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A putative Type lll Polyketide synthase (PKSIIl) 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.

marine yeast PKSIII triketide pyrones pentaketide resorcinols cytotoxic activity

| 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 B4l cyclosporins developed as immunosuppressive agents 2 and taxol, which has been proved to
have an antitumor activity 2. 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 8. 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
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names of 1112 species of characterized fungi from marine habitats 19. 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 2112 hydrothermal fields 3], or deep-sea hydrothermal vents 141131 |
many cases, their activity and function has also been described, using transcriptomics to better understand their
ecological role in extreme ecosystems 18, 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 7, 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 2718l |n 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 19, 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 29, deep-subseafloor fungi 21, and antimicrobial, antitumoral and antioxidant

activities of sponge-associated marine fungi 22,

Polyketides represent a major and highly diverse group of natural products 2423 Wwith 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,
curcuminoids and chalcones [24l25]  polyketides have numerous functions and applications as pigments,
antibiotics, immunosuppressants, antioxidants, antiparasitics, cholesterol-lowering, and antitumoral agents 28],
Polyketide biosynthesis requires specific enzymes known as polyketide synthases (PKS). PKSs are a large group
of enzymes, divided into three classes: type I, Il or Il 2827 where type | PKSs are large multi-domain enzymes
able to function in either a modular or iterative manner, type Il PKSs are dissociable multi-enzyme complexes
functioning in an iterative manner and type Il PKSs are homodimeric enzymes, mechanistically different from the
two other subgroups of PKSs, and structurally simpler 221281, Type Il 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 [22l. Polyketides are produced by iterative decarboxylative condensations of malonyl-CoA and
diverse acyl-CoA thioesters (as extender and starter units), and cyclization reactions 28, Despite their simplicity
type 1l PKSs have an unusually wide range of substrates and play an important role in the biosynthesis of various
bioactive polyketide compounds in different organisms 22, For example, chalcones are produced by land plants 29
81, Phlorotannins are unique to brown algae and phloroglucinols can be synthesized by diverse kind of organisms

from prokaryotes (Pseudomonas) to eukaryotes (brown algae) [BLB2IE3I34185] Type |II PKSs have also recently
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been discovered in fungi 28l The first characterized fungal type Ill PKS was isolated from Neurospora crassa
871 and since then, several fungal type Il PKSs have been reported. Among them, type lll PKSs isolated
from Aspergillus oryzae 383949 gand another from Aspergillus niger “1 have been characterized, as well as a type
Il PKS isolated from Sporotrichum laxum which appears to be involved in the production of spirolaxine, a potential
drug candidate with anti-Helicobacter pylori activity 2. A recent analysis reveals a total of 552 type Il pks genes
from 1193 fungal genomes (JGI Mycocosm) 3!, Only eleven type Il PKSs have been biochemically characterized
in fungal kingdom 2!, Polyketides produced by fungal type Il PKS are grouped into triketide pyrones, tetraketide
pyrones and alkylesorcinols [23]. All enzymes are isolated from terrestrial fungi. To date, no marine fungal enzymes

have been described.

| 2. Discussion

Genes encoding type Il Polyketides synthases are found in Dikarya such as Aspergillus niger, Aspergillus

oryzae, Neurospora crassa, Botrytis cinerea or Sordaria macrospora [BZI381139][44]145][46] and recent genomic studies
by Navarro-Munoz and Collemare revealed that there are 522 genes encoding these enzymes among 1193 fungal
genomes 3. 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 hamed

as Cryptococcus sp.).

Marine fungi were first described in the 1980s and 1990s RI44, 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 48, The N. uzbekistanensis strain M029 (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) 4. Genome sequencing of this fungal species led to identify a

gly%ﬁgeeﬁgoia%geg PKSIII #9, Phylogenetic analysis of the PKSIII protein sequence with enzymes from plants and

hagtsiyeyeatae HiHta!dHAoR K BN U AMESI (s PIRIAE SOHRERFE A" &ItIOWRRSHNR A AtBdR Ry The

PK%IHﬂ%y_%j_rQ[T‘Gy; YgBeldgygnensis 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

o TN 0k 185 AntbagieTial asion of chitres o RENIEIUD IR SPEHEl IR SR Hhve

follgv%gdi%rmﬁdjgp?elzﬁggr?t %1;1 'eianrﬂluggpzaa}gﬁanriﬁ] ’[hEeXg\}ollzzj%tohnO!:'o%gp%?é& Qd 2eac')ther fungal sequences of PKSIII

iBcladledrirs As\AIydZhen, J.; Kuron, G.; Hunt, V.; Huff, J.; Hoffman, C.; Rothrock, J.; Lopez, M.;
Joshua, H.; Harris, E.; et al. Mevinolin: A highly potent competitive inhibitor of

Intersefieslyneathgidnaiesiuee At fiere Arenameesdn g BrRsrISR 1B Weriie a&hapReags AR
at tg%ipggmimggd?r?yi’oggmm Sordaria macrospora and Botrytis cinerea have revealed that PKSIII may

have a C-terminus extension 4443l hyt 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
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three catalytic re3|9ues. T]L’S]IS experiment could prove that these residues are involved in the enzymatic activity.

6. Demain, A.L.; Vaishnav, P. Natural products for cancer chemotherapy. Microb. Biotechnol. 2011,
Preyiogg Atighes 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

7. Stjerle, A.; Strabel, G.; Stier|e, D. Taxol and taxane production by Taxomyces andreanae, a
branched to the cycle synt es?zed Ly malon))/ﬁ—éoA(ljn t%e tunnFe){ structure. The ma?orl of the am?no aCeIdS |rr]1volved

in tr?en (tju%re]wllwcgll%g Iul\s/lé)zngpé}g{g% %?gvl’dgr%li(e:glcgr %ing%%’r t206t ’ogg' Aflajzr%iGm the structure of PKSIII from N. crassa,
BorBArghptim abd B. Merine (Taide: TSI EUAGRBTHYAA mthdro log yhé-strioviee DD, AK SPS4A6 Erassa (3E1H)
h Is of B, ci AN i i laini | diff I f A
YIBRIMYES o BRS80S R TB5Y: FHE Shlelr P A hrabd R epses e el
iti 144 of P | f . 1 1 in Mo2 h i i 144Y) wh in N.
pos&'r%nsteréacr)n,ﬂ‘llﬁe g{herr%rﬂdg, i’é‘}%’;"%tf"’g‘é’b?’s strain Mo29, there is a tyrosine ( ) whereas in
crassa and the two other fungal proteins, there are two asparagines (PKSIIINc 125N and BcPKS 138N) and an

19a908aN P G1b SHEHAN acks AoKAYARYI thk iSBRRKMbAeaN\ Qe MAEAR) MinBagkhedbstior 80g) tHere
is defstapaificasion phmRaHNgARRWcHFuRAPlighRYestaRlastosladinpaysolmABhGhyidRNYCAsy,
BcPRNGBEP MR AnPRED2063) Im fdsition 236, the PKSIII Mo29 has a serine (that is a polar amino acid) whereas

11 edBERRONLLCUNBUHIRES @."BURYhRMANC BRELIRISSAINREQBG; PSeh MnEAaT, AP a8y &Y; Ehe
othg/RiRIasHEEERGR M LA TINAHIS, 128 Soslchiipble Sikaray it i dioRFaRistHS \AeeSist AcriUr 355
the tfe|StiRs S e WiRSEBRMD AR PIRY, CENEETIDLA BRI SOREY. FDIPEUEIPELAREH 2 positively charged

amino acid (320R) are found, respectively, in PKSIIINc, BcPKS and AnPKS. These different amino acid changes in
e QitlentVer S i bR URPBGISAURE T8 RLSHESSANG0L FHRANCUG IRINARSYSAR ke
sorhe RS M AR OR S MR D8 RS WIRSE N s (A PAUR & s 2R RS-

13. Gadanho, M.; Sampaio, J.P. Occurrence and diversity of yeasts in the mid-atlantic ridge

Tallg dhoframpaist ol resifvRe AVBIeYARMpErRB NI JBIIRR JRHES stareisiq idferent fungal and
bacterial PKSIII proteins.

14. Burgaud, G.; Arzur, D.; Durand, L.; Cambon-Bonavita, M.-A.; Barbier, G. Marine culturable yeasts
Protein Residues Near the Active Site (aa Involved in the Tunnel and Binding with Stearoyl-CoA) )b|0| .
PKSIIINc  86F 120C 121T 125N 186S 189M 190V 206G 2071 210F 211S 250L 252F 261V 306P 307G 308G 309A 310T 311l 312L 313s
PKS18 109F 143S 1447 148A 205C 210V  211F 2201 221H  224F 225G 2641 266L 275C 314P 315G 316G 317P 318K 319l 3201 321E

1 AoCsyA 101F 135C 136T 140N 201C 204F 205F 221A 222M 225F 226G 2661 268F 277P 323P 324G 325G 326Y 327S 3281 329A 330V ible
AoCsyB 89F 123C  124T 1284 189P 192F 193A 209A 210M 213F 214G 254A 256F 265A 311P 312G 313G 314Y 315A 316V 317L 318V 1588_
BcPKS 99F 133C 134T 138N 199S 202L 203V 219G 220V 223F 224S 263L 265F 274V 318P 319G 320G 321A 322T 323| 324L  325T
AnPKS 101F 135V 136T 140A 201C 204H 205L 221A 222P 225F 226S 265M 267Y 276A 317P 318G 319G 320R 321A 322V 3231 324Q

1 PKSIII 105F 139C 140T 144y 2087 211L 212C 236S 237L 240F 241S 283L 285F 294A 352P 353G 354G 355S 356L 3571 3581 359S

aaryotic
Activities in the Marine Subsurface Biosphere at Peru Margin and Canterbury Basin Inferred from
RNA-Based Analyses and Microscopy. Front. Microbiol. 2016, 7, 846.

17. Rateb, M.E.; Ebel, R. Secondary metabolites of fungi from marine habitats. Nat. Prod. Rep. 2011,
28, 290-344.
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Mo29

1 e
Protein Residues of active site
PKSIIINc 152C 305H 338N
PKS18 175C 313H 346N |
AoCsyA 167C 322H 355N
AoCsyB 155C 310H 343N ) 15 1
BcPKS 165C 317H 350N
AnPKS 167C 316H 349N

2 prsm of

Mo29 171C 351H 385N
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21. Navarri, M.; Jegou, C.; Meslet-Cladiere, L.; Brillet, B.; Barbier, G.; Burgaud, G.; Fleury, Y. Deep
Subseafloor Fungi as an Untapped Reservoir of Amphipathic Antimicrobial Compounds. Mar.
Drugs 2016, 14, 50.

22. Cheng, M.-M.; Tang, X.-L.; Sun, Y.-T.; Song, D.-Y.; Cheng, Y.-J.; Liu, H.; Li, P.-L.; Li, G.-Q.
Biological and Chemical Diversity of Marine Sponge-Derived Microorganisms over the Last Two

Decades from 1998 to 2017. Molecules 2020, 25, 853.
We overexpressed the entire PKSIII Mo29 protein as well as a truncated form lacking the additional 74 aa at the C-
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ablé‘ﬂﬂg%%ﬁc%' QSH%&U?\%Q'H%W Br%%n%éowglo%ﬁ%&%%“ﬂaﬁq;r% 8%3%9 4e00f]£14ZCyl CoA starter with

2a) cAben [Cdvisnapp Hiaitib it gsist b dlgRe tide Spathirero@igrsnminatr thaBis(a2etyPCe6, npgnyl-

CoA gonly) and hexanoyl-CoA). No molecules are synthesized in the presence of these three starters. The known

fun%h pyrone synthases cata se reactlons starting from the acyl-CoA chain and ending with aldol cyclization
I

mizu, oto, S. Typelll Polyketide Synthases: Functional Classification and
and/or Iactonlzatlon The fungal PKSIII that have been “‘experimentally characterized are divided into two

Phylogenomics. ChemBioChem 2017, 18, 50—-65.
functional groups. The first group uses only long acyl-CoA chains with several malonyl-CoA. We find in this group

26nStaemntarm I, \Weisamanni§ed. BolykerddeahidSyntiaerispéranBRAHEIMMIRY ieswoNAY rblp toRests 20Qilo
enZythe380uAd Gn A. oryzae [B8IBA40 These two enzymes can use starter molecules with chains of different
29l BB BRI OSy AL SR AL Lo st T BT et Sile S5 Rz ename
bel%%:; te)the f| rou%(o‘( @anfy%?, oiéys crassa, A niger, B. cmerea and S. macrospora). PKSIII Mo29
produces trlketlde and tetraketide pyrones in the presence of starter such as octanoyl-CoA, decanoyl-CoA, lauroyl-

280 AT pRmZQ I M A (7% Y- RnSrEHQiing MsRIPSY G RIEAtaMIahRf phyRe IbRI¥kEY AR odate very
longYeHRASesMRISEEISs 20Her 20niB08roduced by E. coli. Indeed, molecules synthesized by proteins
20 PrESSRACENEALFEREETSIHBIQ IR HEEI DMEHYTO e YHEOTRALgS WeR Bpung in i culgpg medium

show that the two types of proteins (Std and Red) are able to synthesis several molecules having 14 carbons (C14)
30 O B e D9l il L e S IO, SYR RS SUR IR AlRe U P el Kat e SRR R Rlse
moPcu%s arg p%%?ﬁ%éza%d zﬁk);[resorcmols. The most synthesized molecules are Cy,H3603 (M/z 348.2663) and
30, JFes®y, ((ilz. ;3202309 . wBickvararpbies Diketid & pyrphes addPCHifier ¢of el eBhe) Siatityleeseraind|)
(Fighee olecular basis of plant polyketide biosynthesis. Nat. Struct. Biol. 1999, 6, 775-784.

3'?able rik?’rl’oduc>t(s|asy’nh/1|e‘t|z hdrjl By II_:lKé: 0@&,2;9 g{gs%rgl’ﬁ%?l IO{AE%OEO(E%I lilr? i\%)rld.‘]l\'/lére%u egevvrgresanalgz%%sénd

deteczted %y L%’%g:?ToFMS. (ND: Not detected).
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Hoﬁé%trbefﬁéstrﬁ:rjrérz{tegr%r&'%@@?ng%grc%ﬁcgﬁés_s‘l&%duct than the entire recombinant protein. These results
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Holtraishy s Pye: 1eRiErLiBpbIE AR RRBISA W) aggrs 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 a-pyrones produced by marine and terrestrial fungi have shown cytotoxic activities against several cancer
cell lines [B2IB3IB455] The different molecules produced by PKSIII Mo29 In vitro have been brought into contact
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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 o-pyrone with a molecular
formula of CygH3403 (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 a-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 CigH»603 (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.

| 3. Conclusions

The PKSIII of N. uzbekistanensis strain Mo29 (UBOCC-A-208024) is the first Polyketide Synthase of type Ill from a
marine fungus to be described. This enzyme produces long a-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 PKSIIl. 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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