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Cerato-platanin family (CPF) proteins are produced by fungi and elicit defenceswhen applied to plants, behaving
as PAMPs/MAMPs. CPF proteins share structural similarity to plant and bacterial expansins, and have been dem-
onstrated, in some cases, to possess expansin-like loosening activity on cellulose. This is the case of cerato-
platanin (CP), the founder of the CPF, which shows both eliciting and cellulose-loosening activities, raising the
question as to whether the expansin-like activity may be responsible for defence activation. To pinpoint struc-
tural and thermodynamic features underlying eliciting and expansin-like activity of CP, we carried out site-
directed mutagenesis targeting separately net charge (N84D mutation), conformational stability (V63A muta-
tion), or conserved position previously shown to affect expansin-like activity in CP (D77A mutation), and char-
acterized wild-type protein and its variants. Removing or adding negative charges on the protein surface led to
reducing or increasing, respectively, the expansin-like activity. The activitywas instead not affected bymutations
affecting protein fold and stability. In contrast, all the mutants showed reduced capacity to elicit defences in
plants.We conclude that the expansin-like activity of CP depends on net charge and ability to (weakly) bind cel-
lulose, whereas the eliciting activity on plants does not depend on the cellulose-loosening activity.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Plants protect themselves from potential pathogenic microorgan-
isms through a complex interplay of signaling pathways and defence re-
sponses, which include mitogen-activated protein kinase (MAPK)
cascades, transcription of defence related genes, production of reactive
oxygen species (ROS) and nitric oxide, and the synthesis of defensive
compounds such as phytoalexins [1,2].

To detectmicroorganisms, the plant immune system exploitsmicro-
bial molecular patterns commonly known as pathogen- or microbe-
associated molecular patterns (PAMPs or MAMPs) [3,4]. PAMPs/
MAMPs are evolutionarily stable macromolecules in microbes, such as
for instance fungal chitin, β-glucans or bacterial flagellin. Furthermore,
other plant cell wall molecules, released during the interaction
between the plant and the pathogen, such as galactoglucomannan or
oligogalacturonides (DAMPs, damage-associated molecular patterns)
may trigger the plant immune system activation [5]. As a result,
f Firenze (Fondi di Ateneo 2018
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PAMPs/DAMPs allow the plant to switch from a developmental status
to a defensive mode, able to reject potentially harmful microbes [6].

The cerato-platanin family (CPF) members are cysteine-rich pro-
teins secreted and localized on fungal cell walls [7]. These proteins are
involved in fungal development and in the interactions between fungi
and host plants, functioning as PAMPs and inducing canonical defence
mechanisms such as the production of ROS and phytoalexins or the
transcription of defence related genes [8–10].

Researchers worldwide have identified more than 100 genes be-
longing to CPF proteins in fungi over the last 20 years [7]. Nevertheless,
a thorough structural and functional characterization at the protein
level has been performed up to date only for a fewmembers of the fam-
ily [7]. Among the most studied proteins we may mention cerato-
platanin (CP) from Ceratocystis platani, the founder member of the CPF
[11,12], MgSM1 from Magnaporthe oryzae [13], BcSpl1 from Botrytis
cinerea [14] and FgCPPs from F. graminearum [15] among others.

CP shows a globular fold with two α-helices and six β-strands
organized in a peculiar double ψβ-barrel (DPBB) fold that is highly con-
served in all the CPF members and it is also present in endoglucanases,
in plant and bacterial expansins, and in the defence protein barwin [16].
Studies on the interaction between CP and its substrates highlight the
presence of a flat and shallow groove in the CP fold which is placed on
a side of the β-barrel and is rich in polar and aromatic residues that
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are able to interact with carbohydrates such as N-acetylglucosamine,
thus explaining the ability of CP to bind cell wall fungal chitin [17].
The structural similarity of CP with the D1 domain of bacterial and
plant expansins is of remarkable interest to unravel the role of CP in
plant interaction. Expansins are proteins of about 26 kDa consisting of
two domains: a C-terminal domain (D2) forming an Ig-like β-
sandwich and an N-terminal domain (D1) which forms a double ψβ-
barrel fold similar to the CP domain [18]. Expansin-like proteins have
been found in several fungi and bacteria where they are able to frag-
ment cellulose aggregateswith no evidence of lytic activity [18]. Intrigu-
ingly, like expansins, CP displays cellulose-loosening activity and seems
to exert various roles in fungal growth and developmental processes of
the fungus [19].

In a previous structure/function correlation study performed
with the use of the D77A mutant of CP [17], we hypothesized that
the ability to induce defences in plants and the expansin-like activity
were closely related features of CP. The D77A mutant was designed
by considering that D77 is a highly conserved residue both in the
CP family and among expansin-like proteins and it lies on the hydro-
philic groove in the region of the barrel involved in cellulose loosen-
ing [16,20]. The lack of both eliciting and expansin-like activities
exhibited by the D77A mutant suggested a correlation between
activity on cellulose and protein perception by the plant immune
system [17]. Notwithstanding that, the mutation D77A was affected
in both its net charge and its conformational stability, making
impossible to identify the predominant effect responsible for the
loss of activity.

In order to pinpoint the structural and thermodynamic features un-
derlying eliciting and expansin-like activity of CP, in the present study
we exploited a mutagenesis approach by which we rationally designed
single point mutations in CP targeting separately net charge, conforma-
tional stability, or evolutionarily conserved positions. Accordingly, we
first produced the V63A mutation: valine is located in the hydrophobic
core of CP and themutation to alaninewas expected to alter protein sta-
bilitywhile leaving charge unaffected. In addition,we produced themu-
tant N84D basing on the observation that endoglucanases, lytic
transglycosylases and other proteins sharing a similar fold with CP
have an aspartate residue at position 84, whereas asparagine is present
in CP in a conserved position [16]. Moreover, in the D1 domain of the
expansin BsEXLX1, the residues D71, Y73 and D82 are required for
creep activity and paper weakening [21] and are structurally related to
the aromatic and hydrophilic residues forming the shallow groove
probably involved in substrate recognition in CP. Therefore, wemutated
asparagine 84 to aspartic acid (N84D), with the aim of determining
whether both the position and the net charge are responsible for the
expansin-like activity in CP.

2. Materials and methods

2.1. Site-directed mutagenesis of CP and mutant purification

XL10 Gold E. coli competent cells (Agilent Technologies, Santa Clara,
CA, USA)were used for site-directedmutagenesis using the cp-pGEX-2T
plasmid from E. coli SHuffleT7 cells [17]. Mutagenesis was carried out
using the QuikChange Lightning Site-DirectedMutagenesis Kit (Agilent,
Santa Clara, CA, USA), following the instructions from themanufacturer.
The following primers, synthesized by Eurofins Genomics (Ebersberg,
Germany) were used:

V63A:
5′-CCGTTGGGAATCGTGGCCTTCCAGCAAGTAC-3′
5′-GTACTTGCTGGAAGGCCACGATTCCCAACGG-3′

N84D:
5′-GCAGTAGGATTCACGTCGAATCCACCTCTGCCA-3′
5′-TGGCAGAGGTGGATTCGACGTGAATCCTACTGC-3′
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The correct nucleotide sequences were checked by DNA sequencing
(Eurofins Genomics, Ebersberg, Germany) and the resulting plasmids
were transformed separately into E. coli SHuffleT7 cells (New England
Biolabs, Ipswich, MA, USA) [17]. Large-scale expression and purification
of mutants andwild type (wt) CPwere performed according to the pro-
tocol reported in Luti et al., [17].

2.2. Structural characterization of mutants and interaction with sugars

2.2.1. Circular dichroism spectra
CD spectra were recorded in the far-UV region from 190 to 260 nm,

using a JASCO J-810 spectropolarimeter (Tokyo, Japan). The proteins
were dissolved in water to a final concentration of 6.25 μM. The spectra
were acquired using a 1 mm path length quartz cell, a band-width of
1 nm, a response time of 0.5 s, a data pitch of 0.5 nm and a scanning
speed of 100 nmmin−1. Each spectrumwas the average of six consecu-
tive scans followed by subtraction of the blank spectra (water). The ob-
served signal –in mdeg- was converted into mean residue molar
ellipticity (expressed in deg cm2/dmol), according to the formula
[θ]=CD / [(cm−1) 10 d n], where CD is the observed signal, c is the pro-
tein concentration in g/L, m is the molar mass in g mol−1, d is the path
length in cm and n is the number of amino acid residues.

2.2.2. Differential scanning fluorimetry
Differential scanning fluorimetry (DSF) was performed using a 7500

Real-Time PCR machine (Applied Biosystems, Foster City, CA, USA) by
selecting the ROS filter. A master mix solution was prepared with
0.133 mg mL−1 of protein and 1:500 of SYPRO Orange (ThermoFisher
Scientific, Waltham, MA, USA) in 50 mM Sodium Acetate pH 5.0. 15 μL
of this mixture were added to 5 μL of buffer to compare wtCP with mu-
tants, and 5 μL of different concentration of sugar polymers in a
MicroAmp Fast Optical 96-Well Reaction Plate (# 4346906), sealed
withMicroAmpOptical Adhesive Film (all fromThermoFisher Scientific,
Waltham,MA, USA) in a final volume of 20 μL for eachmeasurement. All
samples were prepared in duplicate. The samples where heated with a
ramp speed that provides a 2 min pause at 35 °C, followed by a ramp
to 95 °C over 90 min. The Sypro orange fluorescence was plotted versus
temperature (melting curve) and the resulting plot converted into its
first order derivative, which provided the melting temperature (Tm) as
a positive peak.

2.2.3. Equilibrium denaturation experiment
For each of the variants tested, we prepared 20 samples containing

the protein at a concentration of 0.1mgmL−1 and guanidine hydrochlo-
ride (GndHCl) at molar concentrations ranging from 0 to 6 M in a
50 mM sodium acetate buffer at pH 5.0. We incubated the samples for
30 min at 25 °C and acquired tryptophan emission spectra from 300 to
500 nm using a Synergy H1 hybrid multimode reader (BioTek, Winoo-
ski, VT) and an excitation wavelength of 280 nm. We analysed data by
calculating the centre of mass (COM) of each spectrum as COM =
(∑i Fi) / (∑i νi Fi), where Fi is the fluorescence emitted at a wavenum-
ber of νi. The values obtainedwere plotted vsGndHCl concentration and
analysed with the equation edited by Santoro and Bolen [22], to yield
the difference in free energy between folded and unfolded states in
the absence of denaturant (ΔGU–F

H2O), the dependence of ΔGU–F on dena-
turant concentration (m), and the concentration of mid-denaturation
(Cm). We normalized data to the fraction of folded protein and plotted
results.

2.2.4. Stopped-flow unfolding kinetics
We followed unfolding of the CP variants in real-time in the pres-

ence of Ficoll or Carboxymethyl cellulose (CMC). For this experiment,
we exploited a Bio-Logic SFM-3 stopped-flow device (Claix, France)
equippedwith an FC-08 (0.8mm) cuvette and coupled to afluorescence
detection system. Briefly, we prepared the protein at an initial concen-
tration of 0.3 mg mL−1 in a 50 mM sodium acetate buffer at pH 5.0.
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Unfolding was triggered by a 10-fold dilution of the protein into solu-
tions containing GndHCl and different amounts of either polysaccha-
ride. Final conditions were 0.03 mg mL−1 protein in 4.2 M GndHCl
with a polysaccharide concentration ranging from 0 to 36 mg mL−1,
50 mM sodium acetate buffer at pH 5.0 25 °C. Excitation wavelength
was 280 nm. We measured the total fluorescence emitted above
320 nm thanks to a band-pass filter. The traces obtained were fitted to
a single exponential function of the form F(t) = m ∗ t + q + exp
(−kobs ∗ t), where kobs represents the kinetic rate constant observed
and m ∗ t + q represents the plateau signal, which slightly decreases
with time due to photobleaching. We then plotted kobs Versus the con-
centration of the polysaccharide.

2.2.5. Dynamic light scattering (DLS) measurements
Samples were prepared to a final protein concentration of 80 μM in

50 mM Sodium Acetate buffer, pH 5, 25 °C. We used cellohexaose
(Megazyme, Chicago, IL, USA) at a final concentration of 200 μMas a cel-
lulose substrate. Before measurements, the protein samples were fil-
tered using Anotop filters, with a 20 nm cut-off (Whatman, Little
Chalfont, UK). DLS measurements were performed using a Zetasizer
Nano S device from Malvern Instruments (Malvern, Worcestershire,
UK) thermostatedwith a Peltier system in a low-volume 10× 4mmdis-
posable cells. The values of refractive index and viscosity set on the in-
strument were determined using the software provided by the
instrument, based on the information of buffer and temperature pro-
vided by the user. The size distributions shown in Fig. S2 represent the
average of three consecutive measurements.

2.2.6. Molecular docking
The docking calculations were performed on CP crystal structure

(pdb 2KQA). CP mutants were generated by using UCSF Chimera [23]
and the Dunbrack rotamer library [24]. The coordinates of cellohexose
were generated by using the GlyCaNS toolbox (http://haddock.chem.
uu.nl/enmr/services/GLYCANS/). The CNS topologies and parameters
needed for the subsequent docking stage were generated by using the
software ACPYPE [25]. All the docking calculations were performed by
using the HADDOCK 2.2 software [26,27]. The simulations were guided
by selecting residues known or inferred to be involved in the interaction
with sugars as “active” (i.e. involved in the interaction between CP and
the ligand polysaccharide), while the solvent accessible surface neigh-
bours of active residues were selected as “passive”. See Table S1 for a
Fig. 1. CP structure. Structure of CP (PDB ID: 2KQA) with the residues V63, D77 and N84,
which have been mutated and used in this study. All images generated using PyMOL
version 1.8.
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list of active and passive residues. For each docking, 1000 structures
were generated for initial rigid docking, and the top scoring 200 com-
plexes underwent further flexible minimization/refinement and then
energy minimization in explicit water. Docked structures were then
clustered according to the fraction of common contacts (FCC) algorithm
[28] with a 0.75 FCC cut-off. For each docking, the best structure was se-
lected considering the lowest scoring structure of the most populated
cluster.

The cellohexose binding affinity for each docking calculation was
calculated by using the KDEEP server [29]. Structural analysis andmolec-
ular graphicswere performed by using the software UCSF Chimera [23].

2.3. Mutant activity on cellulose

2.3.1. Filter paper weakening
The ability of wtCP and mutants to weaken filter paper was exam-

ined on Whatman no. 1 filter paper (GE Healthcare, Chicago, IL, USA)
as previously described [17–19] with some modifications. Filter paper
was cut into 0.6 cm diameter discs of about 4 mg each, and two discs
were incubated in 1 mL of 50 mM sodium acetate buffer (pH 5.0) con-
taining the proteins at 10 μM concentration. Buffer alone without pro-
teins was used as negative control. The experiments were performed
in 2 mL tubes, sealed with parafilm and incubated at 38 °C for 48 h,
onto an HLC thermomixer at 750 rpm. At the end of incubation discs
were removed and the absorbance at 500 nmwasmeasured. Eachmea-
surement was taken immediately after shaking the suspension in the
measuring cuvette, and three different measurements were acquired
for every suspension.

2.3.2. Synergistic activity with cellulase
In order to essay the synergistic activity of wtCP or mutants and cel-

lulase we treated one disc of no. 1 filter paper as reported above. After
24 h of incubation, about 0.01 U of cellulases (Sigma Aldrich C2730,
Saint Louis, MO, USA) were added to each tube and 30 μL of solutions
were recovered after 3, 6, 24, 48, 72 and 144 h to perform the reducing
sugars quantification through the dinitrosalicylic acid method (DNS).
Briefly, 100 μL of DNS were added to 30 μL of sample and heated at
95 °C for 5 min and the absorbance at 540 nm evaluated. A solution of
glucose (2 mg mL−1) was used to build a calibration curve.

2.4. Eliciting activity of the mutants

2.4.1. Phytoalexin production
The ability to induce the synthesis of phytoalexin-like molecules

from the leaves of the non-host Arabidopsis thaliana (Col. 0)was verified
as previously described [17–19]. Briefly, five drops of 10 μL each, con-
taining 150 μM wtCP or mutants were applied on the lower surface of
A. thaliana leaves and placed into a moist chamber under constant
light at 22 °C. Controls with water were performed for each sample
and, after 24 h of incubation, the droplets were recovered. Fluorescence
was recorded with a PerkinElmer LS-55 spectrofluorimeter (Waltham,
MA) using excitation and emission wavelengths at 320 mn and
386 nm respectively, with 5 nm for both excitation and emission. Re-
sults were expressed as fluorescence intensity/drop. Six independent
measurements were averaged.

2.4.2. H2O2 production
A. thaliana leaves were treated with wtCP and mutants, and H2O2

was visualized in situ according to Luti et al. [17]. Briefly, 10 μL drops
of a 150 μM solution of each protein were applied on leaves and incu-
bated for 24 h in a moist chamber at 22 °C. After incubation, droplets
were removed and H2O2 production was estimated by adding the spe-
cific probe 2′-7′ dichlorodihydrofluorescein diacetate (DCFH2-DA;
SigmaAldrich, Saint Louis, MO, USA). Leaves were then incubated in a
20 mM sodium phosphate buffer at pH 6.8 containing 10 μM DCFH2-
DA, at room temperature for 1 h. After staining, the samples were
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Fig. 2. Structural characterization of CP. (a) Far-UV CD spectra of 6.25 μM wtCP (black),
V63A (red), D77A (pink) and N84D (blue). (b) DSF measurements of wtCP and mutants
at 0.133 mg mL−1 concentration, using Sypro orange as environmentally sensitive dye.
The fluorescence was plotted versus temperature (melting curve) and the resulting plot
converted into its first derivative with wtCP, V63A, D77A and N84D. (c) Equilibrium
denaturation experiment of 0.04 mg mL−1 wtCP and mutants in the presence of GndHCl
concentrations ranging from 0 to 5.6 M.
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washed twicewith fresh buffer to remove the excess offluorophore and
mounted in buffer on microscopic slides. Green fluorescence was then
observed, using an excitation wavelength of 460 nm and emission
wavelength at 512 nm, under a confocal Leica TCS SP5 scanning micro-
scope (Leica, Mannheim, Germany).

3. Results

3.1. Features of the mutants and rationale

The present study was performed with three CP mutants. D77A, in
which aspartate 77 is replaced by alanine, was available from a previous
work [17]. Aspartate 77 is crucial for the expansin-like activity and is lo-
cated in the same position occupied by D82 in expansins [17]. The mu-
tants V63A andN84Dwere obtainedwith the present study. Valine 63 is
located in the hydrophobic core of the protein and its substitution to al-
anine (V63A) was expected to destabilize the protein while leaving
charge unaltered. The mutant N84D, in which asparagine 84 was re-
placed by aspartic acid was produced with the dual purpose of increas-
ing net charge in the CP region involved in substrate interaction and
determining its role in CP expansin-like activity (Fig. 1; Table 1).

Mutations of V63 and N84 were checked by agarose gel electropho-
resis and sequencing, while purity of purified proteins was checked by
SDS-PAGE (Fig. S1).

3.2. The mutation V63A induces dramatic structural changes on CP

In order to assess the impact of the mutations on the fold of CP, we
investigated the secondary structure of the mutants in comparison
with the wild-type CP (wtCP) protein, by means of far-UV CD spectra
(Fig. 2A). The results of this analysis revealed that N84D and D77A
showed far-UV spectra superimposable to that of the wtCP consisting
of two negative bands at ca. 230 and 210 nm. Thus, these variants
shared the same secondary structure as the wtCP, confirming that the
mutations did not alter the topology of the protein. By contrast, V63A
exhibited a different CD spectrum (Fig. 2A), with the band at 230 nm
less intense and the other peak more evident and skewed to the left.
The spectrum indicates that V63A variant possesses a higher fraction
of residues populating an unfolded conformation, thus suggesting that
the substitution of valine with alanine within the hydrophobic core of
the protein affected dramatically the protein fold.

Subsequently, the impact of mutations on the thermal resistance of
CP was assessed by DSF, which allowed rapid and sensitive evaluation
of the melting temperature (Tm) [30,31] using the fluorescent probe
SYPRO Orange. The DSF curves obtained for all the variants revealed a
single transition with a Tm of 68.5 ± 0.5 °C (Fig. 2B) for the wtCP,
whereas the mutants V63A, D77A, N84D showed values of 60.5 ±
0.5 °C, 56.5 ± 0.5 °C and 67.5 ± 0.5 °C, respectively (Table 2). Thus,
the substitution with alanine in position 63 caused a dramatic effect
on thermal resistance, confirming that this residue plays a pivotal role
in maintaining structure integrity. Intriguingly, the mutation D77A no-
ticeably affected Tm. This result is in accordance with previous results
obtained on the thermodynamic stability of this variant [17] and corrob-
orates our CD analysis as this mutation does not alter the protein fold
Table 1
Chosen mutations and expected outcome on protein.

Chosen
mutation

Mutation effect Expected outcome

D77A
Carboxyl group removing in key amino
acid

Loss of expansin-like
activity

V63A
Destabilization of hydrophobic core of the
protein Altered protein stability

N84D
Increasing the surface negative charge of
the protein

Increased expansin-like
activity
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but destabilizes the protein [17]. By contrast, N84D showed a Tm very
similar to the valuemeasured for thewtCP, suggesting that the negative
charge acquired upon mutation did not destabilize the protein fold.

Thermodynamic stability of our CP variants was determined by
means of guanidine hydrochloride-induced denaturation. For wtCP
and D77A the experiment had been carried out previously [17] and
data were reported in Fig. 2C and Table 2 only for comparison. The
N84D variant resulted to be only slightly destabilized, as indicated by
the free energy change upon denaturation (ΔGU-F

H2O), the dependence of
ΔGU–F on denaturant concentration (m), and the concentration of mid-
denaturation (Cm) values which were very similar to the wtCP. Con-
versely, the V63A appeared to be strongly destabilized, with ΔGU-F

H2O, m



Table 2
Thermal resistance and thermodynamic stability properties of proteins.

Protein Tm (°C) ΔGU-F
H2O (kJ mol−1) m (kJ mol−1 M−1) Cm (M)

Wild type 68.5 ± 0.5 35.2 ± 0.5a 14.7 ± 0.3a 2.4 ± 0.2a

V63A 60.5 ± 0.5 14.3 ± 0.5 7.4 ± 0.3 1.9 ± 0.2
D77A 56.5 ± 0.5 21.2 ± 0.4a 14.7 ± 0.3a 1.4 ± 0.2a

N84D 67.5 ± 0.5 32.7 ± 0.5 14.7 ± 0.3 2.2 ± 0.2

a Data reported from Luti et al. [17].
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and Cm lower than wtCP (Table 2). Interestingly, V63A, albeit improp-
erly folded, exhibited higher thermal stability but a lower thermody-
namic unfolding free energy than D77A. Of notice, this variant showed
a strong deviation of the m value in the equilibrium denaturation. This
parameter was reported to correlate with the change in accessibility
to solvent area upon denaturation (ΔASA), and both m and ΔASA are
known to correlate with heat capacity change (ΔCp) between folded
and unfolded state [37]. Normally, m and ΔASA undergo only minor
changes within a set of point mutants of the same protein. The strong
difference observed in the m obtained for V63A, together with the
asymmetry between heat resistance and thermodynamic stability,
may therefore suggest that the folded state of this variant is less com-
pact compared to wtCP and this corroborates our CD analysis.

3.3. Expansin-like activity of CP depends on net charge and not on struc-
tural stability

We tested the expansin-like activity of mutants by using the filter
paper weakening method (Fig. 3A). While the mutation D77A led to a
complete loss of expansin-like activity [17], the othermutations charac-
terized here led to unchanged or slightly increased activity. In fact, V63A
did not affect differently cellulose fragmentation when compared to
wtCP. Indeed, the turbidity values were of 0.50 ± 0.06 and 0.53 ±
0.04 for wtCP and V63A, respectively. Interestingly, the N84D mutant
produced more paper fragmentation than wtCP. The increase was al-
ready apparent after 6 h of incubation and became statistically signifi-
cant at 24 h when the N84D showed a turbidity value of 0.65 ± 0.08
(P ≤ 0.05).

The role of these single mutations on the expansin-like activity was
also determined by assaying the synergistic effect with cellulase
(Fig. 3B). While glucose released by cellulase alone at 144 h of incuba-
tion resulted to be 35 ± 8 μg, pre-incubation of paper with wtCP in-
creased glucose production up to 471 ± 40 μg. The same experiment
was repeated with N84D and V63A, obtaining an amount of glucose re-
leased of 587± 49 μg and 464± 47 μg, respectively. In summary, V63A
Fig. 3. Expansin-like activity of CP. (a) Weakening activity of CP and mutants on filter paper
Absorbance at 500 nm was measured on a Ultraspec 2000 (Pharmacia biotech) spectrophot
triplicate (* P ≤ 0.05 respect to wtCP: Statistics: t-test). (b) Synergistic activity of CP and mutan
s.d. of values obtained by three experiments (* P ≤ 0.05 respect to wtCP: Statistics: t-test).
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showed similar expansin-like activity to the native protein, despite this
variant exhibited major structural modifications, while N84D showed
better performances when compared to wtCP (P ≤ 0.05).

3.4. The eliciting activity is highly sensitive to mutations

CP was reported to induce plant defence responses on Arabidopsis
leaves [7]. Consequently, we tested the ability of the CP variants to in-
duce the synthesis of phytoalexins (which belong to the class of plant
defence secondary metabolites) and ROS (Reactive Oxygen Species,
produced by plants upon infection or stress). Arabidopsis leaves were
treated with drops containing wtCP or mutants at the concentration of
150 μM. Phytoalexins were assayed on the recovered drops by fluores-
cence spectroscopy. The production of ROS was detected on leaf tissues
bymeans of confocal microscopy. As expected, wtCPwas able to induce
the production of phytoalexins with a fluorescence of 24.7 ± 5.0 a.u. By
contrast, all themutants showed aweak induction of phytoalexins, with
observed values of 1.9±0.4, 3.4±0.4 and 2.1±0.7 a.u. for N84D, V63A
and D77A, respectively (Fig. 4A).

We obtained similar results when testing the ability of either CP or
its mutants to trigger the production of ROS (Fig. 4B). Representative
confocal microscopy images revealed the ROS burst induced by wtCP,
as indicated by the increase in green fluorescence of 280% compared
to control leaves. In contrast, fluorescence emission was completely ab-
sent in N84D- and D77A-treated leaves, thus indicating a complete loss
of eliciting activity. Interestingly, V63A was able to induce a small yet
significant increase in ROS production, as suggested by the increase in
fluorescence of 30% compared to control.

3.5. Molecular modelling of the interaction between CP and cellulose

We investigated the structural determinants of cellulose interaction
with CP in both thewild type and in the N84D and D77A forms by using
in silico molecular docking computations. The V63A mutant was not
taken into consideration in this part of the project because this residue
is located in the core of the protein. To mimic cellulose, we made use
of a linear hexamer composed of D-β-glucopyranose moieties linked
with β (1 → 4) bonds (cellohexose). For analysis we used the mono-
meric form of the protein because, differently from EXLX1 expansin-
like protein [20], CP does not dimerize during cellohexose interactions,
as demonstrated by DLS experiments (Fig. S2). In fact, the apparent hy-
drodynamic diameter of the protein alone or in combination with
cellohexaose was the same (4 nm) indicating that, differently from ca-
nonical expansin-like proteins, CP remains in monomeric form during
polysaccharide interactions.
measured as paper fragments released in suspension after different time of incubation.
ometer. Data are the mean ± s.d. of values obtained by two experiments performed in
ts with 0.01 U of cellulase measured as reducing sugars production. Data are the mean ±



Fig. 4. Eliciting activities of CP on Arabidopsis leaves. (a) Phytoalexins production. Fluorescence emitted by 150 μM of wtCP, N84D, V63A and D77A was assayed after 24 h of incubation.
Data are themean± s.d. of values obtained by three independent experiments (* P ≤ 0.05 respect towtCP; Statistics: t-test). (b) ROS production. Representative image of A. thaliana leaves
treated for 24 h with H2O (as control) or with150 μM of proteins. H2O2 was visualized in situ by the fluorescent probe DCFH2-DA.
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For the calculations, we applied a knowledge-based docking ap-
proach. In this technique, the ligand is guided to the correct binding
site by using a set of constraints derived from experimental data or bio-
informatics predictions. In the present study, the dockingwas guided by
selecting as “actives” the surface residues mutated in this work (N84
and D77 of the native CP and the respective mutated residues D84 and
A77) and other residues inferred to be involved in the CP/cellulose in-
teraction (namely S4, Y5, D6, Y7, Y9, and R101) [16,17]. The docking al-
gorithm rewards the formation of close interactions between the ligand
and the set of active residues. A second set of residues (referred to as
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“passive residues”) consisting of the residues found on the surface of
the protein and in close contact with the “active residues” was also
included in the calculation. The docking algorithm also considers
favourably the presence of passive residues in the protein-ligand inter-
face (see Table S1 for a complete list of the active and passive residues).

The results of the docking computations are reported in Fig. 5. In the
case of wtCP, the cellohexose bound in a wide cleft on the protein
surface in correspondence of the active residues used to guide the calcu-
lation (Fig. 5A). In particular, D6 and R101 clamp on both sides the
polysaccharide chain, stabilizing the orientation of the ligand. We



Fig. 5. Results of the docking calculations. Molecular surface of CP in the case of the
calculations made using the wtCP (a) or in the case of the N84D (b) or the D77A
(c) mutants. The protein surface has been coloured in cyan and yellow for the active and
passive residues used to guide the docking calculations, respectively. Position 77 and 84
have been coloured in dark green and orange, respectively. Protein's and cellohexose's
atoms have been represented as “balls-and-sticks” coloured accordingly to the atom
type. CP residues forming a H-bond interaction with cellohexose have been indicated in
each panel (grey labels correspond to residues forming a H-bond interaction through
the backbone).

Table 3
Binding affinities calculated through the KDEEP server.

Protein pKd ΔG (kcal mol−1)

wt 5.78 −7.81
N84D 6.03 −8.15
D77A 5.31 −7.16

S. Luti, F. Bemporad, M. Vivoli Vega et al. International Journal of Biological Macromolecules 165 (2020) 2845–2854
observed the same binding mechanism in the computations involving
mutated CP. Furthermore, D77 was directly involved in the binding
through a hydrogen bond with one cellohexose's hydroxyl group. In
the case of the docking performed with the N84D mutant (Fig. 5B),
the introduction of a negative charge in the binding region did not
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considerably change the general binding pose of cellohexose on the CP
surface. However, in wtCP, N84 is H-bonded with D6 and did not form
a direct interaction with cellohexose, while in the N84D mutant, D84
was directly involved in the interaction with the ligand. Finally, in the
case of the D77A mutant (Fig. 5C), the model polysaccharide bound in
a slightly different pose. The cellohexose appeared to be shifted along
the axis of the molecule of about two glucose subunits, even if the gen-
eral orientation of the ligandwas the samewith respect to the other var-
iants. The replacement of a negatively charged residue with a
hydrophobic residue of smaller size resulted in the lack of the D77-
cellohexose H-bond observed in the previous docking.

The binding affinity of cellohexose to CP was calculated by using a
machine-learning approach for predicting binding affinities using 3D-
convolutional neural networks implemented in the KDEEP server [29]
and the results are reported in Table 3. The results obtained indicate
that the introduction of a negatively charged residue (N84D) in the re-
gion binding cellulose slightly increased the binding affinity through the
formation of a direct hydrogen bondwith the substrate. In contrast, the
elimination of a negatively charged residue (D77A) resulted to some ex-
tent into a reduction of the binding affinity, possibly caused by the loss
of one hydrogen bond.
3.6. The interaction between CP and cellulose analogues recapitulates
expansin-like activity

In order to further shed light on the interactions between CP and cel-
lulose, we exploited carboxymethyl cellulose (CMC), as it shows higher
solubility when compared to cellohexose and it has been successfully
employed in this type of experiments [15,32].

The interactions between ligands and proteins result commonly into
an increase in the ability of the latter species to resist denaturation, be it
thermal or chemical. This effect can be exploited to detect binding, by
relating the observed denaturation shift to affinity. Thus, we attempted
to detect binding by measuring thermodynamic stability and thermal
resistance in the absence and presence of polysaccharides. The results
indicate that, in both cases, the differences observed were not enough
to detect binding (Fig. 6A and B). In fact, ΔGU-F

H2O obtained was equal to
36.8 ± 1.5 kJ mol−1 in the presence of 36 mg mL−1 CMC; this value is
within experimental error from the value obtained in the absence of
polysaccharides, 35.2 ± 0.5 kJ mol−1.

We obtained similar results also when gauging thermal resistance.
The Tm in the presence of CMC (69.0± 0.5 °C) resulted not significantly
higher than the Tm obtained in the absence of the molecule (68.5 ±
0.5 °C).

Lastly, we attempted to detect binding by following unfolding in real
time. The rationale behind this approach is that chemical denaturation
might become slower if the release of the ligand from the folded state
becomes the rate-limiting step. Here, we followed tryptophan fluores-
cence in real time during unfolding of CP, triggered by a rapid dilution
of the protein into solutions containing GndHCl. We then repeated the
experiment in the presence of CMC (Fig. 6C) and measured the
unfolding rate constant as a function of the CMC concentration
(Fig. 6D). Fig. 6C shows two representative traces, normalized to the
fraction of folded protein, obtained in the absence and presence of
36 mg mL−1 CMC. This figure illustrates that the presence of CMC ren-
ders CP unfolding slower. The unfolding rates of CP are 0.190 ± 0.019



Fig. 6. CP-cellulose interactions. (a) Equilibrium denaturation experiment of 0.04mgmL−1 wtCP and CMC at 36mgmL−1. (b) DSFmeasurements of 0.133mgmL−1 wtCPwith orwithout
carboxymethyl cellulose. The fluorescence was plotted versus temperature (melting curve) and the resulting plot converted into its first derivative. (c) Stopped flow representative traces,
normalized to the fraction of folded protein, obtained in the absence and presence of 36mgmL−1 CMC. (d) Ratio between the rate constant (kobs) observed at a given [CMC] and the value
in the absence of CMC (k0) for wtCP and variants.
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and 0.095±0.019 s−1 in the absence and presence of 36mgmL−1 CMC,
respectively. Fig. 6D shows the ratio between the rate constant (kobs)
observed at a given [CMC] and the value in the absence of CMC (k0).
The results of this experiment (Fig. 6D) confirm that unfolding of CP be-
comes slower upon increasing concentrations of CMC. This effect be-
comes visible at concentrations higher than 10 mg mL−1 and reaches
a plateau after 20 mg mL−1, suggesting that after this concentration
CP binding sites become saturated. We analysed data with an arbitrary
sigmoidal function, obtaining a concentration of half binding C1/2 of
18.1 ± 0.5 mg mL−1. Although this trend indicates an interaction be-
tween CP and CMC, CMC solutions are dense and viscous, and this
may slow down unfolding. Consequently, we repeated the same exper-
iment with Ficoll 400 (36mgmL−1). The decrease of the unfolding rate
was much less marked in the presence of Ficoll, thus corroborating our
idea that the effect observedwith CMCwas due to a specific interaction,
rather than to a solvent effect. We then repeated the experiment with
all three mutants. Consistently, D77A showed lower affinity for CMC
than wtCP. The ability to slow down unfolding became visible at con-
centrations higher than 20 mg mL−1 and did not reach a plateau in
our experimental setting.While fitting the data to a sigmoidal curve be-
came unreliable in the absence of a plateau, an estimate of C1/2 yielded a
value >30mgmL−1. Intriguingly, N84D showed higher affinity for CMC
thanwtCP,with an estimated C1/2 of 12.0±0.5mgmL−1. The V63Avar-
iant had an affinity for CMC similar to that observed forwtCP,with a C1/2
of 19.1 ± 0.5 mg mL−1. Taken together, these results indicate that the
interaction between CMC and CP is very labile and weak, being unable
to induce significant thermal/thermodynamic stabilization. However,
the interaction can be indirectly detected and correlates with its
expansin-like activity.

4. Discussion

Members of the CPF can trigger plant defence responses and gener-
ally induce resistance against microbial pathogens [7]. The molecular
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mechanism of their action is still unknown and a plant receptor for
these proteins has not been identified yet. Interestingly, it has been re-
cently reported that ScCP1 from Sclerotinia sclerotiorum could interact
with the pathogenesis-related protein 1 (PR1) in the plant cell apoplast
[33].

Several CPF members described until now are able to interact with
polysaccharides, such as chitin and cellulose [34]. These features rein-
force the idea of an involvement of CPF in host-pathogen interactions.
In fact, CP and other proteins of the family, thanks to their well-
established expansin-like activity on cellulose, may drive the hydrolysis
of plant cell walls or facilitate the entrance of the hyphae during me-
chanical penetration [19,35].

In this study, we investigated the relationship between expansin-
like activity and eliciting activity of CP by exploiting a small set of ratio-
nally designed mutants. Our results indicate, for the first time, a
partitioning between the structural features allowing the protein to
carry out expansin-like and elicitor activities. To summarize, our results
indicate that negative charges on the protein surface dominate the
expansin-like activity. Removing these charges strongly inhibits their
activity, whereas mutations that destabilize fold and stability of CP
leave expansin-like activity unaltered. In contrast, the eliciting activity
is generally highly sensitive to mutations.

The study was born from the observation that the D77A mutant of
CP lacked both expansin-like and eliciting activities and showed an al-
teration in conformational stability probably due to the loss of a nega-
tive charge [17]. To better understand the structure/function
relationship we designed two more mutants, V63A and N84D. Firstly,
they were designed because both V63 and N84 are conserved residues
among CPF members; secondly, because of their structural role: valine
63 is in thehydrophobic core of theprotein; asparagine 84 lies in thehy-
drophilic shallow groove probably responsible for the interaction with
cellulosic substrates [7,16].

The V63A mutant showed a different CD spectrum compared to the
wild type protein, and a Tm lower by 8 degrees. Furthermore, the
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equilibrium unfolding experiments confirmed its lower stability, sug-
gesting that the folded state of this variant is less compact compared
to the wild type, and this corroborates our CD analysis. By contrast,
the N84Dmutant showed similar structural properties to wtCP, indicat-
ing that this mutation affects neither folding nor stability. Interestingly,
the D77A mutant, which is properly folded, was less stable than the
V63A mutant. In summary, the three mutants showed different struc-
tural and thermodynamic properties: N84D has no effect on structure
and stability despite the acquisition of a negatively charged residue;
D77A does not alter the structure but strongly destabilizes the protein;
V63A causes dramatic effects on folding, thermal resistance and ther-
modynamic stability.

The biological activity of the mutants was determined both as
eliciting activity and ability to loosen cellulose. While all three mutants
weakly induced defence responses, both V63A and N84D fully retained
their expansin-like activity, indicating that expansin-like and elicitor ac-
tivities of CP are governed by different structural properties. Overall, the
results indicate that the ability to induce defence responses in plants
seems to be more susceptible to structural changes in the protein than
the cellulose-weakening activity, which in turn seems to be a very
strong feature dependent on the net charge of the protein.

The cellulose-weakening activity of CP can bemeasured as release of
paper fragments in solution as previously demonstrated [19]. Our re-
sults showed for V63A a similar activity to wtCP, supporting previous
data which indicated that structural destabilization upon mutation
does not alter the activity on cellulose. By contrast, the N84D mutant
presented an increased expansin-like activity with respect to wtCP. At
the used concentration (0.01 U ∗ mL−1 of cellulases) this mutant
showed both enhanced paper fragmentation and improved synergistic
effect when compared to all the other variants. Previous results indicat-
ing the lack of synergistic effectwith cellulaseswere probably due to the
high cellulase load in the test (0.2–1.0 U ∗mL−1) [19]; in fact, higher cel-
lulase concentration hydrolyse filter paper quickly masking the protein
contribution. Taken together, our data suggest that the expansin-like ac-
tivity of CP is not affected by structural modifications, but is influenced
by the charge of those residues located in the putative oligosaccharide
binding region corresponding to S4, Y5, D6, Y9, D77, N84 and R101. In
support of our findings, the loss of function observed in D77A can be at-
tributed to the removal of the carboxyl group, rather than to the struc-
tural destabilization caused by the substitution to alanine as further
suggested by themolecular modelling simulations. Therefore, these ex-
periments show that expansin-like activity of CP does not depend on
the stability or on the structure of the protein, but it rather depends
on the net charge.

Like expansins, CPF members do not show any enzymatic activity
but some of them can show loosening ability on cellulosic materials
[35]. In our previous study, CP appeared to be able to act on cellulose
without stable binding, as revealed by SDS–PAGE followed by
Coomassie blue staining [19]. The proposed CP-cellulose interaction
was thus in accordancewith the absence of a D2 binding domain typical
of plant and bacterial expansins [19]. In this study, we used CMC, a
model substrate to detect binding of expansins and expansin-like pro-
teins with cellulose [15,32] and analysed tryptophan fluorescence in
real time during unfolding of CP in order to detect binding ability. By
doing so we were able to detect a weak interaction occurring between
CMC and the “active residues” of the hydrophilic groove of CP. In accor-
dance with this result, the suppression of a charge in the D77A mutant
led to a decrease in CMC affinity, while the N84D mutant showed a
greater affinity for CMC than wtCP.

In conclusion, we may assert that CP weakly binds cellulosic sub-
strates while performing its non-lytic loosening, in accordance with
other single domain expansin-like proteins not belonging to CPF such
as LOOS1 from the basidiomycete Bjerkandera adusta. LOOS1 is a DPBB
folded protein which possesses expansin-like activity and binding ca-
pacity on its unique domain [35], corroborating the idea that this struc-
ture may be sufficient to produce expansin-like activity.
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Since expansins can weaken cellulosic substrates, their possible ap-
plication in the production of biofuel, as enhancers of enzymatic hydro-
lysis, has received great attention in the last decade [36]. Interestingly,
we produced the N84D mutant that showed higher activity than wtCP
because of an additional negative charge located in the putative region
involved in sugar interaction. This mutant is stable and binds cellulose
weakly, competing in a bland way with cellulase for accessing the sub-
strate. This variant represents a promising candidate as enhancer of en-
zymatic hydrolysis of cellulose and an interesting subject for future
studies aimed to improve biofuel production methods from cellulosic
sources.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2020.10.122.
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