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ABSTRACT 

Huperzine A (HupA), a lycopodium alkaloid derived from several species of the Huperzia 

family and some filamentous fungi, has been studied intensively for decades due to its 

reversible inhibition of acetylcholinesterase and enhanced cognitive function. In our 

previous study, nine HupA producing endophytic fungi were isolated from Huperzia 

javanica, including high yield species Daldinia sp. TLC19 with a HupA concentration of 

approximately 0.305 mg/g dry cellular weight (dcw). In order to determine the essential 

genes involved in the HupA biosynthesis pathway in Daldinia sp. TLC19, the whole genome 

sequencing was performed. Reads were assembled following the Hierarchical Genome 

Assembly Process (HGAP) method. The genome size was 41 MB and the GC content was 

about 48.2%. BUSCO analysis revealed high-quality assembly with a completeness score of 

approximately 98.5% and the repetitive gene ratio of around 0.1%. A putative copper amine 

oxidase (CAO), which catalyzes the transformation of cadaverine to 5-aminopentanal in the 

HupA biosynthesis pathway, was determined based on genome annotation with GenBank, 

the protein domain database and protein secondary structure mapping. In the molecular 

docking analysis, the binding of cadaverine to topaquinone (autocatalytic oxidation of 

tyrosine residue 415) at the active site supported the determination of Daldinia sp. TLC19 

copper amine oxidase. Our finding on the copper amine oxidase encoding gene of 

endophytic fungi TLC19 could be used in further research on high HupA producing strain 

improvement. 

Keywords: copper amine oxidase, Daldinia sp. TLC19, endophytic fungi, genome 

annotation, Huperzine A biosynthesis pathway, molecular docking 
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INTRODUCTION 

Dementia is a neurodegenerative clinical 

syndrome characterized by cognitive 

impairment, and Alzheimer’s disease (AD) 

is the leading cause of dementia worldwide. 

AD is a progressive disease characterized by 

individuals experiencing neuronal damage 

that severely affects the fundamental brain 

functions like storing memory, daily 

behavior, and language processing (Rahman 

et al., 2024). Especially, AD patients have a 

low level of acetylcholine, an important 

neurotransmitter, which can be broken-down 

into acetate and choline by 

acetylcholinesterase (AchE). Acetylcho- 

linesterase inhibitors (AChEI), like Tacrine 

(Crismon, 1994), Donepezil (Marucci et al., 

2020), and Rivastigmine (Birks et al., 2015), 

block or reduce the breakdown of 

acetylcholine and increase the availability of 

acetylcholine. Several studies have 

demonstrated that Huperzine A is a potent, 

selective, and reversible AChEI for treating 

AD and other memory-impairment-related 

diseases (Marucci et al., 2021; H. Zhang, 

2012). 

Huperzine A (HupA) is a lycopodium 

alkaloid derived from the medicinal plant 

Huperzia serrata (Lycopodiaceae family). 

Even though H. serrata is the primary source 

of HupA, the content of the compound is low 

in dry herb, around 0.025% (H. Zhang, 

2012). Its yields had been recorded in Da Lat, 

Viet Nam in spring and summer at 0.0754 

mg/g dw and 0.0925 mg/g dw respectively 

(Ngoc et al., 2016). Endophytic fungi are 

readily manipulable due to their simple 

genome, making them a promising 

alternative source for HupA. A systematic 

review revealed that 32 endophytic fungal 

strains from 15 genera, such as Aspergillus, 

Trichoderma, Coniochaeta, Rhizoctonia, 

Alternaria, Plectosphaerella, Podospora, 

Penicillium, Cyphellophora, Colletotrichum, 

Acremonium, Blastomyces, and Botrytis, 

have been recorded for their ability to 

synthesize HupA, highlighting potential 

alternative sources for the production of this 

valuable compound (Ariantari & Putri, 

2023; Le et al., 2023; Marucci et al., 2021; 

Thi Minh Le et al., 2019). 

Thi Minh Le et al., 2019 successfully 

isolated a high yielded HupA endophyte 

fungus Daldinia sp. TLC19 from H. 

javaniva, with the average yield 

approximately 0.305 mg/g dcw. This 

significantly surpasses the previously 

reported yields, such as Shiraia sp. Slf14 

with 0.1426 mg/g dcw (Zhu et al., 2010) and  

Cladosporium cladosporioides ES026 with 

0.045 mg/g dcw (Z. B. Zhang et al., 2011). 

Daldinia was reported to be isolated from H. 

serrata for the first time in 2010 (Chen et al., 

2011) and Thi Minh Le et al., 2019 revealed 

that it produces HupA for the first time in 

Vietnam. However, the study was only 

focused on Daldinia sp. TLC19 morphology, 

molecular phylogeny and HupA production 

(Thi Minh Le et al., 2019), there is no further 

study focused on the fungus genome. The 

complete biosynthetic pathway of HupA 

remains unclear. However, based on the 

chemical synthesis of lycopodium alkaloids, 

Ma and Gang proposed a biosynthetic 

pathway for HupA (Ma & Gang, 2004). The 

biosynthesis of HupA includes primary and 

secondary metabolites. Primary metabolism 

begins with acetyl-CoA and biotin and ends 

with the formation of L-lysine, while 

secondary metabolism starts with the 

production of cadaverine (Figure 1) (G. 

Zhang et al., 2015; Li et al., 2022). 
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Figure 1. The proposed biosynthetic pathway of HupA. LDC, lysine decarboxylase; CAO, copper 
amine oxidase; PKS, polyketide synthase; BBE, berberine bridge enzyme (Li et al., 2022). 

One of the key enzymes in the catalytic 

pathway is copper amine oxidase (CAO). 

The CAOs are homodimers with each unit 

being about 70-80 kDa. Cu2+ and 2,4,5-

trihydoxyphenylalanine quinone, or 

topaquinone (TPQ) cofactors are required at 

the active site of each subunit for activity. 

The CAO catalyzes the primary amine 

cadaverine to produce aldehyde (5-

aminopentanal), ammonia, and hydrogen 

peroxide (H2O2). TPQ is a protein-derived 

redox factor modified from the tyrosine side 

chain with the presence of copper and 

oxygen. The modified tyrosine residue (Y) is 

in the active motif TXXNYE for substrate 

binding, with the tyrosine being the key 

catalytic base. The conserved HXH motif is 

known as the copper binding active site 

(Parsons et al., 1995). Upon entering the 

active site, cadaverine undergoes 

deprotonation, which is facilitated by a 

conserved aspartate residue that acts as a 

general base. TPQ residue can exist in two 

conformations: an “off-copper” confor- 

mation and an “on-copper” conformation. 

The “off-copper” conformation is the 

catalysis conformation, while the “on-

copper” conformation is less favorable for 

substrate binding. In the productive off-

copper state, cadaverine directly interacts 

with the C5 atom of TPQ (Nagakubo et al., 

2019), leading to the substrate oxidation of 

cadaverine into 5-aminopentanal, while 

reducing molecular oxygen to H2O2. The 

biosynthesis of TPQ is crucial in facilitating 

electron transfer and ensuring the efficient 

substrate conversion. The gene expression of 

CAO has been proved to have a positive 

correlation with the synthesis of HupA, 

stressing the importance of the enzyme in 

regulating the biosynthesis pathway and the 

potential in optimizing the biosynthesis of 

the compound in industrial applications 

(Yang et al., 2016; X. Zhang et al., 2017).  

Recently, alongside the advancements in 

technologies, bioinformatic tools have been 

increasingly explored and applied across 

various researches, especially notable in 

studies on medicinal plant (Hoa et al., 2023) 

and viral epitopes (Thai et al., 2023; Xuan 

Cuong et al., 2023). In addition, in this study, 

the genome of Daldinia sp. TLC19 was first 
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analyzed to identify genes involved in the 

HupA biosynthesis pathway. Based on the 

genome analysis results, the key gene 

implicated in the biosynthesis pathway was 

further tested using molecular docking to 

predict the protein function. 

MATERIALS AND METHODS 

Genome sequencing, assembly, quality 

assessment and annotation 

The Daldinia sp. TLC19 genome 

sequencing data was received from the 

project “Exploiting the compound 

Huperzine from endophytic fungi of 

indigenous medicinal plants of the pine 

family” code TĐCNSH.04/20-22. Reads 

were assembled by using HGAP version 4.0. 

Assembly quality was validated using 

QUAST version 4.6.3 (Mikheenko et al., 

2016) and BUSCO version 3 (Simão et al., 

2015). RepeatMasker (Flynn et al., 2019) 

was used to identify and mask the repetitive 

elements in the genome. MAKER (Cantarel 

et al., 2008) was used for gene annotation. 

BRAKER2 with Augustus (Brůna et al., 

2021) was also used without a reference 

genome.  

For functional annotation, various databases 

were used for gene prediction and genome 

annotation. EggNOG-Mapper version 2 

(Cantalapiedra et al., 2021) was used to 

classify genes based on the Cluster of 

Orthologous Groups (COG), Gene Ontology 

(GO), and Kyoto Encyclopedia of Genes and 

Genomes (KEGG) databases. Additionally, 

similarity searches against the NCBI RefSeq 

and UniProtKB databases were conducted 

using DIAMOND version 2.0.14 (Buchfink 

et al., 2021) to categorize predicted genes. 

Identification of CAO encoding genes 

associated with the HupA biosynthesis 

pathway 

Firstly, a reference sequence of CAO protein 

from the fungus Colletotrichum 

gloeosporioides (Accession: ALM02368) 

was used for finding similar sequences in 

Daldinia sp. TLC19 predicted protein 

database by using the BlastP tool with the e-

value threshold set to 1e-05. Observed 

sequences were aligned with CAO protein 

from other species such as Colletotrichum 

gloeosporioides (Accession: ALM02368), 

Shiraia sp. Slf14 (Accession: AMB21217), 

Pichia angusta (PDB ID: 3LOY) and 

Escherichia coli (PDB ID: 1OAC) by using 

ClustalW (Madeira et al., 2024). 

Subsequently, the protein domains, binding 

motifs and secondary structure were further 

analyzed with the Pfam database version 

33.1 (Mistry et al., 2021) and the protein 

secondary structure mapping tool ESPript 3 

(Robert & Gouet, 2014). 

Homology modeling and protein 

structure modification 

Homology modeling was performed using 

SWISS-MODEL (Waterhouse et al., 2018). 

The amino acid sequences were used to 

construct a protein template and the template 

with the highest sequence similarity was 

selected for protein modeling. The 

topaquinone residue was isolated from the 

CAO structure of Hansenula polymorpha 

(PDB ID: 3LOY). In the modeling structure, 

the tyrosine residue at position 415 was 

removed. Using the ChimeraX build model 

tool (Pettersen et al., 2021), the TPQ residue 

model was joined to the protein structure 

with the removed tyrosine via a peptide bond. 

Before docking, the protein’s energy was 

minimized. The structure was then prepared 

for docking by completing steps such as 

identifying and repairing missing residues, 

adding hydrogen atoms, and adjusting the 

molecular charge.  
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Preparation of binding substrate 

Cadaverine was used as the binding 

substrate for molecular docking. The 

cadaverine structure (compound CID: 273) 

was retrieved from the PubChem database 

for chemical molecules (Kim et al., 2023). 

The OpenBabel chemical toolbox (O’Boyle 

et al., 2011) was used to convert the 

substrate format. The substrate’s structure 

was prepared by adding hydrogen atoms and 

adjusting the molecular charge before 

docking with ChimeraX.  

Molecular docking 

The cadaverine structure was added to the 

prepared protein structure. The docking 

process was performed using ChimeraX 

with the Autodock Vina docking algorithm. 

Protein plus server was used to predict the 

binding pocket (Schöning-Stierand et al., 

2020). The grid box was set in the domain 

containing the conserved binding motif for 

the substrate, with the size [48.3701, 

20.8313, 70.2869] and the center [-6.85714, 

-1.17246, 4.05034]. The other settings of the 

docking process were set up as default 

including predicted poses number: 9 poses, 

exhaustiveness value: 8, and maximum 

energy difference: 2 kcal/mol. The results 

were analyzed and visualized using 

ChimeraX and BIOVIA Discovery Studio 

Visualizer. 

RESULTS AND DISCUSSION 

Sequencing and genome annotation 

The genome was deposited in public genome 

databases with the accession number 

OM943903.1. The genome size was about 

41 Mb with GC content approximately 

48.2%. The genome assembly was shown to 

be highly contiguous with the N50 of 

194656 bp. The Benchmarking Universal 

Single-Copy Orthologs (BUSCO) analysis 

showed a completeness of 98.5%, 

demonstrating a highly complete genome 

assembly (Table 1). 

Table 1. The genome features and assembly statistics of Daldinia sp. TLC19. 

Genome assembly 

Total assembly size (bp) 41.101.545 Total predicted genes 13.848 

Number contigs 1.782 Number of mRNAs  13.648 

GC-content (%) 48.2 Complete CDS  13.322 

N50 (bp) 194.656 Overlapping genes 0 

L50 67 Contained genes  0 

BUSCO analysis 

Completeness (%) 98.5 Fragmented BUSCOs (%) 0.3 

Complete and single-copy BUSCOs (%) 98.4 Missing BUSCOs (%) 1.2 

Complete and duplicated BUSCOs (%) 0.1   
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Figure 2. The functional classification of COG. 

 

Figure 3. Annotation results with KEGG database. Overview of protein function (A) and metabolism 
involved protein (B). 

Cluster of Orthologous Groups of proteins 

(COG) analysis showed that about 7,143 

protein sequences (53.62%) were 

assigned to 26 COG categories (Figure 2). 

Carbohydrate transport and metabolism 

was the most abundant class with 708 

sequences, accounting for about 9.62% of 

predicted proteins. Following the KEGG 

database analysis, about 726 proteins 

were predicted to be involved in the 

metabolism process (Figure 3). Predicted 

protein sequences were used for 

determining essential genes of the HupA 

biosynthesis pathway in Daldinia sp. 

TLC19. 

The identification of copper amine 

oxidase involved in HupA synthesis in 

Daldinia sp. TLC19 

By using BlastP against the NCBI database 

and performing sequence analysis, two CAO 

encoding genes were determined (S19_01 

and S19_02) with the identity percentage 

(26.036 and 26.504%, respectively), and the 

E-value (1.80e-51 and 5.69e-57, 

respectively). Sequence alignment with 

references resulted in moderate similarity 

percentages that varied from 34.95 to 

42.92%. Although both Daldinia sp. TLC19 

CAO contain all of the secondary structure 

(alpha helix and beta sheet) in comparison 
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with references, functional domain analysis 

showed that only the S19_01 contains all of 

the essential domains and binding motifs of 

a typical copper amine oxidase. Meanwhile, 

the S19_02 sequence lacked copper binding 

site (Figure 4, Figure 5A). Previous studies 

showed that the CAO family had quite low 

sequence identity in general but the 

functional domains and binding motifs of 

substrates and copper ions were highly 

conserved across species (Parsons et al., 

1995). Therefore, Daldinia sp. TLC19 CAO 

S19_01 was used for homology modeling 

and protein structure modification.  

 

Figure 4. The alignment results and secondary structure comparison between CAO sequences. The 
substrate binding motif TXXNYE in blue shading and the HXH copper binding motif in yellow shading. 

The global model quality estimation (GMQE 

score: 0.88) and the Ramachandran plot with 

all residues in the favored and allowed 

regions confirmed a good modeling process 

of S19_01 CAO (Figures 5A and 5B). The 

tyrosine residue 415 was then modified to 

form active TPQ for substrate binding. The 

RMSA score of 0.86 angstroms proves that 

the modified residue stayed at the exact 

position compared with the crystalized 

structure, and the modification did not cause 

a major conformational change that can 

affect the protein function (Figure 5C). TPQ 

modified S19_01 3D structure was used for 

molecular docking analysis after the energy 

minimization step. 
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Figure 5. Daldinia sp. TLC19 CAOs 3D modeling aligned with reference structure (A), Ramachandran 
plot of CAO S19_01 3D modeling (B) and TPQ modified S19_01 3D structure (C) Green color: the 
reference CAO structure PDB ID: 1OAC; yellow color: CAO S19_01; orange color: CAO S19_02; Red 
color: CAO crystallized structure; blue color: predicted structure with modified TPQ residue; the 
highlighted green box: successful modified tyrosine residue. 

Molecular docking predicted the binding 

mode of cadaverine 

During the binding interaction, cadaverine 

must approach the C5 atom of the TPQ 

residue closely enough to facilitate the 

nucleophilic attack. A distance greater than 

3 angstroms indicated the less favorable 

interaction, reducing the likelihood of 

effective catalysis. A distance of 

approximately 2.5 angstroms or less was 

considered optimal and essential for the 

enzyme’s catalytic activity (Torrance et al., 

2007). Among the predicted binding poses, 

the most potential conformations of 

cadaverine expressed non-bond interactions 

with the C5 atom of TPQ and had the 

binding affinity of approximately -3.8 

kcal/mol (Figure 6A). 

 

Figure 6. The molecular docking result of cadaverine and the predicted CAO (A), The 2D interaction 
map of the best binding conformation of cadaverine to the Daldinia sp. TLC19 CAO with and without 
TPQ modified (B) and (C). Red circle: predicted binding pocket; white ligand: predicted ligand poses; 
red ligand: the best binding pose. 

Non-bond interaction analysis showed 

cadaverine exhibited electrostatic 

interaction with conserved aspartate residue 

(ASP 331) and hydrogen bond with TPQ at 

residue 415. Besides, several amino acids 

structured the cavity pocket (PRO 153, LEU 

412, ASN 414 and TRP 154) and also 

showed interaction with cadaverine through 

conventional hydrogen bonds and cation-π 

interactions (Figure 6B). Without TPQ 

modified, cadaverine bound to the cavity 

pocket at the substrate binding site with the 

binding affinity at -3.5kcal/mol. Especially, 

the substrate only expressed weak Van der 

A B C 
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Waals interaction with TYR 415 together 

with electrostatic interaction with ASP 331 

and hydrogen bonds with ASN 414, LEU 

412 (Figure 6C). These results once again 

highlight the importance of the post-

translation process from tyrosine to TPQ in 

the function of copper amine oxidase. 

Without the modification, the substrate only 

showed weak interaction at a far distance 

that was insufficient for activating the 

catalysis.  

CONCLUSION 

Whole genome sequencing in combination 

with protein structure analysis allowed to 

determine two putative copper amine 

oxidases in the endophyte Daldinia sp. 

TLC19 genome. Amongst, the amino acid 

sequences of Daldinia sp. TLC19 CAO 

S19_01 contain all of the essential domains 

and binding motifs, ensuring the activity of 

enzymes such as copper ion and substrate 

binding domains. By using molecular 

docking, the binding mode of cadaverine to 

the protein was predicted. The substrate is 

strongly bound to the cavity pocket at the 

active site, mediated through non-bonds 

interacting with conserved aspartate residue 

(ASP 331) and TPQ at residue 415. The 

results also confirmed the importance of the 

post-translational process of changing TYR 

415 to TPQ in the binding ability of 

cadaverine to the copper amine oxidase at 

the active site. 
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