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Abstract
Biomass pretreatment is essential for enzymatic depolymerization of cellulose and hemi cellulose to generate mono sugars
required for ethanol fermentation by yeast. While several environmental friendly and carbon...neutral pretreatment method:
have been under development, they are yet to achieve commercial viability. The major limitation is the restricted access
and binding of enzymes to cellulose and hemicelluldses. Accessory proteins such as expansins, swollenins and lytic
polysaccharide mono oxygenases (LPMO) are known for loosening the cellulose and hemicdihel®acilitating higher
binding of cellulases. Herein, we present the production of expansins, swollenins, and lytic polysaccharide monooxygenases
in a recombinant hosBichia pastoris, and investigate their synergisticexts with cellulase enzymes. Out of four swol-
lenins, two expansins and two LPMOs, we achieved high expression titers (~2.0,5.0 g/L) for an expansin and one LPMO.
These two auxiliary proteins were tested along with cellulases for improved cellulose to glucose convaisioties in
presence and absence of lignin modifying enzymes (LME) from fungal cultures. LME independent biomass pretreatment
is evaluated for cost ecient sacchari¢ation aided by auxiliary proteins (Scheh)eOur “ndings underscore the potential
utility of these auxiliary proteins for scaling up biomass pretreatment and commercial ethanol production trials.

Keywords Swollenin - Expansin - LPMO (Tr-AA9) - Lignin modifying enzymes (LME) - Cellulase and ethanol
fermentation

Introduction cellulose (xylan) and cellulose polymers respectively. These
polymers are eectively shielded by aromatic heteropolymer
Over the past two decades, the imperative for sustainalignin, which also serves as a source of renewable carbon
and carbon...neutral fuel and chemical production has bewaterials. Enzymatic pretreatment unlocks the energy poten-
intensi“ed. Biore"ery is a popular concept to advance goalsial of cellulose and hemi cellulose when depolymerized
of biobased fuels and chemicals that includegient uti- by cellulases and hemi cellulases. The primary obstacle to
lization of lignocellulosic biomass (Dixit et 2019. For  cost-e ective processing of lignocellulose is the high cost
bioethanol production, although the abundant and inediblef cellulase enzymes, which are required in large quantities
cellulose is the most promising feedstock, the high crystafer biomass hydrolysis. According to Novozymes, 40 to 100
linity of cellulose is the bottleneck of bioethanol productionfold more enzyme mass is required to produce an equiva-
(Chundawat et al2011). Most of the energy is stored in lent amount of ethanol from lignocellulose than from starch
the form of C5 and C6 sugar polymers also known as henfiMerino and Cherr007). This is because cellulase degrad-
ing enzymes must overcome several obstacles for successful
catalysis. Speci¢ally, they must access the insoluble sub-
strate, disrupt the packaging of the highly ordered polymer,
and direct a single polymer chain into the active site cleft
of the enzyme. As a result, concerted attacks by multiple
enzymes are critical in the hydrolysis of cellulose. Although
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Scheme 1 Auxiliary protein assisted sacchacition of biomass for ethanol fermentation

to make the process commercially feasible. Significantheir mode of action is physicochemical in nature. The
improvements have been made to enhance tldemcy of interactions broken and then reformed betwebre$ by
cellulolytic enzymes by including auxiliary enzymes suchexpansins are non-covalent. They do not exert cellulose
as esterases, arabinofuranosidases, xylosidases, mannandsairolytic activity independently but by loosening the cel-
and pectinases in the core enzyme cocktails (Ekwe et dlilose “bres, they enhance cellulase activity if used in syn-
2013 Meyer et al.2009 Song et al2018). A high-level ergy (McQueen-Mason et dl992). Expansins and expan-
synergism between these cellulolytic enzymes and auxikin-like proteins are classéd into “ve families using
iary proteins is essential for eient depolymerization of the systematic nomenclature (Kende et24l04). The
lignocellulosic biomass. A class of non-hydrolytic cellulosefour main plant expansin families are designated EXPA
active proteins including expansins, swollenins and lytiga-expansins), EXPB (b-expansins), EXLA (Expansin- like
polysaccharide mono oxygenases have been shown to #&jtand EXLB (Expansin-like B). In this classiation,
synergistically with cellulases in lignocellulose hydrolysisexpansin-like family X (EXLX) is the fth and newest
((((Kim et al.2009 Wang et al2014 Lo Leggio etal2015  expansin family and represents the sub-family of expansin
Harris et al.2010))). The catalytic improvements are very comprising non-plant proteins with distant homology to
sensitive to the ratio of cellulolytic enzymes and the auxilEXPAs and EXPBs. Expansins are more active at acidic
iary proteins as they may need to actatiently on highly pH (pH 4.5) which is facilitated by cell membrane bound
ordered polymeric regions of cellulose and hemi celluloseéd + ATPase releasing protons into the cell wall. The two
These studies are not carried out extensively and a scale teapansins initially discovered have a molecular weight of
provide conclusive evidence of their application at a comhave 29 kDa and 30 kDa (McQueen-Mason eflab2).
mercial scale. This article presents results of production afhe protein sequence of an expansin consists of a signal
the two important auxiliary proteins expansin and LPMO irpeptide of around 20...30 amino acids at the N-terminal
recombinanPichia pastoris and their application in ethanol end, the putative catalytic domain, a His-Phe-Asp (HFD)

fermentation process using rice straw as feed stock. motif in central region, and the C-terminal putative cel-
lulose-binding domain with conserved Trp (tryptophan)
Expansins residues (Li et al2002). Using the -expansin-like pro-

tein from Bacillus subtilis (BSEXLX1) several studies of
Expansins are cell wall proteins that enable the localellulase activity enhancement were carried out. Tisé “
sliding of wall polymers in plants by reducing adhesiorreport using a plant expansin to reduce doses desei
between adjacent wall polysaccharides. These are requiredllulase in the hydrolysis of microcrystalline cellulose
in almost all plant physiological development aspects fromvas carried out in 1998 (Kim et &1009). They reported
germination to fruiting (Marowa et a2016). Although a degree of synergism of 5.7 with low cellulase loadings
they are known for loosening cell walls non enzymati{<0.6 FPU/g cellulose) onlter paper, but no improve-
cally the process is interestingly pH dependent indicatinghent was observed at higher cellulase loading (Kim et al.

2009).
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Swollenins an external electron donor such as ascorbic acid (Phillips
et al.2011) (Westereng et aR011) or naturally occurring

Swollenins are fst isolated from the lamentous fungus electron donors such as lignin (Dimarogona e2@12). In

Trichoderma reesei and classied as members of the EXLX a recent study, Adnan et al. have reported heterologously

family (Saloheimo et aR002. Like expansins, swollenins expressed cellobiose dehydrogenase acted as aiemt

also have a catalytic domain | and an additional celluloseslectron-donor of lytic polysaccharide monooxygenase for

binding domain interconnected by a linker region. Markkiwcellulose degradation ifiichoderma reesei (Adnan et al.

et al. have reported the discovery of a novel fungal proteid023. LPMOs were reported to enhance cellulase activity

having signi‘cant sequence identity to plant expansinstresulting enhanced hydrolysis of pretreated biomass (Harris

Unlike plant expansins, this protein has a modular strucst al.2010 (Hu et al.2014). One mechanism supported by

ture with an N-terminal CBD. However, a single domainreal time imaging is LPMOs increase the accessible sur-

EXLX (loosenin) from the white-rot basidiomyceBger-  face area by separating large cellulose ribbons, and thereby

kandera adusta, BaLOOS1, lacks the carbohydrate-bindingenhancing cellulose hydrolysis yield (Song e®all18).

C-terminal domain Il present in plant expansins. However

both cell-disrupting and polysaccharide-binding activities

bundled in domain | (Kende et #1004). Markku et al. in ~ Materials and methods

2002 reported the discovery of a novel fungal protein hav-

ing signi“cant sequence identity to plant expansins. Unlikdolecular cloning of accessory proteins

plant expansins, this protein has a modular structure with an

N-terminal CBD. The protein was named swollenin due tdynthetic genes dichoderma reesei swollenin (Tr SWO),

its ability to swell cotton bres without producing detectable Trichoderma hazarium swollenin (Th SWO) Penicillium

amounts of reducing sugars. The sequence motif HFD formaxalicum (Po SWO)Talaromyces pinophilus (Tp SWO),

ing a part of the active site of the family 45 hydrolases igycopersicum esculentum expansin (LeEXP2)Basillus

conserved in the expansins, but it is replaced by HLD motifubtilis expansin (Bs EXLX1) andrichoderma reesei (Tr-

in Swollenin. They also puréd this swollenin fromsper- ~ AAS/LPMO) were codon optimised for expressiorPinhia

igillus niger culture supernatants and demonstrated disrugastoris. These genes were cloned ifitooR| andNozl sites

tion of cell wall of Vaonia brers (Saloheimo et &002. of pPICZ (Invitrogen Life technologies)Pichia pastoris
GS115 strain was grown from a single colony in 5.0 ml of
Lytic polysaccharide monooxygenases (LPMOs) YPD medium (1% dextrose, 1% yeast extract and 2% pep-

tone) in a 50 ml falcon tube in a 30 °C shaker overnight.
Polysaccharide monooxygenases (PMO) constitute a grodphis culture was used as an inoculum for 125 ml of YPD
of small (22...45 kDa) proteins previously clasis family medium such that the initial O.D. reached approximately 0.9.
61 glycosyl hydrolases (GH61). It was recently shown thathe culture was incubated at 30 °C and allowed to reach an
PMOs are Copper-dependent metalloenzymes that oxidabsorbance of 1.5 at 600 nm. The cells were centrifuged at
tively depolymerize crystalline cellulose in the presence of,500 rcf for 5 min and the pellet was resuspended in 125 ml
small molecule redox active agents such as gallate and ascofice-cold water. This step was repeated, and the cells were
bate or the enzyme cellobiose dehydrogenase (Harris et ggsuspended in 62.5 ml of ice-cold water. These cells were
2010 Phillips et al.2011; Westereng et aR011 Quinlan collected by centrifugation and resuspended in 20 ml of ice-
etal.2011). These proteins are structurally similar to chitin-cold 1.0 M sorbitol. Finally, the cells were centrifuged, and
binding proteins, such as CBP21 fr8arratia marcescens  the pellet was suspended in water tonal*volume of 1.5 ml.
and CelS2 fron$treptomyces coelicolor, belonging to the For transformation, 15...20 ug of linearized DNA (in 5...10 |
carbohydrate-binding module family 33 (CBM33), andsterile water) was added to 80 | of the cells in a pre-chilled
which can oxidatively cleave polysaccharides. Lytic poly-0.2 cm electroporation cuvette. The cuvette containing the
saccharide monooxygenases (LPMOs) are a recently discaiells and DNA was placed on ice for 5 min. The cells were
ered class of enzymes that stimulate biomass hydrolysis apdlsed according to the manufacturerss instructions for yeast.
hence improve the eciency of biomass conversion (Harris 1.0 ml of ice-cold 1.0 M sorbitol was immediately added
et al.201Q Hu et al.2014 Phillips et al.2011). LPMOs after the pulse and the contents were transferred to a sterile
(AA9 and AA10) have conserved active sites (two histidined5 ml tube and incubated at 30 °C without shaking for 1 to
and one tyrosine) that are associated with divalent metalh. The cells were further recovered in YPDS medium with
ions, specitally copper (Cu2) (Harris et @010 Quinlan  “ nal antibiotic concentrations ranging from 100 mg/L to
etal.2011% Wu et al2013. The copper binding to AA9 was 2000 mg/L for overnight. Later, the cells were incubated on
shown to be highly selective and strong, playing a critica¥ PDS plates containing various zeocin concentrations (100
role in oxidative cleavage (Quinlan et2011) that required and 2000 mg/L) at 30 °C in an incubator for 2...10 days until
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reaction contained 25 mg of Whatmatet paper discs, Table2 PTML trace metal solution
accessory proteins (0, 0.5, 1.0, 1.5 pg) and Ctec3HS (O'éeagent

. . Concen-
2.0, 20 mg) in 50 mM citrate ber pH 5.0 at 50 °C. For tration,
checking the synergistic ect of these proteins with cel- g/L
lulases, the red_ucmg sugars were estimated by HELC at &pric sulfate-55D 6.0
24 h and 48 h incubation period¥ore: As Ctec3HS is a Sodium iodide 0.08
very viscous solution, we have measured the mass of the '
. . . . Manganese sulfate-H20 3.0
solution added to the reactions. In this reaction, 0.2, 2.0 and .
20 " Crec3HS i " . Sodium molybdate-2H20 0.2
mg refe}t to the mass of Ctec stock but not the protein Boric Acid 0.02
concentrations. Cobalt chloride 0.5
. Zinc chloride 20.0
Pre-treatment of rice straw Ferrous sulfate-7j0 65.0
Liani difvi - f Biotin 0.2
Ignin modifying enzymes from®leurotus ostreatus fun- o o .4 o 50

gal culture were used for biomass pretreatment as describe
earlier (Ambatkar et aR021, 2022). Brie"y, the cell free
broth was obtained from shakeask cultures afterltration

of fungal mycelia using a Mira cloth (Sigma). Shredded riceselected on YPD agar plates containing 100-2000 pg/ml
straw (10 mm size) was added in a 100 ml cell free brotheocin. Recombinants resistant to highest zeocin antibiotic
(7% by w/v). In control experiments, the same biomass wagere con‘tmed by PCR (Figure S1) and used for expression
incubated in water (untreated control) for 24 h at 45 °Ccheck in shake dsks.

This pretreated biomass was washed in 10...15% NaOH and

0.5% HO, twice to remove the unbound lignin modifying Recombinant expression of accessory proteins

enzymes (LME) and phenolic inhibitors of cellulases.

Expression of recombinant accessory proteins was checked
Sacchari cation of pretreated rice straw in shake "asks. Cell free culture supernatants were ana-

lysed on 12% SDS PAGE as well as western blotting using
Pretreated biomass prepared in presence and absenceauti-His antibodies (FidLC). Results indicated clear induc-
LMEs was either washed in water or by using alkaline peition of Bs EXLX1 and TrAA9. High expression titers were
oxide solution (15 -20% NaOH and 0.5%0k) and solids observed in 4...5 days for both Bs EXLX1 and TrAA9. We
were collected by ftration. These solids were treated with did not observe signiant secretion of swollenins on SDS
Ctec3HS at 100 mg/g of cellulose dose and incubated at ®AGE. However, they were detected by western blotting
°C for three days and the released sugars were estimatedibgicating poor their expression and secretion (E@). Bs
HPLC. Released sugars, glucose and xylose were estimatedLX1 and Tr-AA9 were taken forward for scaling up and
by HPLC at 0, 24, 48 and 72 h incubation times. Cellulosproduction in bio reactor as reported in the following sec-
to glucose conversion eciencies were used to measuretion. Swollenins have 3...4 N-glycosylation sites and hence
the synergy between the accessory proteins and Ctec3lBowed higher molecular bands than the expected size of 50
cellulase. kDa. Some low molecular size bands were also observed in

Po-Swo, Tp-Swo and Tr-Swo apparently due to proteolysis.

Results Fermentation (Bs EXLX1 and Tr-AA9)

Cloning of accessory proteins Select clones afichia pastoris showing higher expression

in shake "ask studies were taken forward for scaling up
Synthetic genes of selected accessory proteins excepta 5.0 L bioreactor. Typically, from a single colony two
TrAA9 (Table2) were codon optimized fdtichia pastoris ~ stage seed cultures (50 ml and 500 ml) were prepared and
and cloned betweeficoR| andNorl of pPicZ A vector in ~ 10% inoculum was used to start a 3.0 L batch in the main
frame with alpha signal sequence to enable protein secretifermenter as described in the methods section. Culture
into the culture medium (FigA and B). Protein sequence OD reached to~250 in 120 h. Cells were harvested by
of TrAA9 already has a native signal sequence and hencentrifugation and the cell free supernatants were analysed
was cloned into pPicZA vector.,,GS115 strains were trans-on SDS PAGE. Secreted TrAA9 and Bs EXLX1 were seen
formed using the linearized plasmids as per the manufaes prominent bands at expected molecular sizes 2Rig.
tureres instructions (Invitrogen) and the recombinants werand B). Because of the post translational glycosylation,
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Fig.1 Schemes of integration plasmids for secretion of Tr-AA9,expression and secretion of recombinant swollenin, expansin and
Swollenin and expansins iRichia pastoris., A. Tr-AA9 along with  Tr-AA9 by western blotting using anti-His tag antibodies. Samples
the native signal sequence was cloned into intracellular expressidrom cell free supernatants of 3 days old induced cultures were used
plasmid pPicZ-A., B. Swollenins and expansins were cloned aftefor analysis. Gray and black arrowheads indicate the protein molecu-
alpha secretory signal sequence into pPicZ -A. Both constructs werkar size without and with glycosylation, respectively

cloned intoNor | and E.coR | restriction sites., C. Comtnation of

the secreted proteins have higher molecular sizes th&@uri cation of recombinant Bs-expansin

the expected size estimated from the protein primary

sequence. Western blotting using anti-His tag antibodunlike Tr-AA9, BS-Expansin appeared to be less homog-

ies con‘rmed the production of recombinant proteins inenous and hence pusti by Ni...NTA anity chromatogra-

the 120 h samples (Fi@C). Protein estimation of the phy. Final puri‘ed sample was analysed on SDS PAGE and

secreted proteins indicated that Tr-AA9 and Bs-Expansiwestern blotting. Results indicated that the recombinant pro-

were secreted at 2.0 g/L and 0.5 g/L respectively. tein has two major isoforms running between 25 and 35 kDa.
Wang et al. also have reported similar chromatographic
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mg/g) mg/g) mg/g) mg/g) + mg/g) + mg/g) +
Ctec3HS (2.0 Ctec3HS (2.0  Ctec3HS (2.0
mg/g) mg/g) mg/g)

Fig.3 A. Functional assay of Bs-expansin and Tr-AA9 usilig@r‘  synergistic eect, cellulase (Ctec3HS) was added to these mixtures
paper as substrate. Accessory proteins were added tdténgodper as indicate. Images were taken after 48 h incubation. B. Synergistic
discs as at 0.1, 1.0 and 1.5 mg/g of substrate as indicated. When testect of accessory proteins and cellulases was measured in terms of
ing two proteins together in a reaction, each protein is present at tigtucose released after 48 h incubation. The dotted line indicates the
same concentration as when tested individually. For studying thglucose released by C-tec3HS alone (control)

(% cellulose in biomass total solids  are low compared to Bs Expansin and Tr-AA9. Xylan to
100 x 1.11 x % cellulose xylose conversion eciency was also measured using swol-
lenins. A signi‘cant improvement was observed in xylan to
34.5% w/w for rice straw xylose conversion eciency when swollenins were supple-
mented during the sacchacétion process (FigiB) when
Results indicated that the conversionagencies in the  compared with the control samples including ALP and LME
batches supplemented with Swollenins have reached up 4one. In general, it was observed that above 70%, the con-
80% whereas the control batches showed a maximum of 5Qférsion e ciency values have saturated. This was due to
indicating the synergistic ect of swollenins during the sac- the presence of NaOH during the saccheation. When
chari“cation (Fig4A). For these experiments cell free cul- glucose samples were incubated in with NaOH ap@,H
ture supernatants were concentrated by tenfold using 30 kd@@d NaOH + HO, combinations, browning of glucose solu-
cut of “lters and used as the expression levels of swolleninfon was observed where NaOH was present (Figure. S2).

Theoretical glucose =
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Fig.4 Swollenin assisted sacchac#tion of bio pretreated rice straw. lose and glucose concentrations were measured at 1, 24, 48, 72, and
Water treated, Ligin modifying enzyme (LME) treated, and alkalined6 h incubation times (Lighter to dark shade of colour). B. Xylan to
peroxide (ALP) treated control batches were compared along witkylose conversion eciencies. TP:Trichoderma pinophilus;, TH:
swollenins (Swo) from the recombinaBichia pastoris cultures. A.  Trichoderma hazarium; TR: Trichoderma reesei

Saccharitation was initiated by adding Ctec3HS at 100 mg/g cellu-

Hence, there was some loss of glucose after 48 h incubationall the samples. A dose dependent increase of sacehari®

with Ctec3HS. cation was observed up to 100 mg/g and saturated at 200 and
500 g/mg dose of cellulase (FB). So, it was decided to use
Optimization of dosing of Bs-Expansin 100 mg/g of cellulase in further experiments.

for sacchari cation

Bs-Expansin and Tr-AA9 assisted sacchari cation
Expression levels of Tr-AA9 and Bs expansin were consideof rice straw
ably higher (2...5 g/L). Bs-Expansin showed multiple bands
and hence decided to purify the protein by Ni...NTA pafi“ Both Tr-AA9 and BS-expansin showed synergistie&
tion before use. Pretreated biomass was used for optimizingith cellulase when used at a dose of 0.5 mg/g of cellu-
the amount of cellulase required for eient sacchari€ation  lose. Interestingly batches with and without LME pretreat-
in presence of expansin. Cellulase (Ctec3-HS) was usedraent showed similar conversion eiencies indicating
20, 50, 100, 200 and 500 mg/g of cellulose during sacchari'Bs-expansin or Tr-AA9 alone are sgient for achieving
cation. Expansin was supplemented at 0.5 mg/g of cellulogbe desired conversion eiencies over 90%. Untreated,
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Fig.7 Tr-AA9 assisted sac- 80 1 71
chari“cation of ALP treated
biomass. About 1.0 kg each of
milled rice straw was subjected
to pretreatment either by ALP
(Blue) or LME +ALP (orange)
and hydrolysed by cellulases
(Ctec3-HS at 100 mg/g cel-

60 -
50 A

% glucose conversion efficiency
B
o
L

lulose). ALP treated biomass 30
was also subjected to hydrolysis 30 A
in presence of AA9 (green bar).
ALP: alkaline peroxide; LME: 20 -
ligin modifying enzymes; AA9:
Trichoderma reesei AA9 10 -+

O .

ALP+Cellulase LME+ALP+Cellulase ALP+Cellulase+AA9

collected at various time points and analysed for releasexith cellulases. Recombinant swollenins, expansins and
glucose in HPLC. Up to 70% cellulose to glucose contPMOs were produced iBichia pastoris. Signi“cant titers
version e ciency was observed in presence of Tr-AA9(2.0 -5.0 g/L) were achieved for Bs-expansin and Tr-AA9.
whereas a meagre 30% in the absence of Tr-AA9. LMBsing similar expression host, Sun et al. and Thaghe et al.
treated biomass yielded up to 50% cellulose to glucodwave reported AA9 expression titers of 300 mg/L and 400
conversion e ciency (Fig.7). mg/L respectively during the fermentation (Sun eR@llL6
about tenfold less than what we are reporting in this study.
Synergistic e ect of auxillary proteins (Expansins and AA9)
Discussion has been emphasized for enhanced hydrolysis of cellulose
(over 90%) to meet the critical parameters required for com-
There is a growing demand for carbon neutral bioprocessesercial applications (Kim et a2014). These two auxiliary
for converting biomass to useful chemicals and fuels. Reduproteins were used to study the synergistiea with cel-
tion of chemical usage for biomass pretreatment will greatliiulases during sacchagation. Results indicated that they
reduce the associated risk and capital investment for piletre able to improve the cellulose to glucose conversion
scale production and commercialization of the process. Bi@ ciencies from 40% to 80...90% when introduced during
process includes use of enzymes in place of harsh chentite saccharitation process. Interestingly LME independ-
cals for pretreatment of biomass to release the mono suganst process which includes only alkaline peroxide washing
which can be used as feedstock by the yeast for ethanol paf-biomass and sacchacdiation in presence of Bs-expansin
duction or any other industrially important biochemicals.and Tr-AA9 has resulted in similar conversion@encies.
This requires deconstruction of lignin to access the underlyFhis helps in reduction of cost of LME production which is
ing cellulose and hemicellulose. Lignin modifying enzymesa major expense in the overall variable cost of production.
produced by submerged fermentation of edible mushrooim our cost estimations, about 30% of total cost was spent
fungi Pleurotus ostreatus and Trametes versicolor were  on production of LME by fungal fermentations. Supplemen-
reported earlier for biomass pretreatment(Ambatkar et atation of sacchari€ation enzyme cocktails with the auxil-
2021). This process has limitations in terms of low celluloseary proteins can increase the eiency of these cellulase
to glucose conversion eciencies possibly due the cellulase mixtures for biomass conversion. Further improvements can
enzyme inhibition by the LME by-products such as phenobe made by introducing the genes encoding these auxiliary
lics. It required solid liquid separation and washing steps tproteins into the cellulase production host.
remove the interfering agents and LMEs before sacotei*
tion (Ambatkar et al2021, 2022). Further process improve-
ment was required for improved cellulose to glucose converConclusions
sion e ciency. Auxiliary proteins and their application in
biore“nery industry have been reported earlier to enhanc®ynergistic proteins can enhance the enzymatic break-
the cellulase activity. There is a lot of fundamental researatiown of lignocellulose by modifying its structure. There-
data available of auxiliary proteins but very limited applicafore, using synergistic proteins is a promising strategy to
tion studies. In this study we have selected seven auxiliaignprove the enzymatic hydrolysis process. This approach
proteins and attempted to evaluate their synergistece can reduce costs associated with cellulase usage and increase
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the e ciency of lignocellulosic sacchadation. Moreover,
these proteins have the ability to target and modify the inac-
cessible regions of cellulose following chemical pretreat-
ment. They can thus serve aseetive biological pretreat-

ment agents in secondary pretreatment steps or as part of

the conditioning process before main sacchzailon. For
commercial applications these synergetic proteins should

meet several requirements: 1. They should be produced at

very high titers with minimize their cost in use during sac-
chari“cation. 2. These proteins should have the ability to
target and modify the inaccessible regions of cellulose fol-
lowing chemical pretreatment. 3. To be economically viable
in industrial applications, they must demonstratective

synergism with cellulase, achieving high cellulose conver-

References

Adnan, M., Ma, X., Xie, Y., Waheed, A., Liu, G.: Heterologously

expressed cellobiose dehydrogenase acts aseat electron-
donor of lytic polysaccharide monooxygenase for cellulose deg-
radation in trichoderma reesei. Int. J. Mol. Sci. (20&8&ps:/doi.
0rg/10.3390/ijms242417202

Ambatkar, N., Jadhav, D.D., Deshpfsétiikar, P., Wakade, G.,
Nandi, S., Kumbhar, P., Kommoju, P.R.: Functional screening and
adaptation of fungal cultures to industrial media for improved del-
igni* cation of rice straw. Biomass Bioenet§5, 106271 (2021).
https://doi.org/10.1016/j.biombioe.2021.106271
Ambatkar, N., Jadhav, D.D., Nandi, S., Kumbhar, P., K&Rnoju,
Optimized process for the production of fungal peroxidases and
e cient saccharitation of pre-treated rice straw. Bioresour.
Technol. Reportd7, 1...8 (2022https:/Hoi.org/10.1016/jbiteb.
2021.100913

sion rates (e.g., 70...90%) to minimize residual cellulose Chundawat, S.P.S., Beckham, G.T., Himmel, M.E., Dale, B.E.: Decon-

in biomass. 4. They should be able to have robustness to

retain their functionality in unfavourable conditions such as
presence of inhibitors, non-specibinging to lignin etc.
5. These synergistic proteins should be amicable to fungal

expression so that they can be a part of the commercial cel-

lulase cocktailsd g. Ctec3HS).

To our knowledge, this study reported highest recom-
binant production titers of expansin and LPMO of 2.0 to
5.0 g/L surpassing the earlier highest titers of 0.2 to 0.4 g/L
by Sun et al. (Sun et &016). Careful selection of high copy
number gene integratiaPichia recombinants and design-
ing of secretory plasmid constructs as well as acient

struction of lignocellulosic biomass to fuels and chemicals. Annu.
Rev. Chem. Biomol. En@, 121...145 (201 Mttps://doi.org/10.
1146/annurev-chembioeng-061010-114205
Dimarogona, M., Topakas, E., Olsson, L., Christakopoulos, P.: Lignin
boosts the cellulase performance of a GH-61 enzyme from Sporo-
trichum thermophile. Bioresour. Techn#l0, 480...487 (2012).
https://doi.org/10.1016/j.biortech.2012.01.116

Dixit, P., Basu, B., Puri, M., Tuli, D.K., MatByBarrow, C.J.: A
screening approach for assessing lytic polysaccharide monooxy-
genase activity in fungal strains. Biotechnol. BiofuEs1...16
(2019).https://doi.org/10.1186/s13068-019-1526-4

Ekwe, E., Morgenstern, I., Tsang, A., Storms, R., PowWlowski,
Non-Hydrolytic cellulose active proteins: Research progress and
potential application in bioreferies. Ind. Biotechno9, 123...131
(2013).https://doi.org/10.1089/ind.2013.0010

fermentation process development resulted in such higHarris, P.V., Welner, D., McFarland, K.C., Re, E., Navarro Poulsen,

expression titers. After evaluating various reaction condi-
tions with varying doses of synergistic proteins, we dem-

J.C., Brown, K., Salbo, R., Ding, H., Vlasenko, E., Merino, S., Xu,
F., Cherry, J., Larsen, S., Lo Leggio, L.: Stimulation of lignocellu-
losic biomass hydrolysis by proteins of glycoside hydrolase family

onstrated that even in the absence of LMEs, the cellulose to 61: structure and function of a large, enigmatic family. Biochem-

glucose conversion eciencies have reached 70...80%. This

improvement was 20...30% over the LME mediated process

reducing the overall cost of pretreatment and sacatetitn
process. Removal of LME and improvement due to syner-

gistic proteins has conserved at least on third of total cost of

ethanol production. Detailed techno-economic evaluation is
currently in progress.

Supplementary Information The online version contains supplemen-
tary material available &ttps:/H0i.org/10.1007643538024-00373-z

Acknowledgements \We acknowledge Praj Industries Ltd. for tmah-
cial support.

Data availability Not avialble.
Declarations
Conflict of interest On behalf of all authors, the corresponding author

states that there is no cadat of interest. A provisional patent has been
“led related to this work by the authors.

istry 49, 3305...3316 (201M)tps://doi.org/10.1021/bi100009p
Hu, J., Arantes, V., Pribowo, A., Gourlay, K., SaddI8ykkiate
factors that inience the synergistic interaction of AA9 and cel-
lulases during the enzymatic hydrolysis of biomass. Energy Envi-
ron. Sci.7, 2308...2315 (2014}tps:/Hoi.org/L01039t4ee@891]

KendedférdBK.J., Brummell, D.A., Cho, H.T., Cosgrove, D.J.,

Fleming, A.J., Gehring, C., Lee, Y., McQueen-Mason, S., Rose,
J.K.C., Voesenek, L.A.C.J.: Nomenclature for members of the
expansin superfamily of genes and proteins. Plant Mol. B%ol.
311...314 (2004)ttps://doi.org/10.1007/s11103-004-0158-6
Kim, E.S., Lee, H.J., Bang, W.G., Choi, I.G., Kim, K.Horainc
characterization of a bacterial expansin from bacillus subtilis for
enhanced enzymatic hydrolysis of cellulose. Biotechnol. Bioeng.
102, 1342...1353 (2009)tps://doi.org/10.1002/bit.22193
Kim, 1.J., Lee, H.J., Choi, I.G., Kim, K.H.: Synergistic protéies for
enhanced enzymatic hydrolysis of cellulose by cellulase. Appl.
Microbiol. Biotechnol 98, 8469...8480 (2014}tps:/Hoi.org/10.
1007/s00253-014-6001-3

Li, Y., Darley, C.P., Ongaro, V., Flemi&ghifper, O., Baldauf,
S.L., McQueen-Mason, S.J.: Plant expansins are a complex mul-
tigene family with an ancient evolutionary origin. Plant Physiol.
128, 854...864 (200ttps://doi.org/10.1104/pp.010658

Liu, X., Liu, C., Ma, Y., Hong, J., Zhang, M.: Hetesobxgoes-
sion and functional characterization of a novel cellulose-disruptive
protein LeEXP2 from Lycopersicum esculentum. J. Biotechnol.
30(186), 148...155 (201 4}tps://doi.org/10.1016/j.jbiotec.2014.
07.013

@ Springer



94 Proceedings of the Indian National Science Academy (2025) 91:82-94

Lo Leggio, L., Simmons, T.J., Poulsen, J.C.N., Frandsen, K.E.H., expansins, exhibits disruption activity on cellulosic materials. Eur.
Hemsworth, G.R., Stringer, M.A., Von Freiesleben, P., Tovborg, J. Biochem269, 4202...4211 (2002jttps://doi.org/10.1046/].
M., Johansen, K.S., De Maria, L., Harris, P.V., Soong, C.L., 1432-1033.2002.03095.x
Dupree, P, Tryfona, T., Lenfant, N., Henrissat, B., Davies, G.J., Song, B., Li, 8.\W&hen, W., Park, S., Collings, C., Feng, A.,
Walton, P.H.: Structure and boosting activity of a starch-degrad-  Smith, S.J., Walton, J.D., Ding, S.Y.: Real-time imaging reveals
ing lytic polysaccharide monooxygenase. Commun, Nat (2015).  that lytic polysaccharide monooxygenase promotes cellulase

https://doi.org/10.1038/ncomms6961 activity by increasing cellulose accessibility. Biotechnol. Biofu-
Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J.: Proteinels11, 1...12 (2018)ttps://doi.org/10.1186/s13068-018-1023-1

measurement with the folin phenol reagent. J. Biol. CH&3. Sun, F.F., Bai, R., Yang, H., Wang, FWateg,JC., Tu, M.: Heter-

265...275 (195Mhttps:/Hoi.org/10.1016500219258(1952451-6 ologous expression of codon optimized Trichoderma reesei Cel6A
Marowa, P., Ding, A., Kong, Y.: Expansins: roles in plant growth and in Pichia pastoris. Enzyme Microb. Techrigl, 107...116 (2016).

potential applications in crop improvement. Plant Cell RBép. https://doi.org/10.1016/j.enzmictec.2016.07.004

949...965 (2016@)ttps://doi.org/10.1007/s00299-016-1948-4 Wang, W.,, Liu, C., Ma, Y., Liu, X., Zhang, K., Ehahgproved

McQueen-Mason, S., Durachko, D.M., Cosgrove, D.J.: Two endog-production of two expansin-like proteins in Pichia pastoris and
enous proteins that induce cell wall extension in plants. Plant Cell  investigation of their functional properties. Biochem. Eng4,).

4, 1425...1433 (199%}tps://doi.org/10.1105/tpc.4.11.1425 16...27 (2014https://doi.org/10.1016/j.be}.2013.12.018
Merino, S.T., Cherry, J.: Progress and challenges in enzyme develop- Westereng, B., Ishidge Kpl&ad, G., Wu, M., Eijjsink, V.G.H.,
ment for biomass utilization. Adv. Biochem. Eng. Biotechhas, Igarashi, K., Samejima, M., Stahlberg, J., Horn, S.J., Sandgren,
95...120 (200Mttps://doi.org/10.1007/10_2007_066 M.: The putative endoglucanase pcGH61D from phanerochaete
Meyer, A.S., Rosgaard, L., Sgrensen, H.R.: The minimal enzyme cock¢hrysosporium is a metal-dependent oxidative enzyme that cleaves
tail concept for biomass processing. J. Cereal 3¢i337...344 cellulose. PLoS ONE (2011https://doi.org/10.1371/journal.
(2009).https://doi.org/10.1016/j.jcs.2009.01.010 pone.0027807

Phillips, C.M., Beeson, W.T., Cate, J.H., Marletta, M.A.: Cellobiog&i, M., Beckham, G.T., Larsson, A.M., Ishida, T., Kim, S., Payne,
dehydrogenase and a copper-dependent polysaccharide monoox- C.M., Himmel, M.E., Crowley, M.F., Horn, S.J., Westereng, B.,
ygenase potentiate cellulose degradation by neurospora crassa. lgarashi, K., Samejima, M., Stahlberg, J., Eijsink, V.G.H., Sand-

ACS Chem. Biol6, 1399...1406 (201 htps://doi.org/10.1021/ gren, M.: Crystal structure and computational characterization of

cb200351y the lytic polysaccharide monooxygenase GH61D from the basidi-
Quinlan, R.J., Sweeney, M.D., Lo Leggio, L., Otten, H., Poulsen, omycota fungushanerochaete chrysosporium. J. Biol. Chem.

J.C.N., Johansen, K.S., Krogh, K.B.R.M., Jargensen, C.l., 288, 12828...12839 (2013itps://doi.org/10.1074/jbc.M113.

Tovborg, M., Anthonsen, A., Tryfona, T., Walter, C.P., Dupree, 459396

P., Xu, F., Davies, G.J., Walton, P.H.: Insights into the oxidative

degradation of cellulose by a copper metalloenzyme that exploitSpringer Nature or its licensor (e.g. a society or other partner) holds

biomass components. Proc Natl Acad Sci u. 408, 15079... exclusive rights to this article under a publishing agreement with the

15084 (2011)https://doi.org/10.1073/pnas.1105776108 author(s) or other rightsholder(s); author self-archiving of the accepted
Saloheimo, M., Paloheiidakdlia, S., Pere, J., Swanson, B., manuscript version of this article is solely governed by the terms of

Nyyssonen, E., Bhatia, A., Ward, M., Penttila, M.: Swollenin, asuch publishing agreement and applicable law.

Trichoderma reesei protein with sequence similarity to the plant

@ Springer





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2025-04-25T12:52:32+0530
	Preflight Ticket Signature




