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Direct Conversion of Xylan to Ethanol by Recombinant
Saccharomyces cerevisiae Strains Displaying an Engineered
Minihemicellulosome

Jie Sun,a,b Fei Wen,a Tong Si,a Jian-He Xu,b and Huimin Zhaoa,c

Department of Chemical and Biomolecular Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois, USAa; State Key Laboratory of Bioreactor Engineering,
East China University of Science and Technology, Shanghai, Chinab; and Departments of Chemistry, Biochemistry, and Bioengineering, Institute for Genomic Biology,
Center for Biophysics and Computational Biology, University of Illinois at Urbana-Champaign, Urbana, Illinois, USAc

Arabinoxylan is a heteropolymeric chain of a �-1,4-linked xylose backbone substituted with arabinose residues, representing a
principal component of plant cell walls. Here we developed recombinant Saccharomyces cerevisiae strains as whole-cell biocata-
lysts capable of combining hemicellulase production, xylan hydrolysis, and hydrolysate fermentation into a single step. These
strains displayed a series of uni-, bi-, and trifunctional minihemicellulosomes that consisted of a miniscaffoldin (CipA3/CipA1)
and up to three chimeric enzymes. The miniscaffoldin derived from Clostridium thermocellum contained one or three cohesin
modules and was tethered to the cell surface through the S. cerevisiae a-agglutinin adhesion receptor. Up to three types of hemi-
cellulases, an endoxylanase (XynII), an arabinofuranosidase (AbfB), and a �-xylosidase (XlnD), each bearing a C-terminal dock-
erin, were assembled onto the miniscaffoldin by high-affinity cohesin-dockerin interactions. Compared to uni- and bifunctional
minihemicellulosomes, the resulting quaternary trifunctional complexes exhibited an enhanced rate of hydrolysis of arabinoxy-
lan. Furthermore, with an integrated D-xylose-utilizing pathway, the recombinant yeast displaying the bifunctional minihemi-
cellulosome CipA3-XynII-XlnD could simultaneously hydrolyze and ferment birchwood xylan to ethanol with a yield of 0.31 g
per g of sugar consumed.

Liquid biofuels, such as bioethanol, are derived mainly from
grain or sugarcane and are generally considered a sustainable

solution to many energy and environmental problems (18, 42, 43,
50). However, the diversity and recalcitrant structure of lignocel-
lulose together with other bottlenecks, such as the large amounts
of various enzymes required, inefficient lignocellulosic hydrolysis,
and incomplete fermentation, have impeded the development of
biofuels (16, 23). One potential strategy to overcome these limi-
tations is consolidated bioprocessing (CBP), which combines en-
zyme production, hydrolysis, and fermentation in one step. In this
strategy, a single microorganism capable of fermenting pretreated
biomass without added lignocellulolytic enzymes is required,
which could potentially result in a lower cost of production of
lignocellulosic ethanol (27, 48).

Previously, we engineered a recombinant Saccharomyces
cerevisiae strain displaying a trifunctional minicellulosome that
could directly ferment phosphoric acid-swollen cellulose to etha-
nol with a titer of �1.8 g/liter (51). Here we target the second most
abundant polysaccharide (hemicellulose [�-1,4-xylan]), repre-
senting 15 to 35% of various lignocelluloses (38), to examine if we
could incorporate hemicellulase function in a scaffoldin format,
thereby yielding a “minihemicellulosome.” Arabinoxylan is a ma-
jor component of the plant cell wall, especially in cereal grains
such as wheat and rice (10). The minimum enzymatic combina-
tion to hydrolyze arabinoxylan into xylose includes an endo-1,4-
�-xylanase (EC 3.2.1.8), which hydrolyzes xylan into xylooligo-
saccharides; a �-xylosidase (EC 3.2.1.37), which hydrolyzes
xylooligosaccharides into D-xylose; and an �-L-arabinofuranosi-
dase (EC 3.2.1.55), which cleaves arabinose side residues that re-
strict the access of endoxylanase and xylosidase to the xylosidic
linkage in the backbone (10, 42). Hemicellulases are produced
mainly by two fungi, Trichoderma reesei and Aspergillus niger, on

an industrial scale (1). Most of them have been heterologously
expressed in S. cerevisiae (38, 48). For example, the endoxylanase
XynII from T. reesei showed a high activity of 72 U/ml toward
birchwood glucuronoxylan and retained an activity of 52 U/ml
when coexpressed with the xylosidase XlnD from A. niger (24, 25).
In addition, several �-L-arabinofuranosidases have been cloned
from these two fungi and expressed in S. cerevisiae, such as AbfB
(A. niger) (1.4 U/ml) (9) and Abf1 (T. reesei) (0.21 U/ml) (29).
Two �-xylosidases have been cloned from T. reesei (Bxl1 [0.02
U/ml]) (29) and A. niger (XlnD [0.32 U/ml]) (24). We chose the
three best-characterized hemicellulases, T. reesei XynII, A. niger
AbfB, and A. niger XlnD, as the main catalytic components in the
engineered minihemicellulosomes.

The cellulosome, a multienzyme complex that contains a non-
catalytic scaffoldin protein and several dockerin-bearing catalytic
modules, was initially discovered in the thermophilic anaerobic
bacterium Clostridium thermocellum (2, 6). Such an extracellular
supermachine can harbor cellulases by cohesin-dockerin interac-
tions and enable the conversion of lignocellulose to microbial cell
mass and products simultaneously (3). Compared to a noncom-
plexed system, which secretes free enzymes, this complexed sys-
tem can control the incorporation of enzyme components that act
synergistically. Recently, there has been increasing interest in the
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heterologous expression of cellulosomes and assembly in a Lego-
like way so that functional cellulosomes could be formed either in
vivo or in vitro (8, 13, 19, 31, 39, 47, 51). However, little attention
has been paid to the heterologous expression of hemicellulo-
somes, which are also produced naturally by some bacteria (20,
22). Kondo and coworkers previously constructed a xylan-fer-
menting yeast strain by codisplaying hemicellulases on the surface
of xylose-utilizing S. cerevisiae cells but did not use a scaffoldin
(14, 21). More recently, Bayer and coworkers used a designer cel-
lulosome approach (4) to construct hemicellulosomes in vitro by
assembling four xylanases into defined artificial cellulosome com-
plexes and showed that the resulting tetravalent xylanolytic de-
signer cellulosomes displayed enhanced activities on untreated
natural wheat straw compared to wild-type free-xylanase systems
(32–34).

Here we report the construction of a trifunctional minihemi-
cellulosome on the yeast cell surface. The chimeric enzymes could
be assembled in vivo on the miniscaffoldin to hydrolyze arabi-
noxylan into D-xylose and arabinose. To further enable S. cerevi-
siae to utilize D-xylose, the known D-xylose utilization pathway
consisting of xylose reductase (XR), xylitol dehydrogenase
(XDH), and D-xylulokinase (XK) from Scheffersomyces stipitis was
integrated into the S. cerevisiae L2612 genome as described previ-
ously (26, 44). Direct conversion from birchwood xylan to ethanol
was achieved after incorporating the bifunctional minihemicellu-
losome into our engineered D-xylose-utilizing S. cerevisiae strain
L2612.

MATERIALS AND METHODS
Strains, media, and reagents. S. cerevisiae EBY100 (Invitrogen, Carlsbad,
CA) was used for yeast cell surface display. Escherichia coli DH5� (Cell

Media Facility, University of Illinois at Urbana-Champaign, Urbana, IL)
was used for recombinant DNA manipulation. Trichoderma reesei
DSM769 and Aspergillus niger DSM821 were purchased from the DSMZ
(Braunschweig, Germany). T. reesei and A. niger were grown on YPAX
media (1% yeast extract, 2% peptone, 0.01% adenine hemisulfate, 2%
birchwood xylan) to form spores. The cDNA was synthesized from
mRNA by using the First-Strand cDNA synthesis kit (Roche, Indianapo-
lis, IN). Recombinant S. cerevisiae EBY100 transformants were selected
and maintained on synthetic complete (SC) dropout medium, SC me-
dium lacking Trp (SC�Trp medium), SC�Leu, SC�Trp�Leu, or SC-
�Trp�Leu�Ura, which contains 0.167% yeast nitrogen base without
amino acids and ammonium sulfate (Difco Laboratories, Detroit, MI),
0.5% ammonium sulfate, 2% glucose, and appropriate supplements (with
1.5% agar added for solid plates). YPG (1% yeast extract, 2% peptone, 2%
galactose) was used to induce protein expression in yeast cells. E. coli was
cultured in LB medium (Fisher, Pittsburgh, PA). The substrates, arabi-
noxylan (catalog number P-WAXYM) and xylooligosaccharides (xylo-
biose, xylotriose, and xylotetraose), were purchased from Megazyme
(Bray Co., Wicklow, Ireland). The preparation of the arabinoxylan solu-
tion was carried out according to the manufacturer’s instructions. The
substrate birchwood xylan (catalog number X0502) and all the other
chemicals were obtained from Sigma (St. Louis, MO). All restriction en-
zymes were purchased from New England BioLabs (Ipswich, MA).

Plasmid construction. The features of all the recombinant S. cerevisiae
strains are listed in Table 1. The sequences of all PCR primers used are
summarized in Table S1 in the supplemental material, while the corre-
sponding PCR products, templates, and primer pairs used are shown in
Table S2 in the supplemental material. The endo-1,4-�-xylanase (XynII)
was amplified from T. reesei cDNA by PCR using primer pair His-
Xyn2For/His-Xyn2Rev, and the PCR product His-Xyn2-HR was cotrans-
formed with BclI-digested pRS425-EGII (51), yielding plasmid pRS425-
XynII. Plasmids pYD1-CipA3-XynII and pYD1-CipA1-XynII were
constructed by cotransforming Xyn2-ind-HR with SacI-linearized pYD1-

TABLE 1 Characteristics of recombinant yeast strains used in this study

Strain Plasmid(s) Relevant feature(s)

S. cerevisiae EBY100
HZ1901a pYDctrl and pRS425 No surface display (control strain)
HZ2216 (CipA3-XynII) pYD1-CipA3-XynII Displays unifunctional minihemicellulosome with XynII activity
HZ1931 (CipA3-AbfB) pYD1-CipA3a and pRS425-AbfB Displays unifunctional minihemicellulosome with AbfB activity
HZ1933 (CipA3-XlnD) pYD1-CipA3 and pRS425-XlnD Displays unifunctional minihemicellulosome with XlnD activity
HZ3358 (CipA3-XynII-AbfB) pYD1-CipA3-XynII and pRS425-AbfB Displays bifunctional minihemicellulosome with XynII and AbfB

activities
HZ3361 (CipA3-XynII-XlnD) pYD1-CipA3-XynII and pRS425-XlnD Displays bifunctional minihemicellulosome with XynII and XlnD

activities
HZ3355 (CipA3-XynII-AbfB-XlnD) pYD1-CipA3-XynII and pRS425-AbfB-XlnD Displays trifunctional minihemicellulosome with XynII, AbfB,

and XlnD activities
HZ3376 (CipA1-XynII) pYD1-CipA1-XynII Displays one type of unifunctional minihemicellulosome with

XynII activity
HZ3370 (CipA1-XynII-AbfB) pYD1-CipA1-XynII and pRS425-AbfB Displays two types of unifunctional minihemicellulosomes, with

XynII and AbfB activities, respectively
HZ3373 (CipA1-XynII-XlnD) pYD1-CipA1-XynII and pRS425-XlnD Displays two types of unifunctional minihemicellulosomes, with

XynII and XlnD activities, respectively
HZ3367 (CipA1-XynII-AbfB-XlnD) pYD1-CipA1-XynII and pRS425-AbfB-XlnD Displays three types of unifunctional minihemicellulosomes, with

XynII, AbfB, and XlnD activities, respectively

S. cerevisiae L2612
HZ3345 (CipA3-XynII-XlnD) pYD1-CipA3-XynII and pRS425-XlnD Displays bifunctional minihemicellulosome with XynII and XlnD

activities on strain HZ3001
HZ3001b Integrated with a xylose-utilizing pathway from S. stipitis on the

chromosome of S. cerevisiae L2612
a See reference 51.
b See reference 26.
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CipA3-EGII (51) and pYD1-CipA1-EGII (51), respectively, into EBY100.
The genes encoding �-L-arabinofuranosidase (AbfB) and �-xylosidase
(XlnD) were obtained by PCR using cDNA of A. niger as the template and
primer pairs FLAG-abfBFor/FLAG-abfBRev and c-Myc-xlnDFor/c-Myc-
xlnDRev, respectively. The resulting PCR products, FLAG-abfB-HR and
c-Myc-xlnD-HR, were cotransformed with BclI-digested pRS425-CBHII
(51) and BamHI-digested pRS425-BGLI (51), respectively, yielding plas-
mids pRS425-AbfB and pRS425-XlnD, respectively. Plasmid pRS425-
AbfB-XlnD was obtained by cotransforming XdAb-HR2, XdAb-ind-HR,
and ApaI-digested pRS425-XlnD into EBY100. The construction of all
plasmids involved a conventional homologous recombination method
(28). All the plasmids were verified by DNA sequencing.

Strain HZ3001 was previously created by integrating the D-xylose-
utilizing pathway from S. stipitis, including xylose reductase (XR), xylitol
dehydrogenase (XDH), and D-xylulokinase (XK), into S. cerevisiae L2612
(26). Three individual cassettes, hisG-ADH1p-XR-ADH1t, PGK1p-XDH-
CYC1t, and PYK1p-XKS-ADH2t-�2, were assembled by overlap extension
PCR (OE-PCR), purified, and mixed with the BamHI/XhoI-digested in-
tegration fragment �1-hisG-ura3-hisG, which carries a ura3 selection
marker and a � sequence that shares sequence identity to the partial se-
quence of � sites on the yeast chromosome (44). Xylan-utilizing strain
HZ3345 was then obtained by cotransforming pYD1-CipA3-XynII and
pRS425-XlnD into this strain (Table 1).

Yeast surface display and flow cytometry analysis. S. cerevisiae
EBY100 transformants were cultured in SC dropout medium for 1 day.
The cell pellets were then washed with YPG medium three times and
induced in YPG medium for 48 h at 20°C at 250 rpm. Each staining assay
was performed with 2.5 � 106 cells. Anti-V5 (Invitrogen), anti-His
(Sigma), anti-FLAG (Sigma), and anti-c-Myc (Invitrogen) antibodies
were used as the primary monoclonal antibodies. The levels of surface
expression of miniscaffoldin and xylanases were analyzed by flow cyto-
metry and expressed as relative mean fluorescence units, as described
elsewhere previously (51).

Enzyme activity assays. The xylanase-producing yeast strains were
cultured in SC dropout medium and induced in YPG medium. Arabi-
noxylan was used to analyze the activity of XynII. After centrifugation, the
cells were washed three times with reaction buffer (50 mM potassium
acetate buffer, pH 5.0) to prevent medium carryover and then resus-
pended in reaction buffer supplemented with 0.1% arabinoxylan to an
optical density at 600 nm (OD600) of �1. The reaction was carried out at
30°C at 250 rpm. Samples of 1 ml were taken at the time intervals indi-
cated. The amount of reducing sugar released from arabinoxylan was
measured by using the Somogyi-Nelson method as described elsewhere
previously (52).

The activity of AbfB was measured by using 4-nitrophenyl �-L-arabi-
nofuranoside (4NPAF). The recombinant yeast cells were first washed
three times and resuspended in reaction buffer (50 mM sodium phos-
phate, 100 mM NaCl [pH 5.0]) with 1 mM 4NPAF to an OD600 of �1.
After incubation at 30°C at 250 rpm, 1-ml samples were centrifuged at the
time intervals indicated, and the supernatants were terminated by the
addition of a 1:2 (vol/vol) volume of 1 M Na2CO3. The absorbance of
released 4-nitrophenyl (4NP) was measured at 405 nm and quantified by
using 4NP standards.

The activity of XlnD was determined by hydrolyzing 0.1% xylooligo-
saccharides (xylobiose [X2], xylotriose [X3], and xylotetraose [X4]) in 50
mM potassium acetate buffer at pH 5.0. The cell density in the reaction
medium was adjusted to an OD600 of �1. The reaction was performed at
30°C at 250 rpm. Samples were centrifuged and filtered through a
0.22-�m polyethersulfone filter (Corning, Lowell, MA) at the indicated
time intervals to analyze the concentrations of xylose, xylobiose, xylotri-
ose, and xylotetraose. The analysis was performed by using a Shimadzu
high-performance liquid chromatography (HPLC) instrument equipped
with a RID-10A refractive index detector (Shimadzu, Columbia, MD).
The separation of xylooligosaccharides was carried out by using an
Aminex HPX-87H column (Bio-Rad, Philadelphia, PA). The operation

conditions were 65°C using a mobile phase of 50 mM H2SO4 at 0.6
ml/min.

Hydrolysis of xylan. Yeast transformants displaying different mini-
hemicellulosomes were analyzed for their abilities to hydrolyze xylan. Af-
ter induction in YPG medium, cells were washed with hydrolysis buffer
(50 mM potassium acetate buffer, pH 5.0) three times and resuspended
with 1% (wt/vol) arabinoxylan or 0.1% (wt/vol) birchwood xylan to an
OD600 of �10. Hydrolysis reactions were carried out with serum bottles
(Wheaton, Millville, NJ) at 30°C at 200 rpm. Samples of 1 ml were re-
moved and analyzed by both the Somogyi-Nelson method and HPLC as
described above. All sugar concentrations were determined as xylose
equivalents.

Fermentation. Xylan-utilizing strain HZ3345 and control strain
HZ3001 were precultivated in 30 ml SC dropout medium and induced
with 60 ml YPG medium for 48 h at 20°C at 250 rpm. The cells were
collected by centrifugation at 4,000 rpm for 10 min and washed three
times with YP medium (1% yeast extract, 2% peptone). Cells were resus-
pended to an OD600 of �50 with fermentation medium consisting of 1%
yeast extract, 2% peptone, 1% birchwood xylan, 0.001% ergosterol, and
0.042% Tween 80. All the reagents and media were prepared in an anaer-
obic chamber after flushing with an anaerobic gas mixture and continu-
ally stirred for at least 1 week. Direct fermentation was carried out anaer-
obically in serum bottles at 30°C at 250 rpm. Samples of 1 ml were
removed at the time intervals indicated. The residual total sugar concen-
tration was determined by the phenol-sulfuric acid method (52) and cal-
culated by subtracting the concentration of cell-derived sugar from the
total sugar concentration of the culture. The ethanol concentration was
measured by HPLC as described above.

RESULTS
Design of minihemicellulosomes. The bioconversion of xylan to
monosaccharides (like xylose and arabinose) and other side resi-
dues requires the synergistic action of at least three types of xyla-
nases (two main-chain cleavage enzymes and other side-chain
cleavage enzymes) (40). For arabinoxylan, the enzyme arabino-
furanosidase could cleave arabinose residues from substituted xy-
looligosaccharides to leave linear, nonbranched xylooligosaccha-
rides (10). Hence, we designed minihemicellulosomes consisting
of up to three enzymes, including a miniscaffoldin, an endoxyla-
nase (XynII), an arabinofuranosidase (AbfB), and a �-xylosidase
(XlnD). Two types of miniscaffoldin (mini-CipA), CipA3 and
CipA1, were designed to contain either three (Coh1, Coh2, and
Coh3) or one (Coh3) cohesin module isolated from the C. ther-
mocellum cipA gene (15, 51). The cohesin domains in the cipA
gene are numbered 1 to 9 in accordance with their positions from
the N terminus (45). The N terminus of mini-CipA was fused to
the AGA2 protein in the yeast pYD1 display vector (51). By the
yeast a-agglutinin mating adhesion receptor, miniscaffoldins were
expected to be displayed on the cell surface (Fig. 1).

Each chimeric hemicellulase construct consists of a promoter,
a secretion signal peptide, an epitope tag, a target hemicellulase, a
dockerin module, and a terminator. Specifically, they are desig-
nated GAL10-(prepro signal peptide)-His-XynII-docS-ADH1,
GAL1-(�-factor signal peptide)-FLAG-AbfB-docS-ADH2, and
GAL10 –(prepro signal peptide)– c-Myc–XlnD– docA–ADH1, re-
spectively. Since the enzymes AbfB and XlnD were expressed from
a single vector, they were fused with two different dockerins to
avoid potential plasmid instability issues due to long stretches of
homology/identical sequences (35, 44). The two dockerin mod-
ules docS and docA were obtained from two major components in
the cellulosome of C. thermocellum, CelS (49) and CelA (7). Since
they are both type I dockerin domains, docS and docA can non-
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specifically interact with any type I cohesin domain (Coh1 to
Coh3) in the scaffoldin CipA3/CipA1 (11). Four epitope tags, V5,
His, FLAG, and c-Myc, were used for the detection of four com-
ponents on the minihemicellulosomes. The chimeric enzymes
His-XynII-docS, FLAG-AbfB-docS, and c-Myc–XlnD– docA were
expected to be secreted and interact with the cohesin domains of
the miniscaffoldin on the cell surface, forming a minihemicellu-
losome. The expression level of each component was then ana-
lyzed by detecting the protein expression tags by using flow cy-
tometry. Note that each component was paired with one specific
epitope tag.

Yeast surface display of uni-, bi-, and trifunctional hemicel-
lulosomes. Since the scaffoldin was confirmed to be displayed on
the yeast cell surface (51), unifunctional minihemicellulosomes
were assembled to test the expression level of each individual en-
zyme. Plasmid pRS425 encoding one chimeric enzyme with or
without plasmid pYD1-CipA3 was then transformed into yeast
cells. The display level of each enzyme was monitored by measur-
ing the corresponding protein expression tag using flow cyto-
metry. As shown in Fig. 2A, the three chimeric enzymes were
detected on the cell surface only when the scaffoldin CipA3 was
coexpressed. Without CipA3, the enzyme was detected only in the
supernatant, as determined by enzyme activity assays (see Fig. S1
in the supplemental material). The strains transformed with chi-
meric enzymes alone showed a small amount of nonspecific back-
ground fluorescence and no CipA3 expression (Fig. 2A). All of
these results indicated that the unifunctional minihemicellulo-
somes were successfully assembled on the yeast cell surface
through cohesin-dockerin interactions.

Bifunctional and trifunctional minihemicellulosomes were
constructed by incorporating additional xylanases. Since XynII is
the dominant enzyme to deconstruct xylan, bifunctional mini-

FIG 1 Design of a yeast surface display system for constructing minihemicellulosomes. The miniscaffoldins CipA3 and CipA1 contained three type I cohesin
domains (Coh1, Coh2, and Coh3) and one type I cohesin domain (Coh3), respectively, and were tethered to the cell surface through Aga1-Aga2 interactions.
Three hemicellulases, endoxylanase (XynII), arabinofuranosidase (AbfB), and xylosidase (XlnD), were displayed on the miniscaffoldin via the nonspecific type I
cohesin-dockerin interaction. The figure shown assumes that the three hemicellulases are expressed at a 1:1:1 ratio. Theoretically, there are 27 possible
configurations of trifunctional minihemicellulosomes, with three possibilities at each cohesin position. The D-xylose-utilizing pathway, including the xylose
reductase (XR), xylitol dehydrogenase (XDH), and D-xylulokinase (XK) from Scheffersomyces stipitis, was integrated into the S. cerevisiae L2612 strain. The
green-encircled gray pentagon on the cell surface shows that the released xylose is being transported into yeast cells. PPP, pentose phosphate pathway.

FIG 2 Yeast surface display levels of all CipA3-based minihemicellulosomal com-
ponents. (A) Expression levels of enzymes in unifunctional minihemicellulo-
somes, including CipA3-XynII, CipA3-AbfB, and CipA3-XlnD. The blank col-
umns represent the strains displaying CipA3 and a corresponding enzyme. The
gray columns represent the strains displaying only a corresponding chimeric en-
zyme. (B) Expression levels of uni-, bi-, and trifunctional minihemicellulosomes.
See Table 1 for the relevant features of each yeast strain. Relative mean fluorescence
units of each component were obtained by flow cytometry. All the experiments
were done in triplicate, and the averages and standard deviations are plotted.
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hemicellulosomes were designed with XynII in combination with
AbfB or XlnD, resulting in CipA3-XynII-AbfB and CipA3-XynII-
XlnD (Table 1). The trifunctional minihemicellulosome is CipA3-
XynII-AbfB-XlnD (Table 1). Compared to yeast strains displaying
CipA3-XynII, CipA3-AbfB, or CipA3-XlnD, bifunctional mini-
hemicellulosomes did not show significant decreases in display
levels of any component (Fig. 2A and B). The addition of a third
enzyme, XlnD, in the CipA3-XynII-AbfB-XlnD strain, however,
did lead to decreased mean fluorescence units of AbfB and XlnD,
by 2.54- and 2.35-fold, respectively (Fig. 2B). This might be due to
the metabolic burden caused by the expression of four compo-
nents simultaneously, which was also observed in a previous mini-
cellulosome study (51). Nonetheless, these data clearly suggested
that all the components of the minihemicellulosomes were suc-
cessfully displayed on the cell surface. The cohesin-dockerin in-
teraction was sufficient to direct the assembly of the quaternary
minihemicellulosome.

Enzyme activities. The arabinoxylan that was used as the sub-
strate contained 38% arabinose, 62% xylose, and trace amounts of
other sugars, which represent the principal components of the
plant cell wall, especially in rice bran, wheat arabinoxylan, and
corn fiber (40). As shown in Fig. 3A, the recombinant yeast strain
displaying XynII (CipA3-XynII) released 0.42 mM reducing sug-
ars after 6 h, while no activity was detected in the control strain.
The activity of AbfB was also examined by using the 4NPAF assay.
As shown in Fig. 3B, the displayed AbfB enzyme could cleave the
glycosidic bond of 4NPAF and liberate arabinose, as indicated by
the detection of the coproduct 4NP. In contrast, the control strain
did not show any activity toward the substrate 4NPAF.

The activity of XlnD was determined by using xylooligosaccha-
rides with degrees of polymerization between 2 and 4 as the sub-
strate. As shown in Fig. 3C, the strain displaying XlnD (CipA3-

XlnD) showed activities toward all xylooligosaccharides tested.
The higher the degree of polymerization of the substrate, the lower
the amount of xylose released. Instead of being completely hydro-
lyzed into xylose, xylobiose was produced in the presence of xy-
lotriose. Similarly, xylobiose and xylotriose were produced in the
presence of xylotetraose. This corresponds to the mode of action
of xylosidases, which release one monomer from the nonreducing
end of xylooligosaccharides (10). The production of xylose from
xylooligosaccharides was immediately observed without any lag
phase. In addition, possible inhibition by the xylooligosaccharides
was eliminated by incubation for a longer time, in which the sub-
strates were eventually used up (data not shown). We conclude
that XlnD is quite active in releasing xylose monomers in the final
step of xylan degradation. No activity was detected in the control
strain. Taken together, all three recombinant enzymes were shown
to be active on the yeast cell surface. Of note, the binding efficiency
of each enzyme was determined by an activity assay of the cell-
associated enzyme and the corresponding enzyme in the superna-
tant. The display percentages of the enzymes XynII, AbfB, and
XlnD were around 50%, 33%, and 53%, respectively (see Fig. S2 in
the supplemental material).

Enhanced xylan conversion in minihemicellulosomes. The
recombinant CipA3-based minihemicellulosomes were further
evaluated for their abilities to hydrolyze arabinoxylan and birch-
wood xylan. Figure 4A represents the time course of reducing
sugar released from arabinoxylan. HPLC analysis of the hydrolysis
products showed that the CipA3-XynII strain released xylobiose
and xylotriose as its main products, while only xylose was detected
in the supernatant of the CipA3-XynII-XlnD strain (data not
shown), indicating that both XynII and XlnD functioned effec-
tively. The peak of arabinose was observed only for the CipA3-
XynII-AbfB and CipA3-XynII-AbfB-XlnD strains (data not

FIG 3 Functional analysis of three recombinant enzymes, XynII, AbfB, and XlnD. (A) Arabinoxylan hydrolysis activities were determined for cells displaying
XynII. The reaction buffer used was 50 mM potassium acetate buffer (pH 5.0) supplemented with 0.1% arabinoxylan to an OD600 of �1. (B) Cells displaying AbfB
were assayed for their activities by the release of 4NP from the substrate 4NPAF. The reaction buffer used was 50 mM sodium phosphate–100 mM NaCl (pH 5.0)
supplemented with 1 mM 4NPAF to an OD600 of �1. (C) Time course of cells displaying XlnD to release sugars from xylooligosaccharides, including substrates
of xylobiose (top), xylotriose (middle), and xylotetraose (bottom). The reaction buffer used was 50 mM potassium acetate (pH 5.0) supplemented with 0.1%
xylooligosaccharides to an OD600 of �1. Strain HZ1901 (Table 1) carrying two empty vectors, pYD1 and pRS425, was used as the negative control. All the
experiments were performed at 30°C at 250 rpm and were done in triplicate. The averages and standard deviations are plotted.
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shown). Both the HPLC analysis and the Somogyi-Nelson assay
(Fig. 4A) showed that no arabinoxylan was hydrolyzed by the
control strain.

In the case of arabinoxylan hydrolysis, a larger amount of re-
ducing sugar was released by strains displaying the bifunctional
and trifunctional minihemicellulosomes than by strains display-
ing the unifunctional minihemicellulosomes (CipA3-XynII and
CipA3-XlnD) (Fig. 4A). The CipA3-XynII-AbfB, CipA3-XynII-
XlnD, and CipA3-XynII-AbfB-XlnD strains could liberate
reducing sugars of 7.24 mM, 9.73 mM, and 11.49 mM at 48 h,
respectively. The bifunctional minihemicellulosomes (CipA3-
XynII-AbfB and CipA3-XynII-XlnD) showed a higher rate of
arabinoxylan hydrolysis than the unifunctional minihemicellulo-
somes, while the trifunctional minihemicellulosome (CipA3-
XynII-AbfB-XlnD) showed the highest hydrolysis rate. The max-
imum amount of released reducing sugar was observed after �48
h (Fig. 4A), and afterwards, it was slightly decreased and remained
steady after �3 days (data not shown). An interesting phenome-
non was found in the case of the substrate birchwood xylan (Fig.
4B), which contains fewer substitutions of arabinose than arabi-

noxylan. The CipA3-XynII-XlnD strain exhibited a higher hydro-
lysis rate than the CipA3-XynII-AbfB-XlnD strain, while the
CipA3-XynII-AbfB and CipA3-XynII strains showed very similar
hydrolysis profiles. Therefore, the enzyme AbfB did not improve
the hydrolytic performance of the enzymes XynII and XlnD on
birchwood xylan.

Another scaffoldin, CipA1, containing only one cohesin mod-
ule (Coh3), was designed to construct the CipA1-XynII, CipA1-
XynII-AbfB, CipA1-XynII-XlnD, and CipA1-XynII-AbfB-XlnD
strains (Fig. 1 and Table 1). The expression level of each compo-
nent in CipA1-based minihemicellulosomes was similar to that in
the corresponding CipA3-based minihemicellulosomes (see Fig.
S3 in the supplemental material), which eliminated the effect of
gene expression variation. CipA1 allows the simultaneous display
of two or three types of unifunctional minihemicellulosomes on
the cell surface (Fig. 1). As shown in Fig. 5, the CipA1-XynII-XlnD
and CipA1-XynII-AbfB-XlnD strains both showed �1.33-,
�4.88-, and �11.74-fold-higher activities than the CipA3-XynII,
CipA3-XlnD, and CipA3-AbfB strains at 48 h, respectively. Fur-
thermore, when enzymes were brought into proximity on the
miniscaffoldin, the CipA3-XynII-XlnD and CipA3-XynII-AbfB-
XlnD strains additionally showed �1.12- and �1.39-fold-higher
activities than the corresponding CipA1 strains, respectively. No-
tably, AbfB showed enzyme-enzyme synergy only after being
brought in proximity to XynII and XlnD on CipA3 rather than on
CipA1. The CipA1-XynII-XlnD and CipA1-XynII-AbfB-XlnD
strains showed almost identical time course curves of released
reducing sugar from arabinoxylan (data not shown), while an ob-
vious improvement was observed for the corresponding CipA3
strains (Fig. 4A and 5).

Direct fermentation. To enable the yeast strain to utilize xy-
lose, a D-xylose-utilizing pathway was integrated into the chromo-
some of S. cerevisiae L2612, yielding strain HZ3001 (Table 1).
Since the substrate birchwood xylan contains �90% xylose resi-
dues, a bifunctional minihemicellulosome, CipA3-XynII-XlnD,
was displayed on the surface of strain HZ3001, yielding strain
HZ3345 (Table 1). Both strains were first tested for their growth

FIG 4 Functional analysis of surface-displayed CipA3-based minihemicellu-
losomes. (A) Hydrolysis of arabinoxylan from CipA3-based uni-, bi-, and
trifunctional minihemicellulosomes. (B) Hydrolysis of birchwood xylan from
CipA3-based uni-, bi-, and trifunctional minihemicellulosomes. The hydroly-
sis reactions were performed with 50 mM potassium acetate buffer (pH 5.0)
with 1% (wt/vol) arabinoxylan or 0.1% (wt/vol) birchwood xylan to an OD600

of �10. The experiments were carried out with serum bottles at 30°C at 200
rpm. All the experiments were done in triplicate, and the averages and stan-
dard deviations are plotted.

FIG 5 Percentages of arabinoxylan conversion for nine surface-engineered
yeast strains were compared after 17 h, 48 h, and 72 h. The differences between
CipA1-based minihemicellulosomes and the unifunctional CipA3-based
minihemicellulosomes reflect enzyme-enzyme synergy. The differences be-
tween the CipA3-based and the corresponding CipA1-based minihemicellu-
losomes reflect enzyme proximity synergy.
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abilities in xylose medium (2% xylose in SC dropout medium) to
eliminate possible metabolic influences when minihemicellulo-
somes were expressed in yeast cells (see Fig. S4 in the supplemental
material). Strain HZ3001 exhibited a slightly higher growth rate
than strain HZ3345. Further direct fermentation from xylan to
ethanol was performed anaerobically with 10 g/liter birchwood
xylan. As shown in Fig. 6, the ethanol concentration increased as
the residual total sugar was consumed. After 80 h, the ethanol titer
reached approximately �0.95 g/liter, while the residual total sugar
level decreased to �6.88 g/liter. The highest yield was 0.31 g of
ethanol produced per g of birchwood xylan consumed. The pro-
duction of ethanol was not detected in the control strain.

DISCUSSION

In this study, yeast surface display was used to engineer S. cerevi-
siae strains with minihemicellulosomes anchored on the cell sur-
face (Fig. 1). The extracellular surface display allows the detection
of labeled antigen-antibody interactions by flow cytometry. By
labeling different proteins with different antigens, we can quickly
assay each component in the minihemicellulosomes at one time,
which significantly reduces time and labor.

Similar to the minicellulosome, an engineered minihemicellu-
losome is also a multienzyme complex including several assem-
bled modules (Fig. 1). A previous study reported the codisplay of
an endoxylanase (XynII) and a �-xylosidase (XylA) as individual
fusion proteins with the C-terminal-half region of a-agglutinin
(21). However, there was no miniscaffoldin, and the enzymes were
distributed randomly on the cell surface. An enzyme-enzyme syn-
ergy between XynII and XylA was shown but only in a 3-h reac-
tion. In our study, the minihemicellulosomes were more stable
and could readily hydrolyze xylan for days. Another previously
reported example used the purified multimeric hemicellulase to
synergistically degrade complex polysaccharides, which involved
only a carbohydrate-binding domain without the cohesin-dock-
erin high-affinity interactions (12). Neither of the previous studies
could illustrate the structure of the hemicellulosome and its re-

sponsible mechanisms in the hydrolysis process. Similar to a pro-
tuberance-like surface structure in native cellulolytic bacteria (5),
the miniscaffoldin serves as a base to establish the interactions
between a cell and enzymes. Meanwhile, the critical elements in
the multienzyme complex to solubilize a cellulosic polymer have
been explored (36, 54). In this study, a miniscaffoldin was stably
anchored to the cell wall and was used to incorporate three differ-
ent xylanases to form a minihemicellulosome.

In previous studies, the effect of target xylanases was simply
determined by an enzyme cocktail, which only quantitatively in-
creases the enzyme variety and dosage (17, 46). In this study, a
proximity effect of xylanases was brought into consideration with
two types of miniscaffoldins, CipA3 and CipA1. This showed that
the enzyme proximity synergy might play a role, especially in the
case of the enzyme AbfB. Only when AbfB was brought close to
XynII and XlnD (CipA3-based minihemicellulosomes) did it ex-
hibit synergism (Fig. 5). Otherwise, AbfB could hardly expose
more nonreducing ends for XynII to attack, resulting in little en-
hancement of reducing sugar production (CipA1-based mini-
hemicellulosomes) (Fig. 5). In addition to potential enzyme-en-
zyme synergy and enzyme proximity synergy, the enhanced
hydrolysis rate of arabinoxylan observed for the quaternary tri-
functional minihemicellulosome might be due to an overall effect
caused by the enzyme source, glycosylation, display efficiency, co-
hesin-dockerin interaction affinity, and so on. All these issues
should be addressed in order to clarify the bottlenecks in mini-
hemicellulosome construction.

The observed synergy is not necessarily positively proportional
to the number of xylanases. As in the case of the substrate birch-
wood xylan, which contains fewer substitutions of arabinose, the
CipA3-XynII-XlnD strain can liberate more reducing sugars than
the CipA3-XynII-AbfB-XlnD strain (Fig. 4B). This finding sug-
gested that the design of a minihemicellulosome to achieve a max-
imum hydrolysis rate is also dependent on the compositions of
xylan. A full understanding of the synergistic action of xylanases in
the hemicellulosome could lead to the cost-effective saccharifica-
tion of naturally derived biomass and thus overcome a major bar-
rier to the industrial production of biofuel.

In addition, several future studies will be taken into consider-
ation. First, such a platform can be applied to realize the synergy
between cellulases and xylanases by readily swapping the enzymes
through the DNA assembler method (44), which allows the fast
assembly of genes in a one-step manner. By creating a super cel-
lulosome/hemicellulosome, the simultaneous assimilation of C6

and C5 polysaccharides may be realized. A recent study reported a
recombinant S. cerevisiae strain codisplaying an endoxylanase, a
xylosidase, and a glucosidase, which exhibited a high ethanol yield
of 0.41 g/g from a rice straw hydrolysate (41). Second, the strength
of the cohesin-dockerin interactions in docS and docA have not
yet been compared in this work, as the dockerin and the corre-
sponding xylanase were designated as one configuration. The un-
controlled expression and arrangement of hemicellulosomal
components would lead to some clonal variations. To address this
issue, one strategy is to construct designer hemicellulosomes, in
which the cohesin and dockerin are specifically paired (30, 37) so
that the hemicellulosomal components can be expressed in an
optimized proportion rather than unbalanced. Another strategy is
to integrate the heterologous xylanase genes into chromosomal
DNA with multiple copies by cocktail �-integration, which can
simultaneously control the expression level of each xylanase and

FIG 6 Direct fermentation of birchwood xylan to ethanol by a recombinant S.
cerevisiae strain containing an integrated D-xylose-utilizing pathway. The fer-
mentation medium was prepared in an anaerobic chamber with 1% yeast
extract, 2% peptone, 1% birchwood xylan, 0.001% ergosterol, and 0.042%
Tween 80. Cells were resuspended to an OD600 of �50. The experiments were
carried out anaerobically with serum bottles at 30°C at 250 rpm. All the data
were obtained from triplicate experiments, and the averages and standard
deviations are plotted.
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their ratios (41, 53). Third, direct fermentation was attempted
only with bifunctional minihemicellulosomes and one integrated
xylose-utilizing pathway to avoid a potential metabolic burden on
the yeast cells. Further simultaneous saccharification and fermen-
tation of arabinoxylan are feasible by transforming trifunctional
hemicellulosomes into an S. cerevisiae strain that contains chro-
mosomally integrated xylose- and arabinose-utilizing pathways,
which can then be applied to complete the saccharification of
other raw materials.

In conclusion, upon the incorporation of three complemen-
tary xylan-degrading xylanases into the same miniscaffoldin, an
enhanced degradation of arabinoxylan was obtained. The main
advantages of such a recombinant yeast strain may be the high
tolerance to toxicities and the elimination of the purification step,
which reduce the overall cost of production of a target protein in
industrial applications. A CBP strategy was achieved in this study,
which could simultaneously hydrolyze xylan into xylose and fer-
ment xylose into ethanol. Further investigations are required to
improve the xylan degradation ability of the CBP strain, since the
residual total sugar concentration reached a plateau after 80 h
(Fig. 6). For the complete degradation and saccharification of xy-
lan, other critical xylanases might also be needed.
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