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A putative Type III Polyketide synthase (PKSIII) encoding gene was identified from a marine yeast,  Naganishia
uzbekistanensis  strain Mo29 (UBOCC-A-208024) (formerly named as  Cryptococcus  sp.) isolated from deep-sea

hydrothermal vents. This gene is part of a distinct phylogenetic branch compared to all known terrestrial fungal

sequences. This new gene encodes a C-terminus extension of 74 amino acids compared to other known PKSIII proteins

like Neurospora crassa. Full-length and reduced versions of this PKSIII were successfully cloned and overexpressed in a

bacterial host, Escherichia coli BL21 (DE3). Both proteins showed the same activity, suggesting that additional amino acid

residues at the C-terminus are probably not required for biochemical functions. We demonstrated by LC-ESI-MS/MS that

these two recombinant PKSIII proteins could only produce tri- and tetraketide pyrones and alkylresorcinols using only long

fatty acid chain from C8 to C16 acyl-CoAs as starter units, in presence of malonyl-CoA. In addition, we showed that some

of these molecules exhibit cytotoxic activities against several cancer cell lines.
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1. Introduction

Secondary metabolites represent an attractive and important source of natural products with a wide range of bioactivities

and biotechnological applications. Organisms such as plants, algae, bacteria and fungi are able to produce bioactive

compounds, many of which have been used as antitumor or antimicrobial agents, immunosuppressants, vaccine antigens

or insecticides. Fungi especially are known to be one of the major producers of bioactive compounds. In fact, in 2012 the

number of bioactive natural compounds characterized was 80,000–100,000, of which, 15,000 were of fungal origin .

Some well-known examples of bioactive fungal compounds include penicillin, developed as an antibacterial , lovastatin

developed as a cholesterol-lowering medication , cyclosporins developed as immunosuppressive agents  and taxol,

which has been proved to have an antitumor activity . Up to now, most of the characterized fungal natural products are

from terrestrial habitats even though fungi also colonize fresh water and marine habitats. Aquatic fungi have been less

well studied compared to terrestrial fungi, but they have generated an increasing level of interest in the last decade.

Fungi from marine habitats were first studied in the 1940s when Barghoorn and Linder (1944) demonstrated their

occurrence . First exhaustive definition of marine fungi distinguished obligate and facultative organisms. In other words,

marine fungi were divided between those “that grow and sporulate exclusively in a marine or estuarine habitat from those

from freshwater or terrestrial milieus able to grow and possibly to sporulate in the marine environment” . In 2015, Jones

et al. provided a review of the classification of marine fungi, including the accepted names of 1112 species of

characterized fungi from marine habitats . Recently, there has been an increased level of interest in marine fungi,

especially in defining their diversity and ecological role. Along with studies on marine filamentous fungi and yeasts,

several studies have focused on the diversity of fungi in extreme environments such as the subseafloor ,

hydrothermal fields , or deep-sea hydrothermal vents . In many cases, their activity and function has also been

described, using transcriptomics to better understand their ecological role in extreme ecosystems . Such studies have

suggested that fungal communities from extreme ecosystems might represent an untapped reservoir of potential novel

bioactive molecules, and, in recent years, secondary metabolites (also called specialized metabolites) obtained from fungi

isolated from fresh water and marine habitats have gained considerable attention. According to a study by Rateb and Ebel

(2011), marine fungal secondary metabolites have various biological and pharmaceuticals properties. In total, 690 novel

structures of secondary metabolites have been identified from marine fungi between mid-2006 and 2010 . At this time,

6222 molecules have been referenced from Dikarya fungi in MarineLit database (http://pubs.rsc.org/marinlit/). Evaluation

of the biotechnological potential of marine-derived fungi has revealed that they produce mainly polyketides, terpenoids

and peptides . In addition, whole genome sequence analysis suggests that many deep-sea fungi have the potential

to produce bioactive compounds. Indeed, Rédou et al. (2015) provided evidence that almost all fungal isolates in their

study (96% of the 200 filamentous fungi and yeasts) had at least one gene involved in a secondary metabolite

biosynthesis pathway , for example genes that encode enzymes involved in polyketides production (Polyketide

Synthase, PKS), terpenoids (Terpene synthases, TPS) or non-ribosomal peptides (Non-Ribosomal Peptide Synthetase,

NRPS). Along with this study, several studies have demonstrated antimicrobial activities of diverse marine fungi , deep-

subseafloor fungi , and antimicrobial, antitumoral and antioxidant activities of sponge-associated marine fungi .

Polyketides represent a major and highly diverse group of natural products . With a wide range of complex

structures including macrolides, polyphenols, polyenes, and polyethers, polyketides comprise several groups of

biologically important secondary metabolites such as flavonoids, phloroglucinols, resorcinols, stilbenes, pyrones,
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curcuminoids and chalcones . Polyketides have numerous functions and applications as pigments, antibiotics,

immunosuppressants, antioxidants, antiparasitics, cholesterol-lowering, and antitumoral agents . Polyketide

biosynthesis requires specific enzymes known as polyketide synthases (PKS). PKSs are a large group of enzymes,

divided into three classes: type I, II or III , where type I PKSs are large multi-domain enzymes able to function in

either a modular or iterative manner, type II PKSs are dissociable multi-enzyme complexes functioning in an iterative

manner and type III PKSs are homodimeric enzymes, mechanistically different from the two other subgroups of PKSs,

and structurally simpler . Type III PKSs share common characteristics: they form dimers. Each monomer with a size

of 40–45 kDa contains a conserved Cys-His-Asn catalytic triad within an active site cavity . Polyketides are produced

by iterative decarboxylative condensations of malonyl-CoA and diverse acyl-CoA thioesters (as extender and starter

units), and cyclization reactions . Despite their simplicity type III PKSs have an unusually wide range of substrates and

play an important role in the biosynthesis of various bioactive polyketide compounds in different organisms . For

example, chalcones are produced by land plants . Phlorotannins are unique to brown algae and phloroglucinols can

be synthesized by diverse kind of organisms from prokaryotes (Pseudomonas) to eukaryotes (brown algae) 

. Type III PKSs have also recently been discovered in fungi . The first characterized fungal type III PKS was isolated

from Neurospora crassa  and since then, several fungal type III PKSs have been reported. Among them, type III PKSs

isolated from Aspergillus oryzae  and another from Aspergillus niger  have been characterized, as well as a

type III PKS isolated from Sporotrichum laxum which appears to be involved in the production of spirolaxine, a potential

drug candidate with anti-Helicobacter pylori activity . A recent analysis reveals a total of 552  type III pks genes from

1193 fungal genomes (JGI Mycocosm) . Only eleven type III PKSs have been biochemically characterized in fungal

kingdom . Polyketides produced by fungal type III PKS are grouped into triketide pyrones, tetraketide pyrones and

alkylesorcinols . All enzymes are isolated from terrestrial fungi. To date, no marine fungal enzymes have been

described.

2. Discussion

Genes encoding type III Polyketides synthases are found in Dikarya such as  Aspergillus niger,  Aspergillus
oryzae,  Neurospora crassa,  Botrytis cinerea  or  Sordaria macrospora , and recent genomic studies by

Navarro-Munoz and Collemare revealed that there are 522 genes encoding these enzymes among 1193 fungal genomes

. However, currently, very few fungal pyrone synthase enzymes have been described biochemically. Indeed, there are

only 11 PKSIII enzymes from fungi that have been functionally characterized and these all belong to fungal species of

terrestrial origin. In this work, we have described the first biochemical characterization of PKSIII from marine fungi, a

yeast, Naganishia uzbekistanensis strain Mo29 (UBOCC-A-208024) (formerly named as Cryptococcus sp.).

Marine fungi were first described in the 1980s and 1990s . Thanks to numerous oceanographic cruises, we now know

that it is possible to find many fungal species in the marine environment. Among these, the species found mainly

pertained to Dikarya (Basidiomycota  and  Ascomycota). These species are found in different places in the marine

environment such as the water column, associated with macro-organisms like algae, deep-sea sediments and

hydrothermal vents . The  N. uzbekistanensis strain Mo29 (UBOCC-A-208024) was discovered during the

MoMARDREAM-Naut oceanographic cruise (2007), on the exploration of the hydrothermal sources of the Rainbow site

(-2300 m, Mid-Atlantic Ridge) . Genome sequencing of this fungal species led to identify a gene encoding a PKSIII .

Phylogenetic analysis of the PKSIII protein sequence with enzymes from plants and bacteria, revealed that all fungal

PKSIII enzymes (619 protein sequences) were grouped into a single branch. The PKSIII enzyme from  N.
uzbekistanensis strain Mo29 strain (UBOCC-A-208024) was not included in the fungal group/cluster. Instead, it clustered

with 3 other protein sequences identified in another strain of Naganishia sp. and two other strains of Cryptococcus sp. .

This suggests that sequences of these three PKSIII proteins have followed an independent and early separation in the

evolution compared to the other fungal sequences of PKSIII included in this study.

Interestingly, one of the features of these four enzymes is the presence of an additional 74 amino acids extension at the

C-terminus. Previous studies in  Sordaria macrospora  and  Botrytis cinerea have revealed that PKSIII may have a C-

terminus extension  but the contribution of this region to the enzymatic function in these organisms is not known.

Here, by expressing forms of the PKSIII Mo29 protein with and without this C-terminus extension, we show that it is not

required for the enzymatic activity. Both forms are functional and produce mainly pyrones and some alkylresorcinols.

Analysis of the predicted structure of PKSIII Mo29 identified three catalytic residues: cysteine at position 171 (171C),

Histidine at position 352 (352H) and Arginine at position 385 (385N). The next step is to mutate one or the three catalytic

residues. This experiment could prove that these residues are involved in the enzymatic activity.

Previous studies of PKSIII have shown that another essential structure for the PKSIII protein is the “tunnel” which allows

the entry of different starters such as lauroyl-CoA or stearoyl-CoA. These starters will either be cyclized or branched to the

cycle synthesized by malonyl-CoA in the tunnel structure. The majority of the amino acids involved in the tunnel in PKSIII

Mo29 protein are identical or similar to those found in the structure of PKSIII from  N. crassa, from  A. oryzae  and  B.
cinerea  (Table 1) . Based on the structure of the PKSIII of  N. crassa  (3E1H) and the models of  B.
cinerea  and A. niger, some amino acids explaining structural differences could be found. In position 144 of the PKSIII

from N. uzbekistanensis strain Mo29, there is a tyrosine (144Y) whereas in N. crassa and the two other fungal proteins,

there are two asparagines (PKSIIINc 125N and BcPKS 138N) and an alanine (AnPKS 140A) (amino acids not having the
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same chemical characteristics). Similarly, at position 212, there is a cysteine (212C), while in the three other fungal

sequences, there is a non-polar amino acid (PKSIIINc 190V, BcPKS 203V and AnPKS 205L). In position 236, the PKSIII

Mo29 has a serine (that is a polar amino acid) whereas in the three other fungi, there is a non-polar amino acid (PKSIIINc

206G, BcPKS 219G and AnPKS 221A). The other notable difference is in the amino acid that could bind to stearoyl-CoA.

For the PKSIII Mo29, at position 355, there is a serine whereas in the other proteins, a nonpolar (309A), an aromatic

(321A) or a positively charged amino acid (320R) are found, respectively, in PKSIIINc, BcPKS and AnPKS. These different

amino acid changes in the structure of the PKSIII Mo29 protein could explain the fact that it does not synthetize short

chain pyrones like some PKSIII proteins characterized biochemically in A. oryzae (AnCsyA and AnCsyB) .

Table 1.  Comparison of residues lining the substrate-binding region (acyl-CoA starter) in different fungal and bacterial

PKSIII proteins.

Protein Residues Near the Active Site (aa Involved in the Tunnel and Binding with Stearoyl-CoA)

PKSIIINc 86F 120C 121T 125N 186S 189M 190V 206G 207I 210F 211S 250L 252F 261V 306P 307G 308G

PKS18 109F 143S 144T 148A 205C 210V 211F 220I 221H 224F 225G 264I 266L 275C 314P 315G 316G

AoCsyA 101F 135C 136T 140N 201C 204F 205F 221A 222M 225F 226G 266I 268F 277P 323P 324G 325G

AoCsyB 89F 123C 124T 128H 189P 192F 193A 209A 210M 213F 214G 254A 256F 265A 311P 312G 313G

BcPKS 99F 133C 134T 138N 199S 202L 203V 219G 220V 223F 224S 263L 265F 274V 318P 319G 320G

AnPKS 101F 135V 136T 140A 201C 204H 205L 221A 222P 225F 226S 265M 267Y 276A 317P 318G 319G

PKSIII
Mo29 105F 139C 140T 144Y 208T 211L 212C 236S 237L 240F 241S 283L 285F 294A 352P 353G 354G

Protein Residues of active site

PKSIIINc 152C 305H

PKS18 175C 313H

AoCsyA 167C 322H

AoCsyB 155C 310H

BcPKS 165C 317H

AnPKS 167C 316H

PKSIII
Mo29 171C 351H

We overexpressed the entire PKSIII Mo29 protein as well as a truncated form lacking the additional 74 aa at the C-

terminus. These two proteins forms are dimeric and are active. Indeed, the 74 aa extension in C-terminus does not seem

to be involved in the enzymatic activity as in B. cinerea and in S. macrospora . The two proteins are able to produce

compounds in the presence of malonyl-CoA but always in the presence of an acyl-CoA starter with a carbon chain longer

than 6 units. PKSIII Mo29 does not incorporate small carbon chains (acetyl-CoA, malonyl-CoA (only) and hexanoyl-CoA).

No molecules are synthesized in the presence of these three starters. The known fungal pyrone synthases catalyse

reactions starting from the acyl-CoA chain and ending with aldol cyclization and/or lactonization . The fungal PKSIII that

have been experimentally characterized are divided into two functional groups. The first group uses only long acyl-CoA

chains with several malonyl-CoA. We find in this group enzymes from N. crassa, A. niger, B. cinerea and S. macrospora
. The second group consists of two enzymes found in A. oryzae . These two enzymes can use starter

molecules with chains of different lengths to produce triketide, tetraketide pyrones and alkylresorcinols. These results

show that the Mo29 enzyme belongs to the first group (like the enzymes of  N. crassa,  A. niger,  B. cinerea  and  S.
macrospora). PKSIII Mo29 produces triketide and tetraketide pyrones in the presence of starter such as octanoyl-CoA,

decanoyl-CoA, lauroyl-CoA and palmytoyl-CoA (Table 2). Another study allowed us to highlight that this protein could

accommodate very long chain fatty acyl-CoA starter units produced by E. coli. Indeed, molecules synthesized by proteins

overexpressed by E. coli are secreted into the culture medium. Analysis of molecules found in the culture medium show

that the two types of proteins (Std and Red) are able to synthesis several molecules having 14 carbons (C14) to 28

carbons (C28). However, the majority of molecules possess 18 and 20 to 24 carbons. Among these molecules are

pyrones and alkylresorcinols. The most synthesized molecules are C H O   (m/z  348.2663) and

C H O  (m/z 320.2349) which are pyrones (triketide pyrones) and C H O  (m/z 346.2869) (alkylresorcinol) (Figure 1).

Table 2. Products synthetized by PKSIII Mo29 Std and PKSIII Mo29 Red in vitro. Molecules were analyzed and detected

by HPLC-Q-ToFMS. (ND: Not detected).

Starter
Substrat Products Rt

LC/min
Parent
Ion m/z

Fragment
Ion m/z

Acetyl-CoA ND / /  
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Starter
Substrat Products Rt

LC/min
Parent
Ion m/z

Fragment
Ion m/z

Malonyl-CoA ND / /  

Hexanoyl-
CoA ND / /  

Octanoyl-CoA C H O 17.50 209.1300 ND

Decanoyl-
CoA C H O 19.80 238.1567 194.1599

Lauroyl-CoA C H O 22.05 266.1884 222.1952

Palmytoyl-
CoA C H O 26.03 322.2507 278.2554

 

Figure 1.  (A) Product identification by HPLC-Q-ToFMS. These MS/MS spectra indicate that triketide pyrones and

alkylresorcinol are synthesized by PKSIII Mo29 in the presence of acyl-CoA in  E. coli. (B) Heatmap. Synthesized

molecules abundance from pksIII Mo29 std and pksIII Mo29 red expression in E. coli. Molecules were clustered based on

the E. coli supernatants.

The PKSIII Mo29 Std and PKSIII Mo29 Red synthesize the same molecules, pyrones and alkylresorcinols. However, the

truncated form seems to produce less product than the entire recombinant protein. These results were observed in In vitro

experiments and in E. coli culture medium. In the E. coli culture medium, all molecules are less produced by PKSIII Mo29

Red than PKSIII Mo29 Std. These results could be explained by the absence of the C-terminus 74 aa extension. The

extension could be implicated in the dimer stability or substrates binding. In this study, we have tested only classical

substrates and starters such as palmitoyl-CoA; however, we did not identify natural substrates in N. uzbekistanensis strain

Mo29 strain (UBOCC-A-208024) yet. So, the extension could be playing a role in the entrance of other substrates than

those used in vitro.

Several α-pyrones produced by marine and terrestrial fungi have shown cytotoxic activities against several cancer cell

lines . The different molecules produced by PKSIII Mo29 In vitro have been brought into contact with different

cancer cell lines, such as Caco-2 and THP1 (colon cancer cell lines and leukemic cell lines). Molecule produced by PKSIII

Mo29 in the presence of malonyl-CoA and palmitoyl-CoA is a α-pyrone with a molecular formula of

C H O  (m/z 321.2507). When the Caco-2 cells and the THP1 are exposed for 48 h in the presence of 0.012 g/L of this

molecule, the cell viability decreases. Therefore, it would mean that this α-pyrone has a cytotoxic effect on these two

tumors cell lines. The molecule produced by PKSIII Mo29 in the presence of malonyl-CoA and lauroyl-CoA In vitro is also

a triketide pyrone with a molecular formula of C H O  (m/z 266.1884). THP1 cells were incubated for 48 h with 0.012

g/L of this molecule. Cell viability was reduced by 5%. These two molecules seem to have cytotoxic effects on cancer cell

lines like Caco-2 and THP1.
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3. Conclusions

The PKSIII of  N. uzbekistanensis  strain Mo29 (UBOCC-A-208024) is the first Polyketide Synthase of type III from a

marine fungus to be described. This enzyme produces long α-pyrones and alkylresorcinols. These compounds are

produced by an enzyme which have some different amino acids changed in the tunnel structure. But, to prove this

hypothesis, different amino acid could be replaced by other residues using site-directed mutagenesis and mutated

proteins will be tested with short starter like hexanoyl-CoA. In this study, we have discovered that some molecules

produced by PKSIII Mo29 have a cytotoxic effect on two tumoral cell lines. At this time, these molecules have no

antimicrobial effects on different bacteria (data not shown). We tried to discover molecules produced in  N.
uzbekistanensis  strain Mo29 strain (UBOCC-A-208024) by PKSIII. However, at this time, we are unable to determine

which natural molecules are synthetized by PKSIII Mo29. Therefore, it is important to continue the exploration of this

strain to understand the biosynthetic pathway of polyketides in this marine yeast.
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