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A B S T R A C T   

Antifungal proteins (AFPs) are promising antimicrobial compounds that represent a feasible alternative to fun
gicides. Penicillium expansum encodes three phylogenetically distinct AFPs (PeAfpA, PeAfpB and PeAfpC) which 
show different antifungal profiles and fruit protection effects. To gain knowledge about the structural de
terminants governing their activity, we solved the crystal structure of PeAfpB and rationally designed five 
PeAfpA::PeAfpB chimeras (chPeAFPV1-V5). Chimeras showed significant differences in their antifungal activity. 
chPeAFPV1 and chPeAFPV2 improved the parental PeAfpB potency, and it was very similar to that of PeAfpA. 
chPeAFPV4 and chPeAFPV5 showed an intermediate profile of activity compared to the parental proteins while 
chPeAFPV3 was inactive towards most of the fungi tested. Structural analysis of the chimeras evidenced an 
identical scaffold to PeAfpB, suggesting that the differences in activity are due to the contributions of specific 
residues and not to induced conformational changes or structural rearrangements. Results suggest that man
noproteins determine protein interaction with the cell wall and its antifungal activity while there is not a direct 
correlation between binding to membrane phospholipids and activity. This work provides new insights about the 
relevance of sequence motifs and the feasibility of modifying protein specificity, opening the door to the rational 
design of chimeras with biotechnological applicability.   

1. Introduction 

Antifungal proteins (AFPs) secreted by filamentous ascomycetes are 
small, cationic cysteine-rich proteins (CRPs) that exhibit potent anti
fungal activity against important human, animal, plant and foodborne 
pathogenic fungi [1–4]. AFPs contain six to eight cysteine residues that 
form three or four intramolecular disulfide bonds stabilizing an anti
parallel β-sheet structure with surface-exposed loops. This compact 
tertiary structure makes AFPs highly stable against adverse biochemical 
and biophysical conditions such as pH, temperature and proteolysis [5]. 
AFPs contain a conserved γ-core motif which consists of the consensus 
amino acid sequence GXCX3− 9C [6] preceded by an N-terminal sequence 
that includes the signal peptide (SP) involved in AFP secretion to the 
extracellular space and a pro-sequence (SP-pro sequence) that has been 
predicted to inactivate the protein until cleavage [7]. 

Fungi have a complex repertoire of phylogenetically distinct AFP and 
AFP-like sequences [8]. To date >50 members have been identified in 
the AFP family. Based on phylogenetic clustering but also on sequence 
alignment, cysteine pattern, intron position and Pfam domain identifi
cation, we proposed the classification of fungal AFPs into three classes: 
A, B and C [8]. Notably, some fungal genomes encode more than one 
AFP each belonging to a different phylogenetic class [8]. Based on their 
properties and natural diversity, AFPs are attractive antifungal agents or 
lead compounds for the next generation of fungicides to fight infections 
that severely threaten human health and food safety. Furthermore, 
exploitation of AFPs is feasible, since safe and efficient fungus- or plant- 
based biofactories have been developed for their production [9–11]. 

Current knowledge about the killing mechanisms of AFPs is still 
limited, which hampers their potential improvement by rational design 
and applicability. Killing mechanisms are mainly based on a cell- 
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penetrating mode of action as described for Penicillium chrysogenum 
AFPs [12–14] and Penicillium digitatum PdAfpB [15], or the disruption of 
plasma membrane integrity as reported for Aspergillus giganteus AFP 
[16–18] and Neosartorya fischeri NFAP2 [19]. Regardless the mode of 
action, mechanistic studies have shown that AFPs act through multiple 
targets, including components of fungal cell wall [15,20,21], plasma 
membrane lipids [18,22] and intracellular processes [14,15,23,24]. 

Rational design of new-to-nature AFPs with improved properties 
requires a comprehensive understanding of the structural domains that 
account for the antifungal activity. Several strategies have been 
described to map the antifungal domains of AFPs. Targeted amino acid 
substitutions in the P. chrysogenum PAF sequence revealed the impor
tance of a negatively charged residue for the protein structure and 
mechanistic function [25], or the significant influence of the γ-core 
motif on the PAF antifungal efficacy [26]. Different substitutions in 
N. fischeri NFAP sequence allowed the identification of the structural 
determinants for folding, stability and activity [27]. Rational design of 
Cys-containing peptides based on the primary sequence of PdAfpB as 
well as PdAfpB chimeric proteins contributed to the mapping of anti
fungal motifs [28,29]. 

In previous works, we characterized the pattern of production and 
antifungal profiles of the three P. expansum AFPs, PeAfpA, PeAfpB and 
PeAfpC [30–32]. These studies underlined the high potency of PeAfpA 
against economically important phytopathogenic fungi and mycotoxin- 
producer fungi, dermatophytes and clinically relevant yeasts. PeAfpB, 
although less effective than PeAfpA, showed significant activity against 
most of the mycotoxigenic fungi tested, while PeAfpC was inactive 
against most of the fungi evaluated and only showed a powerful inhi
bition against Byssochlamys species [32]. PeAfpA protects against in
fections caused by P. digitatum in oranges, P. expansum in apples, and 
Botrytis cinerea in tomato plants and fruits [30,31], while PeAfpB 
showed a modest disease reduction in apples [30]. Despite the potential 
of PeAFPs as biofungicides, little is known about the structural de
terminants or molecular targets determining their antifungal activity. In 
the present study, we report the 3D structure of PeAfpB solved by X-ray 
crystallography and the rational design of five PeAfpB::PeAfpA chimeras 
(chPeAFPV1-V5). We have characterized the chimeras and identified the 
contributions of different PeAfpA motifs to the antifungal activity. 
Moreover, the role of protein mannosylation and membrane lipids in the 
mode of action of native PeAFPs and chimeras is investigated. Finally, 
the X-ray 3D structure of four chimeras are presented, confirming that 
AFPs of class A and B share a highly stable structural scaffold and 
opening the door to the rational design of variants with biotechnological 
applicability. 

2. Materials and methods 

2.1. Strains, media and culture conditions 

P. chrysogenum Δpaf strain [33] was used for genetic transformation 
and recombinant protein production. For the antimicrobial assays, the 
following fungal strains were used: P. expansum CECT 20906 (CMP-1), 
P. digitatum CECT 20796 (PHI-26), B. cinerea CECT 20516, B. spectabilis 
CECT 2983, Fusarium oxysporum 4287, Magnaporthe oryzae PR9 and 
Saccharomyces cerevisiae BY4741. Filamentous fungi were cultured in 
Potato Dextrose Agar (PDA, Difco-BD Diagnostics, Sparks, MD, United 
States) plates at 25 ◦C for 5–10 days depending on the fungus. 
S. cerevisiae was grown in Yeast Extract Peptone Dextrose Agar (YPDA) 
plates at 30 ◦C for 2 days. 

For fungal transformation, vectors were propagated in Escherichia 
coli JM109 grown at 37 ◦C in Luria Bertani (LB) medium supplemented 
with either 25 μg/mL chloramphenicol, 50 μg/mL kanamycin or 100 μg/ 
mL spectinomycin depending on the vector. Agrobacterium tumefaciens 
AGL-1 strain was grown in LB supplemented with 20 μg/mL rifampicin 
at 28 ◦C. To analyze the growth of the P. chrysogenum transformant 
strains in solid media, 5 μL of conidial suspension (5 × 104 conida/mL) 

were placed on the center of PDA and P. chrysogenum minimal medium 
(PcMM) [11] plates, and the colony diameter was monitored daily from 
3 to 7 days. For recombinant protein production, transformant strains 
were inoculated at 106 conidia/mL in PcMM at 25 ◦C and 150 rpm for 5 
days. 

2.2. Generation of molecular assemblies for genetic transformation of 
P. chrysogenum 

All the genetic elements previously available or generated in this 
study are described in Table S1. All the molecular assemblies used to 
produce the recombinant proteins were generated with the Goldenbraid 
(GB)-based modular cloning platform FungalBraid (FB) [34,35]. The 
coding sequence for the P. expansum afpB gene (Pexp_A0A0A2K0J0) and 
chimeras were designed according to GB rules (https://gbcloning.upv.es 
) and provided by an external company (IDT, Integrated DNA Tech
nologies) as synthetic genes (gBlocks™ gene fragments). Each single 
genetic element was ligated into the domestication entry vector pUPD2 
through protocols described previously [34,35] to obtain FB173, FB174, 
FB175, FB176, FB177 and FB180 elements (Table S1). Positive E. coli 
clones were confirmed by routine PCR amplifications using external 
specific primers designed for pUPD2 vectors [34] (Table S2) and 
confirmed by Sanger sequencing. Multipartite assemblies to obtain the 
transcriptional units (TU) to drive the production of AFPs under the 
control of the paf promoter (Ppaf; FB029) and terminator (Tpaf; FB030) 
were generated (FB183-FB188; Table S1). Finally, binary assemblies 
used for fungal transformation (FB190, FB192, FB194, FB196, FB198 
and FB200; Table S1) combine the TUs for the production of AFPs with 
the TU used as fungal positive selection marker (geneticin (nptII) 
FB009). Positive E. coli clones and correct assembly were confirmed by 
restriction and/or PCR analyses using combinations of the universal 
specific primers designed for pDGB3 vectors (Table S2) [34]. 

2.3. A. tumefaciens mediated transformation of P. chrysogenum 

The A. tumefaciens AGL-1 strain was used for fungal transformation 
[36]. Binary assemblies generated for fungal transformation (FB190, 
FB192, FB194, FB196, FB198 and FB200) were introduced into 
A. tumefaciens AGL-1 strain by electroporation. P. chrysogenum Δpaf was 
genetically transformed through A. tumefaciens-mediated trans
formation (ATMT) as described [35,37]. P. chrysogenum transformants 
were selected in 25 μg/mL geneticin (G418) (Invivogen, San Diego, CA, 
USA). All transformants were confirmed by PCR (Table S2; Fig. S1) using 
genomic DNA isolated as described previously [38], and subsequently 
by 1 % agarose gel electrophoresis. 

2.4. Production and purification of recombinant proteins 

PeAfpA and PeAfpC were purified as previously described [31]. For 
PeAfpB and chimera production, P. chrysogenum transformants were 
grown in PcMM for 5 days at 25 ◦C and 150 rpm (final concentration 106 

conidia/mL). PeAfpB and chimeras were purified from cell-free super
natants collected by centrifugation and dialyzed (3.5 kDa molecular 
weight cut-off; Thermo Scientific) against 20 mM sodium phosphate 
buffer pH 6.5. Dialyzed solutions were applied to an AKTA system 
(AKTA Pure 25 L, Cytiva Life Sciences) equipped with a 5 mL HiTrap 
Capto S cation exchange chromatography column (Cytiva Life Sciences). 
Protein was eluted with a linear NaCl gradient from 0 to 0.5 M in the 
same buffer. Protein containing fractions were pooled and dialyzed 
against Milli-Q water. Protein concentration was determined spectro
photometrically (A280) considering the molar extinction coefficient of 
each variant (Table 1). The purity was checked by SDS-PAGE [39]; 
samples in denaturing buffer containing 5.5 % β-mercaptoethanol were 
loaded into SDS-16 % polyacrylamide gels calibrated with prestained 
protein size-standard SeeBlue R (Thermo Fisher Scientific, Waltham, 
MA, United States) and Coomassie blue stained. 
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2.5. Western blot analyses 

Purified AFPs were separated in SDS-16 % polyacrylamide gels and 
transferred to Amersham Protran 0.20 μm NC nitrocellulose transfer 
membrane (Cytiva Life Sciences). Protein detection was accomplished 
using anti-PeAfpA antibody diluted 1:2500 or anti-PeAfpB antibody 
diluted 1:1500 [31]. As secondary antibody, 1:20,000 dilution of ECL 
NA934 horseradish peroxidase donkey anti-rabbit (Cytiva Life Sciences) 
was used, and chemiluminescent detection was performed with ECL- 
Select Western blotting detection reagent (Cytiva Life Sciences) using 
the Amersham Imager 680 (Cytiva Life Sciences). The experiments were 
repeated at least twice. 

2.6. Liquid chromatography electrospray ionization tandem mass 
spectrometry (LC-ESI-MS/MS) 

Analyses were performed in the proteomics facility at the National 
Center for Biotechnology of the Spanish National Research Council 
(CNB-CSIC). Samples from bands excised from SDS-PAGE gels were 
derivatized with propionic anhydride and automatically digested with 
trypsin in a 96-well plate using the OT-2 robot (Opentrons). The 
resulting mixtures were quantified by fluorimetry and ½ of each sample 
was injected into the chromatograph. Data acquisition was carried out 
by a combination of a 30-min liquid chromatography, where peptides 
were separated by polarity using a C-18 reverse phase column, and the 
following peptide fragmentation by the mass spectrometer Orbitrap 
Exploris 240 (Thermo Scientific). The analysis software used was Pro
teome Discoverer (Thermo Scientific). MS/MS data was sent to MASCOT 
and was used to search against a combination of the P. chrysogenum 
Uniprot database and the list of our rationally designed variants. 

2.7. Antimicrobial activity assays 

Fungal growth inhibition assays were conducted in 96-well micro
titer plates (Nunc) in a total volume of 100 μL. Flat bottom plates were 
used for filamentous fungi assays and round bottom plates were used for 
yeast assays. 50 μL of 2× concentrated conidia (2.5 × 104 conidia/mL, 
final concentration) in 10 % potato dextrose broth (PDB) containing 
0.02 % (w/v) chloramphenicol to avoid bacteria contamination were 
mixed in each well with 50 μL of 2× concentrated protein from serial 
twofold dilution (final concentrations range from 0.25 to 64 μg/mL 
depending on the fungus). Samples were prepared in triplicates. Plates 
were statically incubated for 72–96 h at 25 ◦C. Growth was determined 
every 24 h by measuring the optical density at 600 nm (OD600) using a 
plate spectrophotometer (SPECTROstar Nano, BMG Labtech) and the 
OD600 mean and standard deviation (SD) were calculated. Dose- 
response curves were generated from measurements after 72 h. The 
experiments were repeated at least twice. Minimum inhibitory concen
tration (MIC) is defined as the protein concentration that completely 
inhibited growth in all the experiments performed. 

2.8. Protein-lipid overlay assays 

To test the binding properties of AFPs, a protein-lipid overlay 
experiment was performed using PIP Strips that are spotted with 100 
pmol of various biologically active lipids (Echelon Biosciences, Salt Lake 
City, UT). Strips were incubated with PBS/3 % fatty acid-free BSA for 
120 min at RT to block non-specific binding. The lipid strips were then 
incubated with each AFP (1 μg/mL for PeAfpA, PeAfpB and PeAfpC; 5 
μg/mL for chimeras) diluted in PBS/1 % fatty acid-free BSA for 60 min at 
4 ◦C and washed thoroughly for 30 min (3 × 10 min) at 4 ◦C with PBS/ 
0.1 % Tween-20. The next step was to incubate the strips with the 
specific rabbit polyclonal antibodies anti-PeAfpA, anti-PeAfpB or anti- 
PeAfpC, diluted 1:2500, 1:1000 and 1:2500, respectively [31]. Chi
meras were detected with the anti-PeAfpB antibody (dilution 1:500). 
Incubation was performed overnight at 4 ◦C with gentle agitation. Then, 
lipid strips were washed thoroughly for 30 min (3 × 10 min) at 4 ◦C with 
PBS/0.1 % Tween-20 and incubated for 60 min at 4 ◦C with ECL NA934 
horseradish peroxidase donkey anti-rabbit (Cytiva Life Sciences) diluted 
1:20,000 with PBS/1 % fatty acid-free BSA. Finally, the strips were 
washed for 30 min (3 × 10 min) at 4 ◦C with PBS/0.1 % Tween-20 and 
chemiluminescent detection was performed with ECL-Select Western 
blotting detection reagent (Cytiva Life Sciences) using the Amersham 
Imager 680 (Cytiva Life Sciences). The experiments were repeated at 
least twice. 

2.9. Protein crystallization and data collection 

PeAfpB crystals (wild type and chimeric forms) grew in hanging 
drops at 21 ◦C using vapour-diffusion method. Initial crystallization 
trials were set up in the Cristalogenesis service of the IBV-CSIC using 
commercial screens JBS I, JBS II (JENA Biosciences) and JCSG (Molec
ular Dimensions) in 96-well plates (Swissci MRC2) using 0.3 μL of pro
tein at 40 mg/mL in buffer A (25 mM Tris buffer pH 8, 200 mM NaCl) 
and 0.3 μL of mother liquor. PeAfpB crystals were obtained using 30 % 
Jeffamine M60C and 10 % DMSO as mother liquor. Crystals of 
chPeAFPV1 were obtained using 3.5 M ammonium sulphate, 1 % MPD 
and 0.1 M MES pH 6.5 as mother liquor. Crystals of chPeAFPV3 and 
chPeAFPV4 were obtained using 30 % PEG400, 0.1 M Hepes pH 7.5 and 
0.2 M magnesium chloride as mother liquor. Crystals of chPeAFPV5 
were obtained using 70 % MPD and 0.1 M Hepes as mother liquor. In all 
cases, crystals grew in 7–14 days and were directly flash frozen in liquid 
nitrogen from the screening plates. Crystals were tested in different 
beamlines of ALBA, ESRF (European Synchrotron Radiation Facility) 
and DLS (Diamond Light Source) synchrotrons. Diffraction data was 
collected at 100 K from single crystals at XALOC beamline of ALBA 
Synchrotron for PeAfpB, chPeAFPV1 and chPeAFPV5 and at ID23–2 
beamline from ESRF Synchrotron for chPeAFPV3 and chPeAFPV4. 
Wavelength used was 0.87313 for chPeAFPV3 and chPeAFPV4, 0.97918 
for PeAfpB and chPeAFPV1 and 0.97926 for chPeAFPV5. Data sets were 
processed using XDS [40] and reduced with Scala [41] (CCP4). The data- 
collection statistics for data sets used in structure determination are 
shown in Table S3. 

2.10. Phase determination, model building and refinement 

Crystal structures of PeAfpB and chimeras were solved by molecular 
replacement with MOLREP [42]. To solve PeAfpB structure, PAF co
ordinates (6HA4) were used as search model. The refined PeAfpB 
structure (PDB 7ZTF) was used to solve chPeAFPV1, chPeAFPV3, 
chPeAFPV4 and chPeAFPV5 structures. The final models for all the 
structures were completed by alternating several rounds of manual 
building with COOT [43] and automatic refinement with REFMAC [44]. 
Refinement statistics are summarized in Table S3. Figures for structural 
representations were generated with Pymol software (https://pymol. 
org/2; Schrödinger) including the APBS module for electrostatic po
tentials surface calculation [45]. 

Table 1 
Physicochemical properties of parental and chimeric antifungal proteins. Mo
lecular mass (MM), Ɛ280, isoelectric point (pI) and grand average hydropathy 
(GRAVY) are theoretical measures obtained from ProtParam tool of the ExPASy 
Proteomics Server [74]. Net charge at pH 7 is a theoretical measure obtained 
from Protein Calculator v3.4 (http://protcalc.sourceforge.net).  

Protein aa MM (kDa) Ɛ280 pI Net charge (pH 7) GRAVY 

PeAfpA  57  6.64  0.673  9.48  8.7  − 1.08 
PeAfpB  58  6.69  0.668  7.80  2.2  − 1.47 
chPeAFPV1  58  6.67  0.670  8.27  2.9  − 1.48 
chPeAFPV2  58  6.62  0.675  8.27  2.9  − 1.33 
chPeAFPV3  58  6.66  0.671  7.77  1.7  − 1.53 
chPeAFPV4  58  6.72  0.887  8.26  2.7  − 1.46 
chPeAFPV5  58  6.81  0.656  8.27  3.2  − 1.60  
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3. Results 

3.1. Crystal structure of PeAfpB 

To get insights into the mechanisms of action of AFPs we tackle the 
PeAfpB structural characterization. PeAfpB generates high quality 
crystals that belong to space group P3221 and diffract to 1 Å resolution 
(Table S3). Using as a model the structure of P. chrysogenum PAF (PDB 
6HA4) we get phases by molecular replacement that allowed us to build 
the structure of one PeAfpB molecule in the crystal asymmetric unit at 
atomic resolution (Fig. 1). The PeAfpB protomer presents the charac
teristic Greek key fold previously observed in other AFPs [5], showing 
five antiparallel β-strands (β1 from Lys3 to Ser9, β2 from Thr14 to Lys19, 
β3 from Lys22 to Lys27, β4 from His41 to Asp46 and β5 from Thr51 to 
Asp53) organized in two β-sheets, A and B, which are disposed orthog
onally building a β-barrel (Fig. 1A and B). β-sheet A comprises β1, β4 and 
β5 while β-sheet B comprises β1, β2 and β3 strands participating the long 
and twisted β1-strand in both β-sheets (N- and C-terminal portion in 
β-sheets A and B, respectively). The twisted conformation of β1 is 
allowed by the presence of two consecutive Gly residues (Gly5 and Gly6) 
followed by a Cys (Cys8), which is disulfide-bonded to Cys36, pulling 
the strand towards the center of the protein. Loops connecting β1-β2 
(L1), β2-β3 (L2) and β4-β5 (L4) strands are short (2–4 residues) while 

loop connecting β3-β4 (L3) strands is long (14 residues) and divided in 
two portions by the presence of Cys36 that anchors the loop to the 
protein main-body by a disulfide bond with Cys8 in β1. In total, PeAfpB 
has six Cys residues (Cys8, Cys15, Cys28, Cys36, Cys43 and Cys54), that 
form three intramolecular disulfide bridges connecting Cys8-Cys36, 
Cys15-Cys43 and Cys28-Cys54 residues (Fig. 1A and B). 

Structural comparison of PeAfpB with the AFPs available in the PDB 
showed an extraordinary structural conservation within class A and B 
members. Main-chain superposition of the complete molecules (notice 
that some structures have been solved by nuclear magnetic resonance 
[NMR] spectroscopy) gives root-mean-square deviations (RMSDs) 
values between 1.0 and 1.9 Å (Fig. 1C). This structural conservation is 
not surprising for the phylogenetically related class B member PAFB 
from P. chrysogenum, with which PeAfpB presents a sequence identity of 
77 % (RMSD <1.0 Å for the superimposition of 57 residues). However, it 
is more striking for the phylogenetically distant class A member PAF 
from P. chrysogenum, with which PeAfpB only has a 48 % identity, but 
also shows an RMSD of 1 Å (superimposition of 54 residues) (Fig. 1B and 
C). Similarly, low RMSDs (1.3 and 1.7 Å) were calculated for the su
perimposition with class A A. giganteus AFP and NFAP structures, with 
which sequence identity is lower than 45 %, confirming the extremely 
conserved fold of both AFP classes. Notice that this structural similarity 
is not restricted to the β-strands, but also the loops show identical 

Fig. 1. Structural characterization of PeAfpB. (A) 
Two views of PeAfpB structure in cartoon represen
tation. Strands and loops are named and coloured in 
blue and purple, respectively. Cysteine residues 
involved in disulfide bonds are shown as yellow 
sticks. (B) Sequence alignment of PeAfpB with anti
fungal proteins with known structure, PAF (PDB 
6HAH), NFAP (5OQS), PAFB (7BAE) and AFP (1AFP). 
Conserved cysteine residues involved in disulfide 
bonds are highlighted in orange, with brown lines 
connecting disulfide bonded cysteines. The conserved 
ɣ core is highlighted with grey background. (C) 
Structural alignment of class A and B antifungal 
proteins. Left, cartoon representation of the aligned 
structures with PeAfpB coloured in blue, PAF in pink, 
NFAP in yellow, PAFB in orange and AFP in green. 
Upper right, table showing RMSDs in Å and sequence 
identity (%) for the aligned structures. Bottom right, 
graphic showing RMSDs versus residue number for 
the superimposition of PeAfpB with PAF (blue) and 
PAFB.   
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conformational disposition in all the analyzed structures, even in the 
long L3 loop connecting β3 and β4 strands (Fig. 1C). 

On the contrary, the structural comparison with the class C AFPs (BP 
protein from Penicillium brevicompactum and P. chrysogenum PAFC) 
showed only a very limited structural similarity reduced to the three 
strand PeAfpB β-sheet A (Fig. S2), confirming the phylogenetic distance 
of class C AFPs with classes A and B. 

3.2. Rational design of PeAfpB::PeAfpA chimeric proteins 

Our previous studies showed that PeAfpA presents higher antifungal 
activity than PeAfpB against plant and animal pathogens [31]. Given 
that PeAfpA and PeAfpB share only 40 % sequence identity (Fig. 2A), we 
hypothesized that areas of higher sequence variability may be impli
cated in this differential antifungal activity. Our PeAfpB based structural 
analysis shows the exquisite folding conservation for AFPs of A and B 
classes, including the loops connecting the β-strands (Fig. 1C). This 
observation implies that class A and B AFPs share a highly conserved and 
stable structural scaffold which would allow sequence variations with 
implications in antifungal activity and specificity. To test this possibility 
and to get insight into structure-activity relationship of AFPs we design 
PeAfpB::PeAfpA chimeric proteins guided by the PeAfpB 3D structure. 
To design chimeric PeAfpB::PeAfpA proteins, residues in loops L1, L2, L3 
and L4 as well as the C-terminus of PeAfpB were substituted by those of 
PeAfpA (Fig. 2A and B) to generate chPeAFPV1-V5. Notice that these 
areas not only exhibit greater sequence variability between PeAfpA and 
PeAfpB than the rest of the protein motifs but they are also the areas 
with high sequence variability within each class of AFPs (Fig. 1B and 
Fig. 2A). In chPeAFPV1, the PeAfpB Glu11 and His12 residues located in 
loop L1 within the conserved γ-core motif were substituted for the 
PeAfpA Lys10 and Asp11 residues, which corresponds to a reverse 

charge exchange in this region at physiological pH. The chimera 
chPeAFPV2 resulted from a seven residues substitution spanning from 
the last residues of β2 to the beginning of β3 strands and including the 
interposed loop L2, while chPeAFPV3 arises from substitution of six 
residues between Cys36 and Cys43 corresponding to the second part of 
the long loop L3 and the initial part of β4 strand. In chPeAFPV4, five 
residues spanning the loop L4 and the first residue of β5 strand were 
interchanged with those of PeAfpA. Finally, chPeAFPV5 was obtained by 
swapping the four C-terminal residues (Fig. 2). Table 1 shows the pre
dicted physicochemical properties of parental and chimeric proteins. 
With the exception of chPeAFPV3, for which the pI value was practically 
identical to that of PeAfpB (7.77 vs 7.80), all of the chimeras showed a pI 
value very similar (8.26–8.27) and slightly higher to that of PeAfpB (7.8) 
but none of them reached the PeAfpA pI value (9.48). 

3.3. Recombinant production and purification of chPeAFPs 

To evaluate the structural and functional role of the substitutions 
introduced in the different chimeras, we used the P. chrysogenum-based 
expression cassette [11], adapted to the FB platform [34] for protein 
recombinant production. The five rationally designed chPeAFPs were 
produced in P. chrysogenum under the regulation of the strong paf pro
moter and terminator sequences, using their corresponding native signal 
peptide (SP)-pro sequences (Fig. 3A). In addition, the PeAfpB production 
in P. chrysogenum was addressed as an internal control. 

Several P. chrysogenum positive independent transformants were 
obtained (Fig. S1), and after evaluation for protein production, one 
clone for each construction with the highest production of PeAfpB and 
chPeAFPs was selected for further characterization. The selected re
combinant strains were PCGL19032, PCGL19213, PCGL19451, 
PCGL19661, PCGL19812 and PCGL20031 for PeAfpB and chPeAFPV1- 

Fig. 2. Design of PeAFP chimeras. (A) Sequence 
alignment of PeAfpB, PeAfpA and the designed chi
meras. Amino acids exchanged between PeAfpB and 
PeAfpA to generate the chimeras are highlighted in 
green for chPeAFPV1, pink for chPeAFPV2, yellow 
for chPeAFPV3, orange for chPeAFPV4 and cyan for 
chPeAFPV5. The conserved ɣ core is represented as a 
grey box. At the top of the alignment is shown the 
PeAfpB secondary structure with arrows and lines for 
β-sheets and coiled regions, respectively. Cysteine 
residues are underlined and highlighted in grey. (B) 
Cartoon representation of PeAfpB structure using the 
same colour code as in (A) to visualize the location of 
the substitutions.   
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V5, respectively. The growth of the selected strains in solid medium, 
PDA and PcMM, was indistinguishable from those of the reference strain 
P. chrysogenum Q176 and the parental P. chrysogenum strain Δpaf used 
for transformation (Fig. S1). 

Selected strains for protein production were grown in liquid PcMM, 
and after clearing the culture broth from insoluble matter, the proteins 
in the supernatants were purified by one-step cation-exchange chro
matography. Optimal production was achieved after 5 days of growth, 
with yields of 120 mg/L, 32 mg/L, 29 mg/L, 18 mg/L, 15 mg/L and 145 
mg/L for PeAfpB and chPeAFPV1-V5 respectively. All of them eluted as 
single peaks in a range of saline gradient from 0.1 to 0.23 M in accor
dance with their theoretical pI values. SDS-PAGE analysis (Fig. 3B) 
revealed faint protein bands of apparent molecular masses higher than 6 
kDa, whose percentage between chimeras were negligible, correspond
ing to possible oligomers. As described for other AFPs, anomalous 
migration was observed in some of the chimeras; chPeAFPV5 (6.81 kDa) 

showed faster migration than expected compared to the slightly smaller 
PeAfpB (6.69 kDa). This behavior seems to be related to the extreme 
isoelectric point of these proteins. In addition, western blot analyses of 
purified chimeric proteins were performed with antibodies raised 
against PeAfpB and PeAfpA [31]. Results indicated that all chimeric 
proteins reacted with anti-PeAfpB antibody (Fig. 3B). By contrast, only 
purified chPeAFPV5 showed a very faint immunoreaction with anti- 
PeAfpA antibody. 

Finally, the identity of the variants was successfully verified by 
peptide mass fingerprinting (LC-ESI-MS/MS) of the derivatised and 
trypsin-digested in-gel bands. As can be seen in Fig. 3C, sequence 
coverage of primary sequences ranging from 69 % to 100 % was 
reached. Peptides covered 69 % of PeAfpB and chPeAFPV1, 79 % of 
chPeAFPV4, 83 % of chPeAFPV5 and 100 % of chPeAFPV2 and 
chPeAFPV3 primary sequences. Note that all amino acid substitutions 
introduced were identified in the corresponding variant. Moreover, 

Fig. 3. Production, purification and identification of 
parental and chimeric PeAFPs. (A) Schematic dia
gram of the modular assembly of each chimera ge
netic sequence into pUPD2 vectors with FB030 and 
FB029 (paf promoter and terminator sequences, 
respectively) to obtain pDGBα1R plasmids FB184, 
FB185, FB186, FB187 and FB188 and a subsequent 
binary assembly of these plasmids with FB009 to 
obtain final pDGBΩ1 vectors FB192, FB194, FB196, 
FB198 and FB200 for P. chrysogenum transformation. 
(B) SDS-PAGE gel of the five purified chPeAFPs (2 μg 
per sample). Two μg of pure PeAfpA and PeAfpB were 
also added as controls. Immunodetection with 
α-PeAfpA and α-PeAfpB is also shown. (C) Peptide 
mass fingerprinting (PMF) of PeAfpB and chimeras. 
In brackets, percentage (%) of primary sequence 
covered by PMF. Amino acids exchanged are high
lighted in green (chPeAFPV1), pink (chPeAFPV2), 
yellow (chPeAFPV3), orange (chPeAFPV4) and cyan 
(chPeAFPV5).   
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proper protein processing in the N-terminal region, in which the SP-pro 
peptide is cleaved out, was observed. 

3.4. chPeAFPs show significant differences in their antifungal activity 

The antifungal activity of the five chPeAFPs was tested and 
compared to that of parental PeAfpB and PeAfpA against a selection of 
filamentous fungi. This selection includes plant pathogens such as the 
citrus fruit specific P. digitatum, the polyphagous B. cinerea, the blue 
mould P. expansum, the rice blast fungus M. oryzae and the soilborne 
plant pathogen F. oxysporum. Furthermore, the fruit juice contaminant 
B. spectabilis, which is particularly sensitive to AFPs [32] was also 
examined. Finally, to evaluate the anti-yeast activity, S. cerevisiae was 
also tested. 

Differences in antifungal activity were observed among the AFPs 
tested. Table 2 shows MIC values of parental and chimeric proteins 
against all fungal species evaluated. In accordance with previous results, 
PeAfpA inhibited the growth of all tested species while PeAfpB showed a 
moderate activity against some of the filamentous fungi and, at the 
highest concentration tested (64 μg/mL), it was not active towards 
F. oxysporum, M. oryzae and S. cerevisiae (Table 2) [31,32]. Regarding 
chPeAFPs, chPeAFPV1 and chPeAFPV2 improved the parental PeAfpB 
antifungal activity with MIC values very similar to those showed by 
PeAfpA against B. cinerea, B. spectabilis, P. expansum and P. digitatum. 
Notably, the change of only two residues (Glu11 and His12 for Lys10 
and Asp11) in chPeAFPV1 promotes identical activity than PeAfpA for 
these organisms, and seems to improve it against P. expansum. However, 
both variants behaved similar to PeAfpB against F. oxysporum, M. oryzae 
and S. cerevisisae, since they were inactive at the highest concentration 
tested. Of note was the lack of activity of chPeAFPV3 towards most of 
the fungi tested, with the exception of B. spectabilis, which resulted to be 
the most sensitive fungus to all the tested proteins. The lack of antifungal 
activity of chPeAFPV3 points out the significance of residues 37–42 in 
the antifungal activity of PeAfpB. Finally, chPeAFPV4 and chPeAFPV5 
showed an intermediate profile of antifungal activity compared to the 
parental proteins. 

3.5. Structural characterization of chPeAFPs 

To understand the molecular basis of the variation in antifungal 
activity exhibited by chPeAFPs, we undertook their structural charac
terization. We obtained crystals for all the variants except for 
chPeAFPV2, which did not crystallize in any of the different screening 
alternatives used for the crystallization of the other chimeras. Crystals 
from variants chPeAFPV1, chPeAFPV3, chPeAFPV4 and chPeAFPV5 
diffract to atomic resolution (1.0–1.3 Å) as parental PeAfpB. Surpris
ingly for crystals obtained under completely different crystallization 
conditions, from ammonium sulfate to PEGs or MPD (see Materials and 
Methods), all of them showed identical space group and unit cell to the 
parental PeAfpB (Table S3), indicating the same protein packing 
regardless of the crystallized chimera. This observation would suggest 
that the proteins should present a very similar conformation with pref
erential way to be organized into the crystal. The analysis of the struc
tures confirms this point, showing all the chimeras an almost identical 
conformation to PeAfpB structure (Fig. 4 and Fig. S3), although changes 

in the electrostatic potential surfaces are observed among the chimeras 
(Fig. S4). The conserved crystallization cell and space group explains 
why we were unable to crystallize chPeAFPV2, since the exchanged 
region in this chimera makes multiple contacts, including salt bridges, 
with other three symmetric molecules in the crystal, playing a key role in 
the packing (Fig. S5). The superposition of all (parental and chimeras) 
structures yielded extremely low global RMSDs, between 0.19 and 0.41 
Å, with the exception of chPeAFPV5 which showed deviations over 1 Å 
(Fig. 4B). Interestingly, although chPeAFPV5 changes are small, they 
localize not only at the C-terminal end, which was the interchanged 
portion, but also in loops L3 and L4. The differences in these regions are 
not due to conformational changes in the skeleton but to contacts be
tween the new C-terminal side-chains and the residues in loops L3 and 
L4 (Fig. 4). It is striking the minimal conformational changes induced by 
the swapping, some of them involving >10 % of the molecule. A detailed 
look at the exchanged areas shows that the main-chain of the different 
chPeAFPs is not altered, presenting only the new side chains as different 
(Fig. 4A). Therefore, the differences in the antifungal activity observed 
among chPeAFPs are purely due to the contributions of specific residues 
and not to induced conformational changes or structural rearrange
ments. This is notable in chPeAFPV3, which is basically inactive, but 
whose structure shows minimal conformational change with respect to 
parental PeAfpB (RMSD 0.34 Å). These results, together with the initial 
structural analysis of class A and B AFPs, also confirms the structural 
optimization defined by the scaffold of these proteins. 

3.6. Protein O-mannosylation is important for interaction of PeAFPs and 
chPeAFPs with the cell wall 

To examine the role of the cell wall in the mode of action of parental 
AFPs and chimeras, we characterized the response to all of them of the 
Pdpmt2 deletion mutant strain. This strain is a P. digitatum null mutant 
on the O-mannosyltransferase 2 (Δpmt2) that affects protein man
nosylation, including the mannoproteins on the outer cell wall. Pdpmt2 
is known to have cell wall defects and greater tolerance to antifungal 
peptides and proteins such as PAF26 [37] and PdAfpB [15]. 

Growth inhibition assays showed that the Δpmt2 mutant was much 
more tolerant to both native and chimeric proteins than the wild-type 
strain (Table 2 and Fig. 5). In the conditions tested, only PeAfpA 
completely inhibited the growth of the mutant; however, the MIC value 
(32 μg/mL) was significantly higher than that showed against 
P. digitatum wt strain (1 μg/mL). Chimeras chPeAFPV1 and chPeAFPV2, 
with similar MIC values to that of PeAfpA against P. digitatum wt strain, 
did not reach MIC values against Δpmt2, although approximately a 50 % 
growth reduction was observed at the highest concentration tested. 
Finally, PeAfpB and the chimeras chPeAFPV3, chPeAFPV4 and 
chPeAFPV5 were inactive against Δpmt2. Altogether, these results sug
gest that mannoproteins determine protein interaction with the cell wall 
and, thus, its antifungal activity. 

3.7. Antifungal activity and phospholipid recognition 

To gain further insights into the role of fungal plasma membrane in 
the killing mechanism of PeAFPs and chimeras, their potential interac
tion with biologically relevant phospholipids was evaluated. To assess 

Table 2 
Minimum inhibitory concentration (MIC) (μg/mL) of parental and chimeric antifungal proteins.  

Microorganism PeAfpA PeAfpB chPeAFPV1 chPeAFPV2 chPeAFPV3 chPeAFPV4 chPeAFPV5 

B. spectabilis  1 8 1 2 16 4 4 
B. cinerea  4 32 4 8 >64 32 32 
F. oxysporum  4 >64 >64 >64 >64 >64 >64 
M. oryzae  16 >64 >64 >64 >64 >64 >64 
P. expansum  4 32 2 4 >64 64 16 
P. digitatum  1 8 1 2 >64 4 4 
S. cerevisiae  8 >64 >64 >64 >64 >64 >64  
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the ability of proteins to bind to membrane phospholipids we performed 
a protein-lipid overlay assay using a commercial lipid strip with fifteen 
immobilized phospholipids on the surface. Fig. 6A shows the lipid 
binding profile of native proteins PeAfpA and PeAfpB. The class C AFP 
from P. expansum, PeAfpC, was also included since this protein is the 
least active of the three PeAFPs against a wide number of pathogenic 
fungi, although it shows a powerful inhibition against the food spoilage 

fungus B. spectabilis [31,32]. We found that PeAfpA and PeAfpB bind to 
all phosphoinositides but not to the dephosphorylated compound 
phosphatidylinositol (PtdIns). Quantification of the relative binding to 
lipid strips was achieved by performing densitometry analysis on two 
independent experiments (Fig. S6). Both proteins strongly bind to 
phosphatidylinositol monophosphates (PtdIns(3)P, PtdIns(4)P and 
PtdIns(5)P) while a moderate binding to phosphatidylinositol 

Fig. 4. Structural characterization of PeAFP chi
meras. (A) Superposition in cartoon representation of 
PeAfpB (blue), chPeAFPV1 (green), chPeAFPV3 
(yellow), chPeAFPV4 (orange) and chPeAFPV5 
(cyan) structures. A close view of the interchanged 
areas in each chimera is depicted showing the 
superimposed structures of PeAfpB with the corre
sponding chimera and with the swapped residues in 
sticks and labeled. For chPeAFPV5, in addition to the 
interchanged area, a close view of loop L4 region is 
also shown, as it shows a slight movement. (B) 
Graphic showing RMSDs versus residue number for 
the superimposition of PeAfpB with the PeAFP chi
meras using the same colour code as in (A). The 
conserved secondary structure for the structures is 
schematized at the top of the graphic.   
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bisphosphates (PtdIns(3,4)P2, PtdIns(3,5)P2 and PtdIns(4,5)P2) and a 
faint binding to phosphatidylinositol triphosphate (PtdIns(3,4,5)P3) was 
observed. Both PeAFPs also show a moderate binding to phosphatidic 
acid (PA) and a weaker binding to phosphatidyletanolamine, phospha
tiylserine and lysophosphatidic acid. None of them bind to lysophos
phatidylcoline, phosphatidylcoline or sphingosine 1-phosphate. 
Notably, a lack of binding to any of the lipids tested was found for 
PeAfpC. 

Next, we examined the interaction of chimeras with membrane 
phospholipids (Fig. 6B). Three of them, chPeAFPV1, chPeAFPV4 and 
chPeAFPV5, showed a binding capability similar to that of the parental 
proteins PeAfpA and PeAfpB. Interestingly, the inactive variant 
chPeAFPV3 behaved like PeAfpC, and no lipid binding was observed. 
This observation seems to support a correlation between phospholipid 
binding and antifungal activity as in the case of PeAfpC. However, the 
highly active variant chPeAFPV2, whose antifungal activity is similar to 
that of PeAfpA and chPeAFPV1 (Table 2), behaved like PeAfpC and 
chPeAFPV3 and no lipid binding capability was observed. Residues 
substitution for chPeAFPV2 and chPeAFPV3 are located on opposite 
sides of the molecule (Fig. 2), so the lack of binding is not due to 
modification of a specific lipid site, suggesting that lipid recognition and 
binding is complex and/or polyvalent. In addition, the results of 
chPeAFPV2 indicate that the antifungal activity of AFPs does not always 
need previous binding to lipid membranes. However, we cannot rule out 
that binding to other phospholipids not tested here may also contribute 
to the antifungal activity. Structural characterization of AFPs in complex 
with phospholipids would shed light on this point. 

4. Discussion 

In this study, we provide detailed insight into the 3D structure by X- 
ray crystallography of PeAfpB from the phytopathogenic fungus 
P. expansum, and of four PeAfpA::PeAfpB chimeras, whose antimicrobial 
activity and potential molecular targets are also described. PeAfpB is one 
of the three AFPs encoded in the genome of P. expansum, it shows 
moderate antifungal activity and belongs to the B phylogenetic class 
within the AFP family [31]. By contrast, the 3D structures of the other 
two P. expansum proteins, PeAfpA and PeAfpC, are unknown and their 
structural characterization as well as that of one of our chimeras, 
chPeAFPV2, remain elusive. 

So far, only one member of class B AFPs, P. chrysogenum PAFB, has 
been structurally characterized. The 3D structure of an N-terminal short 
form of PAFB (sfPAFB; 56 instead of 58 amino acids) was initially solved 
by NMR spectroscopy [13], and later the X-ray crystal structure of the 

mature full-length PAFB was solved [46] showing identical fold and 
small conformational differences due to the different techniques used. 
Regarding class A, the structures of the deeply characterized AFP from 
A. giganteus and PAF from P. chrysogenum were solved by NMR spec
troscopy [5,47], as well as that of N. fischeri NFAP [48]. Similar to that 
observed here for PeAfpA, PAF was described as recalcitrant to crys
tallization, and only co-crystallization with calixarene led to the pro
duction of crystals to solve the structure at high-resolution [49]. Instead, 
the structure of the class C BP protein from P. brevicompactum was solved 
by X-ray crystallography [50], and recently, the structure of PAFC was 
determined by NMR spectroscopy [51]. Our analysis of these available 
structures shows an exquisite conservation in the folding for the AFPs of 
classes A and B, not only in the secondary structure elements conforming 
the core β-barrel, but also in the loops that connect them and that usually 
present a greater conformational freedom. Although a similar folding 
might be expected, differences greater than the observed (RMSD <1 Å) 
should be expected for proteins with sequence identities <40 % [52], 
indicating that the structural scaffold of these AFPs has been highly 
optimized to allow sequence variations. In contrast, the folding of AFPs 
from class C shows a lower structural homology, with only partial 
conservation of one of the β-sheets that form the structural core of these 
proteins, pointing to a much greater phylogenetic distance or an inde
pendent origin. 

The preservation of the structural scaffold for class A and B AFPs 
opens the door to the realization of protein engineering studies for 
structure-function knowledge generation and/or biotechnological pur
poses, as well as for the very precise in silico characterization, using 
software such as AlphaFold [53], of the folding of those antifungal 
proteins with unknown structure. We prove this point by designing five 
chPeAFPs, in which high variable residues from loops connecting the 
core β-strands and the C-terminal end of PeAfpB sequence were 
substituted by those corresponding to PeAfpA. All chPeAFPs were pro
duced using the P. chrysogenum-based expression cassette [11], con
firming the tolerance of the AFP core for modification and the suitability 
of the expression system for producing AFP chimeras 
[11–13,25,26,31,54,55]. Here, all the swaps were tolerated and the 
proteins were expressed and purified in high yields (from 15 to 145 mg/ 
L) confirming that these changes do not impair protein production and 
secretion. Remarkably, the four chimeric proteins whose 3D structure 
was obtained showed almost identical fold, validating the high stability 
of the AFP scaffold. Interestingly, the chimeras showed a wide range of 
antifungal activity and interaction with specific cell wall and membrane 
components, from those more similar to PeAfpA to almost total loss of 
these capacities. We therefore conclude that the observed differences are 

Fig. 5. In vitro inhibitory activity of parental and chimeric PeAFPs. Dose-response curves against P. digitatum wt (A) and Δpmt2 mutant strain (B). Curves show the 
means ± SD from triplicate values at an optical density of 600 nm (OD600) after 72 h of incubation. 
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directly related to the amino acid residues exchanged. Moreover, our 
work confirms and extends previously reported data on how minor 
amino acid changes affect the properties of antifungal peptides and 
proteins [11,25,27,56,57]. 

The antifungal activity showed by each of the chimeras revealed the 
relevance of the substitutions introduced in loops L1, L2 and L3. 
Replacement of only two residues (Glu11 and His12) in PeAfpB 
sequence by the corresponding from PeAfpA in loop L1 (Lys10 and 
Asp11), increased the antifungal activity of the chPeAFPV1 chimera to 
that of PeAfpA against B. cinerea, B. spectabilis, P. expansum and 
P. digitatum, but not against F. oxysporum, M. oryzae and S. cerevisiae 

(Table 2), suggesting a spatial distribution for species specificity anti
fungal elements in AFPs. These residues, located in loop L1, are within 
the conserved γ-core motif present in antimicrobial cysteine-rich pro
teins from prokaryotes and eukaryotes [6]. This motif was already found 
to be an important functional determinant of some antifungal plant 
defensins, although not every defensin γ-core exerts antifungal activity 
[58]. Similar results have been described for AFPs. For instance, the 
γ-core motif derived from NFAP2 and PdAfpB did not exhibit activity 
[28,55]. By contrast, a synthetic 14 amino acid long peptide fragment 
spanning the PAF γ-core motif displayed in vitro antifungal activity 
against C. albicans, and the correlation between the positive net charge 

Fig. 6. Lipid binding profile of parental and chimeric PeAFPs. Ability of parental (A) and chimeric PeAFPs (B) to bind phospholipids in protein-lipid overlay assays.  
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and hydrophilicity of the γ-core derivative peptide and the antimicrobial 
activity was demonstrated [26]. Moreover, the same amino acid ex
changes in the γ-core motif of the full-length protein PAF comparably 
enhanced the antifungal efficacy of the respective PAF variants [26]. 
Here, two amino acid exchanges in the γ-core motif of the full-length 
protein PeAfpB enhanced the antifungal activity. The γ-core of PeAfpB 
(residues 6–15, Fig. 2A) is negatively charged at pH 7 (predicted net 
charge − 0.9; http://protcalc.sourceforge.net) while in the chPeAFPV1 
chimera it is nearly neutral (predicted net charge − 0.1 at pH 7), and that 
of PeAfpA is slightly positively charged (predicted net charge 0.8 at pH 
7). The γ-core of PAFB is also nearly neutral (residues 6–15, predicted 
net charge +0.1; Fig. 1B) and it did not exhibit antifungal activity, 
although the exchange of distinct amino acids to positively charged and 
hydrophilic ones rendered an active peptide [59]. Interestingly, when 
the optimized γ-core of PAFB was introduced in the full-length protein, 
the recombinant PAFB was readily degraded when homologously 
expressed, suggesting the role of the γ-core in PAFB structure and sta
bility [59]. In this work, we have not characterized peptides spanning 
the γ-core motif; instead, we have designed full-length chimeras. 
Considering the full-length proteins, chPeAFPV1 is positively charged 
(+2.9) but much less than PeAfpA (+8.7) (Table 1), suggesting a lack of 
correlation between positive net charge and antifungal activity as 
described for PAF [26]. Furthermore, and considering that chPeAFPV1 
is produced and correctly processed, the changes introduced in loop L1 
do not affect protein stability, contrary to that described for PAFB [59]. 

Unexpectedly, substitution of six residues in the loop L3 of PeAfpB 
with those of PeAfpA (Fig. 2) rendered the chimera chPeAFPV3 inactive. 
The activity of isolated peptides spanning the loop L3 from two different 
proteins (PdAfpB and PAF) allowed establishing its relevance to anti
fungal activity [28]. Moreover, mutations of Lys35 and Lys38 [5] and of 
Phe31 [11], which are located in this loop L3 of PAF, negatively affect 
antifungal activity. Therefore, it was suggested that loop L3 is an 
important domain in the antifungal activity of AFPs, although additional 
protein motifs might also contribute to the antifungal activity. In addi
tion, co-crystallization studies of PAF with anionic calixarenes revealed 
binding to loop L3 and thus it was hypothesized that this region of the 
protein might be involved in binding to negatively charge membrane 
phospholipids. Together with the role of loop L3 in antifungal activity 
[5,11], authors suggested that this region might be required for mem
brane binding which is a prerequisite for PAF antifungal activity [49]. 
Loop L3 of PAFB is also involved in calixarene binding, although a 
different binding site, through Lys residues, was identified at loop L2 
[46]. In our work, substitutions to render chimera chPeAFPV3 were 
introduced in the second half of loop L3. This swapping decreased full- 
length protein charge from 2.2 to 1.7 (Table 1) and affected Lys37, a 
conserved amino acid in the active class B proteins PdAfpB and PAFB, 
suggesting the relevance in antifungal activity. By contrast, introduction 
of Lys38, Lys40 and Lys42 in the sequence did not favor antifungal ac
tivity, suggesting that not only the presence but also the position of Lys 
residues within the sequence is determinant for the antifungal activity. 
Interestingly, chPeAFPV3 chimera did not bind to the membrane 
phospholipids evaluated here, suggesting the relevance of loop L3, as 
described for PAF [49], in phospholipid binding. Also of note is the 
active chimera chPeAFPV2, whose substitutions in loop L2 enhanced 
antifungal activity towards some of the fungi evaluated, but impaired 
the binding to membrane phospholipids under the conditions tested. 
These results suggest that, as described for PAFB [46], loop L2 might be 
involved in membrane binding, but also that this binding does not seem 
to be a fundamental requisite for the antifungal activity of chPeAFPV2. 
Accordingly, some hybrids of defensins NaD1 and NaD2 were efficient 
antifungal molecules, even though they bound poorly to phospholipids 
[60]. 

From the three PeAFPs, the class C PeAfpC is the only one that does 
not bind to any of the membrane phospholipids tested. When firstly 
characterized, PeAfpC was described as inactive towards a selection of 
plant and human fungal pathogens [31]. However, recently PeAfpC was 

reported to show great effectiveness against Byssochlamys species, in 
particular against B. spectabilis strains [32]. Therefore, we can hypoth
esize that PeAfpC killing mechanism, like that of chPeAFPV2 and 
chPeAFPV3, does not require phospholipid binding. We could also 
speculate that Byssochlamys species present significant differences in the 
lipid composition of their cell membranes when compared to the other 
species described as tolerant to PeAfpC or chPeAFPV3. 

Knowledge regarding the binding of AFPs to phospholipids is scarce. 
Here we have found that parental and chimeric AFPs, with the exception 
of PeAfpC, chPeAFPV2 and chPeAFPV3, bind to multiple phospholipids, 
but with higher affinity to phosphatidylinositol monophosphates. To the 
best of our knowledge, the only available example was reported by 
Lacadena et al. 1995 [61], who demonstrated that A. giganteus AFP was 
able to promote the aggregation of vesicles composed of a negatively 
charged synthetic phospholipid. Conversely, much more work has been 
done with antifungal plant defensins. Binding to membrane phospho
lipids has been described for several defensins such as NaD1 from 
N. alata [57], the tomato defensin TPP3 [62], or MtDef4 and MtDef5 
from Medicago truncatula [63,64]. TTP3 has a unique lipid binding 
profile that is specific for PtdIns(4,5)P2, whereas NaD1, MtDef4 and 
MtDef5 bind to several phospholipids. Similar to the AFPs and chimeras 
evaluated here, MtDef5 showed preference for phosphatidylinositol 
monophosphates, as compared to bi- and triphosphates [64]. It has been 
described that interaction of defensins with phospholipids leads to their 
oligomerization, and that this ability to self-assemble into oligomers is 
important for their antimicrobial activity [57,62,64]. Moreover, MtDef5 
forms oligomers with a broad range of phospholipids independently of 
the binding affinity, and this has been related to its potent antifungal 
activity against a broad range of fungi [64]. We did not observe any 
oligomerization of PeAFPs or chimeras in the presence of PA (data not 
shown) to which the proteins show binding in the lipid-protein inter
action assays. Whether AFP oligomerization is required for antifungal 
activity requires further studies. Attempts to co-crystallize PeAFPs and 
chimeras in the presence of membrane phospholipids are in progress. 

Antifungals targeting the cell wall are promising weapons against 
antifungal resistance. Most fungal cell walls are composed of the inner 
layer comprising a relatively conserved structural skeleton of chitin and 
glucans, and the more heterogeneous outer layer which is composed of 
heavily mannosylated O- and N-glycoproteins [65]. The structure of 
these oligosaccharide side chains differs among fungal species [66]. The 
role of mannosylated glycoproteins in the interaction of antifungal 
peptides and proteins with fungi is well documented [67–70]. In pre
vious studies we demonstrated that the gene coding for protein O- 
mannosyltransferase 2 (Pmt2), which is responsible for the addition of 
the first mannosyl residue of O-linked carbohydrates, determines the 
susceptibility of S. cerevisiae and P. digitatum to the hexapeptide PAF26 
[37,71]. Recently, we described that PdAfpB interaction with the cell 
wall is important for its activity by facilitating access to the plasma 
membrane and subsequent entry into the fungal cell [15]. Moreover, we 
showed that the P. digitatum Δpmt2 mutant deficient in protein man
nosylation also had increased tolerance to PdAfpB, in correlation with 
the absence of protein interaction and internalization observed by the 
confocal microscopy of Δpmt2 cells treated with the fluorescently 
labeled PdAfpB [15]. In accordance with these results, here we show 
that the Δpmt2 mutant had increased tolerance to parental and chimeric 
AFPs, suggesting the role of the mannoproteins surrounding the fungal 
cell in the mechanism of action. It is noteworthy that PeAfpA and the 
two chimeric proteins chPeAFPV1 and chPeAFPV2, the most active 
proteins against P. digitatum wt, affected to a greater or lesser extent the 
Δpmt2 mutant fungal growth suggesting that interaction with the cell 
wall is important but not essential for the antifungal activity. Based on 
its 3D structure, A. giganteus AFP was originally described as an oligo
nucleotide/oligosaccharide binding (OB) fold-containing protein [72]. 
Later on, immunogold electron microscopy showed that the A. giganteus 
AFP binds to the region rich in glycoproteins of the outer layer, as well as 
to the cell wall, of hyphal cells of the AFP-sensitive A. niger while very 
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little protein was bound to the outer layer and cell wall of AFP-resistant 
P. chrysogenum cells [73]. Interestingly, authors also described that in 
contrast to that observed in A. niger cells, glycoproteins were barely 
distributed on the cell wall surface of P. chrysogenum, and thus less AFP 
was detected there [73]. Whether the heterogeneity and species-specific 
peculiarities of the outer layer and specifically of the mannoproteins can 
explain the spectrum activity and mode of action of PeAFPs and chi
meras requires further studies. 

5. Conclusion 

In summary, we have demonstrated that class A and B AFPs present a 
highly conserved structural scaffold. This structural conservation has 
allowed us to swap PeAfpB and PeAfpA sequences, generating chimeric 
AFPs with both improved and impaired antifungal activity and 
providing new insights about the relevance of sequence motifs. Our data 
also confirm that AFPs seem to have multiple cell targets that would 
explain the broad antifungal spectrum and selectivity. Combination of 
rational design with 3D structure suggests that specific differences in the 
amino acid sequence of the chimeras determine their antifungal activity 
and probably the mode of action, more than the overall fold or physi
cochemical properties. Future efforts are directed to an in-depth char
acterization of the mode of action of PeAfpA and the most interesting 
chimeras. 
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determinants of Neosartorya fischeri antifungal protein (NFAP) for folding, 
stability and antifungal activity, Sci. Rep. 7 (1) (2017) 1963. 

[28] S. Garrigues, M. Gandía, A. Borics, F. Marx, P. Manzanares, J.F. Marcos, Mapping 
and identification of antifungal peptides in the putative antifungal protein AfpB 
from the filamentous fungus Penicillium digitatum, Front. Microbiol. 8 (592) 
(2017). 

[29] M. Heredero, S. Garrigues, M. Gandía, J.F. Marcos, P. Manzanares, Rational design 
and biotechnological production of novel AfpB-PAF26 chimeric antifungal 
proteins, Microorganisms 6 (4) (2018) 106. 

[30] M. Gandia, A. Monge, S. Garrigues, H. Orozco, M. Giner-Llorca, J.F. Marcos, 
P. Manzanares, Novel insights in the production, activity and protective effect of 
Penicillium expansum antifungal proteins, Int. J. Biol. Macromol. 164 (2020) 
3922–3931. 

[31] S. Garrigues, M. Gandía, L. Castillo, M. Coca, F. Marx, J.F. Marcos, P. Manzanares, 
Three antifungal proteins from Penicillium expansum: different patterns of 
production and antifungal activity, Front. Microbiol. 9 (2370) (2018). 

[32] P.V. Martínez-Culebras, M. Gandía, A. Boronat, J.F. Marcos, P. Manzanares, 
Differential susceptibility of mycotoxin-producing fungi to distinct antifungal 
proteins (AFPs), Food Microbiol. 97 (2021), 103760. 
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