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Cellulosomes, which are multienzyme complexes from anaerobic
bacteria, are considered nature’s finest cellulolytic machinery.
Thus, constructing a cellulosome in an industrial yeast has long
been a goal pursued by scientists. However, it remains highly chal-
lenging due to the size and complexity of cellulosomal genes.
Here, we overcame the difficulties by synthesizing the Clostridium
thermocellum scaffoldin gene (CipA) and the anchoring protein
gene (OIpB) using advanced synthetic biology techniques. The
engineered Kluyveromyces marxianus, a probiotic yeast, secreted
a mixture of dockerin-fused fungal cellulases, including an endo-
glucanase (TrEglll), exoglucanase (CBHII), p-glucosidase (NpaBGS),
and cellulase boosters (TaLPMO and MtCDH). The confocal micros-
copy results confirmed the cell-surface display of OlpB-ScGPI and
fluorescence-activated cell sorting analysis results revealed that
almost 81% of yeast cells displayed OIpB-ScGPl. We have also
demonstrated the cellulosome complex formation using purified
and crude cellulosomal proteins. Native polyacrylamide gel elec-
trophoresis and mass spectrometric analysis further confirmed the
cellulosome complex formation. Our engineered cellulosome can
accommodate up to 63 enzymes, whereas the largest engineered
cellulosome reported thus far could accommodate only 12 en-
zymes and was expressed by a plasmid instead of chromosomal
integration. Interestingly, CipA 2B9C (with two cellulose binding
modules, CBM) released significantly higher quantities of reducing
sugars compared with other CipA variants, thus confirming the
importance of cohesin numbers and CBM domain on cellulosome
complex. The engineered yeast host efficiently degraded cellulosic
substrates and released 3.09 g/L and 8.61 g/L of ethanol from
avicel and phosphoric acid-swollen cellulose, respectively, which
is higher than any previously constructed yeast cellulosome.
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Acellulosome is a highly efficient supramolecular enzyme
complex produced by Clostridium thermocellum and other
anaerobic cellulolytic bacteria (1, 2). A typical C. thermocellum
cellulosome is composed of a central nonenzymatic scaffoldin
subunit known as “cellulosome integrating protein A” (CipA)
with nine type I cohesins (3) (Fig. 14). CipA contains an integral
cellulose-binding module (CBM), which binds cellulosic sub-
strates (4, 5). A cellulosomal enzyme contains a type I dockerin,
which interacts with the type I cohesin of CipA (6) (Fig. 1B). The
entire scaffoldin and enzymatic subunits are attached to the
bacterial cell surface through the interaction between type II
dockerins of CipA and type II cohesins of one of three surface
anchoring proteins, SdbA, Orf2p, or OlpB (7, 8). The “outer
layer protein B” (OlpB) typically includes seven type II cohesins
(Fig. 1C), so a cellulosome can accommodate up to 63 cellulases
to form one of the largest known cellulolytic enzyme complexes
(8). The cohesin—dockerin interaction of a cellulosome facilitates
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spatial proximity among various cellulases (proximity effect) and
the cellulose-binding capacity of CBM enhances the cellulose
utilization (targeting effect) (9, 10). These advantages of cellulosomes
provide clues for developing an efficient way to elevate the
saccharification of cellulosic substrates (11).

In recent years, several groups of researchers successfully
expressed miniaturized versions of cellulosomes, called “mini-
cellulosomes,” on the Saccharomyces cerevisiae cell surface and
demonstrated their cellulolytic and ethanol-producing abilities
using microcrystalline cellulose (12-18). Enzymes in minicellulosomes
displayed enhanced activity compared to free or immobilized
enzymes (19). However, a minicellulosome contains only a few
cohesins and hence can accommodate only a few enzymes (12 so
far), thus limiting the enzyme synergism. Engineering a large
cellulosomal complex into the yeast genome remains highly
challenging due to the massive TRs in the cohesins of CipA and
OlpB genes, lack of stable chromosome integration strategy, low
protein expression, and secretion capability of the host (20). The
existing strategies use episomal plasmids to express mini-
cellulosomes for higher protein yields. However, the episomal
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expression requires induction and constant selection, thus in-
creasing the production cost and raising the stability concern (21).

The purpose of this study was to engineer Kluyveromyces
marxianus with the largest cellulosome complex that can ac-
commodate up to 63 enzymes on the cell surface. To do so, we
synthesized the CipA gene (with nine type I cohesin repeats) and
the largest OlpB gene (with seven type II cohesin repeats). The
multiple repeats in the CipA and OlpB genes make it extremely
difficult for their cloning or even DNA synthesis. We overcame this
problem by randomizing the codons in the repeats and synthesized
CipA and OlpB genes with advanced DNA synthesis techniques.
These two genes were then integrated into the K marxianus ge-
nome. Moreover, to understand the importance of cohesin numbers
and CBMs of a CipA in avicel degradation, we constructed CipA
variants with different numbers of cohesins and CBMs.

The conversion of cellulose into simple sugars requires at least
three types of enzymes: endoglucanases (EGs), exoglucanases
(CBHs) and beta-glucosidases (BGSs) (21). Moreover, a new class
of oxidative enzymes, called lytic polysaccharide monooxygenases
(LPMO), has been reported (22). LPMO can efficiently degrade
crystalline cellulose and increase the soluble sugar release by 2.6-
fold, so it was named a “cellulase booster” (22). LPMO requires
electrons for its activity, so an electron donor called cellobiose
dehydrogenase (CDH) was used together with LPMO. We
therefore selected three types of fungal cellulases, namely an EG
from Trichoderma reesei (TrEgIII) (23), a synthetic CBH (CBHII)
(24), a p-glucosidase from Neocallimastix patriciarum (NpaBGS)
(25), and the cellulase booster from Thermoascus aurantiacus
(TaLPMO) (26) and an electron donor from Myceliophthora
thermophila  (Thermothelomyces thermophila) (MtCDH) (27),
which were then fused with type I dockerin of C. thermocellum to
facilitate the cellulosomal integration. The engineered celluloso-
mal yeast strains efficiently converted the microcrystalline cellu-
lose into reducing sugars or/and ethanol and are suitable for
consolidated bioprocessing (CBP).
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In this study we engineered a cellulosome complex in K
marxianus, a nontraditional yeast. K. marxianus has several advan-
tages over S. cerevisiae and other yeast strains (23, 24, 28). It is
Crabtree-negative, thermotolerant (up to 52 °C), and capable of
fermenting various sugars, including inulin and other pentose sugars
(e.g., xylose, and arabinose) (28, 29). It grows faster than S. cerevisiae
and other yeasts (30-32). Moreover, its secretory capacity is higher
than that of S. cerevisiae, due to its efficient signal peptides (28).
Finally, it is a generally regarded as safe and qualified presumption
of safety certified organism (33). These attributes make K. marxianus
an excellent host for industrial applications (34).

In this study we have generated several cellulosomal hosts in-
cluding a cellulase host (CH: expressing TrEglIIl-t, CBHII-t, and
NpaBGS-t), a booster host (BH: expressing 7aLPMO-t and
MtCDH-t), an enzyme host (EH: expressing 7rEglll-t, CBHII-t,
NpaBGS-t, TaLPMO-t, and MtCDH-t), and an AH (expressing
OlpB-ScGPI). Similarly, five different types of scaffoldin host (SH)
were developed by integrating the CipA variants into an AH
expressing OlpB-ScGPI. Finally, an EH and an AH were cocultured
together to form the largest cellulosomes and then microcrystalline
cellulose (avicel) and phosphoric acid-swollen cellulose (PASC) was
separately used to demonstrate the ethanol production.

Results

Design and Synthesis of Cellulosomal Scaffoldins. Several compo-
nents were designed and synthesized to engineer an entire cel-
lulosome system into the yeast genome. A synthetic scaffoldin
was designed according to the sequence of the CipA gene
(5.6 kb) in C. thermocellum ATCC 27405 (CP000568). To eval-
uate the effect of cohesin number, we designed three synthetic
scaffoldins containing three, six, and nine cohesins with a single
CBM (denoted 1B3C, 1B6C, and 1B9C) (Fig. 14). Similarly, to
examine the effect of CBM number on cellulose binding, two
more synthetic scaffoldins were designed with no or two CBMs
(0B9C and 2B9C).
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An anchoring protein plays a critical role in the attachment of
the cellulosome complex to the yeast cell surface. However, the
anchoring domain of C. thermocellum is not suitable for a
eukaryotic host. We therefore tested the anchoring efficiency of
glycosylphosphatidylinositol (ScGPI), a cell-surface protein from
S. cerevisiae, on K. marxianus (35). The pKlac2 plasmid containing
ScGPI fused with a green fluorescent protein (GFP) and a 12x His
was expressed in K. marxianus and its anchoring efficiency was
confirmed by fluorescence microscopic analysis (SI Appendix, Fig.
S1). The imaging data showed a successful display of ScGPI on the
K. marxianus cell surface. Then, the largest cell surface scaffoldin
was designed using OlpB as the backbone. The seven type II
cohesins of OlpB were selected and the original anchoring domain
(SLH) was replaced with the ScGPI domain to facilitate surface
display. OlpB contains long tandem repeats (TRs) with highly
repetitive TPSDEP amino acid sequences (36). In view of the
repetitiveness of the OlpB DNA sequence, the TR length was
reduced and seven cohesins were directly fused with the trimmed
TRs and with the ScGPI domain (Fig. 1C). For efficient trans-
lation in K marxianus, both CipA and OlpB gene sequences were
codon-optimized for K. marxianus and the repeats in the cohesins
were randomized to avoid DNA synthesis constraints.

Conversion of Free Cellulases into Cellulosomal Mode. As fungal
cellulases have no dockerins, two kinds of dockerin fusion plas-
mids were designed based on the type I dockerin (DocT) of the
celS from C. thermocellum (SI Appendix, Fig. S2 A and B). The
dockerin module was fused at either the N or C terminal,
depending on the domain organization of each enzyme (SI Ap-
pendix, Fig. S2). A 36-bp glycine-rich linker was used between the
dockerin module and the catalytic domain to reduce the con-
formational constraint and steric hindrance between cellulase
enzymes (22, 37) and an 8xHis tag was fused for purification and
detection purposes. For efficient secretion of each cellulase into
the medium, the native secretory signal peptide (a-mating type) of
K lactis was fused at the N terminal. In our previous studies, we
successfully expressed several fungal cellulases in K. marxianus,
including TrEgIll, CBHII, and NpaBGS (24, 38). In this study, in
addition to cellulases we also included the cellulase booster LPMO
(from T. aurantiacus, Ta.PMO) and an electron donor CDH (from
M. thermophila, MtCDH). To convert the free fungal cellulases into
the cellulosomal mode, DocT was fused at either the N or C ter-
minal of TrEgIIl, CBHII, and NpaBGS. Interestingly, CBHII and
TrEgllI retained their activity after C-terminal dockerin fusion but
not after N-terminal dockerin fusion (SI Appendix, Fig. S3 A and
B). However, the enzyme activity was recovered after adding a
scaffoldin T (ScafT) that contains a CBM and a cohesin T (CohT)
(SI Appendix, Fig. S3). On the other hand, NpaBGS displayed
similar amounts of enzyme activity in either N- or C-terminal
dockerin fusion (SI Appendix, Fig. S3C). Based on a previous
study (22), a dockerin was fused at the C termini of 7aL.PMO and
MtCDH, since the N-terminal histidine residue has been evolu-
tionarily conserved in LPMO and is essential for its function. The
suffix “t” after the enzyme name (i.e., TrEgllI-t) denotes the type I
dockerin fusion. Three-dimensional (3D) protein structures of
dockerin-fused chimeric enzymes were predicted using homology
modeling and the results showed that the dockerin fusion did not
alter their substrate-binding pockets (SI Appendix, Fig. S4).

Chromosomal Integration of Cellulosomal Genes. The cellulosomal
genes were integrated into the LAC4 promoter region of the K
marxianus genome using yeast integration plasmid pKLac2 (S
Appendix, Fig. S5 A and B). To study the effects of the numbers
of cohesins and CBMs in CipA on cellulose degradation, five
different CipA variants—CipA1B3C, 1B6C, 1B9C, 2B9C, and
0B9C—were transformed individually into K. marxianus (Fig.
1E). The chromosomal integration was confirmed by PCR veri-
fication (SI Appendix, Fig. S5C) and their expression was
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confirmed by Western blot (WB) analysis using anti-His anti-
body. All of the CipA constructs were secreted out to the me-
dium because they have an a-matting-type signal peptide. The
WB results of CipA1B3C showed a distinctive band at ~89 kDa
(SI Appendix, Fig. S5C). Similarly, transformants expressing
1B6C, 1B9C, 0BIC, and 2B9C displayed bands at ~142 kDa,
~194 kDa, ~172 kDa, and ~217 kDa, respectively (SI Appendix,
Fig. S5C). The AH was developed by transforming OlpB-ScGPI
into the K marxianus genome and their expression was con-
firmed by WB analysis, showing a band at ~211 kDa (SI Ap-
pendix, Fig. S6). Finally, an SH was constructed by integrating
the CipA variants into the AH (Fig. 1E). Based on the types of
CipA integrated into AH five types of SH were constructed (SH-
1B3C, SH-1B6C, SH-1B9C, SH-2B9C, and SH-0B9C).

Demonstration of Cell-Surface Display Using Immunofluorescence
Analysis. Anchoring of the entire OlpB-ScGPI on the cell sur-
face was confirmed by immunofluorescence microscopy and
fluorescence-activated cell sorting (FACS) analysis. The OlpB-
ScGPI contained a FLAG tag and a GFP protein at the C termi-
nal. The yeast cells expressing OlpB exhibited a strong green fluo-
rescence signal throughout the cell, making it difficult to distinguish
the protein anchored on the cell surface from the internal OlpB.
Since the monoclonal antibodies did not penetrate the yeast cell wall,
the yeast cells expressing OlpB were immunostained with DyeLight
405 secondary antibody conjugated with the cyan fluorescent protein
(CFP) that specifically binds to the anti-FLAG tag. A clear blue
fluorescence was observed around the AH, thus confirming the
display of the OlpB protein on the K. marxianus cell surface, whereas
no fluorescence was observed on wild-type strains (Fig. 24 and ST
Appendix, Fig. S7). Similarly, the cells immunostained with DyeLight
405 were analyzed using FACS, and among ~50,000 cells examined
~81.47% showed a fluorescence signal, confirming the anchoring of
OlpB-ScGPI on the yeast cell surface (Fig. 2B).

Similarly, the anchoring of the entire cellulosome complex on
the cell surface was demonstrated using fluorescence micros-
copy. The cells expressing OlpB-ScGPI and the concentrated
culture supernatant of CipA1B9C and red fluorescent protein
(RFP)-DocT were allowed to form a complex, which was ob-
served under an epifluorescence microscope. Green color fluo-
rescence was observed on the cells expressing OlpB-ScGPI (Fig.
2C). Since CipA1B9C does not contain any fluorescence tag, the
complex of OlpB-ScGPI and CipAl1B9C also showed green
fluorescence. The cellulosome complex composed of OlpB-
ScGPI, CipA1B9C, and RFP-DocT exhibited both green and
red color signals (Fig. 2C). The red color fluorescence was ob-
served only on the cell surface, due to the presence of RFP in the
RFP-DocT protein. Thus, DocT indeed binds to CipA and CipA
binds to the cells expressing OlpB-ScGPI.

Confirmation of Cellulosome Complex Assembly. As the molecular
weight of the entire cellulosome complex (with CipA, OlpB, and
DocT) is expected to be ~2.6 MDa, purifying this large cellulosome
complex is challenging. Therefore, the complex formation study
was divided into three steps (Fig. 34). The CipA1B9C, OlpB,
and DocT proteins were purified (SI Appendix, Fig. S8). First,
DocT was used for complex formation study with CipA1B9C and
the CipA:DocT complex was purified by size-exclusion chroma-
tography (SEC). The elution volume of the SEC CipA:DocT
complex peak was equal to the theoretical molecular weight
(~303 kDa) of the CipA:DocT complex (Fig. 3B). As expected,
DocT (type I) binds randomly to available type I cohesins of
CipA. Fractions of the corresponding peaks were pooled to-
gether and observed on sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE). Two clear bands were seen
(Fig. 3 B, Inset), which represented exactly the CipA and DocT
molecular weights, and identified as CipA and DocT by mass
spectrometry (SI Appendix, Fig. S9). Similarly, formation of the
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Fig. 2. Confirmation of cellulosome assembly on the K. marxianus cell
surface. (A) Anchoring of OIpB-ScGPI on the cell surface confirmed by
immunostaining and confocal microscopy using GFP or CFP. (B) FACS analysis
of immunostained cells expressing OlpB-ScGPI. (C) Confirmation of entire
cellulosome complex assembly on yeast cell surface using fluorescence mi-
croscopy. To form a cellulosome complex cells expressing OlpB-ScGPI were
mixed with the concentrated supernatant of CipA1B9C or RFP-DocT or both.
The complex formation was performed at 37 °C and cells were washed to
remove the unbound CipA1B9C and RFP-DocT. Cells expressing OlpB-ScGPI
have green fluorescence around the cells. The complex formation of RFP-
DocT with CipA1B9C and OlpB-ScGPI exhibited both red and green flores-
cence, thus confirming the complex formation on the cell surface.

OlpB:DocT complex was tried and analyzed using SEC, but no
peak that matched the molecular weight of the OlpB:DocT
complex was found (Fig. 3C). Thus, as anticipated, DocT (type I)
did not interact with OlpB, which does not contain the type I
cohesins. Second, the complex formation between CipA and
OlpB was found by native PAGE (Fig. 3D). The data showed five
different protein bands on the gel, each of which was analyzed to
identify its protein by mass spectrometry. The data revealed that
the top three bands represented the CipA:OlpB complex, while
the fourth and fifth bands represented CipA and OlpB, re-
spectively (SI Appendix, Fig. S10). When mixing all three pro-
teins in vitro they might not always form a full complex, so there
were differences in the number of CipAs binding to OlpB and
different lengths of cellulosome complexes were observed.
Therefore, our study showed that CipA and DocT interacted and
CipA could form a complex with OlpB. Finally, complex for-
mation between CipA and DocT fused enzymes was examined
using the concentrated supernatants of the CipA1B9C host and
the EH (EH-P1-44) expressing five different dockerin fused
enzymes. After the complex formation cellulose was added and
allowed to interact with the CipA:enzyme complex. Then, the
protein complex was eluted. Enzymatic assays confirmed the
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complex formation of CipA with DocT fused enzymes using
the purified cellulosome complex. The data showed activity in all
tested enzymatic assays (Fig. 3 E-I), thus confirming the pres-
ence of all enzymes in the purified complex. Taken together,
these multifaceted data confirmed that our cellulosome proteins
indeed formed an active complex.

Apart from this, the cellulosome complex assembly was demon-
strated using the concentrated supernatants of CipAlB9C and
BGS-t and the cell extract of OlpB-ScGPI. They were allowed to
form complexes in vitro at 37 °C and were analyzed using native
PAGE followed by WB analysis. In native PAGE WB a shift in the
band was observed, confirming that the cellulosome complex had
been formed (SI Appendix, Fig. S114). A smear of the band in the
BGS-t lane was observed, which might be due to the N-glycosylation
of the DocT (SI Appendix, Fig. S11B) domain or improper folding
or degradation during the electrophoresis study. As expected, the
type I dockerin of BGS-t interacted randomly to available type I
cohesins of the CipA scaffoldin, causing the band to shift upward.
Similarly, the type II dockerins of CipA interacted with the type II
cohesins of OlpB-ScGPI to form a complex. When mixing the three
components together, a clear band was observed at the top of the
lane, thus confirming the assembly of all three components to form
cellulosomes. Thus, the cellulosome complex formed even using the
culture supernatant of each component protein.

Constructing EHs. A CH was constructed by electroporating equi-
molar ratios of CBHII-t, 7rEglll-t, and NpaBGS-t genes into K
manxianus (Fig. 44). The transformants were selected on YPG (1%
yeast extract, 2% peptone, and 2% galactose) plates supplemented
with kanamycin (G418). The transformants integrated with all of the
cellulase genes were selected by PCR screening (SI Appendix, Fig.
S12) and their activity was confirmed by enzyme assays (S Appendix,
Fig. S13 A-C). Transformant CH-17 showed the highest enzyme
activity and released 3.24 mM and 4.91 mM reducing sugars from
avicel and filter paper, respectively (SI Appendix, Fig. S13D). Simi-
larly, to demonstrate the effects of the cellulase booster, the
Tal.PMO-t and MtCDH-t genes were transformed into K. marxianus
(BH) (SI Appendix, Fig. S14) and the booster functionality was
confirmed by measuring the H,O, production using the Amplex
Red/HRP (horseradish peroxidase) assay kit. The production of
H,0, was directly proportional to the LPMO activity, which requires
enzymatic (CDH together with cellobiose) or nonenzymatic (ascor-
bate) electron donors. Hence, the enzyme activity was assayed using
two kinds of electron donors: cellobiose and ascorbate. The trans-
formant BH-20 released 1.60 pM and 12.13 uM of H,O, using the
substrate cellobiose and ascorbate, respectively (SI Appendix, Fig.
S15). The lowest H,O, production was observed while using cello-
biose as the substrate and its concentration was increased in a time-
dependent manner. In this case, CDH needs to oxidize the cellobi-
ose and transfers an electron through its heme domain to LPMO
(27). In contrast, ascorbate can directly donate the electron to
LMPO, thereby producing higher quantities of H,O, in a short time.

Boosting Effects of Cellulase Boosters. The sclected BH, BH-20,
which expresses TaLPMO-t and MtCDH-t, and the selected CH,
CH-17, which expresses CBHII-t, TrEgllI-t, and NpaBGS-t, were
cultured separately. Then, the concentrated supernatants of CH-
17 and BH-20 were mixed at three different ratios (10:1, 10:2,
and 10:3) and incubated along with avicel. The addition of CH-
17 supernatant to the BH-20 supernatant at the ratio of 10:2
increased the soluble sugar release by 31%, confirming that
LPMO has a proper function in K. marxianus (Fig. 54). Similarly,
the effects of cellulase boosters on the cellulosome complex were
examined by mixing the supernatants of CH-17, BH-20, and
CipA variants (including 1B3C, 1B6C, 1B9C, 0B9C, or 2B9C) in
the molar ratio of 10:2:2 (CH:BH:CipA) and the enzyme mix was
allowed to form the cellulosome complex at 37 °C. Avicel was
added to the cellulosome complex and reducing sugar release
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was measured. The results showed that the activity of the CH
improved by 32% (6.07 mM) with TaLPMO-t and MtCDH-t, and
the addition of CipA 1B6C or CipAl1B9C along with CH-17
increased the sugar release by 31% and 37%, respectively (Fig.
5B). Importantly, the addition of CH-17 and BH-20 supernatants
together with either CipA1B6C or 1BI9C increased the sugar
release by 51% and 70%, respectively.

These results corroborate the effects of TaLPMO-t and MtCDH-t
on the cellulosome complex. Therefore, we constructed another
host, called EH, with three cellulases (7rEgllI-t, CBHII-t, and
NpaBGS-t) and TaLPMO-t and MtCDH-t (Fig. 4B). Trans-
formants with all of the integrated genes were selected (SI
Appendix, Fig. S164) and their expression was confirmed by

’O

D

gPCR analysis using actin as a reference gene (S Appendix, Fig.
S16B). Transformant EH-P1-44 demonstrated the highest en-
zyme activity on all of the tested substrates (Fig. 4 C-G) and
released 4.55 mM and 6.97 mM of reducing sugar from avicel
and filter paper, respectively (Fig. 4H).

Effects of Cohesin and CBM Numbers on Cellulosome Efficiency. The
effects of cohesin and CBM numbers on sugar release were
assayed using avicel or PASC as the substrate. The concentrated
supernatant of EH-P1-44 (expressing CBHII-t, TrEgIII-t,
NpaBGS-t, TaLPMO-t, and MtCDH-t) and the hosts express-
ing CipA variants were mixed at different ratios (10:1, 10:2, and
10:3). After the complex formation at 37 °C, substrates were
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added to the mixture and sugar release was measured after 48 h
incubation at 37 °C. The data exhibited a significant increase in
enzyme activity when the EH-P1-44 supernatant was mixed with
CipA variants at the ratio of 10:2. CipA2B9C exhibited the
highest increase, 118%, in sugar release, followed by 97%, 85%,
and 70% increases for CipA1B9C, CipA1B6C, and CipA1B3C,
respectively (Fig. 5C and SI Appendix, Fig. S174). These data
indicate that the cohesin number has a strong influence on sugar
release when using avicel as the substrate. However, when PASC
was used as the substrate, the influence of cohesin number was
less significant (Fig. 5D). The addition of CipA1B9C, CipA1B6C,
or CipA1B3C only increased 32%, 24%, or 24% in the sugar re-
lease compared to the activity of EH-P1-44 alone (Fig. 5D and SI
Appendix, Fig. S17B). These results substantiate the vital role of
the cohesin number in enzyme synergism, which is important for
digesting complex substrates (i.e., microcrystalline cellulose or
plant biomass).

The number of CBMs also plays an important role in the ef-
ficiency of the cellulosome complex because they bring the entire
complex toward the substrate. The data for sugar release from
avicel showed that the construct with two CBMs (CipA2B9C)
remarkably increased the sugar release by 118%, followed by
97% for CipA with one CBM. Although CipA without any CBM
increased the sugar release by 52%, it was the lowest among all
of the tested CipA variants (Fig. 5C). However, the number of
CBMs did not significantly improve the sugar release from
PASC. The CipA2B9C exhibited 38% increased sugar release
whereas CipA1B9C and CipAOBIC increased the sugar release
by 32% and 28%, respectively (Fig. 5D). These results confirm
the significance of the CBM on synthetic scaffoldin for micro-
crystalline cellulose degradation.

Demonstration of CBP. CBP is a single-step approach, including

the production of cellulase enzymes, biomass saccharification,
and fermentation and could be an ideal approach to cellulosic

2390 | www.pnas.org/cgi/doi/10.1073/pnas.1916529117

ethanol production. The hydrolytic activity of cellulosome on
cellulosic substrates was demonstrated with or without methyl-
glyoxal, a glucose metabolism inhibitor. Cells were cultured in
YP (1% yeast extract, 2% peptone, and 10 mM CaCl,) con-
taining 1% avicel or PASC supplemented with or without
100 mM methylglyoxal for 6 h. The lowest amount of glucose was
observed in all conditions in the absence of methylglyoxal (Fig.
6A4). The concentration of glucose increased significantly in the
presence of 100 mM methylglyoxal. Notably, EH-P1-44 along
with SH released a higher amount of glucose using avicel than
PASC as the substrate. This confirms the above observation that
our scaffoldin increased the cellulolytic activity on microcrystalline
cellulose.

For efficient secretion and assembly of the cellulosomal pro-
tein complex, the EH-P1-44 host and the SH-1B9C host
expressing CipA1B9C and OlpB were cocultured in different
ratios and their ethanol-producing ability was analyzed using
avicel. The direct ethanol fermentation was conducted under a
microaerobic condition to provide the oxygen required for
LPMO activity. The microaerobic condition was achieved by
culturing the cells with 5% headspace in 50-mL serum bottles.
The maximal ethanol production (2.68 g/L) was achieved on
avicel when the EH-P1-44 and SH-1B9C hosts were cocultured
at the ratio of 10:1 (Fig. 6B). The cellulosic ethanol production
rates of SH-CipA variants (1B3C, 1B6C, 0B9C, 1B9C, and
2B9C) along with EH-P1-44 were investigated to show the in-
fluences of CBM and cohesin numbers on enzyme-substrate—
microbe complex synergism. As shown in Fig. 6C, when using
avicel as the substrate, the maximal ethanol production (3.09 g/L)
was achieved in the consortium that contained EH-P1-44 and
SH-2B9C. In comparison, EH-P1-444+SH-1B9C and EH-P1-
44+SH-0B9C produced 2.86 g/L and 1.37 g/L of ethanol, re-
spectively. Cellulosome hosts expressing 1B3C and 1B6C pro-
duced 1.93 and 2.29 g/L of ethanol, which are higher than the full
scaffoldin without the CBM (0B9C). These observations indicate
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Fig. 6. Hydrolysis of avicel or PASC and production
of glucose or ethanol by the engineered cellulo-
some. (A) Analysis of glucose release from avicel or
PASC. The cells were precultured and 10 OD cells
were inoculated into YP medium supplemented
with 1% avicel or PASC with or without 100 mM
methylglyoxal (MG). In the presence of MG, the
glucose metabolism of host cells was arrested, while
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- 8 —A— EH+SH-1B3C 7| —A—EH+SH-1B3C (with OlpB-ScGPI and CipA1B9C). The cells were
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Time (h) Time (h) Ethanol production from 10 g/L avicel (C) and 20 g/L
PASC (D) was analyzed using HPLC.

a strong influence of the number of CBMs on ethanol production
using microcrystalline cellulose. In contrast, while using PASC as
the substrate, EH-P1-44+SH-1B9C and EH-P1-44+SH-2B9C
produced similar quantities of ethanol, 8.25 g/l and 8.49 g/L
(Fig. 6D). Interestingly, when PASC was used as the substrate,
the ethanol titer of the consortium containing SH-0BIC cells
(lacking CBM) was higher (6.95 g/L) than the cellulosomes
containing SH-1B3C and SH-1B6C (5.81 g/L and 6. 91 g/L,
respectively).

Discussion

In the past few decades, researchers have tried to engineer cel-
lulosomes into various industrial hosts, including S. cerevisiae,
Bacillus subtilis, Lactobacillus plantarum, and Lactococcus lactis
(12-18, 39-43). Fan et al. (13) engineered S. cerevisiae with two
scaffoldins, which can accommodate up to 12 cellulase enzymes,
while Liang et al. (15) developed a S. cerevisiae host expressing 5
different dockerin-fused enzymes, including LPMO and CDH.
Our study developed a K. marxianus host that can accommodate
up to 63 enzymes in a single cellulosome complex, which is to
date the largest engineered cellulosome in yeasts. Note that Fan
et al. (13) and Liang et al. (15) used episomal plasmids to express
the cellulosomal genes, which might be impractical for industrial
applications. In contrast, we integrated our cellulosome genes
into the yeast genome.

We have demonstrated the complex formation between CipA
and DocT and between CipA and OlpB, confirming that our
expressed cellulosomal proteins indeed formed a complex. The
enzymatic activity of purified cellulosome confirmed the func-
tionality of our cellulosome (Fig. 3). During our analysis of CipA
and OlpB complex on native PAGE, we found three bands, and
mass spectrometry data showed that all of the three bands con-
tained mixtures of CipA and OlpB (Fig. 3D and SI Appendix, Fig.
$10), but the ratios were different. OlpB has seven binding sites
for CipA but sometimes fewer than seven CipAs might bind to
OIpB, so that we found three different populations with different
molecular weights. Apart from this, we have demonstrated the
assembly of the entire cellulosome complex on the cell surface
using epifluorescence microcopy (Fig. 2C).

Anandharaj et al.

In this study, we have used two kinds of cellulosic substrates:
PASC, a pretreated cellulose, and avicel, a microcrystalline cel-
lulose. Both of these substrates are widely used to demonstrate
ethanol production. In terms of ethanol production, the mini-
cellulosome engineered by Fan et al. (13), which could display up
to 12 enzymes, produced 1.41 g/L and 1.09 g/L of ethanol from
avicel and PASC, respectively. By including the LPMO and CDH
genes into the cellulosome, Liang et al. (15) improved the eth-
anol titer to 1.5 g/L and 2.7 g/L for avicel and PASC, re-
spectively. Compared to Liang et al.’s study, we achieved twofold
higher ethanol production (3.09 g/L) using avicel and threefold
higher ethanol production (8.61 g/L) using PASC as the sole
carbon source (Fig. 6 C and D and SI Appendix, Table S5). The
performance improvement of our construct over that of Liang
et al. (15) was not dramatic, but we used genome integration,
whereas Liang et al. used an episomal plasmid, which has the
advantage of increasing the copy number in the yeast cell, but it
is not stable in the absence of selection and thus not suitable for
industrial applications. Since the copy numbers of our genes are
low, we have used higher initial inoculum (20 optical density
[OD]) to quicken the digestion. In the future, we will investigate
whether increasing gene copy numbers or using new promoters
(i.e., TEF, ADH3, or TDH3) in our hosts can improve the
performance of our engineered hosts.

In addition to showing the advantage of increasing the number
of cohesins on the scaffoldin (CipA), we also showed that a CipA
with two CBMs produced a higher ethanol titer than the CipA
containing only one CBM, which in turn produced a higher
ethanol titer than a CipA with no CBM. Thus, both the scaf-
foldin length (number of cohesins) and the CBM number in-
fluence the cellulose degradation efficiency of the cellulosome.

Developing a cellulosic host capable of releasing an enzyme
mixture comprising balanced amounts of cellulases from various
cellulolytic organisms is an ideal approach to attain efficient
hydrolysis of cellulose into fermentable sugars (44). In the pre-
sent study, cellulases were selected from different biomass-
degrading fungal species and incorporated into the cellulosome
complex. Although TaL.LPMO is from thermophilic microbes, its
expression and function have previously been demonstrated in S.
cerevisiae (15). Our preliminary experiments demonstrated the
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function of TaLPMO and MtCDH in K. marxianus and their
activity was measured using H,O, release. To avoid steric hin-
drance and provide the flexibility to the enzyme, intermodular
linkers were fused between an enzyme and its dockerin module
(22, 45). The dockerin-fused cellulases retained their activity
after the addition of the dockerin domain at the C termini but
not at the N termini (SI Appendix, Fig. S3). This might be due to
the conformational changes at the active site or steric hindrance
caused by the dockerin fusion. We have simulated the 3D
structures of dockerin-fused enzymes using homology modeling.
Modeled protein structures revealed that dockerins fused at the
C termini of the fungal cellulases were positioned far away from
their active sites (SI Appendix, Fig. S4). EglIl and CBHII com-
pletely lost their activity in N-terminal dockerin fusion but
retained their activity in C-terminal dockerin fusion. Based on
the structural analysis, both enzymes have a CBM near their N
terminal, so that dockerin fusion at the N terminal might affect
the binding of CBM to the substrate. On the other hand, C-
termini dockerin fusion did not affect the EgIII and CBHII ac-
tivity because the CBMs are free to bind substrates (SI Appendix,
Figs. S3 and S4). These results were further corroborated by
CBM restoration experiments with ScafT, in which the enzyme
activity of t-EglII and t-CBHII was restored significantly. In this
case, the CBM that was lost through dockerin fusion could be
restored by the CBM in the ScafT. These results suggest that
CBM plays an important role in substrate binding and enzyme
activity. In the case of NpaBGS, dockerin fusion at both ends did
not affect its enzyme activity as it contains two GH3 catalytic
domains at both N and C terminals (SI Appendix, Fig. S3) (25).
As K. marxianus has endogenous BGS enzyme (46), it showed
significant BGS activity in all of the enzyme assays.

As expected, adding LPMO and CDH to the cellulase mixture
greatly increased the soluble sugar release (22, 47). Interestingly,
adding CipA2B9C to the enzyme mixture increased the sugar
release from the avicel by 118% (Fig. 5C). However, the hy-
drolytic efficiency of CipA and enzyme complex on PASC was
weaker than on avicel, which might be attributed to the poor
binding of CBM to PASC (48). Generally, yeast cells utilize the
glucose released from hydrolysis and the addition of methyl-
glyoxal inhibits the host’s glucose metabolism (15). With this
method, the amount of glucose released during the hydrolysis
could be quantified readily. The glucose amount was low without
the addition of methylglyoxal (Fig. 64), due to the immediate
uptake of glucose by the cells. In contrast, the coculture of the
EH and the SH accumulated a higher amount of glucose in the
presence of methylglyoxal. These results confirm that our cel-
lulosome has stronger cellulolytic activity on higher order cel-
luloses, that is, avicel. Since we only used the Lac4 region as an
integration site we were unable to integrate both cellulosomal
genes (i.e., CipA and OlpB) and dockerin-fused enzyme into a
single host. Hence, to achieve efficient secretion and cellulosome
assembly, we engineered the cellulosomal genes (SH) and dockerin-
fused enzymes (EH) into two different hosts. We adopted the
cell consortium approach and the ratio of each host was con-
trolled according to the complexity of the cellulosic substrates
to achieve a higher ethanol titer.

In conclusion, we have engineered the “largest enzyme com-
plex” on K. marxianus cell surface and a cellulolytic host for
cellulosic ethanol production. The assembly of up to 63 enzymes
in a cellulosome complex facilitates enzyme synergism and ex-
hibits much greater degradation potential due to its highly or-
dered structural organization and assembly, which enables
enzyme proximity synergy and enzyme-substrate-microbe com-
plex synergy. Our cellulosome provides a means for simple in-
corporation of other types of enzymes (i.e., hemicellulases and
laccases) into the cellulosome complex. Moreover, this large
cellulosome complex could be used for the synthesis of various
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biopharmaceutical products that involve multiple enzymatic
conversion steps (e.g., astaxanthin and morphine).

Materials and Methods

Strains and Media. Escherichia coli strain DH5a was used as the host for
plasmid construction and propagation. E. coli strain JM110 was used to
demethylate plasmid and to ligate large DNA fragments. E. coli strains were
cultured in Luria—-Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast extract,
and 10 g/L NaCl) supplemented with 50 ug/mL ampicillin. Yeast K. marxianus
4GS5 strain (30) was used to develop a CBP host, which was maintained in YPG
medium (1% yeast extract, 2% peptone, and 2% galactose) and cultured at
30 °C at 300 rpm. Yeast transformants were cultured in YPG media supple-
mented with either G418 or hygromycin B at a concentration of 200 pg/mL.

Cellulosomal Construct Design and Synthesis. Scaffoldins (CipA) were designed
in a biomimetic manner using the C. thermocellum CipA gene as a backbone,
which has nine type | cohesin domains with a CBM. The original CipA was
named as CipA1B9C since it has one binding domain (B) and nine cohesins
(Q). Similarly, synthetic scaffoldins CipA1B6C and CipA1B3C were designed
by removing the cohesins 6 through 9 and 4 through 9, respectively. The
synthetic scaffoldin CipA2B9C was designed by adding one more CBM do-
main between cohesin 7 and 8, while CBM was removed to form CipA0B9C.
Each CipA construct was fused with a K. marxianus alpha-factor signal peptide
and a 12xHis tag at the N termini for secretion and purification purposes,
respectively. The anchoring protein (OlpB) mimics the C. thermocellum OlpB,
which contains seven type Il cohesin domains with an SLH anchoring domain
and a long TR. The SLH domain was replaced with the ScGPI domain and the
TR domain was removed to avoid the synthesis constraints. A GFP and a FLAG
tag were fused in between the cohesin and the ScGPI domain for fluorescence
and detection purpose (Fig. 1C). All of the constructs were codon-optimized
and difficult sequences were randomized using the Build Optimization Soft-
ware Tools (BOOST) developed by DOE-Joint Genome Institute (JGI) (49). All of
the constructs were synthesized and inserted into the yeast integration plas-
mid pKLac2-a-Kan using Avrll and Notl.

Eglll and NpaBGS genes were obtained from our previous studies (23, 25).
The CBHII (KC311337), LPMO, and CDH genes were chemically synthesized by
GeneScript Inc. and codon-optimized for K. marxianus expression (24) (S/
Appendix, Table S2). To fuse the C-terminal dockerin each cellulase gene was
amplified with gene-specific primers (SI Appendix, Table S3) using High-
Fidelity DNA polymerases (New England Biolabs), digested with Avrll and
Spel and inserted into the yeast integration plasmid pKLac2-a-Kan-DocT,
which carries a type | dockerin (DocT) of the celS from C. thermocellum.
The pKLac2-a-Kan vector was derived from the K. lactis vector pKLac2 (50),
and the alpha-factor of K. marxianus and kanamycin (G418) selection marker
were cloned into the original vector. The pKLac2-a-Kan plasmids containing
target gene was linearized by either enzyme digestion (i.e., Sacll or BstXI) or
PCR amplification. The gene cassettes with 5’ P acq and 3’ P acqa homologous
sequences were inserted into the LAC4 promoter region of the K. marxianus
genome (50) (S/ Appendix, Fig. S5 A and B). The LAC4 promoter was included
in each gene integration, so that a copy of LAC4 promoter was available for
further integration. The multiple genes were integrated simultaneously by
cotransforming the gene cassettes. Previously, Read et al. (51) used this
method to integrate four genes into the Lac4 region.

Yeast Transformation and Clone Screening. K. marxianus cells were cultured in
5 mL YPG medium at 30 °C at 300 rpm for 16 h. Yeast competent cells were
prepared as described in Chang et al. (23). Sacll-digested gene cassettes
(1 pg) were electroporated (1.0 kV, 400 Q, and 25 pF capacitance) with 40 pL
of competent cells in a Bio-Rad system (Gene Pulser Xcell; Bio-Rad) with an
aluminum cuvette (2 mm). Then, electroporated cells were recovered at
30 °C for 3 h and plated onto YPG plates supplemented with G418 or
hygromycin B (200 pg/mL). Transformed yeast colonies were mixed with
QuickExtract DNA Extraction Solution (Epicentre) to remove the cell wall and
used as a template for PCR verification. Chromosomal integration of each
gene was confirmed by the PCR using gene-specific primers (S/ Appendix,
Table S3) and the stability was verified up to five generations.

Expression and Purification of Cellulosomal Proteins. To purify the CipA and
OlpB proteins, yeast cells were grown at 37 °Cin YPG medium supplemented
with hygromycin B/G418 for 48 h. Then, cells were harvested by centrifu-
gation at 8,000 x g for 30 min and supernatant was collected, filtered by
0.2-pm Nalgene Rapid-Flow, and concentrated to 100 mL by an Amicon
stirred cells ultrafiltration unit (Millipore). CipA was purified based on CBM,
which has an inherent ability to bind cellulose, and 100 mL of concentrated
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supernatant was incubated with 1 g cellulose for 3 h with gentle stirring at
4 °C. Then, cellulose pellets were recovered by centrifugation at 4,000 x g for
30 min and pellets were washed thrice with Tris-buffered saline (TBS) with
1 M NaCl buffer and thrice with TBS buffer (pH 7.5). The CipA protein was
eluted from the pellet by adding 1% triethylamine and the eluted fraction
was neutralized using 1 M 2-(N-morpholino) ethanesulfonic acid (MES). The
OlpB protein was purified by immobilized metal affinity chromatography
(IMAQ). Briefly, 100 mL of concentrated supernatant was incubated with
3 mL Ni-NTA Sepharose beads for 30 min at 4 °C with mild constant stirring.
Then, beads were loaded onto the column and proteins eluted using TBS
buffer, 7.5 pH, with different concentrations of imidazole. The fractions
were analyzed using 4 to 15% SDS-PAGE.

DocT was cloned into pET9a vector as His-MBP fusion protein by the
ligation-independent cloning method. The pET9a-His-MBP-DocT clone was
transformed into BL21 (DE3) E. coli cells, which were grown at 37 °C in LB
medium supplemented with 100 mg/mL ampicillin until the ODggo reached
about 0.8. The proteins were overexpressed by addition of isopropyl f-p-1-
thiogalactopyranoside to a final concentration of 0.5 mM. After an addi-
tional incubation for 8 h at 16 °C, the culture was harvested by centrifuga-
tion at 8,000 x g for 20 min and stored at —80 °C. Cell pellets from a total of
6 L culture was resuspended in 100 mL buffer A (100 mM phosphate buffer,
pH 7.5, 500 mM NaCl, 10% glycerol, and 10 mM p-mercaptoethanol). The
suspension was lysed by sonication and centrifuged at 35,000 x g at 4 °C for
45 min. The supernatant was loaded onto a nickel affinity column (HisTrap
5 mL; GE Healthcare) preequilibrated with buffer A. The protein was eluted
with buffer B (50 mM Tris-HCl, 7.5 pH, 500 mM Nacl, and 500 mM imidazole).
The fractions containing His-MBP-DocT were pooled and treated with 1 mg
of tobacco etch virus (TEV) protease per 50 mg of His-MBP-DocT and in-
cubated at 16 °C for overnight. The digested proteins were then centrifuged
at 6,000 rpm for 20 min to remove TEV protease/His-MBP aggregates. The
cleaved DocT and His-MBP proteins were further separated by IMAC, and the
flow-through was subsequently concentrated to 10 mg/mL. All three puri-
fied proteins were dialyzed against TBS buffer, 7.5 pH, and further purified
in terms of molecular weight by SEC (Superdex 200 HR 10/30; GE Healthcare),
which was preequilibrated with 20 mM Tris, pH 7.5, 150 mM NacCl, 5 mM
dithiothreitol, and 5% glycerol. The proteins were further identified by
protein mass spectrometry. The resulting proteins were utilized for complex
preparation.

Cellulosome Complex Assembly and Purification. Purification of the entire
cellulosome complex is challenging, so we divided the complex into three
portions to demonstrate cellulosome complex formation. All three proteins
were buffer-exchanged to 50 mM citrate, pH 5.0, 2 mM EDTA, and 1 mM Cacl,
buffer. First, we pooled CipA: DocT (1:10 equimolar ratio) and incubated it
for 3 h at 37 °C without shaking. The resulting complex was purified by SEC
(Superdex 200 HR 10/30; GE Healthcare), which was preequilibrated with TBS
buffer, 7.5 pH, and 1 mM CaCl,. The peak fractions were collected and
subsequently analyzed on 4 to 15% SDS-PAGE. The protein bands were
further identified by mass spectrometry. Second, we pooled OlpB:DocT (1:10
ratio) and incubated it for 3 h at 37 °C without shaking. The resultant was
purified as in the case of CipA:DocT complex. Third, we pooled OlpB: CipA
(1:10 ratio) and incubated it at 3 h at 37 °C without shaking. As it was dif-
ficulty to purify the large complex by SEC, we used native PAGE to analyze
and identify the complex. The resultant CipA:OlpB complex bands were
identified by mass spectrometry.

The complex formation of dockerin-fused cellulases and scaffoldins were
confirmed by native PAGE. Briefly, culture supernatants of CipA1B9C and
NpaBGS-t hosts were collected after 48-h cultivation at 37 °C at 300 rpm and
concentrated 50-fold using Vivaspin 20 (10-kDa cutoff; Merck Millipore).
Similarly, cells expressing OlpB-ScGPI were harvested and washed with
phospate-buffered saline (PBS) and cell lysates were collected after sonica-
tion. The complex formation was examined by mixing the supernatants/cell
lysates at different ratios in PBS containing 10 mM CaCl, and the mixture
was incubated for 3 h at 37 °C without shaking. After incubation, the en-
zyme mixture was loaded onto native PAGE (stacking gel 5%; separating gel
8%) with 2x sample loading dye (without SDS) (22, 52).

Immunofluorescence Microscopy and FACS. Immunostaining was performed
using the method described in Chang et al. (16). Yeast cells expressing an-
choring protein was collected (Aggo of 1.0) and washed three times with PBS
(pH 7.4). Cells were resuspended in 4% paraformaldehyde (PFA) and in-
cubated for 30 to 60 min at 4 °C. Then, cells were centrifuged and washed
with PBS buffer to remove the excess PFA and resuspended in 500 pL of
bovine serum albumin (BSA) (1 mg/mL in PBS) containing 0.5 pg of anti-FLAG
primary antibody (Biotools) and incubated for 3 h. The cells were harvested
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by centrifugation and resuspended in 500 pL of PBS containing secondary
antibody conjugated with DyLight 405 fluorophores (Jackson Immunoresearch)
and incubated for 1 h. After incubation, the cells were washed three times and
2 pL of cell suspension were fixed on a slide and observed under Leica TCS SP5 Il
confocal microscopy (Wetzlar). Similarly, immunostained yeast cells were sub-
jected to FACS analysis to further confirm the anchoring efficiency. Approxi-
mately 50,000 cells were used for the analysis using MoFlo XDP Flow Cytometer
(Beckman Coulter, Inc.).

Cellulosome Assembly on the Cell Surface. To confirm the assembly of the
entire cellulosome complex on the cell surface the RFP was fused with
dockerin T (RFP-DocT) and expressed in K. marxianus. The yeast cells
expressing OlpB-ScGPI, CipA1B9C, and RFP-DocT were separately cultured
for 48 h at 37 °C with 300 rpm. The supernatants of CipA1B9C and RFP-DocT
were collected and concentrated as described earlier. The cells expressing
OlpB-ScGPI were harvested by centrifugation at 3,000 rpm at 4 °C and sus-
pended in 1 mL concentrated supernatants of CipA1B9C and RFP-DocT. To
form cellulosome complex 10 mM CaCl, was added to the cell mixture, which
was then incubated for 3 h at 37 °C without shaking. The cells were har-
vested and washed thrice with PBS buffer to remove the unbound proteins.
Finally, cells were fixed on slides as described earlier and observed using a
Nikon Eclipse 90i epifluorescence microscope.

Real-Time Quantitative PCR. Total RNA was isolated from the transformants
using AccuPure Yeast RNA mini Kit in the iColumn automated system
(iColumn12; AccuBioMed). Complementary DNA synthesis was conducted
using a reverse transcription kit (SuperScript Il kit; Invitrogen). The relative
quantification of each gene was carried out using gene-specific Universal
Probe Library probes (LightCycler W480 Probes Master; Roche) with a spe-
cific primer pair (amplicon size around 100 to 150 bp) on a LightCycler
(LightCycler 480; Roche) (S/ Appendix, Table S4). The actin gene was used as
the reference gene and each analysis was repeated three times. The relative
expression level was calculated using the 2724 method (53).

Enzyme Assays. Enzyme activity was assayed as described in Chang et al. (38).
The activity of dockerin-fused cellulases was determined by various assays
using specific substrates and the commercial enzyme Celluclast 1.5L (cellu-
lase from T. reesei; Novozymes) was used as a positive control. Endo-
glucanase (Eglll-t) activity was measured using dye CMC (Megazyme) as a
substrate. The 100-pL assay reaction contains 40 pL of concentrated super-
natants with 60 pL of buffer solution (0.4% [wt/vol] dye CMC and 50 mM
sodium acetate, pH 5), incubated at 40 °C for 6 h. After incubation, 250 pL
precipitation solution (containing sodium acetate trihydrate, zinc acetate,
and ethanol, pH 5.0) was added and centrifuged at 8,000 rpm for 10 min and
absorption was measured at 590 nm. Similarly, exoglucanase (CBHII-t) ac-
tivity was estimated using PASC. The assay was performed by adding 100 pL
of supernatants with 900 uL buffer solution containing 50 mM sodium ac-
etate (pH 5) and 0.4% PASC and incubated in a thermal shaker at 40 °C for
12 h. The released reducing sugars were measured by the dinitrosalicylic acid
(DNS) method and sugar concentration was calculated using glucose stan-
dard (54). B-Glucosidase (NpaBGS-t) activity was determined by the forma-
tion of p-nitrophenol from the hydrolysis of substrate p-nitrophenyl-g-o-
glucuronide (pNPG) and absorption was measured at 410 nm. Total cellulase
activity was determined using filter paper as the substrate and the reducing
sugar release was estimated by the DNS method.

Fermentation and Ethanol Production. The yeast cells expressing cellulases,
scaffoldin, and anchoring proteins were cultured and washed twice with YP
medium (1% yeast extract, 2% peptone, and 10 mM CaCl,). Then, 20 OD cells
(Aso0) Were resuspended in YP medium, supplemented with 0.042% Tween
80, 1% avicel, or PASC. In the sugar release experiment, 100 mM methyl-
glyoxal was added to the media to inhibit the glucose metabolism of the
host. Fermentation was carried out in an anaerobic 50-mL serum tube with
5% volumetric headspace and incubated for several days at 37 °C with ag-
itation at 300 rpm (24). The ethanol and glucose concentrations were ana-
lyzed using HPLCy (high-performance liquid chromatography, HPLC) (Jasco
PU-2089 Quaternary HPLC pump; Jasco International Co., Ltd.) coupled with
the 1CSep ICE- COREGEL 87H3 column (Transgenomic) and Shodex RI-101
Refractive Index Detector (ECOM).

Homology Modeling of Dockerin-Fused Enzymes. To predict the 3D structures
of dockerin-fused enzymes, the protein sequence was blasted against the
Protein Data Bank database. The online software Protein Homology/analogY
Recognition Engine V 2.04 (Phyre2) (55) and RaptorX (56) were used to
predict the homology model of each enzyme. Bumps present in the
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predicted model were removed and missing side chains were added using
the WHAT IF Web Interface. The predicted protein structure was validated
using a protein structure validation tool. A Ramachandran plot was used to
analyze the structure quality. The modeled protein structures were visual-
ized and images were rendered using UCSF Chimera software (57).

Statistical Analysis. All of the experiments were performed in triplicate and
results were expressed as means + SD. Statistical significance was analyzed
using two-tailed Student t tests (with unequal variance) or one- or two-way
ANOVA analyses followed by Bonferroni post hoc test. P < 0.05 was con-
sidered statistically significant throughout the study.
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