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ABSTRACT Microbial expansin-related proteins are ubiquitous across bacterial and
fungal organisms and reportedly play a role in the modification and deconstruction
of cell wall polysaccharides, including lignocellulose. So far, very few microbial expan-
sin-related proteins, including loosenins and loosenin-like (LOOL) proteins, have been
functionally characterized. Herein, four LOOLs encoded by Phanerochaete carnosa and
belonging to different subfamilies (i.e., PcaLOOL7 and PcaLOOL9 from subfamily A and
PcaLOOL2 and PcaLOOL12 from subfamily B) were recombinantly produced and the
purified proteins were characterized using diverse cellulose and chitin substrates. The
purified PcaLOOLs weakened cellulose filter paper and cellulose nanofibril networks
(CNF); however, none significantly boosted cellulase activity on the selected cellulose
substrates (Avicel and Whatman paper). Although fusing the family 63 carbohydrate-
binding module (CBM63) of BsEXLX1 encoded by Bacillus subtilis to PcaLOOLs increased
their binding to cellulose, the CBM63 fusion appeared to reduce the cellulose filter pa-
per weakening observed using wild-type proteins. Binding of PcaLOOLs to alpha-chitin
was considerably higher than that to cellulose (Avicel) and was pH dependent, with
the highest binding at pH 5.0. Amendment of certain PcaLOOLs in fungal liquid cultiva-
tions also impacted the density of the cultivated mycelia. The present study reveals the
potential of fungal expansin-related proteins to impact both cellulose and chitin net-
works and points to a possible biological role in fungal cell wall processing.

IMPORTANCE The present study deepens investigations of microbial expansin-related
proteins and their applied significance by (i) reporting a detailed comparison of diverse
loosenins encoded by the same organism, (ii) considering both cellulosic and chitin-
containing materials as targeted substrates, and (iii) investigating the impact of the C-
terminal carbohydrate binding module (CBM) present in other expansin-related proteins
on loosenin function. By revealing the potential of fungal loosenins to impact both cel-
lulose and chitin-containing networks, our study reveals a possible biological and
applied role of loosenins in fungal cell wall processing.

KEYWORDS loosenin, expansin, Phanerochaete carnosa, cellulose, chitin,
biotechnology, carbohydrate active enzymes, carbohydrate binding, filamentous fungi,
lignocellulose

Expansins were first identified through studies of acid-induced growth of cucumber
hypocotyls (Cucumis sativus), where they trigger cell wall loosening without evidence

of lytic activity (1–3). Plant expansins have since been implicated in fruit ripening, root
hair elongation, germination, pollen tube penetration, and other developmental proc-
esses (4, 5). Although their mode of action remains elusive, detailed biochemical and
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biophysical studies indicate that expansins disrupt noncovalent bonds at so-called “bio-
mechanical hot spots,” which are load-bearing junctions between cellulose microfibrils
or between cellulose microfibrils and other matrix polymers (6–8). Expansins have been
identified across land plants (4, 5, 9, 10), and the ubiquity of expansin-related proteins
among microorganisms has since been verified through genome sequencing (9, 11–14).

All expansins exhibit a distinctive two-domain structure of 250 to 275 amino acids.
The N-terminal domain (D1) is a six-stranded double-psi beta-barrel (DPBB) which is
packed tightly next to a C-terminal domain (D2) having a b-sandwich fold (15). D1 and
D2 domains align to form a long, shallow groove with highly conserved polar and aro-
matic residues suitable to bind a twisted polysaccharide chain (15–17). D1 is structur-
ally related to the catalytic domain of family 45 glycoside hydrolases (GH45); however,
it lacks the aspartate that serves as the catalytic base in GH45 enzymes (16), and so far,
no lytic activity has been observed for any plant expansin or bacterial expansin-like
protein (10). D2 is homologous to group 2 grass pollen allergens and has been classi-
fied as a family 63 carbohydrate binding module (CBM63) (17).

Expansins and expansin-related proteins are classified based on phylogenetic analy-
sis (13, 14, 18). Plant-derived expansins are classified as a-expansins (EXPA), b-expan-
sins (EXPB), and two small groups of expansin-like sequences (EXLA and EXLB).
Microbial expansins (EXLX) include proteins with both D1 and D2 domains. Some expan-
sin-related proteins from microbes possess other domain architectures, including pro-
teins comprising only the D1 domain (e.g., loosenins [19] and cerato-platanins [20]) and
multidomain proteins comprising other domains in addition to D1 and D2 (e.g., swollen-
ins [16, 21, 22]). So far, most studies of microbial expansin-related proteins have focused
on their potential to boost enzymatic hydrolysis of lignocellulosic substrates to sugars
(23–26). Reported impacts on lignocellulose deconstruction, however, vary and depend
strongly on the biomass source (27).

In an effort to deepen our understanding of the molecular function and applied
potential of microbial expansin-related proteins, we recombinantly produced and char-
acterized four loosenin-like proteins (LOOLs) encoded by Phanerochaete carnosa and
expressed during growth on wood substrates (28, 29). Only two loosenins have been
previously characterized: LOOS1 from the white-rot basidiomycete Bjerkandera adusta
(19) and N2 from Neurospora crassa (30). Both LOOS1 and N2 reportedly disrupt the
structure of cotton fibers (19, 30); pretreatment of Agave tequilana fibers with LOOS1
also increases the susceptibility of the material toward enzymatic hydrolysis, enhanc-
ing the rate of reducing sugar release by up to 7.5 times (19). In addition to the func-
tional characterization of wild-type LOOLs from P. carnosa (PcaLOOLs), C-terminal
fusions were constructed herein to investigate the impact of appending a D2 domain
on the action of loosenin-like proteins.

RESULTS AND DISCUSSION
Sequence analysis. Previous transcriptomic analysis of P. carnosa grown on aspen

or spruce uncovered the expression of 12 LOOLs, which were classified into phylogenetic
subgroup A and subgroup B (28, 29). Whereas transcript abundances for PcaLOOL12
were comparatively high during P. carnosa cultivation on wood, PcaLOOL2 transcript
abundances were highest overall (28, 29). PcaLOOL2 and PcaLOOL12 belong to sub-
group B and are 25% and 34% identical to LOOS1 from B. adusta, respectively (28). In
addition to the selection of PcaLOOL2 and PcaLOOL12 for recombinant expression and
characterization, PcaLOOL7 and PcaLOOL9 were selected from subgroup A and are 64%
and 59% identical to LOOS1, respectively.

The microbial expansin EXLX1 encoded by Bacillus subtilis (BsEXLX1) comprises a
polysaccharide binding surface (PBS) lined with aromatic and polar residues that span
the D1 and D2 domains of the protein (15, 31). Several of the D1 residues that form the
PBS in BsEXLX1 are conserved in loosenins, including Gly38, Ala39, Ala52, and Asp93 of
LOOS1 (Fig. 1; numbering of amino acids includes the N-terminal secretion signal).
Notably, PcaLOOL2 and PcaLOOL12, as well as the N2 loosenin, harbor an insertion
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upstream of the PBS. PcaLOOL2 and PcaLOOL12 are further distinguished by an 8- to
9-amino acid deletion between residues equivalent to Gly63 and Pro72 in LOOS1.

Thr12 and Asp82 in BsEXLX1 (previously reported numbering; does not include the
N-terminal secretion signal) are predicted to form hydrogen bonds to glucan mole-
cules and are strictly conserved among all microbial expansin-related proteins, includ-
ing the selected PcaLOOLs (Fig. 1). An alanine substitution for Asp82 resulted in a com-
plete loss of BsEXLX1 activity, whereas an alanine substitution for Thr12 reduced
BsEXLX1 activity by 70% (17); accordingly, the Asp82-Thr12 pair constitutes the pre-
sumptive active site of the D1 domain (12, 24). Asp82 in BsEXLX1 corresponds to the
sole catalytic residue of lytic transglycosylases like Escherichia coli MltA (EcMltA) and to
the proton donor in the catalytic site of GH45 enzymes. Thr12 in BsEXLX1 is equivalent
to the Thr residue in the TWY motif of EXPA and the TFY motif of EXPB plant expansins.
The hydroxyl group of Thr12 participates in a conserved hydrogen bond with the car-
boxylic group of Asp82 and is conserved in the catalytic site of GH45 enzymes and pos-
sibly MltA enzymes, where it is likely important for the proper positioning of the cata-
lytic Asp (9, 15).

Notable differences between loosenins (and loosenin-like proteins) and the D1 do-
main of BsEXLX1 include the replacement of Tyr97 in BsEXLX1 with a cysteine (e.g.,
Cys95 in LOOS1). Tyr97 in BsEXLX1 is important, but not essential, to cell wall creep
(17). Three other Cys residues are conserved among loosenins, and sequence analyses
with DISULFIND predict putative disulfide bond formation between positions 74 to 98
and 40 to 95. The N-terminal extension of PcaLOOL2 harbors four additional Cys resi-
dues that could form two additional disulfide bonds. While disulfide bridges are absent
from BsEXLX1, plant expansins possess three disulfide bridges in D1, whose six partici-
pating Cys residues are well conserved among EXPA and EXPB families (9, 15, 16).
EXLX1 from Schizophyllum commune (ScEXLX1) also contains two disulfide bridges in
D1, and the involved residues align with Cys40, Cys74, Cys95, and Cys98 of loosenins
(32) (see Fig. S1 in the supplemental material).

Production of recombinant PcaLOOLs and PcaLOOL fusions. Codon-optimized
genes encoding PcaLOOL2, PcaLOOL7, PcaLOOL9, and PcaLOOL12 were obtained as

FIG 1 Multiple amino acid sequence alignment of P. carnosa LOOLs with characterized loosenins B. adusta LOOS1 and N. crassa N2. Strictly conserved
regions are indicated by red blocks, and similar residues are indicated by yellow blocks. Gray boxes indicate chemical similarity across a group of residues.
Numbering of amino acid residues corresponds to positions in LOOS1 and includes the predicted N-terminal signal sequence (underlined). Triangles
indicate residues contributing to form a shallow binding groove or hydrogen bonds. Stars indicate residues proposed to be crucial for the activity of
EXLX1. Amino acid sequences of P. carnosa PcaLOOL2 (GenBank accession no. EKM55357.1), PcaLOOL7 (GenBank accession no. EKM53490.1), PcaLOOL9
(GenBank accession no. EKM52742.1), PcaLOOL12 (GenBank accession no. EKM51974.1), N. crassa N2 (GenBank accession no. XP_959591.1), and B. adusta
Loos1 (GenBank accession no. ADI72050.2) were retrieved from the NCBI protein database. Alignments were performed with Clustal Omega, and the figure
was generated with ESPript 3.
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subcloned in pPICZaA and heterologously expressed in Pichia pastoris SMD1168H
under the control of a methanol-inducible promoter. The recombinant PcaLOOLs were
secreted and purified by Ni-nitrilotriacetic acid (Ni-NTA) affinity chromatography; the
yields of PcaLOOL2, PcaLOOL7, PcaLOOL9, and PcaLOOL12 were 22, 28, 9, and 27 mg/
L, respectively. The electrophoretic molecular weights of PcaLOOL2 and PcaLOOL9
were higher than expected, which was attributed to glycosylation in both cases (Fig.
S2). The identity of all protein bands was confirmed by matrix-assisted laser desorption
ionization–time of flight mass spectrometry (MALDI-TOF MS) analysis (Fig. S2B and C),
and circular dichroism (CD) spectroscopy indicated that all PcaLOOLs were well folded
(Fig. S3A). Specifically, all PcaLOOLs showed similar CD spectra indicating b-sheet-rich
structures, consistent with the predicted DPBB fold (Fig. S3B). The CD spectra of
PcaLOOL2 and PcaLOOL7 also showed a positive peak at ;220 nm (Fig. S3A), which
has been assigned to the poly-L-proline type II (polyproline-II or PPII) type of secondary
structure (33). During thermal unfolding, all PcaLOOLs underwent a single thermal
transition as a function of temperature.

To investigate the impact of a D2 expansin domain on the action of loosenin-like
proteins, the characterized CBM63 from the BsEXLX1 expansin-like protein (15, 31) was
appended to PcaLOOLs from both subgroups A and B. Whereas PcaLOOL7 was
selected from subgroup A, both PcaLOOL2 and PcaLOOL12 were included from sub-
group B because PcaLOOL2 is twice the size of PcaLOOL12. The recombinant PcaLOOL
fusions were secreted and purified by Ni-NTA affinity chromatography (Fig. S4); the
yields of PcaLOOL2-CBM63, PcaLOOL7-CBM63, and PcaLOOL12-CBM63 were 71, 37,
and 16 mg/L, respectively. The corresponding CBM63 was recombinantly produced in
Escherichia coli; the protein yield was 42 mg/L.

Lytic activity. The loosenins produced herein were tested for lytic activity, includ-
ing hydrolytic activity. Consistent with previous analyses of expansin-related proteins,
none of the PcaLOOLs produced hydrolysis or lytic products from any of the tested
polysaccharides, including xylan, xyloglucan, glucomannan, b-glucan, peptidoglycan,
carboxymethyl cellulose, cellohexaose, and hexacetyl-chitohexaose (Fig. S5). The ab-
sence of hydrolytic activity in expansins has been attributed to the absence of a key as-
partic acid residue (Asp10 in the family 45 glycoside hydrolase from Humicola insolens,
HiCel45A) that functions as the general base in many GH45 endoglucanases. In con-
trast, the catalytic proton donor (Asp121 in HiCel45A) is conserved in expansins and
expansin-related proteins (Asp82 in BsEXLX1; Asp105 in LOOS1) (15, 17, 34). Molecular
dynamic simulations of the HiCel45A D10N mutant indicated the possibility of a nonhy-
drolytic reaction mechanism when the catalytic base aspartic acid is missing, as in
EcMtlA (35). EcMltA utilizes only one acidic amino acid to cleave the b-1,4-glycosidic
bonds in bacterial cell wall peptidoglycan (36). Nevertheless, the apparent lack of lytic
activity for PcaLOOLs is in line with extensive experimental evidence debunking the pro-
posed lytic action of expansins (37).

Activity of PcaLOOLs on cellulose substrates. (i) Binding to cellulose. Binding of
the recombinant PcaLOOLs and PcaLOOL fusions to cellulose was measured as a first
step to evaluating their potential nonlytic action on cellulosic materials (Fig. 2A).
Considering the wild-type proteins, the highest levels of binding to cellulose were
measured for PcaLOOL2 at pH 5.0 to pH 6.0, where between 20 and 25% of PcaLOOL2
adsorbed to the cellulose substrate (Avicel PH-101) after 1 h at room temperature.
Similarly, Quiroz-Castañeda et al. (19) reported preferential adsorption of LOOS1 to
Avicel PH-101 in comparison to that to bovine serum albumin (BSA). For all other
PcaLOOLs, however, the extent of binding to Avicel PH-101 was negligible and indistin-
guishable from binding values obtained using BSA. Similarly, previous studies showed
that the D1 domain of BsEXLX1 does not bind to Avicel (17). The higher binding of
PcaLOOL2 to cellulose in comparison to that of the other PcaLOOLs was not explained
by differences in surface potential calculated from model protein structures or the N-
terminal extension of PcaLOOLs, which is predicted to include a helix-rich structure
lacking similarity to any known protein domain (Fig. S2). Instead, the observed binding
could be explained by the apparent high glycosylation of PcaLOOL2 (Fig. S2), given
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previous reports that show certain glycosylations can positively impact protein binding
to crystalline cellulose (38). Fusing the CBM63 D2 domain of BsEXLX1 to PcaLOOL2,
PcaLOOL7, and PcaLOOL12 clearly increased their binding to Avicel, particularly at pH 5.0,
where the measured increases in binding were 1.2, 5.8, and 4.5 times, respectively (Fig. 2C).

(ii) Weakening of filter paper. Three of the four wild-type PcaLOOLs weakened
cellulose filter paper, as measured by using the breaking force assay (39–41) (Fig. 3). In
this assay, filter paper strips are incubated in buffered solutions containing the target
protein and then clamped in an extensometer that records the force required to break
the material (42). Compared to the buffer treatments, the application of PcaLOOL7,
PcaLOOL9, and PcaLOOL12 significantly (P # 0.05) decreased the breaking force of fil-
ter paper strips by 11 to 16%, compared to a 30% reduction with BsEXLX1 (Fig. 3). The
low binding to Avicel and yet the ability to weaken cellulose filter paper suggest that
the ability to desorb from cellulose surfaces is important to PcaLOOL function.
Consistent with this interpretation, fusing the BsEXLX1 D2 domain (i.e., CBM63) to the
C terminus of PcaLOOL2, PcaLOOL7, and PcaLOOL12 did not increase filter paper weak-
ening by the proteins; moreover, the CBM63 fusion appeared to reduce the impact of
PcaLOOLs (Fig. 3). Notably, previous mutagenesis of the D2 domain of BsEXLX1 revealed a
nonlinear relation between microbial expansin binding to cellulose and filter paper weakening

FIG 2 Adsorption of PcaLOOLs and PcaLOOL fusions to cellulose and chitin. The wild-type PcaLOOLs and fusion
constructs (0.1 mg/mL) were incubated with 25 mg/mL substrate for 1 h at room temperature in a tube rotator set at
20 rpm. Unbound protein in the supernatant was determined by the BCA assay. The percentage of added protein
adsorbed to substrate was calculated considering protein and substrate blanks. BSA was used as a reference. Asterisks
indicate statistical significance (P # 0.05; two-tailed t test) of increased PcaLOOL adsorption compared to that of BSA.
(A) Adsorption of PcaLOOLs to Avicel PH-101 at pH 3.5, 5.0, 6.0, or 7.0; n = 3, error bars indicate standard deviations of
the mean. (B) Adsorption of PcaLOOLs to chitin from shrimp shells at pH 3.5, 5.0, 6.0, or 7.0; n = 3, error bars indicate
standard deviations of the mean. (C) Adsorption of the family 63 carbohydrate-binding module (CBM63) of BsEXLX1
and PcaLOOL-CBM63 fusions to Avicel PH-101 at pH 3.5, 5.0, 6.0, or 7.0; n = 3, error bars indicate standard deviations
of the mean. (D) Adsorption of the CBM63 of BsEXLX1 and PcaLOOL-CBM63 fusions to chitin from shrimp shells at pH
3.5, 5.0, 6.0, or 7.0; n = 3, error bars indicate standard deviations of the mean.
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(43). Based on these results, further assessment of the PcaLOOLs on cellulosic materials
focused on the wild-type proteins.

(iii) Impact of PcaLOOLs on cell wall creep. The defining characteristic of plant
expansins and microbial expansin-like proteins is their ability to induce time-depend-
ent, irreversible elongation (creep) of plant cell walls. The corresponding plant cell wall
creep assay is the most diagnostic, specific, and sensitive method to detect expansin
activity (12, 17). While the induction of cell wall creep correlates well with weakening
of filter paper in BsEXLX1 and its mutants, this connection is much weaker for other mi-
crobial expansin-related proteins (17, 39). Indeed, none of the PcaLOOLs investigated
herein were able to increase the extension rate of wheat coleoptile cell walls, a finding
in accordance with the behavior of other single-domain DPBB proteins (10) (Fig. S6).

Impact of PcaLOOLs on the viscoelastic behavior of CNF. Rheology measure-
ments were obtained to further quantify the impact of PcaLOOLs on cellulose fiber
weakening. First, the linear viscoelastic (LVE) region was determined, and then time
sweep, frequency sweep, and amplitude sweep measurements were performed. For all
experiments using cellulose nanofibers (CNF), the storage (G9) and loss (G0) moduli did
not change significantly over time (Supplemental File S1). The expected gel-like behavior of
the starting CNF was further confirmed by the frequency sweep where G9 was invariably
higher than G0 (Supplemental File S2) (44) and the amplitude sweep where G9 dropped
below G0 at a high strain (i.e., at the limiting value of the LVE region) (Supplemental File S3).
The limiting value of the LVE region specifies the yield stress of the material, which is the
peak value of the elastic stress (s 9), calculated by the formula s 9 = G'g , where G9 is the storage
modulus andg is the strain amplitude (45, 46). The corresponding strain amplitude at the yield
stress is defined as the yield strain (Supplemental Files S4 and S5).

All PcaLOOLs lowered the yield strain of the CNF beyond negligible impacts
observed using BSA (Fig. 4A and B; Fig. S7), consistent with PcaLOOL-mediated disrup-
tion of the fibrillar network. At pH 5.0, the impact of PcaLOOLs on the CNF network
increased with increasing protein concentration (Fig. 4A). A decrease in yield strain of
CNF was also observed after treatment with PcaLOOLs at pH 3.5; however, a clear cor-
relation between yield strain and protein concentration was not observed at that pH
value. Notably, at pH 3.5 and comparatively low protein concentrations, the BSA
treatment increased the yield strain of CNF (Fig. 4B), which can be explained by the expected

FIG 3 Breaking strength of filter paper after treatment with PcaLOOLs and fusion constructs. Strips of Whatman
qualitative filter paper grade 3 were treated with or without 0.2 mg/mL protein in 20 mM MES buffer, pH 6, for 4 h
at 25°C. The strips were extended at 1.5 mm/min, and the breaking force was recorded. BsEXLX1 was used as a
positive reference. Error bars indicate 6standard errors of the mean, with n = 34 for buffer control, n = 25 for
BsEXLX1, and n = 15 to 19 for different PcaLOOL proteins. Asterisks indicate statistical significance (**, P , 1%;
***, P , 0.01%).
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unfolding and resulting increase in surface charge previously reported for BSA under acidic
conditions (47).

Considering that the pKa of Asp is 3.9, the putative “catalytic” Asp residue of PcaLOOLs
should be largely protonated at pH 3.5 and deprotonated at pH 5.0. Accordingly, the pres-
ent results suggest that PcaLOOLs function better at pH values at which the catalytic Asp is
deprotonated. Similarly, cell wall creep by BsEXLX1 was highest above pH 5.5 (up to pH 9.5,
where the protein begins to precipitate) (17).

Impact of PcaLOOLs on cellulase action. Each of the PcaLOOLs produced herein
was tested for the ability to boost Cellic CTec2, Celluclast, or endo-1,4-b-D-glucanase
action on Avicel PH-101 and Whatman qualitative filter paper. Notably, despite their
ability to weaken filter paper and CNF networks, none of the PcaLOOLs substantially

FIG 4 Yield strain determination, measured by means of oscillatory rheological tests. An 0.6% concentration
of CNF (cellulose nanofibrils) was treated with increasing concentrations of protein for 24 h at room
temperature and subjected to rheological tests. (A) CNF treated with PcaLOOLs at pH 5.0; (B) CNF
treated with PcaLOOLs at pH 3.5. Asterisks indicate statistical significance (P # 0.05; two-tailed t test) of
decreased yield strain upon PcaLOOL treatment of CNF compared to that of buffer only. n = 2 to 5;
error bars indicate standard deviations. Yield stress data are shown in Fig. S6 in the supplemental
material. Raw data values are provided in Supplemental Files S4 and S5.
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increased cellulase action on selected cellulosic substrates (Fig. S8 and S9). Indeed,
reported impacts on biomass deconstruction differ considerably and depend strongly
on the biomass source (26, 27, 48). For example, previous experiments showing com-
plementary action between LOOS1 and a commercial cellulase were performed using
cotton fiber and Agave tequilana fibers (19). Since PcaLOOL2 and PcaLOOL12 were
recently shown to boost xylanase migration through cellulose-xylan composites (49),
future studies of PcaLOOL impacts on the enzymatic deconstruction of cellulosic sub-
strates should include complex lignocellulosic materials from diverse biomass sources.

Activity of PcaLOOLs on chitinous substrates. (i) Binding to chitin. Previous coex-
pression analyses clustered PcaLOOL2 with a predicted carbohydrate esterase family 9
N-acetylglucosamine 6-phosphate deacetylase, PcaLOOL7 with a putative glycoside hydro-
lase family 18 chitinase, and PcaLOOL12 with a predicted glycosyl transferase family 2 chitin
synthase (28). These earlier observations point to a possible role for PcaLOOLs in fungal cell
wall morphogenesis, potentially by targeting chitin in fungal cell walls during hyphal growth.
To assess this possibility, investigations that evaluate the impacts of PcaLOOLs on chitinous
substrates were initiated.

A clear pH dependency was observed for PcaLOOL binding to chitin, where after 1
h at room temperature, the highest binding in all cases was measured between pH 5.0
and 6.0 (Fig. 2B). At these pH values, the highest binding was observed for PcaLOOL7
and then by PcaLOOL12, which belong to different loosenin subgroups. Consistent
with the reported cellulose binding activity of the CBM63 D2 domain of BsEXLX1, fus-
ing the CBM63 to the PcaLOOLs did not substantially increase protein binding to chitin
at pH 5.0. An increase in PcaLOOL binding to chitin, however, was observed at pH 6.0
and 7.0, where the CBM63 domain alone also showed the highest binding toward chi-
tin. Despite the clear binding of wild-type PcaLOOLs to chitin, none substantially
boosted chitinase action on commercial alpha-chitin (Fig. S10).

(ii) Impact of PcaLOOLs on fungal growth. The cell walls of most filamentous
fungi comprise interwoven microfibrils of chitin and b-1,3-glucans that are embedded
in a-1,3-glucans and glycoproteins (50). Accordingly, the comparatively high binding
of PcaLOOLs to chitin motivated preliminary experiments that investigated the impacts
of PcaLOOLs on mycelial growth. Since there is no readily available genetic system for
manipulating P. carnosa, the impact of the PcaLOOLs analyzed herein on the pheno-
type of filamentous fungi was assessed by external protein supplementation to fungal
cultivations. Given the particularly high binding of PcaLOOL7 and PcaLOOL12 to chitin,
these proteins were selected for the fungal growth study; PcaLOOL2 was also included
as a representative LOOL from subgroup A that had an N-terminal extension.

Like P. carnosa, Ganoderma lucidum is a white-rot basidiomycete belonging to the
Agaricomycetes class. G. lucidum is also one of the most common fungal species used
for the production of mycelium composite materials (51, 52). BLAST searches of avail-
able G. lucidum sequences did not detect significant similarities to PcaLOOL7,
PcaLOOL2, or PcaLOOL12, which reduced the possibility that native proteins would
mask the impact of the supplemented PcaLOOLs. G. lucidum was thus grown in liquid
malt extract supplemented with 0.1 mg/mL protein, and mycelial growth was followed
over 10 days by light scattering (signal over sample height). In comparison to the trans-
mission of G. lucidum reference cultures, the transmission of G. lucidum cultures
amended with PcaLOOL7 and PcaLOOL12 increased between days 5 and 10 (Fig. 5A).
The impact of PcaLOOLs on fungal growth was similar in cultivations of the white-rot
Pleurotus ostreatus (Fig. 5B). Since no measurable difference in fungal growth rate was
observed in G. lucidum and P. ostreatus cultivations amended with PcaLOOLs, it
appears that differences in the transmission of cultures amended with PcaLOOL12, and
to a lesser extent PcaLOOL7, result from changes to the density of cultivated mycelia.

Conclusions. The direct comparison of four loosenin-like proteins from a single fila-
mentous fungus, Phanerochaete carnosa, uncovered functional characteristics that
were common to all selected proteins and thereby deepen our understanding of mi-
crobial expansin-related proteins that comprise only the D1 (GH45-like) domain. In par-
ticular, all bound more strongly to alpha-chitin than to selected celluloses, and none of
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the PcaLOOLs displayed lytic activity. Despite only weak binding to cellulose, three of
the four PcaLOOLs induced cellulose filter paper weakening and all of the PcaLOOLs
reduced the yield strain of cellulose nanofibril networks. Moreover, increasing
PcaLOOL binding to cellulose through fusion to the CBM63 domain of BsEXLX1 did not
translate to an increase in cellulose filter paper weakening. The lack of synergistic
action between PcaLOOLs and cellulolytic enzymes could reflect the comparative pu-
rity of the cellulose substrates used and motivates future studies that include complex
lignocellulosic substrates that retain so-called biomechanical hot spots potentially tar-
geted by expansin-related proteins. Especially intriguing was the observed correlation
between PcaLOOL binding to chitin and the impact on cultivated fungal mycelia.
Similar to the impact of plant expansins on plant cell wall formation, and of certain
bacterial expansin-like proteins on bacterial cell wall formation, it is conceivable that
fungal loosenins and other fungal expansin-related proteins play a role in fungal cell
wall morphogenesis. This compelling possibility provides new direction to fundamental
studies that investigate the biological role of microbial expansin-related proteins and
opens new application concepts for their use in fungal biomass processing.

FIG 5 Effect of PcaLOOLs on the transmission of G. lucidum and P. ostreatus cultures. Malt liquid
(2 mL) was inoculated with fungal mycelium and grown at 21°C for up to 10 days with 0.1 mg/mL
PcaLOOL. Fungal growth was monitored at 880 nm; n $ 6, error bars indicate standard deviations.
Asterisks indicate statistical significance (P # 0.05; two-tailed t test) of increased total transmission
upon PcaLOOL supplementation compared to that of buffer only supplementation. (A) Total
transmission of G. lucidum cultures containing PcaLOOL2 (red), PcaLOOL7 (orange), or PcaLOOL12
(magenta). (B) Total transmission of P. ostreatus cultures containing PcaLOOL2 (red), PcaLOOL7 (orange), or
PcaLOOL12 (magenta).
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MATERIALS ANDMETHODS
Substrates and chemicals. Cellulose nanofibers (CNF) were prepared from never-dried bleached

kraft birch pulp by fluidization in deionized water six times (six passes) using a Voith LR40 homogenizer,
as described by Österberg et al. (53). The resulting CNF samples with a solid content of 2.8% (wt/vol)
were stored at 4°C. Avicel PH-101 (;50-mm particle size; catalog no. 11365), xylan from birch wood (cat-
alog no. 95588), Whatman qualitative filter paper grade 1 (catalog no. WHA1001185), Whatman qualita-
tive filter paper grade 3 (catalog no. WHA1003185), and peptidoglycan from Micrococcus luteus (catalog
no. 53243) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Chitin from shrimp shells (catalog
no. P-CHITN), glucomannan (Konjac; low viscosity; catalog no. P-GLCML), carboxymethyl cellulose 4M
(CMC; catalog no. P-CMC4M), xyloglucan (tamarind; catalog no. P-XYGLN), hexaacetyl-chitohexaose
(catalog no. O-CHI6), cellohexaose (catalog no. O-CHE), and b-glucan (yeast; alkali soluble; catalog no.
P-BGYST) were obtained from Megazyme (Bray, Ireland). Thermo Fisher Scientific (Waltham, MA, USA)
was the supplier of the Pierce bicinchoninic acid (BCA) protein assay kit (catalog no. 23225). All other
chemicals were reagent grade.

Enzymes and reference microbial expansin-like protein. The cellulase mixture Cellic CTec2 (cellu-
lase, enzyme blend; catalog no. SAE0020), Celluclast (cellulase from Trichoderma reesei; catalog no.
C2730), chitinase from Trichoderma viride (catalog no. C8241), lysozyme (from hen egg white; catalog no.
10837059001), and a-chymotrypsin (from bovine pancreas; catalog no. C6423) were obtained from
Sigma-Aldrich, PNGase F was from New England Biolabs (Ipswich, MA, USA; catalog no. P0705S), and
endo-1,4-b-D-glucanase (cellulase from Trichoderma longibrachiatum, glycoside hydrolase family 7; cata-
log no. E-CELTR) was from Megazyme. BsEXLX1 (expansin from Bacillus subtilis) was recombinantly
expressed in Escherichia coli BL21 and purified as described by Georgelis et al. (17).

Sequence analysis. Amino acid sequences of loosenin-like proteins PcaLOOL2 (GenBank accession
no. EKM55357.1), PcaLOOL7 (GenBank accession no. EKM53490.1), PcaLOOL9 (GenBank accession no.
EKM52742.1), and PcaLOOL12 (GenBank accession no. EKM51974.1) from P. carnosa (28) were retrieved
from the NCBI protein database (http://www.ncbi.nlm.nih.gov/protein/). Secretion signal prediction was
performed using the SignalP v.4.1 web server (54). Amino acid sequences were aligned with Clustal
Omega (55), and sequence similarities were visualized using the program ESPript 3 (http://espript.ibcp
.fr) (56). Expasy tools ProtParam (57), Prosite (58), and Colab AlphaFold2 (59) were used to compute
physicochemical protein parameters; DISULFIND (60) was used to predict disulfide bridges. Briefly, Colab
AlphaFold2 was used to construct monomeric and homo-oligomeric structural models of the recombinant
PcaLOOLs, where mmseqs2 was used for the multiple sequence alignment and the max_recycles value
was set to 48. Models receiving the highest score were submitted to https://server.poissonboltzmann.org
to prepare structures for continuum solvation calculations performed using the Adaptive Poisson-
Boltzmann Solver method (61). The prediction of N- and O-glycosylation sites was carried out using the
NetNGlyc 1.0 server (62), the NetOGlyc 4.0 server (63), and the GPP Prediction Server (64) and then visual-
ized using PyMOL 2.3.

PcaLOOL production and purification. Selected PcaLOOLs were expressed in Pichia pastoris strain
SMD1168H in accordance with the manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific).
Briefly, codon-optimized genes encoding each PcaLOOL were obtained as subcloned in pPICZaA plas-
mids with a C-terminal 6�His tag (GenScript, Piscataway, NJ, USA). P. pastoris transformants were
screened for protein expression by immunocolony blotting using nitrocellulose membranes (Bio-Rad
Laboratories, Hercules, CA, USA; catalog no. 1620115), Tetra�His antibodies (Qiagen, Hilden, Germany;
catalog no. 34670), anti-mouse IgG (whole molecule), peroxidase antibodies produced in rabbit (Sigma-
Aldrich; catalog no. A9044), and SuperSignal West Pico Plus chemiluminescent substrate (Thermo Fisher
Scientific; catalog no. 34579). Precultures (4 � 50 mL in 500-mL baffled flasks) of the best transformant
for each PcaLOOL were then grown in buffered glycerol-complex medium (BMGY; 100 mM potassium
phosphate buffer [pH 6.0], 2% [wt/vol] peptone, 1% [wt/vol] yeast extract, 1.34% [wt/vol] yeast nitrogen
base, 4 � 1025% [wt/vol] biotin, 1% [vol/vol] glycerol) at 30°C and 100 rpm until an optical density at
600 nm (OD600) of ;6 was reached. Cells were harvested by centrifugation at 15°C and 1,500 � g for
10 min, and the obtained pellets were suspended in 4 � 300 mL of methanol-complex medium (BMMY)
containing 0.5% (vol/vol) methanol instead of glycerol. Each 300-mL cultivation was performed in a
2.5-L Tunair shake flask covered with two layers of sterile Miracloth. Methanol was added to 1% (vol/vol)
every 12 h, and induction was continued over 132 h at 28°C and 130 rpm. After the induction, culture
supernatants were recovered and filtered, and the secreted recombinant proteins were purified by af-
finity chromatography using Ni-NTA resin (Qiagen; catalog no. 30230). Specifically, supernatants were
concentrated using a Vivaflow 200 crossflow cassette with a 10,000-molecular-weight-cutoff (MWCO)
polyethersulphone (PES) membrane (Sartorius, Göttingen, Germany; catalog no. VF20P0) and loaded
onto a 5-mL GE Healthcare HisTrap FF crude prepacked column (Thermo Fisher Scientific; catalog no.
11723219). Proteins were eluted by fast protein liquid chromatography (FPLC) using an ÄKTA purifier
(Amersham BioScience, Amersham, UK).

The purified proteins were concentrated and transferred to 10 mM sodium citrate buffer (pH 5.0)
using Vivaspin Turbo 4 ultrafiltration units with a 5,000-MWCO PES membrane (Sartorius; catalog no.
VS04T11). The purity and concentration of each PcaLOOL were assessed by SDS-PAGE and the Pierce
BCA protein assay kit, respectively, prior to storage at 280°C. To confirm protein identity, deglycosylated
forms of the purified PcaLOOLs were prepared using peptide-N-glycosidase F (PNGase) prior to digestion
with a-chymotrypsin and analysis using an ultrafleXtreme MALDI- TOF/TOF mass spectrometer (Bruker,
Billerica, MA, USA).

Construction of PcaLOOL-CBM63 fusions. PcaLOOL2, PcaLOOL7, and PcaLOOL12 were selected to
design three separate fusion proteins that comprise at the C terminus the CBM63 from expansin-like
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protein EXLX1 encoded by Bacillus subtilis (accession no. WP_014664195) (15). In all cases, the linker
sequence connecting the two domains of each fusion protein was taken from the EXLX1 protein and
included the two last amino acids from EXLX1 domain 1 (amino acid sequence of the linker in fusion
proteins, KAPITG). The genes encoding the resulting fusion proteins, PcaLOOL2-CBM63, PcaLOOL7-
CBM63, and PcaLOOL12-CBM63, were codon optimized for expression in Pichia pastoris and separately
cloned in the pPICZaA plasmid, which imparts a C-terminal His6 tag (GenScript).

The expression plasmids were transformed to P. pastoris strain SMD1168H by electroporation. The
resulting transformants were induced on BMMY and then screened for protein expression by immuno-
colony blotting as described above. For protein production, P. pastoris transformants expressing
PcaLOOL2-CBM63 and PcaLOOL7-CBM63 were grown overnight in 50 mL of BMGY medium at 30°C with
continuous shaking at 220 rpm. The cells were harvested by centrifugation and suspended in 350 mL of
BMMY medium in 2.5-L Tunair shake flasks to an OD600 of ;0.9. Cultures were grown at 20°C and
140 rpm for 5.5 days, and 1% methanol was added every 24 h to induce recombinant protein expression.
PcaLOOL2-CBM63 and PcaLOOL7-CBM63 were purified from the culture supernatants by affinity chro-
matography as described above and then stored in 10 mM sodium citrate (pH 5.0) at 280°C.
PcaLOOL12-CBM63 was produced as described above albeit at smaller scale (i.e., 100 mL of BMMY me-
dium in a 500-mL nonbaffled Erlenmeyer flask) and then purified by batch purification. In this case, the
pH of the culture supernatant was adjusted to 7.8 with NaOH and filtered with a 0.45-mm PES mem-
brane, after which 12 mL of Ni-NTA agarose resin was suspended in the pH-adjusted culture supernatant
for 16 h at 5 to 10°C. The resin was then transferred into two empty gravity flow columns (Bio-Rad,
Econo-Pac) and washed with 10 column volumes of 50 mM Tris-HCl (pH 7.8) containing 150 mM NaCl
and 10 mM imidazole, and then the bound protein was eluted using 4 column volumes of 20% elution
buffer, 4 column volumes of 50% elution buffer, and 5 column volumes of 100% elution buffer (50 mM
Tris-HCl [pH 7.8] containing 150 mM NaCl and 500 mM imidazole). After purification, the protein was
transferred to 10 mM sodium acetate (pH 5.0) using a 10-kDa Vivaspin Turbo 4. The CBM63 domain com-
prising a C-terminal His6 tag was produced in Escherichia coli using the BL21(DE3) strain and pET21a(1)
plasmid. In this case, E. coli transformants were grown in 500 mL of Luria-Bertani (LB) medium in 2-L
nonbaffled glass Erlenmeyer flasks at 37°C with shaking at 200 rpm; when the cultures reached an OD600

of 0.6, the cultivation temperature was reduced to 20°C and 0.5 mM IPTG (isopropyl-b-D-thiogalactopyr-
anoside) was added to induce recombinant protein expression. Cells were harvested after 16 h and lysed
by sonication, and the cell lysate was clarified by centrifugation and filtration using a 0.45-mm PES mem-
brane before batch purification of the CBM63 domain using Ni-NTA agarose resin. Purified protein was
transferred to 4 to 10 mM sodium acetate, pH 5.0, using a 5-kDa Vivaspin Turbo.

CD spectroscopy. The recombinant PcaLOOLs were diluted to 0.1 mg/mL in H2O. Circular dichroism
(CD) spectroscopy was performed using a Chirascan CD spectrometer (Applied Photophysics, Leatherhead,
UK). CD data were collected between 190 and 280 nm at 22°C using a 0.1-cm-path-length quartz cuvette.
CD measurements were acquired every 1 nm with 0.5 s as an integration time and repeated three times
with baseline correction. A Chirascan Pro-Data Viewer (Applied Photophysics) was used to convert direct
CD measurements (u ; mdeg) to mean residue molar ellipticity ([u ]MR), and secondary structures were pre-
dicted using the BeStSel web server (65) from 190 to 250 nm and a scale factor of 1. Thermal unfolding
was recorded from 20°C to 80°C between 190 and 280 nm with a 2°C step size at a 1°C/min ramp rate
with60.2°C tolerance. The melting temperature was analyzed with Global3 (Applied Photophysics).

Test for hydrolytic activity. Purified proteins were tested for hydrolytic activities toward xylan from
birchwood, CMC, and glucomannan. Substrates were suspended in 50 mM sodium acetate buffer (pH
5.0) to a final concentration of 1% (wt/vol); 125 mL of each substrate was then transferred to separate
wells in a 96-well plate (Thermo Fisher Scientific) and supplemented with PcaLOOLs (final concentration,
0.01 mg/mL) and Milli-Q water to a final sample volume of 250 mL. BSA was used as a reference. Plates
were incubated for 16 h in a ThermoMixer C set at 40°C and 700 rpm. The reducing sugar concentration was
determined by the para-hydroxybenzoic acid hydrazide (PAHBAH) assay calibrated against glucose (66).

Test for lytic activity. For the turbidimetric assay, water-insoluble substrates (b-glucan from yeast,
peptidoglycan from Micrococcus luteus) were suspended at 0.35 mg/mL in 50 mM sodium acetate buffer
(pH 5.0) and supplemented with PcaLOOL or BSA to a final protein concentration of 0.05 mg/mL.
Reaction mixtures were incubated in a ThermoMixer C set at 1,000 rpm and 25°C for 0 to 24 h. At regular
intervals, 0.12-mL samples were collected and analyzed spectrophotometrically at 600 nm to detect sub-
strate solubilization. Samples without protein served as negative controls.

For the analysis of reaction samples by thin-layer chromatography (TLC), polysaccharide substrates
(xyloglycan, peptidoglycan, b-glucan) were suspended at 0.35 mg/mL in 50 mM sodium acetate buffer
(pH 5.0) and supplemented with PcaLOOL to a final protein concentration of 0.05 mg/mL. Oligosaccharide
substrates (cellohexaose, hexaacetyl-chitohexaose) were suspended at 1 mM in 50 mM sodium acetate
buffer (pH 5.0) and mixed with 0.125 mg/mL PcaLOOL. Reaction samples were incubated as described
above for a period of 24 h. BSA was used as a reference on polysaccharide and oligosaccharide substrates;
lysozyme and endo-1,4-b-D-glucanase were also included as reference treatments of oligosaccharide sub-
strates. Samples (2 mL of polysaccharide reaction samples, 10 mL of oligosaccharide reaction samples) and
standards (1 mL of 250 mM glucose, 250 mM xylose, or 225 mM N-acetylglucosamine) were applied to a
TLC silica gel 60 F254 (Sigma-Aldrich). Chromatograms were developed in an n-propanol–25% ammonia
(2:1) solvent mixture as the eluent. Spots were visualized by spraying with 10% sulfuric acid in ethanol, fol-
lowed by heating of the plates using a Steinel HL 1920E hot air blower.

Binding studies. Protein adsorption to cellulose (Avicel PH-101) or chitin from shrimp shells was
monitored by a pulldown assay. Specifically, 12.5 mg (to achieve 2.5% [wt/vol]) of substrate was weighed
into 1.5-mL Eppendorf LoBind microcentrifuge tubes (Sigma-Aldrich) and suspended in a final reaction
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volume of 500 mL of 50 mM buffer supplemented with 0.1 mg/mL target protein. Buffers included
50 mM sodium citrate (pH 3.5), 50 mM sodium acetate buffer (pH 5.0), 50 mM sodium phosphate (pH
6.0), and 50 mM sodium phosphate (pH 7.0). BSA (Sigma-Aldrich; catalog no. A3059) was used as a ref-
erence. Protein blanks were prepared using protein solutions without substrate; substrate blanks con-
tained substrate suspensions without protein. Samples were prepared in triplicate and incubated for 1
h at room temperature on a tube rotator set to 20 rpm; supernatants were then recovered by centrifu-
gation (15,000 rpm for 10 min), and protein concentrations were measured using the Pierce BCA pro-
tein assay kit.

Paper weakening assay. The ability to weaken filter paper was analyzed as described by Cosgrove
et al. (42). Briefly, Whatman qualitative filter paper grade 3 was cut into 10- by 2.0-mm strips and soaked
in 1 mL of 20 mM MES (morpholineethanesulfonic acid) buffer (pH 6.0) containing 0.2 mg/mL protein.
BsEXLX1 was used as a positive reference. Incubation was performed with gentle inversion to equilibrate
the solution with the strips at 25°C for 4 h. After incubation, the filter paper strips were fixed between
two clamps of a custom-built extensometer (42) and extended at 1.5 mm/min while the tensile force on
a digital chart recorder was recorded. The maximum force attained was taken as the breaking force.

Cell wall extension (creep) assay. Etiolated wheat (Triticum aestivum L. cv Pennmore) coleoptiles
were prepared as described by Cosgrove et al. (42), heat inactivated by a 15-s dip in boiling water, and
fixed between two clamps of a custom-built constant-force extensometer for cell wall creep experiments
(1), which resulted in a tensile force of 20 g on the specimen. The specimen was kept in 200 mL of
20 mM MES buffer (pH 6.0) for 10 min, and then the buffer was replaced with 50 mM NaOH to increase
the sensitivity of the material in the creep assay. After 10 min, the coleoptiles were rinsed in 20 mM MES
buffer (pH 6.0), and after an additional 15 min, the buffer was replaced with fresh buffer containing
0.2 mg/mL protein.

Rheological measurements. Rheological measurements were performed using CNF. The stock solu-
tion (2.8% [wt/vol]) was first dispersed in 0.423 mL H2O and sonicated with a tip sonicator (Q500;
QSonica, Newton, CT, USA) at 20% amplitude for 2 min (2-s on/off cycles). The final concentrations of
the sample components were 0.6% (wt/vol) substrate, 5 mM sodium acetate buffer (pH 5.0 and 3.5), and
between 0.1 and 2 mg/mL of protein; the concentration of 0.6% (wt/vol) CNF was chosen based on pre-
vious research (67). All sample mixtures (0.5 mL) were incubated for 24 h at room temperature prior to
the transfer of 70 mL to a smooth 8-mm plate with a 1-mm measuring gap for rheometry measurements
using an Anton Paar Physica MCR 302 rheometer (Anton Paar, Graz, Austria). The temperature (23°C) was
controlled with an H-PTD 200 Peltier hood (Anton Paar). To counter evaporation effects, the Peltier hood
and a filled water ring were attached. The oscillatory tests consisted of three successive intervals: time
sweep, frequency sweep, and amplitude sweep. Time sweeps were performed at a constant strain am-
plitude of 1% and an angular frequency of 1 s21, frequency sweeps were performed at angular fre-
quencies of 100 to 1 s21 (at constant strain amplitude 1%), and amplitude sweeps were performed in
the strain amplitude range from 0.1% to 100% (at a constant angular frequency of 1 s21). The time and
frequency sweeps were performed at the linear viscoelastic region. The mechanical spectra for storage
modulus (G9) and loss modulus (G99) were recorded to determine the viscoelastic properties of the
CNF dispersions.

Assay for synergism in enzymatic polysaccharide hydrolysis. Synergism studies were performed
in 2-mL Eppendorf tubes in a total reaction volume of 1 mL. Tested cellulose substrates (Avicel PH-101
or Whatman qualitative filter paper grade 1 disks created using a hole punch) were suspended in 50 mM
sodium acetate buffer (pH 5.0) to a final concentration of 25 mg/mL. Substrate suspensions were then
treated in two ways: (i) treatment with a mixture of a given PcaLOOL (0.041 mg/mL) and the commercial
cellulase Cellic CTec2 (0.405 mg/mL) for 24 h in a ThermoMixer C set at 40°C and 1,000 rpm or (ii) pre-
treatment with a given PcaLOOL (0.041 mg/mL) for 1 h in a ThermoMixer C set at 25°C and 1,000 rpm
prior to addition of Cellic CTec2 (0.405 mg/mL), after which the incubation proceeded for 24 h at 40°C
and 1,000 rpm. BSA was used as a reference. Aliquots were sampled at regular time intervals and ana-
lyzed by the para-hydroxybenzoic acid hydrazide (PAHBAH) assay. Substrate suspensions of Whatman
qualitative filter paper grade 1 were treated in three additional ways: (i) treatment with a mixture of a
given PcaLOOL (0.7 mg/mL) and the commercial cellulase Celluclast (7 mg/mL) for 24 h in a
ThermoMixer C set at 50°C and 1,000 rpm, (ii) treatment with a mixture of a given PcaLOOL (0.05 mg/
mL) and a commercial endo-1,4-b-D-glucanase (0.5 mg/mL) for 24 h in a ThermoMixer C set at 50°C
and 1,000 rpm, or (iii) pretreatment with a given PcaLOOL (0.041 mg/mL) for 72 h in a ThermoMixer C
set at 25°C and 1,000 rpm prior to the addition of Cellic CTec2 (0.405 mg/mL), after which the incuba-
tion proceeded for 2 h at 40°C and 1,000 rpm. Aliquots were sampled at the end of the incubation pe-
riod and analyzed by the 3,5-dinitrosalicylic acid (DNS) assay calibrated against glucose (68).

Synergism experiments were also performed using chitin from shrimp shells and a commercial chiti-
nase from T. viride. Chitin was suspended in 50 mM sodium acetate buffer (pH 6.0) to a final concentra-
tion of 25 mg/mL and treated in two ways: (i) treatment with a mixture of a given PcaLOOL (0.008 mg/
mL) and chitinase (0.08 mg/mL) for 24 h in a ThermoMixer C set at 25°C and 1,000 rpm or (ii) pretreat-
ment with a given PcaLOOL (0.75 mg/mL) for 24 h in a ThermoMixer C set at 25°C and 1,000 rpm prior
to addition of chitinase (0.02 mg/mL), after which the incubation proceeded for another 24 h at the
same conditions. BSA was used as a reference, and aliquots sampled after 24 h were analyzed by the
DNS assay calibrated against glucose.

Mycelial growth experiments. Ganoderma lucidum (reishi mushroom; HAMBI FBCC665) and
Pleurotus ostreatus (oyster mushroom; HAMBI FBCC0515) were obtained from the HAMBI Culture
Collection (University of Helsinki, Faculty of Agriculture and Forestry, Department of Microbiology). The
isolated fungal cultures were previously identified by internal transcribed spacer PCR (ITS-PCR) (51).
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Fungal cultures were propagated and maintained on 2% (wt/wt) malt extract (LabM, Heywood, UK) in
2% (wt/wt) agar (Scharlab, Sentmenat, Spain) at 4°C 6 1°C. For mycelial growth experiments, 2 mL of
malt extract (2% [wt/wt]) in 4-mL screw neck vials (Fisher Scientific, Loughborough, UK) were inoculated
with an agar piece of the G. lucidum or P. ostreatus culture. Malt extract was then supplemented with
0.1 mg/mL of PcaLOOL2, PcaLOOL7, or PcaLOOL12 prepared in 50 mM sodium acetate buffer (pH 5.0).
Vials were sealed with cotton filters and open top screw caps (La-Pha-Pak, Langerwehe, Germany). Static
incubation of each culture was performed at 21°C (61°C), and fungal growth was measured over
10 days by multiple light scattering using a Turbiscan LAB and adapter for a 4-mL vial (Formulaction,
Toulouse, France). Transmission at 880 nm was recorded by a synchronous optical sensor that moves
along the vertical axis at 40-mm intervals along the cylindrical measurement cell (69).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.2 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 5, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 6, PDF file, 8.6 MB.

ACKNOWLEDGMENTS
We thank Thu Vuong (Master Group, University of Toronto) for his assistance with

generating model protein structures. We also acknowledge the use of Aalto University
Bioeconomy facilities as well as the Biocenter Oulu Protein Biophysical Analysis core
facility (a member of Biocenter Finland).

We declare that no competing interests exist.
This project received funding from the European Union’s Horizon 2020 research and

innovation program under grant agreement no. 964764 and the European Research
Council (ERC) Consolidator program (grant no. BHIVE–648925). This study was also
supported by funding from the Novo Nordisk Foundation (BIOSEMBL–34622). Work by
J.V. and K.S.M. was supported by the Academy of Finland under grant no. 311244; work
by D.J.C. and E.R.W. was supported by the U.S. Department of Energy, Office of Science, Basic
Energy Sciences, under grant no. DE-FG02-84ER13179, and work by T.K. was supported by
the Jenny and Antti Wihuri Foundation (Centre for Young Synbio Scientists).

The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

The content presented in this article represents the views of the authors, and the
European Commission is not responsible for any use that may be made of the information
it contains.

REFERENCES
1. Cosgrove DJ. 1989. Characterization of long-term extension of isolated

cell walls from growing cucumber hypocotyls. Planta 177:121–130. https://doi
.org/10.1007/BF00392162.

2. McQueen-Mason S, Durachko DM, Cosgrove DJ. 1992. Two endogenous
proteins that induce cell wall extension in plants. Plant Cell 4:1425–1433.
https://doi.org/10.2307/3869513.

3. Cosgrove DJ. 2000. Loosening of plant cell walls by expansins. Nature
407:321–326. https://doi.org/10.1038/35030000.

4. Choi D, Cho HT, Lee Y. 2006. Expansins: expanding importance in plant
growth and development. Physiol Plant 126:511–518. https://doi.org/10
.1111/j.1399-3054.2006.00612.x.

5. Marowa P, Ding A, Kong Y. 2016. Expansins: roles in plant growth and
potential applications in crop improvement. Plant Cell Rep 35:949–965.
https://doi.org/10.1007/s00299-016-1948-4.

6. Park YB, Cosgrove DJ. 2012. A revised architecture of primary cell walls
based on biomechanical changes induced by substrate-specific endogluca-
nases. Plant Physiol 158:1933–1943. https://doi.org/10.1104/pp.111.192880.

7. Cosgrove DJ. 2014. Re-constructing our models of cellulose and primary
cell wall assembly. Curr Opin Plant Biol 22:122–131. https://doi.org/10.1016/j
.pbi.2014.11.001.

8. Georgelis N, Nikolaidis N, Cosgrove DJ. 2015. Bacterial expansins and
related proteins from the world of microbes. Appl Microbiol Biotechnol
99:3807–3823. https://doi.org/10.1007/s00253-015-6534-0.

9. Sampedro J, Cosgrove DJ. 2005. The expansin superfamily. Genome Biol
6:242. https://doi.org/10.1186/gb-2005-6-12-242.

10. Cosgrove DJ. 2015. Plant expansins: diversity and interactions with plant
cell walls. Curr Opin Plant Biol 25:162–172. https://doi.org/10.1016/j.pbi
.2015.05.014.

11. Li Y, Darley CP, Ongaro V, Fleming A, Schipper O, Baldauf SL, McQueen-
Mason SJ. 2002. Plant expansins are a complex multigene family with an
ancient evolutionary origin. Plant Physiol 128:854–864. https://doi.org/10
.1104/pp.010658.

12. Cosgrove DJ. 2017. Microbial expansins. Annu Rev Microbiol 71:479–497.
https://doi.org/10.1146/annurev-micro-090816-093315.

13. Chase WR, Zhaxybayeva O, Rocha J, Cosgrove DJ, Shapiro LR. 2020. Global
cellulose biomass, horizontal gene transfers and domain fusions drive mi-
crobial expansin evolution. New Phytol 226:921–938. https://doi.org/10
.1111/nph.16428.

14. Lohoff C, Buchholz PCF, Le Roes-Hill M, Pleiss J. 2021. Expansin Engineering
Database: a navigation and classification tool for expansins and homologues.
Proteins 89:149–162. https://doi.org/10.1002/prot.26001.

Loosenin Action of Cellulose and Chitin Applied and Environmental Microbiology

January 2023 Volume 89 Issue 1 10.1128/aem.01863-22 13

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
em

 o
n 

23
 F

eb
ru

ar
y 

20
23

 b
y 

13
0.

23
3.

19
1.

18
8.

https://doi.org/10.1007/BF00392162
https://doi.org/10.1007/BF00392162
https://doi.org/10.2307/3869513
https://doi.org/10.1038/35030000
https://doi.org/10.1111/j.1399-3054.2006.00612.x
https://doi.org/10.1111/j.1399-3054.2006.00612.x
https://doi.org/10.1007/s00299-016-1948-4
https://doi.org/10.1104/pp.111.192880
https://doi.org/10.1016/j.pbi.2014.11.001
https://doi.org/10.1016/j.pbi.2014.11.001
https://doi.org/10.1007/s00253-015-6534-0
https://doi.org/10.1186/gb-2005-6-12-242
https://doi.org/10.1016/j.pbi.2015.05.014
https://doi.org/10.1016/j.pbi.2015.05.014
https://doi.org/10.1104/pp.010658
https://doi.org/10.1104/pp.010658
https://doi.org/10.1146/annurev-micro-090816-093315
https://doi.org/10.1111/nph.16428
https://doi.org/10.1111/nph.16428
https://doi.org/10.1002/prot.26001
https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.01863-22


15. Kerff F, Amoroso A, Herman R, Sauvage E, Petrella S, Filée P, Charlier P,
Joris B, Tabuchi A, Nikolaidis N, Cosgrove DJ. 2008. Crystal structure and activ-
ity of Bacillus subtilis YoaJ (EXLX1), a bacterial expansin that promotes root col-
onization. Proc Natl Acad Sci U S A 105:16876–16881. https://doi.org/10.1073/
pnas.0809382105.

16. Yennawar NH, Li AC, Dudzinski DM, Tabuchi A, Cosgrove DJ. 2006. Crystal
structure and activities of EXPB1 (Zea m 1), a b-expansin and group-1
pollen allergen from maize. Proc Natl Acad Sci U S A 103:14664–14671.
https://doi.org/10.1073/pnas.0605979103.

17. Georgelis N, Tabuchi A, Nikolaidis N, Cosgrove DJ. 2011. Structure-func-
tion analysis of the bacterial expansin EXLX1. J Biol Chem 286:
16814–16823. https://doi.org/10.1074/jbc.M111.225037.

18. Kende H, Bradford KJ, Brummell DA, Cho HT, Cosgrove DJ, Fleming AJ,
Gehring C, Lee Y, McQueen-Mason S, Rose JKC, Voesenek LACJ. 2004. Nomen-
clature for members of the expansin superfamily of genes and proteins. Plant
Mol Biol 55:311–314. https://doi.org/10.1007/s11103-004-0158-6.

19. Quiroz-Castañeda RE, Martínez-Anaya C, Cuervo-Soto LI, Segovia L, Folch-
Mallol JL. 2011. Loosenin, a novel protein with cellulose-disrupting activ-
ity from Bjerkandera adusta. Microb Cell Fact 10:8. https://doi.org/10
.1186/1475-2859-10-8.

20. De Oliveira AL, Gallo M, Pazzagli L, Benedetti CE, Cappugi G, Scala A,
Pantera B, Spisni A, Pertinhez TA, Cicero DO. 2011. The structure of the
elicitor Cerato-platanin (CP), the first member of the CP fungal protein
family, reveals a double c b-barrel fold and carbohydrate binding. J Biol
Chem 286:17560–17568. https://doi.org/10.1074/jbc.M111.223644.

21. Saloheimo M, Paloheimo M, Hakola S, Pere J, Swanson B, Nyyssönen E,
Bhatia A, Ward M, Penttilä M. 2002. Swollenin, a Trichoderma reesei pro-
tein with sequence similarity to the plant expansins, exhibits disruption
activity on cellulosic materials. Eur J Biochem 269:4202–4211. https://doi
.org/10.1046/j.1432-1033.2002.03095.x.

22. Andberg M, Penttilä M, Saloheimo M. 2015. Swollenin from Trichoderma
reesei exhibits hydrolytic activity against cellulosic substrates with fea-
tures of both endoglucanases and cellobiohydrolases. Bioresour Technol
181:105–113. https://doi.org/10.1016/j.biortech.2015.01.024.

23. Gourlay K, Hu J, Arantes V, Andberg M, Saloheimo M, Penttilä M, Saddler
J. 2013. Swollenin aids in the amorphogenesis step during the enzymatic
hydrolysis of pretreated biomass. Bioresour Technol 142:498–503. https://
doi.org/10.1016/j.biortech.2013.05.053.

24. Eibinger M, Sigl K, Sattelkow J, Ganner T, Ramoni J, Seiboth B, Plank H,
Nidetzky B. 2016. Functional characterization of the native swollenin from
Trichoderma reesei: study of its possible role as C1 factor of enzymatic
lignocellulose conversion. Biotechnol Biofuels 9:178. https://doi.org/10
.1186/s13068-016-0590-2.

25. Rocha VAL, Maeda RN, Pereira N, Kern MF, Elias L, Simister R, Steele-King
C, Gómez LD, McQueen-Mason SJ. 2016. Characterization of the cellulo-
lytic secretome of Trichoderma harzianum during growth on sugarcane
bagasse and analysis of the activity boosting effects of swollenin. Biotech-
nol Prog 32:327–336. https://doi.org/10.1002/btpr.2217.

26. Quarantin A, Castiglioni C, Schäfer W, Favaron F, Sella L. 2019. The Fusar-
ium graminearum cerato-platanins loosen cellulose substrates enhancing
fungal cellulase activity as expansin-like proteins. Plant Physiol Biochem
139:229–238. https://doi.org/10.1016/j.plaphy.2019.03.025.

27. Liu X, Ma Y, Zhang M. 2015. Research advances in expansins and expan-
sion-like proteins involved in lignocellulose degradation. Biotechnol Lett
37:1541–1551. https://doi.org/10.1007/s10529-015-1842-0.

28. Suzuki H, Vuong TV, Gong Y, Chan K, Ho CY, Master ER, Kondo A. 2014.
Sequence diversity and gene expression analyses of expansin-related
proteins in the white-rot basidiomycete, Phanerochaete carnosa. Fungal
Genet Biol 72:115–123. https://doi.org/10.1016/j.fgb.2014.05.008.

29. Jurak E, Suzuki H, van Erven G, Gandier JA, Wong P, Chan K, Ho CY, Gong
Y, Tillier E, Rosso MN, Kabel MA, Miyauchi S, Master ER. 2018. Dynamics of
the Phanerochaete carnosa transcriptome during growth on aspen and
spruce. BMC Genom 19:815. https://doi.org/10.1186/s12864-018-5210-z.

30. Campos-Oliver A, Quiroz-Castañeda RE, Ortiz-Suri E, Folch-Mallol JL. 2013.
Cloning and expression of a hypothetical Loosenin from Neurospora
crassa. Rev Latinoam Biotecnol Ambient Algal 4:1–7. https://doi.org/10
.7603/s40682-013-0001-3.

31. Georgelis N, Yennawar NH, Cosgrove DJ. 2012. Structural basis for en-
tropy-driven cellulose binding by a type-A cellulose-binding module
(CBM) and bacterial expansin. Proc Natl Acad Sci U S A 109:14830–14835.
https://doi.org/10.1073/pnas.1213200109.

32. Tovar-Herrera OE, Batista-García RA, Sánchez-Carbente MDR, Iracheta-
Cárdenas MM, Arévalo-Niño K, Folch-Mallol JL. 2015. A novel expansin

protein from the white-rot fungus Schizophyllum commune. PLoS One 10:
e0122296. https://doi.org/10.1371/journal.pone.0122296.

33. Lopes JLS, Miles AJ, Whitmore L, Wallace BA. 2014. Distinct circular
dichroism spectroscopic signatures of polyproline II and unordered sec-
ondary structures: applications in secondary structure analyses. Protein
Sci 23:1765–1772. https://doi.org/10.1002/pro.2558.

34. Davies GJ, Tolley SP, Henrissat B, Hjort C, Schülein M. 1995. Structures of
oligosaccharide-bound forms of the endoglucanase V from Humicola
insolens at 1.9 Å resolution. Biochemistry 34:16210–16220. https://doi
.org/10.1021/bi00049a037.

35. Bharadwaj VS, Knott BC, Ståhlberg J, Beckham GT, Crowley MF, Hart GW.
2020. The hydrolysis mechanism of a GH45 cellulase and its potential rela-
tion to lytic transglycosylase and expansin function. J Biol Chem 295:
4477–4487. https://doi.org/10.1074/jbc.RA119.011406.

36. Van Straaten KE, Dijkstra BW, Vollmer W, Thunnissen AMWH. 2005. Crystal
structure of MltA from Escherichia coli reveals a unique lytic transglycosy-
lase fold. J Mol Biol 352:1068–1080. https://doi.org/10.1016/j.jmb.2005.07
.067.

37. Cosgrove DJ. 2020. Non-enzymatic action of expansins. J Biol Chem 295:
6782. https://doi.org/10.1074/jbc.L120.013410.

38. Chen L, Drake MR, Resch MG, Greene ER, Himmel ME, Chaffey PK, Beckham
GT, Tan Z. 2014. Specificity of O-glycosylation in enhancing the stability and
cellulose binding affinity of Family 1 carbohydrate-bindingmodules. Proc Natl
Acad Sci U S A 111:7612–7617. https://doi.org/10.1073/pnas.1402518111.

39. Georgelis N, Nikolaidis N, Cosgrove DJ. 2014. Biochemical analysis of
expansin-like proteins from microbes. Carbohydr Polym 100:17–23.
https://doi.org/10.1016/j.carbpol.2013.04.094.

40. McQueen-Mason S, Cosgrove DJ. 1994. Disruption of hydrogen bonding
between plant cell wall polymers by proteins that induce wall extension.
Proc Natl Acad Sci U S A 91:6574–6578. https://doi.org/10.1073/pnas.91
.14.6574.

41. Olarte-Lozano M, Mendoza-Nuñez MA, Pastor N, Segovia L, Folch-Mallol J,
Martínez-Anaya C. 2014. PcExl1 a novel acid expansin-like protein from the plant
pathogen Pectobacterium carotovorum, binds cell walls differently to BsEXLX1.
PLoS One 9:e95638. https://doi.org/10.1371/journal.pone.0095638.

42. Cosgrove DJ, Hepler NK, Wagner ER, Durachko DM. 2017. Measuring the
biomechanical loosening action of bacterial expansins on paper and
plant cell walls. Methods Mol Biol 1588:157–165. https://doi.org/10.1007/
978-1-4939-6899-2_12.

43. Hepler NK, Cosgrove DJ. 2019. Directed in vitro evolution of bacterial
expansin BsEXLX1 for higher cellulose binding and its consequences for
plant cell wall-loosening activities. FEBS Lett 593:2545–2555. https://doi
.org/10.1002/1873-3468.13528.

44. Dimic-Misic K, Puisto A, Gane P, Nieminen K, Alava M, Paltakari J, Maloney
T. 2013. The role of MFC/NFC swelling in the rheological behavior and
dewatering of high consistency furnishes. Cellulose 20:2847–2861. https://doi
.org/10.1007/s10570-013-0076-3.

45. Yang M-C, Scriven LE, Macosko CW. 1986. Some rheological measurements
on magnetic iron oxide suspensions in silicone oil. J Rheol 30:1015–1029.
https://doi.org/10.1122/1.549892.

46. Walls HJ, Caines SB, Sanchez AM, Khan SA. 2003. Yield stress and wall slip
phenomena in colloidal silica gels. J Rheol 47:847–868. https://doi.org/10
.1122/1.1574023.

47. Barbosa LR, Ortore MG, Spinozzi F, Mariani P, Bernstorff S, Itri R. 2010. The
importance of protein-protein interactions on the pH-induced conforma-
tional changes of bovine serum albumin: a small-angle X-ray scattering
study. Biophys J 98:147–157. https://doi.org/10.1016/j.bpj.2009.09.056.

48. Bunterngsook B, Mhuantong W, Champreda V, Thamchaipenet A, Eurwilaichitr
L. 2014. Identification of novel bacterial expansins and their synergistic actions
on cellulose degradation. Bioresour Technol 159:64–71. https://doi.org/10.1016/
j.biortech.2014.02.004.

49. Monschein M, Jurak E, Paasela T, Koitto T, Lambauer V, Pavicic M, Enjalbert T,
Dumon C, Master ER. 2022. PACER: a novel 3D plant cell wall model for the
analysis of non-catalytic and enzymatic responses. Biotechnol Biofuels Bioprod
15:30. https://doi.org/10.1186/s13068-022-02128-8.

50. Riquelme M, Aguirre J, Bartnicki-García S, Braus GH, Feldbrügge M, Fleig
U, Hansberg W, Herrera-Estrella A, Kämper J, Kück U, Mouriño-Pérez RR,
Takeshita N, Fischer R. 2018. Fungal morphogenesis, from the polarized
growth of hyphae to complex reproduction and infection structures. Micro-
biol Mol Biol Rev 82:e00068-17. https://doi.org/10.1128/MMBR.00068-17.

51. Tacer-Caba Z, Varis JJ, Lankinen P, Mikkonen KS. 2020. Comparison of
novel fungal mycelia strains and sustainable growth substrates to produce hu-
midity-resistant biocomposites. Mater Des 192:108728. https://doi.org/10.1016/j
.matdes.2020.108728.

Loosenin Action of Cellulose and Chitin Applied and Environmental Microbiology

January 2023 Volume 89 Issue 1 10.1128/aem.01863-22 14

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
em

 o
n 

23
 F

eb
ru

ar
y 

20
23

 b
y 

13
0.

23
3.

19
1.

18
8.

https://doi.org/10.1073/pnas.0809382105
https://doi.org/10.1073/pnas.0809382105
https://doi.org/10.1073/pnas.0605979103
https://doi.org/10.1074/jbc.M111.225037
https://doi.org/10.1007/s11103-004-0158-6
https://doi.org/10.1186/1475-2859-10-8
https://doi.org/10.1186/1475-2859-10-8
https://doi.org/10.1074/jbc.M111.223644
https://doi.org/10.1046/j.1432-1033.2002.03095.x
https://doi.org/10.1046/j.1432-1033.2002.03095.x
https://doi.org/10.1016/j.biortech.2015.01.024
https://doi.org/10.1016/j.biortech.2013.05.053
https://doi.org/10.1016/j.biortech.2013.05.053
https://doi.org/10.1186/s13068-016-0590-2
https://doi.org/10.1186/s13068-016-0590-2
https://doi.org/10.1002/btpr.2217
https://doi.org/10.1016/j.plaphy.2019.03.025
https://doi.org/10.1007/s10529-015-1842-0
https://doi.org/10.1016/j.fgb.2014.05.008
https://doi.org/10.1186/s12864-018-5210-z
https://doi.org/10.7603/s40682-013-0001-3
https://doi.org/10.7603/s40682-013-0001-3
https://doi.org/10.1073/pnas.1213200109
https://doi.org/10.1371/journal.pone.0122296
https://doi.org/10.1002/pro.2558
https://doi.org/10.1021/bi00049a037
https://doi.org/10.1021/bi00049a037
https://doi.org/10.1074/jbc.RA119.011406
https://doi.org/10.1016/j.jmb.2005.07.067
https://doi.org/10.1016/j.jmb.2005.07.067
https://doi.org/10.1074/jbc.L120.013410
https://doi.org/10.1073/pnas.1402518111
https://doi.org/10.1016/j.carbpol.2013.04.094
https://doi.org/10.1073/pnas.91.14.6574
https://doi.org/10.1073/pnas.91.14.6574
https://doi.org/10.1371/journal.pone.0095638
https://doi.org/10.1007/978-1-4939-6899-2_12
https://doi.org/10.1007/978-1-4939-6899-2_12
https://doi.org/10.1002/1873-3468.13528
https://doi.org/10.1002/1873-3468.13528
https://doi.org/10.1007/s10570-013-0076-3
https://doi.org/10.1007/s10570-013-0076-3
https://doi.org/10.1122/1.549892
https://doi.org/10.1122/1.1574023
https://doi.org/10.1122/1.1574023
https://doi.org/10.1016/j.bpj.2009.09.056
https://doi.org/10.1016/j.biortech.2014.02.004
https://doi.org/10.1016/j.biortech.2014.02.004
https://doi.org/10.1186/s13068-022-02128-8
https://doi.org/10.1128/MMBR.00068-17
https://doi.org/10.1016/j.matdes.2020.108728
https://doi.org/10.1016/j.matdes.2020.108728
https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.01863-22


52. Haneef M, Ceseracciu L, Canale C, Bayer IS, Heredia-Guerrero JA, Athanassiou
A. 2017. Advanced materials from fungal mycelium: fabrication and tuning of
physical properties. Sci Rep 7:41292. https://doi.org/10.1038/srep41292.

53. Österberg M, Vartiainen J, Lucenius J, Hippi U, Seppälä J, Serimaa R, Laine
J. 2013. A fast method to produce strong NFC films as a platform for barrier
and functional materials. ACS Appl Mater Interfaces 5:4640–4647. https://doi
.org/10.1021/am401046x.

54. Nielsen H. 2017. Predicting secretory proteins with SignalP. Methods Mol
Biol 1611:59–73. https://doi.org/10.1007/978-1-4939-7015-5_6.

55. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R,
McWilliam H, Remmert M, Söding J, Thompson JD, Higgins DG. 2011.
Fast, scalable generation of high-quality protein multiple sequence align-
ments using Clustal Omega. Mol Syst Biol 7:539. https://doi.org/10.1038/
msb.2011.75.

56. Robert X, Gouet P. 2014. Deciphering key features in protein structures
with the new ENDscript server. Nucleic Acids Res 42:W320–W324. https://
doi.org/10.1093/nar/gku316.

57. Wilkins MR, Gasteiger E, Bairoch A, Sanchez JC, Williams KL, Appel RD,
Hochstrasser DF. 1999. Protein identification and analysis tools in the
ExPASy server. Methods Mol Biol 112:531–552. https://doi.org/10.1385/1
-59259-584-7:531.

58. Sigrist CJ, de Castro E, Cerutti L, Cuche BA, Hulo N, Bridge A, Bougueleret
L, Xenarios I. 2013. New and continuing developments at PROSITE.
Nucleic Acids Res 41:D344–D347. https://doi.org/10.1093/nar/gks1067.

59. Mirdita M, Schütze K, Moriwaki Y, Heo L, Ovchinnikov S, Steinegger M.
2022. ColabFold: making protein folding accessible to all. Nat Methods
19:679–682. https://doi.org/10.1038/s41592-022-01488-1.

60. Ceroni A, Passerini A, Vullo A, Frasconi P. 2006. DISULFIND: a disulfide
bonding state and cysteine connectivity prediction server. Nucleic Acids
Res 34:W177–W181. https://doi.org/10.1093/nar/gkl266.

61. Jurrus E, Engel D, Star K, Monson K, Brandi J, Felberg LE, Brookes DH,
Wilson L, Chen J, Liles K, Chun M, Li P, Gohara DW, Dolinsky T, Konecny R,

Koes DR, Nielsen JE, Head-Gordon T, Geng W, Krasny R, Wei G-W, Holst
MJ, McCammon JA, Baker NA. 2018. Improvements to the APBS biomolecular
solvation software suite. Protein Sci 27:112–128. https://doi.org/10.1002/
pro.3280.

62. Gupta R, Brunak S. 2002. Prediction of glycosylation across the human
proteome and the correlation to protein function. Pac Symp Biocomput
2002:310–322.

63. Steentoft C, Vakhrushev SY, Joshi HJ, Kong Y, Vester-Christensen MB,
Schjoldager KT, Lavrsen K, Dabelsteen S, Pedersen NB, Marcos-Silva L,
Gupta R, Bennett EP, Mandel U, Brunak S, Wandall HH, Levery SB, Clausen
H. 2013. Precision mapping of the human O-GalNAc glycoproteome
through SimpleCell technology. EMBO J 32:1478–1488. https://doi.org/10
.1038/emboj.2013.79.

64. Hamby SE, Hirst JD. 2008. Prediction of glycosylation sites using random
forests. BMC Bioinformatics 9:500. https://doi.org/10.1186/1471-2105-9
-500.

65. Micsonai A, Wien F, Kernya L, Lee YH, Goto Y, Réfrégiers M, Kardos J. 2015.
Accurate secondary structure prediction and fold recognition for circular
dichroism spectroscopy. Proc Natl Acad Sci U S A 112:E3095–E3103.
https://doi.org/10.1073/pnas.1500851112.

66. Lever M. 1972. A new reaction for colorimetric determination of carbohydrates.
Anal Biochem 47:273–279. https://doi.org/10.1016/0003-2697(72)90301-6.

67. Rooijakkers BJM, Arola S, Velagapudi R, Linder MB. 2020. Different effects
of carbohydrate binding modules on the viscoelasticity of nanocellulose
gels. Biochem Biophys Rep 22:100766. https://doi.org/10.1016/j.bbrep.2020
.100766.

68. Miller GL. 1959. Use of dinitrosalicylic acid reagent for determination of
reducing sugar. Anal Chem 31:426–428. https://doi.org/10.1021/ac60147a030.

69. Bhattarai M, Valoppi F, Hirvonen SP, Hietala S, Kilpeläinen P, Aseyev V,
Mikkonen KS. 2020. Time-dependent self-association of spruce galacto-
glucomannans depends on pH and mechanical shearing. Food Hydrocoll
102:105607. https://doi.org/10.1016/j.foodhyd.2019.105607.

Loosenin Action of Cellulose and Chitin Applied and Environmental Microbiology

January 2023 Volume 89 Issue 1 10.1128/aem.01863-22 15

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
em

 o
n 

23
 F

eb
ru

ar
y 

20
23

 b
y 

13
0.

23
3.

19
1.

18
8.

https://doi.org/10.1038/srep41292
https://doi.org/10.1021/am401046x
https://doi.org/10.1021/am401046x
https://doi.org/10.1007/978-1-4939-7015-5_6
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1093/nar/gku316
https://doi.org/10.1093/nar/gku316
https://doi.org/10.1385/1-59259-584-7:531
https://doi.org/10.1385/1-59259-584-7:531
https://doi.org/10.1093/nar/gks1067
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.1093/nar/gkl266
https://doi.org/10.1002/pro.3280
https://doi.org/10.1002/pro.3280
https://doi.org/10.1038/emboj.2013.79
https://doi.org/10.1038/emboj.2013.79
https://doi.org/10.1186/1471-2105-9-500
https://doi.org/10.1186/1471-2105-9-500
https://doi.org/10.1073/pnas.1500851112
https://doi.org/10.1016/0003-2697(72)90301-6
https://doi.org/10.1016/j.bbrep.2020.100766
https://doi.org/10.1016/j.bbrep.2020.100766
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1016/j.foodhyd.2019.105607
https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.01863-22

