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Abstract  

Fusaric acid is a secondary metabolite produced by various Fusarium fungi, present with relatively high 

incidence in Fusarium-contaminated foods. It was already described as phytotoxic and cytotoxic. 

However, the understanding of its molecular mechanisms is still fragmentary and further data are 

needed to ensure an informed assessment of the risk related to its presence in food. This work applied 

an integrated in silico/in vitro approach to reveal novel potential biological activity of fusaric acid and to 

investigate the underpinning mechanisms. An in silico reverse screening was used to identify novel 

biological targets for fusaric acid. Computational results indicated as target protein kinase-A, which was 

confirmed with biochemical cell-free assays providing evidence of its actual inhibitory potential. Cell-

based experiments on intestinal cells (HCEC cells) identified the mitochondrial network and cell 

membranes as potentially affected organelles, possibly resulting from PKA inhibition. The integration of 

3D molecular modeling supported the plausibility of fusaric acid-dependent inhibition. From the hazard 

identification perspective, considering the Low Observed Adverse Effect Level described here (0.1 mM) 

and the possible level of contamination in food, fusaric acid might raise concern from a food safety 

standpoint and the gastrointestinal tract was described as a meaningful system to investigate with 

priority. 
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Abstract  17 

Fusaric acid (FA) is a secondary metabolite produced by various Fusarium fungi, present with relatively 18 

high incidence in Fusarium-contaminated foods. It was already described as phytotoxic and cytotoxic. 19 

However, the understanding of its molecular mechanisms is still fragmentary and further data are 20 

needed to ensure an informed assessment of the risk related to its presence in food. This work applied 21 

an integrated in silico/in vitro approach to reveal novel potential biological activities of fusaric acid and 22 

to investigate the underpinning mechanisms. An in silico reverse screening was used to identify novel 23 

biological targets for fusaric acid. Computational results indicated as FA-target the protein kinase-A 24 

(PKA), which was independently validated by biochemical cell-free assays. In addition, cell-based 25 

experiments on intestinal epithelial cells (HCEC-1CT) identified the mitochondrial network and cell 26 

membranes as potentially affected organelles, possibly related to PKA inhibition. The integration of 3D 27 

molecular modeling supported the plausibility of fusaric acid-dependent inhibition. From the hazard 28 

identification perspective, considering the Low Observed Adverse Effect Level described here (0.1 mM) 29 

and the plausible levels of contamination in food commodities, fusaric acid might raise concern from a 30 

food safety standpoint and potential adverse effects on the gastrointestinal tract should be further 31 

investigated with priority. 32 

Keywords: fusaric acid, target fishing, PKA, mycotoxins, mechanism of action, Fusarium sp.  33 
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1. Introduction 34 

Fusaric acid (FA; Figure 1A), also named 5-butylpiconilic acid, is a low-molecular weight secondary fungal 35 

metabolite (179.22 g/mol) which is produced by various Fusarium species (Munkvold, 2017). FA was 36 

reported to be phytotoxic due to its capability to impair plant growth (Loffler and Mouris, 1992; 37 

Stipanovic et al., 2011). Moreover, it extends its toxicological potential also to mammalian cells. Hence 38 

FA is cytotoxic in virtue of its in vitro growth inhibitory effects in cell models, and toxic in vivo in several 39 

animal species (Gruber-Dorninger et al., 2017). 40 

Recent data collected in hepatic cells identified mitochondria as potential target organelles for FA with 41 

associated oxidative stress and respective repercussions on cell metabolic competence (Abdul et al., 42 

2020a; Abdul et al., 2020b). However, the toxicological understanding of FA is still developing and FA has 43 

been included in the list of emerging mycotoxins (Gruber-Dorninger et al., 2017). Indeed, despite the 44 

few data about its occurrence / toxicity warn of a potential risk worth being analyzed with priority, FA 45 

belongs to fungal metabolites whose relevance to food safety is not fully clarified yet. 46 

Some FA-producing species such as F. proliferatum and F. oxysporum have wide host range and, 47 

although the systematic occurrence of FA in food is rarely monitored, FA is likely to be common in 48 

several crops and food or feed products (Munkvold, 2017). Indeed, FA has shown a relatively high 49 

incidence, though a limited number of samples are typically surveyed, with the highest concentration 50 

detected in the order of μg/g (Munkvold, 2017). Based on these considerations, and considering the 51 

shortage of toxicological data, both FA occurrence and toxicity need to be better described to provide a 52 

properly informed background of knowledge to support its risk assessment.  53 

In this framework, our study aims to identify possible novel biological targets of FA and to investigate 54 

the possible molecular mechanisms underpinning its mode of action in intestinal cells. To this purpose, 55 

an in silico target fishing was used: this was based on a reverse screening approach exploiting the 56 

structural information reported in the Protein Data Bank (PDB; https://www.rcsb.org) (Berman et al., 57 

https://www.rcsb.org/
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2000), as previously described (Dellafiora et al., 2019; Dellafiora et al., 2020b). In contrast to 58 

conventional virtual screening, which identifies the ligands of a targeted protein from a compounds 59 

database, reverse screening enables the identification of potential targets of a given compound. This is 60 

obtained by screening a large number of receptors and by examining their already characterized ligands 61 

and crystal structures (Huang et al., 2018). Specific cell-free biochemical assays were then selected 62 

based onon the basis of computational outcomes for verification purposes. Cell-based trials completed 63 

the activity-profiling in vitro. In this respect, a non-tumorigenic intestinal cell line (Human Colon 64 

Epithelial Cells; HCEC-1CT) was chosen as a model system being that the intestine epithelium is 65 

reasonably exposed to FA upon ingestion of contaminated food, even before eventual systemic 66 

distribution. As a final step, the mechanism of toxicity was investigated mutually integrating live cell 67 

imaging analysis and computational results from 3D modeling.  68 

Overall, this work provides compelling evidence describing a new biological target of FA on intestinal 69 

cells and gives insights on the mechanistic basis of its activity. 70 

 71 

2. Material and methods 72 

2.1 Computational analysis  73 

2.1.1 Reverse screening 74 

A reverse screening based on a target fishing study that previously succeeded to identify unexpected 75 

targets for small molecules was used (Dellafiora et al., 2019; Dellafiora et al., 2020b), with minor 76 

modifications. In brief, the 3D structure of FA was retrieved from the PubChem database 77 

(https://pubchem.ncbi.nlm.nih.gov; PubChem CID: 3442) (Kim et al., 2019) and it was used to query the 78 

database of ligands derived from the Chemical Component Dictionary of the Protein Data Bank (PDB; 79 

https://pubchem.ncbi.nlm.nih.gov/
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https://www.rcsb.org) (Berman et al., 2000) that included 33616 (last database access done on 18th 80 

December 2020). The structure of FA and the PDB ligands repository were downloaded in the 3D 81 

structure-data file (.sdf) format and they were further converted to the Tripos MOL2 molecular file 82 

format (.mol2) by mean of the Open Babel toolbox (O'Boyle et al., 2011). The analysis of chemical 83 

similarities was done using the LiSiCA (Ligand Similarity using Clique Algorithm) algorithm (Legnik et al., 84 

2015). This algorithm provides a fast ligand-based virtual screening platform to search for chemical 85 

similarities between a reference compound and a database of target compounds, and it expresses 86 

similarities using the Tanimoto coefficient, a gold standard to quantify chemical analogies. LiSiCA’s 87 

default parameters were used, with the exception of considering the 3D structure of ligands with the 88 

maximum allowed atom spatial distance for 3D product graph set at 2. 89 

2.1.2 Docking study 90 

Docking simulations were performed using the GOLD software (Genetic Optimization for Ligand Docking, 91 

version 2020) as it already showed reliability to compute protein-ligand interactions (e.g.e.g., ref. 92 

(Maldonado-Rojas and Olivero-Verbel, 2011; Rollinger et al., 2006)). The protein and ligands were 93 

processed as previously described (Dellafiora et al., 2013) with minor modifications. The protein model 94 

was derived from the crystallographic murine structure of the protein kinase A (PKA) having PDB code 95 

4DH1 (Kovalevsky et al., 2012) that was further “humanized” introducing mutations to revert the murine 96 

protein structure to the human sequence. Of note, there were human structures of PKA, however the 97 

need to run molecular dynamic simulations in a next step of analysis made it necessary to use a 98 

humanized model (further details are reported below). 99 

To humanize the murine structure, mutations were introduced with the “Mutate Monomers” option in 100 

the “Biopolymer” module of Sybyl, version 8.1 (www.certara.com), as previously described (Dellafiora et 101 

al., 2020a). The murine and human structures share 97.7% of sequence identity and the crystallographic 102 

https://www.rcsb.org/
http://www.certara.com/
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structures differ for the following residues that were mutated to obtain the humanized model: 103 

Thr32Ser, Ser34Ala, Gln39His, Asp44Glu, Ser65Thr, Ala124Pro and Thr348Ser. 104 

 ATP (Adenosine triphosphate; Figure 1C) and a PDB ligand having code 46L (Figure 1B) were also 105 

included in the docking study for a comparative purpose to FA. Their structure was derived from the 106 

structures having PDB code 4DH1 and 5N3E, respectively, and they were checked for the correctness of 107 

atoms and bonds type assignment with Sybyl, version 8.1 (www.certara.com). 108 

The GOLD's internal scoring functions GOLDScore and PLPScore were used to score docking poses to 109 

pursue a double-function consensus scoring to enhance the prediction. In this respect, the use of 110 

multiple scoring functions, which weight diversely weight the contributors to the binding event, is a 111 

common practice in docking study to enhance the reliability of calculations. In particular, the agreement 112 

of the two scoring functions in terms of compounds ranking would have make more robust the 113 

prediction of PKA complexes more robust. Briefly, GoldScore has been optimized for the prediction of 114 

ligand binding positions and takes into account factors such as H-bonding energy, van der Waals energy, 115 

metal interaction and ligand torsion strain. PLPScore uses the ChemScore hydrogen bonding term and 116 

multiple linear potentials to model van der Waals and repulsive terms. Recent validation tests have 117 

shown it to be generally more effective than the other scoring functions for both pose prediction and 118 

virtual screening, according to the manufacturer declaration (https://www.ccdc.cam.ac.uk/). In each 119 

docking study, the protein was kept semi-flexible setting the polar hydrogen atoms free to rotate, while 120 

the ligands were set fully flexible.  121 

2.1.3 Pharmacophoric analysis 122 

The pocket was defined using GetCleft (Gaudreault et al., 2015), while the respective pharmacophoric 123 

imagines fingerprint were derived using the IsoMIF (Chartier and Najmanovich, 2015). Default 124 

http://www.certara.com/
https://www.ccdc.cam.ac.uk/
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parameters were used. As exception, the maximum distance value between the grid and residues atoms 125 

was set at 3, and a grid resolution of 1 Å was used. 126 

2.1.4 Molecular dynamics 127 

Molecular dynamic simulations were performed to investigate the ligand-dependent conformational 128 

change of PKA over the time using GROMACS (version 5.1.4) (Abraham et al., 2015) with CHARMM27 all-129 

atom force field parameters support (Best et al., 2012). 130 

All ligands (FA, ATP and 14-22 amide; see below) have been processed and parameterized with 131 

CHARMM27 all-atom force field using the SwissParam tool (http://www.swissparam.ch) (Zoete et al., 132 

2011). Input structures were solvated with SPC/E waters, which represents a standard pre-equilibrated 133 

3-point solvent water model environment, in a cubic periodic boundary condition, and counter ions (Na+ 134 

and Cl−) were added to neutralize the system. 135 

Prior to MD simulation, the systems were energetically minimized to avoid steric clashes and to correct 136 

improper geometries using the steepest descent algorithm with a maximum of 5,000 steps. Afterwards, 137 

all the systems underwent isothermal (300 K, coupling time 2psec) and isobaric (1 bar, coupling time 2 138 

psec) 100 psec simulations before running 50 nsec simulations (300 K with a coupling time of 0.1 psec 139 

and 1 bar with a coupling time of 2.0 psec). 140 

Of note, as stated above, a humanized model structure was used instead of using a human structure. 141 

This choice was necessitated by the need to additionally calculate also the dynamic of PKA in complex 142 

with the well-known inhibitor 14-22 amide, used as positive control in experimental trials (see below). 143 

Specifically, this inhibitor is a myristoylated peptide derivative having the sequence Myr-Gly-Arg-Thr-144 

Gly-Arg-Arg-Asn-Ala-Ile-NH2 and no structures of PKA in complex with 14-22 amide were available at the 145 

time of analysis making necessary its modeling. Many PKA structures are co-crystallized with pseudo-146 

substrate inhibitors and ATP, but, at the time of analysis, no human structures showed inhibitors 147 

http://www.swissparam.ch/
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containing the sequence Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-Ile, which could have been used as a valid 148 

template to derive a reliable binding architecture of 14-22 amide. Conversely, the murine structure 149 

having PDB code 4DH1 is co-crystallized with ATP and the bound pseudo-substrate inhibitor included the 150 

abovementioned sequence. Therefore, the murine sequence was humanized first, as described above, 151 

and then used to derive a PKA-14-22 amide complex editing the humanized PKA-ATP-pseudo-substrate 152 

inhibitor complex with Sybyl (version 8.1; www.certara.com) to change the structure of the pseudo 153 

substrate inhibitor to that of the 14-22 amide. This structure was used as input in molecular dynamics 154 

for PKA-14-22 amide complex, while the best scored binding poses calculated by docking simulations 155 

according to the GOLDScore function were used as input for PKA-FA complex. 156 

2.2 Experimental analysis  157 

2.2.1 Chemicals and reagents 158 

FA (Cat. F6513; purity ≥98%) and PKA inhibitor 14-22 amide (Cat. 476485; purity ≥95%) were acquired 159 

from SIGMA-Aldrich and dissolved according to the specification of the supplier. The PKA Kinase Enzyme 160 

System / ADP-GloTM Kinase Assay kit was purchased from Promega (Mannheim, Germany). Non-161 

cancerous human colonic epithelial cells (HCEC-1CT) were kindly provided by Prof. J. W. Shay (UT 162 

Southwestern Medical Center, Dallas, TX, USA) (Roig et al., 2010a; Roig et al., 2010b). 163 

2.2.2 Cell-free biochemical assay 164 

The PKA Kinase Enzyme System / ADP-GloTM Kinase Assay kit was purchased from Promega (Mannheim, 165 

Germany) and carried out according to the manufacturer’s manual. In brief, 0.5 µg/mL recombinant PKA 166 

enzyme was diluted in a reaction buffer, supplemented with 100 μM ATP and 0.5 μg/μL kemptide, and 167 

incubated in the presence of a solvent control (1% v/v DMSO), different concentrations of FA or 5 μM 168 

14-22 amide (serving as a positive control) for 15 min. The turnover of ATP to ADP was measured by 169 

http://www.certara.com/
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degradation of the remaining ATP and a subsequent 30 min incubation with kinase detection reagent, 170 

leading to ADP-dependent luminescence that was measured with a BioTekTM Synergy H1 microplate 171 

reader. “No enzyme” (Incubation of reaction buffer + solvent, without PKA) and ADP controls (100 μM 172 

ADP in reaction buffer) were included to confirm full functionality of the assay kit. For data evaluation, 173 

the mean value of “no enzyme” controls waswere subtracted from respective means of the test 174 

incubation, the resulting values were related to the solvent control. Raw luminescence data was used 175 

for statistical analysis in OriginPro 2019. 176 

2.2.3 Cell culture 177 

HCEC-1CT cells (Roig et al., 2010a) were cultivated as previously described (Del Favero et al., 2018b) in 178 

DMEM high glucose supplemented with: 2% (v/v) Medium 199 (10X, Gibco), 2% (v/v) Hy CloneTM 179 

Cosmic Calf TM Serum, 50 μg/mL gentamicin, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesolfonic 180 

acid, insulin-transferrin-selenium-g (10 μg/mL; 5.5 μg/mL; 6.7 ng/mL), 1 μg/mL hydrocortisone and 18.7 181 

ng/mL recombinant human epidermal growth factor. Cells were passaged every 3-4 days at 70-80% of 182 

confluency, and routinely tested for mycoplasma contamination. Cell culture media components were 183 

purchased from GIBO Invitrogen (Karlsruhe, Germany), Sigma-Aldrich (Munich, Germany) and cell 184 

culture plastic ware at Sarstedt AG & Co. (Nuembrecht, Germany) and ibidi (Gräfelfing, Germany). FA 185 

was dissolved in DMSO, 14-22 amide was solubilized in distilled water, this resulting in a final 186 

concentration of 1% (v/v) DMSO for incubation conditions. 187 

2.2.4 Cytotoxicity testing 188 

For cytotoxicity testing 4000 cells were seeded in 96 well plates for 48 hours. At roughly 80% of 189 

confluency cells were incubated with the respective compounds for 24 hours. After 24 hours, incubation 190 

medium was exchanged for a 1:10 dilution of CellTiter® Blue (10X, Promega) within DMEM (no phenol 191 

red) and incubated again for 50 minutes within the incubator. Subsequently fluorescence of CellTiter® 192 
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Blue medium was measured at 560nmex/590nmem utilizing a CytationTM5 Cell Imaging Multi-Mode 193 

Reader (Biotek Instruments, Inc., Winooski, VT, USA) using the Gen 5.08 software. Metabolic activity 194 

measurements were normalized to the solvent control.  195 

2.2.5 Microscopy sample preparation 196 

Cells were seeded on Ibitreat slides for live cell imaging. Staining was performed as previously described 197 

(Del Favero et al., 2020; Del Favero et al., 2018a) with CellMaskTM Deep Red Plasma membrane Stain 198 

(1:1000 dilution, C10046, depicted in white) and MitoTrackerTM Green FM (1:1000 dilution, M7514, 199 

depicted in blue to red). After staining, the cells were rinsed and maintained in Live Cell Imaging solution 200 

(Thermofisher). Images were acquired within 1 hour from the staining to avoid artefacts and controls 201 

were imaged at the beginning and at the end of the experimental session to ensure stability of the 202 

system. Images were acquired with a Confocal LSM Zeiss 710 equipped with ELYRA PS. 1 system using a 203 

Plan Apochromat 63X/1.2 Water objective. Images analysis results from the quantification of n≥45 ROIs 204 

(region of interest) and every experimental condition was measured in triplicate. Graphical rendering 205 

and fluorescence data (relative fluorescence units, r.f.u.) were derived with the Zeiss-ZEN software.  206 

2.3 Statistical analysis  207 

Data of cell-free biochemical assay are reported as means ± SD of in total 6 measurements acquired in 3 208 

independent experiments (each carried out in duplicate). Cell viability data are mean of n > 3 209 

independent experiments ± SD. Significant differences were assessed by one-way ANOVA, followed by 210 

Fisher LSD post-hoc testingtesting, and eventually verified with Bonferroni, Scheffe, Tukey, Sidak,  211 

Bonholm, Sidakholm post-hoc tests.  Data groups were considered different applying a threshold (p) 212 

value of 0.05. For data analysis and graphical representation, the software OriginPro 2019 was used. 213 

2.4 Estimate of theoretical exposure 214 
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The calculation of a theoretical worst case exposure scenario (i.e., considering the highest 215 

contamination for the food category considered and a total bioavailability of FA) was based on the 216 

contamination levels of dry figs and cocoa powder reported by Di Sanzo and coworkers (Di Sanzo et al., 217 

2018). In particular, it was calculated the quantity (grams) of foods bearing a total amount of FA able to 218 

determine a final concentration in  fasting stomach, small and large intestine near or above the LOAEL 219 

concentration value reported here (1 mM) was calulated. The volume of fasting stomach, small and 220 

large intestine used in the calculation was 47, 83 and 8 mL, respectively, according to Schiller and co-221 

workers (Shiller et al., 2005). 222 

3. Results and Discussion 223 

3.1 Computational results  224 

A reverse screening was performed first to preliminarily identify new possible biological targets of FA. In 225 

agreement with previous studies (Dellafiora et al., 2019; Dellafiora et al., 2020b), the screening was 226 

based on a target fishing study that explored the chemical space of the Protein Data Bank (PDB; 227 

https://www.rcsb.org) (Berman et al., 2000) to find low molecular weight molecules similar to FA and 228 

with already characterized biological targets. In brief, PDB includes thousands of low molecular weight 229 

molecules (more than 30000) co-crystallized with more than 170000 macromolecules (last database 230 

access on 31st December 2020). Keeping in mind that compounds sharing chemical similarities may 231 

interact with the same protein possibly resulting in a similar response in cells, mapping chemical 232 

analogies between a certain query compound and those reported in PDB may drive the identification of 233 

novel protein targets for the query under analysis, as previously described (Huang et al., 2018). To do so, 234 

FA was used as the reference molecule to screen the molecules included in the Chemical Component 235 

Dictionary of PDB (https://www.rcsb.org) (Berman et al., 2000) that counted 33616 different 236 

compounds (last database access done on 18th December 2020). The screening was performed by means 237 

https://www.rcsb.org/
https://www.rcsb.org/
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of the LiSiCA algorithm (Legnik et al., 2015) that ranked all the molecules included in the Chemical 238 

Component Dictionary according to their chemical similarities to FA. A close search was limited to those 239 

compounds having a similarity coefficient > 0.75 to focus the analysis only on the molecules 240 

theoretically most alike similar to FA. As reported in Table 1, five different compounds met such 241 

criterion showing the same and high similarity score of 0.78. This facilitated the subsequent 242 

identification of five different proteins potentially worthy of further analysis. T Notably, the fact that all 243 

those five compounds recorded the same score pointed to their overall chemical equivalence according 244 

to the LiSiCA algorithm. Therefore, the output underwent a further expert visual inspection to ascertain 245 

the actual similarity of chemicals to FA as well as to examinecheck the possible relevance of the 246 

respective protein(s) they are bound to. In this respect, keeping in mind that the functional inference of 247 

FA should have been made ideally on human cells, the analysis was focused on proteins from the animal 248 

kingdom first, considering those from other kingdoms only in the case the animal proteins are not 249 

identified at a first instance. This criterion complied with the principle that the closer the evolutionary 250 

relationship between proteins (and the organisms they belong to), the more likely the functional 251 

conservation of bioactive compounds, as previously demonstrated (e.g. ref. (Drakakaki et al., 2011)).  252 

As shown in Table 1, the reverse screening identified the protein kinase A (PKA) from Cricetulus griseus 253 

(Chinese hamster) in the bound state with the ligand having PDB code 46L (6-(dimethylamino)pyridine-254 

3-carboxylic acid), which had marked chemical analogies with FA, as shown in Figure 1. In particular, 46L 255 

was the unique ligand among those identified by the reverse screening that showed a pyridine core 256 

linked to a carboxylic acid. On this basis, PKA was considered a possible binding partner of FA and the 257 

analysis wasit was carried forth the analysis to determinecheck the actual capability of FA to interact 258 

with PKA, while the other non-animal proteins were not analyzed further.  259 

The capability of FA to interact with PKA was analyzed through docking studies and pharmacophoric 260 

analysis to investigatecheck the capability of FA to dock the PKA pocket, followed by molecular dynamic 261 
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simulations to verifycheck the capability of FA to persist therein. In agreement with the protonation 262 

state suggested for 46L in the crystallographic protein-ligand complex (Oebbeke et al., 2021), FA was 263 

computed with the carboxylic moiety in the protonated state. In this respect, although the pKa of 264 

benzoic acid-related compounds would suggest the deprotonated state as preferential in a physiological 265 

condition, evidence previously reported described the possibility of carboxylic acids to circumstantially 266 

hold a fully localized proton (Lin et al., 2017), as in this case. Concerning the binding site of PKA that was 267 

analyzed in this study, 46L was described to bind the ATP binding site (Oebbeke et al., 2021). Therefore, 268 

FA was docked within the ATP binding site of a PKA model (further details about the model construction 269 

are reported in Materials and Methods section). ATP and 46L were also included as well in the docking 270 

study for comparison and validation purposes. As shown in Figure 2, the docking pose of FA was able to 271 

well retrace the binding mode of 46L adequately, partially mimicking the pattern of interaction 272 

described for ATP by crystallographic studies, engaging with hydrogen bonds the amidic nitrogen and 273 

carbonyl oxygen of Val123 and Glu121, respectively. In addition, the docking of ATP and 46L provided a 274 

binding architecture resembling those respectively reported in crystallographic studies (e.g.e.g., ref. 275 

(Kovalevsky et al., 2012; Oebbeke et al., 2021)), supporting the geometrical reliability of the model used. 276 

In this respect, both the scoring functions used to score the binding pose of ligands recorded scores 277 

much higher for ATP compared to FA and 46L. In particular, ATP (was) scored 109 and 122 units, while 278 

FA (was) scored 45 and 42 units, and 46L (was) scored 43 and 39, according to PLPScore and GOLDscore 279 

scoring functions respectively. The agreement of the two scoring functions enhanced the prediction 280 

soundness (for further information see section 2.1.2). Of note, both scoring functions provide scores 281 

theoretically proportional to the capability of ligands to fit the corresponding protein pocket (the higher 282 

the score, the better the fitting within pockets) (Dellafiora et al., 2019). Therefore, they may 283 

circumstantially allow a (semi)quantitative comparison of ligands. On this basis, although a proper 284 

validation of the method used was not done due to a shortage of data for deriving a suitable validation 285 
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set of compounds, it was hypothesized, as expected, that ATP is a better ligand for the pocket compared 286 

to FA or 46L.  287 

In addition to that, the molecule having PDB code 46L arose from a fragment-based screening campaign 288 

(Oebbeke et al., 2021) and , although the binding affinity was not assessed, fragment-based screening 289 

typically provides lead compounds with weak pharmacological/binding properties that serve as a 290 

scaffold to derive optimized and pharmacologically relevant derivatives (Li, 2020). Therefore, the 291 

analogies between FA and 46L might suggest a relatively low capability to bind the PKA pocket. 292 

However, the pharmacophoric analysis (Figure 2) suggested a theoretically higher capability of FA to 293 

satisfy the pocket compared to 46L, due to the lipophilic para aliphatic portion that well-matched with 294 

the hydrophobic region of the pocket it was found arranged into. Conversely, 46L arranged the tertiary 295 

amine therein, which is supposed to retain a higher degree of polarity compared to the aliphatic tail of 296 

FA, possiblylikely causing a certain degree of hydrophilic/hydrophobic interference. This observed 297 

theoretical higher capability of FA to dock the pocket was in agreement with the docking scores of 46L, 298 

which were both lower than those of FA (as reported above). 299 

Afterwards, the dynamic of interaction of FA with PKA was analyzed through molecular dynamics and 300 

compared to that of PKA in complex with the 14-22 amide, a well-known PKA inhibitor used as a positive 301 

control in experimental trials (see below). The analysis aimed at testingchecking the capability of FA to 302 

persist at the PKA binding site over time, as well as confirmingat checking differential FA-dependent 303 

protein reorganization compared to the PKA in complex with 14-22 amide. The analysis measured 304 

ligands and protein root-mean-square deviation (RMSD) to monitor the geometrical stability of ligands 305 

and the evolution of protein conformation over time. The root-mean-square fluctuation (RMSF) and the 306 

ligands trajectories were also analyzed to investigatecheck ligand-dependent local effects on protein 307 

organization and the actual capability of ligands to persist at the PKA pocket. As shown in Figure 3, the 308 

overall organization of PKA was found stable in complex either with FA or 14-22 amide, although the 309 
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complex with FA showed RMSD values higher than those of PKA in complex with 14-22 amide in most of 310 

the timeframe considered. This result indicated that FA induced an early and more significant change of 311 

the starting PKA conformation compared 14-22 amide as a possible result of a FA-induced 312 

conformational fit. The RMSD analysis of ligands revealed that both were geometrically stable during the 313 

whole simulation. However, 14-22 amide showed higher values compared to FA as a consequence of an 314 

early reorganization of the myristic acid-terminal moiety, while the rest of the molecules werewas kept 315 

stably organized during the whole simulation. The analysis of ligand trajectories confirmed their 316 

capability to persist at the designated binding site during the whole simulation and confirmed the local 317 

reorganization of the myristic acid-terminal moiety of 14-22 amide. Particularly, FA and 14-22 amide had 318 

two distinct binding sites as the former was found to interact within the ATP binding cleft, while the 319 

latter interacted at the substrate binding site.  A close inspection of local motions through the RMSF 320 

analysis revealed some differences between the two PKA complexes. Indeed, six regions were found to 321 

have a differential mobility and four of them in the PKA-FA complex were found interested by a less 322 

stable organization compared to PKA-14-22 amide complex.  As shown in Figure 3, the most extended 323 

zones with an enhanced motion were found to form the area surrounding the region contacting 324 

substrates (residues 152-171 and 179-209), part of the region close to the ATP binding site, and a 325 

solvent-exposed surface aside (residues 335-342). It is reasonable to hypothesize that such FA-induced 326 

reorganization of PKA structure may influence the capability of PKA to contact its biological targets. In 327 

this respect, although the mechanistic understanding of PKA action still remains incomplete, it has been 328 

reported that PKA has many biological targets mediating its biological role, which goes beyond the 329 

simple kinase activity, including substrate, pseudo-substrate and non-substrate proteins (Soberg and 330 

Skalhegg, 2018). In particular, the possibility to interact with non-substrate partners is important to 331 

anchor the catalytic subunit of PKA at a sub-cellular level, although the underpinning mechanisms of 332 

PKA anchoring and the consequences of its disruption are not fully understood yet (Soberg and 333 
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Skalhegg, 2018). On this basis, FA might have a multifaceted role on PKA in cells including either the 334 

reduction of its catalytic activity by competing with ATP, or by changing its capability to contact the 335 

plethora of its protein partners. 336 

 337 

3.2 Experimental results  338 

Building on the computational results, validation experiments were performed to explore the capability 339 

of FA to inhibit PKA in a cell-free condition .condition. As shown in Figure 4A, the incubation of 340 

recombinant PKA with FA led to a concentration-dependent inhibition of its enzymatic activity, which 341 

was statistically significant at the highest applied dose (1 mM FA, 70.2% ± 5.1% activity). The 14-22 342 

amide, a well-known PKA inhibitor (Harris et al., 1997), was used as a positive control, while ADP 343 

(adenosine di-phosphate) was used as a negative control, in agreement with the assay instructions. 344 

Although FA showed a relatively mild inhibitory activity in cell-free conditions, the results supported the 345 

outcome of the computational prediction. 346 

Furthermore, in silico analysis pointed toward the potential of FA to change the organization of PKA 347 

regions other than those involved in the interaction with substrates. This obviously reflects in a manifold 348 

action at cellular level. In this respect, keeping in mind the complexity of PKA functionality (Morrison, 349 

2021) and based on recent data reporting mitochondria as potential target organelles for FA (Abdul et 350 

al., 2020a; Abdul et al., 2020b), proof of principle experiments were additionally performed in an 351 

intestinal epithelial cells model. This included the impact of the food-borne contaminant on cell viability, 352 

as well as mechanistic toxicity assessment through live cell imaging taking the effect on the 353 

mitochondria as reference. Consistent with the cell-free assay, cytotoxicity experiments showed a 354 

significant decrease of cell viability after incubation with 1 mM FA (Figure 4B). Analogue to thisIn 355 
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parallel, the PKA inhibitor (PKAi) 14-22 amide did not hamper cell viability at the concentration of 5 μM, 356 

making its use possible for further mechanistic studies. 357 

On the basis ofBased on cytotoxicity data and enzymatic assay, concentrations 0.1 and 1 mM were 358 

selected for further live cell imaging experiments representing the NOAEL (No Observed Adverse Effect 359 

Level) and LOAEL (Lowest Observed Adverse Effect Level) for the system. As for our hypothesis, FA 360 

affected the integrity of the mitochondria in a treatment-dependent manner. Upon incubation with 0.1 361 

mM FA the mitochondrial network was characterized by more elongated organelles and a significant 362 

increase of the mitochondrial-associated signal. This readout is compatible with the onset of a stress 363 

response possibly mirroring the beginning of metabolic adaption and/or oxidative stress imbalance. At 364 

the concentration of 1 mM the mitochondrial network appeared completely and severely fragmented 365 

(Figure 5A). Furthermore In parallel, concentration-dependent degradation of the cell membrane could 366 

be observed (Figure 5A and D). 367 

Interestingly, the performance of the experiment in presence of the PKA inhibitor 14-22 amide resulted 368 

in a partial reduction of the abovementioned effects. This included a recovery in the mitochondrial 369 

network as well as an amelioration of the membrane appearance and associated signal (Figure 5B-D). 370 

Image analysis supported the morphological description. In agreement with our line of interpretation, 371 

the presence of PKA inhibitor 14-22 amide re-established the concentration dependency in the FA-372 

mediated mitochondrial response, possibly preventing/slowing excessive mitochondrial damage (Figure 373 

5C). Similarly, cell membrane signal did not drop in intensity when FA was co-incubated with 14-22 374 

amide, and the signal profile retraced in the dose-response provided a pattern similar to the one of the 375 

mitochondria (Figure 5C-D). Overall, these data suggest the existence of a crosstalk between FA and PKA 376 

inhibitor 14-22 amide and hint a functional PKA to be central in sustaining the effects of FA on intestinal 377 

cells. Consistent withSupportive of this line of interpretation, the PKA inhibitor 14-22 amide (5 μM) 378 

alone did not alter the readouts of control cells and proved its highest modulatory potential when co-379 
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incubated with 1 mM FA. Taken together, the results of in vitro trials were in line with those observed in 380 

silico providing a plausible mechanistic rationale to the outcomes of cell trials. FA was predicted to alter 381 

the geometrical organization of specific regions of PKA compared to 14-22 amide with possible effects 382 

on the capability of PKA to contact protein partners. In this respect, the binding of 14-22 amide at the 383 

substrate binding site prevented the interaction of FA within the inner part of ATP binding site, as, in 384 

other words 14-22 amide occluded the entrance path of FA (Figure 6), possibly preventing the FA-385 

induced reorganization of PKA. Therefore, the capability of 14-22 amide to modulate the activity of FA 386 

on mitochondria and cell membranes could be explained, at least in part, by the capacity of the inhibitor 387 

to avoid a FA-induced PKA reorganization. This emerged as a possible relevant mechanism among those 388 

underpinning the effects of FA on cells. Notably, the lowest concentration found effective in cells (0.1 389 

mM) was found inactive in cell-free trials. This apparent discrepancy can be due to the diverse chemical 390 

environment of the two test systems, the multifaceted functionality of PKA (Klussmann, 2007; Robinson-391 

White and Stratakis, 2002), as well as the relative interaction of ATP and FA described in silico. 392 

Specifically, as reported above, FA was described as a PKA binder endowed withof a limited inhibitory 393 

activity in cell-free conditions. This is related to its computed inferior capability to interact with the ATP 394 

binding pocket when compared to the endogenous ligand ATP. Therefore, in over-simplified cell-free 395 

circumstances, where the functionality of PKA is limited to the transformation of a reference non-396 

physiological substrate with a full disposability of ATP, this property might have determined a limited 397 

capability to inhibit the reporter system. Conversely, in cells, PKA functionality and its surrounding 398 

chemical environment are inherently more complex compared to the cell-free assays and , in this 399 

condition, the PKA geometrical stability of PKA is likely to play a major role, being fundamental to 400 

recognize protein partners. This might have contributed to determine the increased sensitivity of cell-401 

based assay to FA in comparison to cell-free experiments. The higher activity observed in cells could be 402 

also due to the plausibly diverse chemical context in whichwhere the local disposability of ATP for PKA 403 
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might be lower compared to the cell-free assay reducing its preventing effects on FA binding. 404 

Nonetheless, the involvement of other PKA-independent mechanisms cannot be excluded.  405 

Concerning the relevance of the tested concentrations to the abundance of FA in contaminated food, it 406 

is important to note that data on the occurrence of FA in food are still sporadic and the exposure of 407 

human population to this mycotoxin is substantially overlooked. However, FA can be ubiquitously 408 

produced by several Fusarium species (Abdul et al., 2020b) and in certain food commodities it can have 409 

a high incidence with the highest concentration reported in the order of µg/g (e.g. (Di Sanzo et al., 2018; 410 

Li et al., 2013; Munkvold, 2017)). As an example, Di Sanzo and co-workers reported a  contamination 411 

levels up to 11.283 µg/g in dried figs and 41.779 µg/g in cocoa powder (Di Sanzo et al., 2018). 412 

ConsequentlyOf note, assuming the full release of FA from food matrix during digestion, 132, 75, and 13 413 

grams of the highest-contaminated figs or 35, 20, and 3 grams of the highest-contaminated cocoa 414 

powders, contain the amount of FA theoretically able to determine a concentration above the LOAEL 415 

reported here (0.1 mM) in fasting stomach, small intestine and large intestine, respectively (Table 2). 416 

The actual release of FA from food matrix and its resistance during digestion need to be studied in more 417 

detail. However, dried figs and cocoa powderr are considered with an average serving size of 50 and 5 418 

grams respectively, implicate meaning that the consumption of highly contaminated servings might 419 

determine an overall exposure to FA  able to reach or exceed the active concentration found in this 420 

study along the GI tract the concentration found active in this study. From a food safety perspective, the 421 

active concentration depicted in this work, is of potential relevance. This makes the concentration 422 

tested active in this work of potential relevance from a food safety perspective. Along this line, research 423 

into bioavailability and bioaccessibility of FA should be deepened, along with determiningchecking 424 

systematically its occurrence in food and the exposure of human population systematically, to support a 425 

proper risk assessment. 426 

 427 
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4. Conclusion 428 

FA raises safety concerns because of its ubiquitous production by several Fusarium species; the latter 429 

commonly contaminate agriculturally important crops and are responsible for substantial FA levels (in 430 

the order of mg/Kg), as already reported in certain food commodities (Abdul et al., 2020b; Di Sanzo et 431 

al., 2018). Nonetheless, FA is a largely understudied mycotoxin and its possible relevance to the food 432 

safety area is still not well understood. Therefore, the elucidation of FA toxicity and the molecular 433 

mechanisms beneath are essential to define an informed background of knowledge to foster its risk 434 

assessment. Within the framework of describing mechanistic aspects of FA activity, the present work 435 

elucidates for the first time FA as an inhibitor of the PKA with respective effects on the mitochondria 436 

network and membrane integrity of intestinal cells. Specifically, the integrated use of in vitro assays, 437 

live-cell imaging and 3D molecular modeling proposed the inhibition of PKA and its subsequent FA-438 

induced geometrical changes among the likely underpinning molecular mechanisms. Of note, although 439 

the internal exposure caused by the ingestion of contaminated food needs to be assessed further, the 440 

consumption of certain highly contaminated foods (e.g.e.g., dry figs and cocoa powder) might determine 441 

FA concentrations in the GI tract in the order of the LOAEL described here. This evidence makes the 442 

effects of FA on PKA and/or on mitochondrial functionality at the GI level of potential relevance from a 443 

real-world perspective and worth of further dedicated studies. In addition, future studies may also 444 

address the evaluation of in vivo or ex vivo effects using mouse models as they already proved to be a 445 

reliable system to study the manifold consequences of PKA inhibition (e.g.e.g., (Briassoulis et al., 2016; 446 

Morgan et al., 2008)). Keeping in mind that the toxicological understanding of FA action in animals is 447 

extremely scarce, data from in vivo or ex vivo would bring precious information to investigate the 448 

potential capability of FA to originate pathological condition of physiological deregulation in living 449 

organisms.       450 

 451 
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Tables  574 

Table 1. Results of reverse screening 

Similarity Score* Ligand ID Protein bound Organism  

1.00 CQV Purine Nucleoside Phosphorylase Isoform 2 Schistosoma mansoni 

0.79 8ZU CYP199A4 Rhodopseudomonas palustris HaA2 

0.79 8QM CYP199A4 R. palustris 

0.79 4IA 
CYP199A4 R. palustris HaA2 

Mutant CYP199A4 (T252A) R. palustris HaA2 

0.79 46L 

tRNA-Guanine Transglycosylase Zymomonas mobilis  

Protein Kinase A (PKA) Cricetulus griseus 

Endothiapepsin Cryphonectria parasitica 

* Similarity score has been computed using the LiSiCA algorithm (Legnik et al., 2015) and it is based on the 
Tanimoto’s coefficient that ranges from 0 (structurally unrelated compounds) to 1 (for identical compounds).  

 575 

 576 

Table 2. Calculated quantities (serving size) of dry figs and cocoa powder which would reach a 
concentration of 0.1 mM FA (LOAEL in this study) in fasting stomach, small intestine, or large intestine 
assuming commodities contamination levels reported by Di Sanzo et al., 2018. 

 Stomach Small intestine Large intestine 

Dry figs 75 gr 132 gr 13 gr 

Cocoa powder 20 gr 35 gr 3 gr 

Note: the median volume of fasting stomach, small intestine and large intestine reported by Schiller 
and coworkers (Schiller et al., 2005) was used as reference (i.e. 47, 83 and 8 mL, respectively). 

   577 
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Figures  578 

 579 

Figure 1. Chemical structure of the main compounds under analysis. A. Fusaric acid. B. 46L (6-580 

(dimethylamino)pyridine-3-carboxylic acid). C. ATP (Adenosine triphosphate)  581 
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 582 

Figure 2. Docking results and pharmacophoric analysis. The PKA is represented in white cartoon, while 583 

close-ups represent the ATP binding site with the calculated pose of FA or 46L (colored in yellow) in 584 

comparison to the crystallographic pose of 46L (colored in white; as reported in the PDB structure 585 

having code 5N3E), or the calculated pose of ATP (colored in yellow) in comparison to its 586 

crystallographic structure (colored in white; as reported in the PDB structure having code 4DH1). Ligands 587 

and residues involved in polar contacts are represented in sticks, while the yellow dashed lines indicate 588 

the hydrogen bonds. In the pharmacophoric analysis, green spheres indicate regions sterically and 589 

energetically able to receive hydrophobic groups. The dashed black circle indicates the improper 590 

arrangement of the 46L’s amino group within the hydrophobic space of the pocket.   591 
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 592 

Figure 3. Molecular dynamics results. A. RMSD of protein and ligands. B. RMSF analysis. Blue and red 593 

dashed boxes indicate the region of the PKA-FA complex that showed a higher and lower mobility, 594 

respectively, compared to the PKA-14-22 amide complex. These regions are colored accordingly in the 595 

cartoon representation of PKA (upper-left corner). C. Time-step representation of ligand and protein 596 

trajectories of PKA in complex with FA or 14-22 amide. The dashed with ring indicates the mirystic acid-597 

terminal moiety of 14-22 amide. The from-red-to-blue color switch indicates the stepwise changes of 598 

coordinates along the MD simulation.   599 
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 600 

Figure 4. Cell-free inhibitory assay and cell viability results. A. PKA activity after 15 min of incubation 601 

with different concentrations of FA. Values are expressed in relation to the solvent control (1% DMSO) 602 

as means ± SD of in total 6 measurements acquired in 3 independent experiments (each carried out in 603 

duplicate). B. Cell viability measured in HCEC-1CT. Data are mean of n > 3 independent experiments ± 604 

SD. Significant differences were assessed by one-way ANOVA, followed by Fisher LSD post-hoc testing, 605 

and are indicated by “*” (p<0.05), “**” (p<0.01) and “***” (p<0.001). The significance was further 606 

confirmed with Bonferroni, Scheffe, Tukey, Sidak, Fisher, Bonholm and Sidakholm post hoc tests (p < 607 

0.05).  608 
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 609 
Figure 5. Results of live cell imaging. A. Appearance of the mitochondrial network in HCEC-1CT cells in 610 

control conditions and after 24h incubation with FA. Mean fluorescence intensity is represented in 611 

pseudocolors blue (min) red-purple (max), in grey appearance of the cell membrane. B. Appearance of 612 

the mitochondrial network in HCEC-1CT cells in control conditions and after 24h incubation with FA in 613 

presence of the PKA inhibitor 14-22 amide (5μM). Mean fluorescence intensity is represented in 614 

pseudocolors blue (min) red-purple (max), in grey appearance of the cell membrane. C. Quantification of 615 

the mean fluorescence intensity of the mitochondrial network in HCEC-1CT cells in control conditions 616 

(white diamonds) and after 24h incubation with FA (grey diamonds) and in presence of the PKA inhibitor 617 

14-22 amide (5μM, blue diamonds). D. Mean fluorescence intensity of the cell membrane in HCEC-1CT 618 

cells in control conditions (white diamonds) and after 24h incubation with FA (grey diamonds) and in 619 

presence of the PKA inhibitor 14-22 amide (5μM, orange diamonds). Data result from the quantification 620 

of n = 45 cells. * indicates significant difference within the treatment groups (One way ANOVA followed 621 
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by Fisher LSD post-hoc testing * p < 0,05, ** p < 0,01 and *** p < 0,001).  Letter “a”indicates significant 622 

difference in comparison to the same treatment without 14-22 amide (aaap < 0.001) and “b” indicates 623 

significant difference in comparison to solvent controls (bb p < 0.01 and bbb p <0.001).  624 
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 625 
Figure 6. Graphical representation of PKA in complex with FA or 14-22 amide. The protein is represented 626 

in white surface, while FA and 14-22 amide in yellow surface.  627 


