capable of sugar
coutilization focused on glucose and xylose.'® Recently,
engineered pathways for production of fatty acid-derived
molecules from hemicelluloses or glucose were introduced in
E. coli.”" There are three main approaches for this: engineering
microorganisms to avoid CCR,**** cellobiose/xylose coutiliza-
tion using cellobiose-assimilating engineered microorgan-
isms,”>~*” and binary culture using glucose-assimilating micro-
organisms and xylose-assimilating microorganisms.”*** Our
approach, cellobiose/xylooligosaccharide coutilization using a
BGL- and XYL-displaying strain, is an additional approach to
utilize biomass containing several oligomeric sugars efficiently.
In addition, this approach can reduce biomass degradation costs
resulting from partially hydrolyzed lignocellulosic biomass
containing cello/xylooligosaccharides that are used directly
without the addition of f-glucosidase and/or f-xylosidase.
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We developed both BGL- and XYL-displaying E. coli and
successfully demonstrated direct growth on a cellobiose/
xylooligosaccharide mixture. Our approach will be useful for
the production of biofuels and/or biochemicals from
lignocellulosic biomass.

B METHODS

Strains and Media. E. coli strains BW25113 (National
Institute of Genetics, Japan) and JCM20137 (Japan Collection
of Microorganisms, RIKEN BRC, which is participating in the
National BioResource Project of the MEXT, Japan) were used
as host strains. E. coli NovaBlue (Novagen, San Diego, CA,
USA) and LB media were used for plasmid construction.
Minimum medium containing 2% carbon source(s) (0.6%
Na,HPO,, 0.3% K,HPO,, 0.05% NaCl, 0.1% NH,Cl, 1 mM
MgSO,, 0.001% thiamine, and 0.1 mM CaCl,) was used for
growth analysis. As a carbon source, glucose (Nacalai Tesque,
Inc., Kyoto, Japan), xylose (Nacalai Tesque, Inc.), cellobiose
(Sigma-Aldrich, St. Louis, MO, USA), and xylooligosaccharides
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) were
used. All strains are summarized in Table 1.

Plasmids Construction. Plasmids and primers are
summarized in Table 1. The plasmids for XYL expression on
the cell surface using the Blc or HdeD anchor protein® were
constructed as follows. The gene encoding Tful616 from T.
fusca YX was amplified by PCR using T. fusca YX genomic
DNA (ATCC no. BAA-629D-5) as a template with the
following primers: Notl Tful616_F and Tful616_R. The
amplified fragment was digested with Notl/Xhol and ligated
into plasmid Blc-Tfu0937-pHLA, HdeD-Tfu0937-pHLA, or
Slp-Tfu0937-pHLA.*® The resultant plasmids were named Blc-
Tful616-pHLA, HdeD-Tful616-pHLA, and Slp-Tful616-
pHLA, respectively. The gene encoding BSU17580 from B.
subtilis 168 was amplified by PCR using B. subtilis genomic
DNA (NBRC no. 13719G) as a template with the following
primers: Notl BSU17580_F and BSU17580_R. The amplified
fragment was digested with NotI/Xhol and ligated into plasmid
Blc-Tfu0937-pHLA, HdeD-Tfu0937-pHLA, or Slp-Tfu0937-
pHLA.>® The resultant plasmids were named Blc-BSU17580-
pHLA, HdeD-BSU17580-pHLA, and Slp-BSU17580-pHLA,
respectively.

The plasmids for genomic integration of BGL displayed on
the cell surface were constructed as follows. The gene encoding
the HCE promoter region, Tfu0937 (f-glucosidase), and
anchor protein was amplified by PCR with the following
primers: pZSint EcoRl HCEp F and pZSint Xbal R. Plas-
mids named Blc-Tfu0937-pHLA, Tfu0937-Slp-pHLA, and
Tfu0937-Blc-pHLA*® were used as templates. Each amplified
fragment was ligated into the EcoRI/Xbal site of plasmid
pZS4int-laci (EXPRESSYS) using an In-Fusion HD kit
(TAKARABIO, Inc, Shiga, Japan) according to the manu-
facturer’s instructions. The resultant plasmids were named
pZS4int-Blc-Tfu0937, pZS4int-Tfu0937-Blc, and pZS4int-
Tfu0937-slp, respectively. These plasmids were digested with
Spel/Avrll, and the fragments were introduced into the E. coli
JCM20137 or BW25113 genome, according to manufacturer’s
instructions. The resultant strains were named JCM-Blec-
Tfu0937(bgl), JCM-Tfu0937(bgl)-Slp, JCM-Tfu0937(bgl)-Blc,
BW-Blc-Tfu0937(bgl), BW-Tfu0937(bgl)-Slp, and BW-
Tfu0937(bgl)-Blc, respectively.

All XYL-expression plasmids were introduced into E. coli
JCM-T£u0937(bgl)-Slp or JCM-Tfu0937(bgl)-Blc by electro-

poration using a Gene Pulser (Bio-Rad Laboratories, Hercules,
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CA, USA) according to the manufacturer’s instructions. The
resultant strains are summarized in Table 1.

Evaluation of XYL or BGL Activity. XYL activity was
screened by a plate assay as follows. E. coli strain NovaBlue
carrying XYL-expression plasmids was seeded on LB agar plates
containing 100 yg/mL of ampicillin. After overnight incubation
at 37 °C, 0.75% soft agar containing 0.034% 4-methylumbelli-
feryl-f-p-xyloside (Sigma-Aldrich) in SO mM acetate buffer at
pH 5 was spread on the plate. After another 1 h incubation at
37 °C, the fluorescence of the colonies was observed using a
FAS-III gel imager (Toyobo, Osaka, Japan).

To evaluate the XYL or BGL activity quantitatively, activity
was measured in 50 mM sodium acetate buffer (pH $.0) at 37
°C with 2 mM p-nitrophenyl-f-p-xylopyranoside (pNPX) or p-
nitrophenyl-f-p-glucopyranoside (pNPG) (Nacalai Tesque,
Inc., Kyoto, Japan) as the substrate. After a 24 h of cultivation
in LB medium, the cells were collected by centrifugation. The
cells were washed with PBS three times and resuspended in the
reaction buffer. The OD 600 of the reaction buffer was adjusted
to 0.0375. The amount of released p-nitrophenol was
determined by measuring the absorbance at 400 nm. One
unit of f-xylosidase or f-glucosidase activity was defined as the
amount of enzyme producing 1 gmol/min p-nitrophenol at 37
°C and pH 5.0.

Growth Analysis. Cell growth with cellobiose was
evaluated using minimum medium containing 2% carbon
source(s) at 37 °C. The initial OD 600 was adjusted to 0.01.
The OD 600 was then monitored using a Biophotorecorder
(Advantech, Tokyo, Japan).
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