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Abstract

Insects account for more than one million of ddmsxdispecies with an ecological and
economic impact disproportional to their minute yp@ize. Among the factors which have
contributed to their evolutionary success, insesmtoadary metabolites such as defensive
compounds and chemical signals are regarded to glayajor role. This thesis aims at
uncovering the molecular mechanisms underlying wian of ubiquitous insect secondary
metabolites — sex pheromones (SPs), i.e. chemg@ls mediating mate finding and mating
between individuals of the same species. The tHesisses on a class of oxidoreductase
enzymes, membrane fatty acid desaturases (mFADsLhwntroduce double bonds into
hydrocarbon chains of fatty acyls and thus progueeursors of unsaturated fatty acid-derived
SPs. mFADs are involved in SP biosynthesis in mgths (Lepidoptera), flies (Diptera),
cockroaches and termites (Blattodea), wasps and {dymenoptera) - some of the most
species-rich insect orders. Since SPs are printpalecies reproductive isolation, uncovering
the molecular basis of insect SP biosynthesis hpldsnises to contribute to answering
fundamental questions concerning the insect ecoémglyevolution. The insect mFADs with
diverse enzymatic specificities also representaratly available resource for study of enzyme
function evolution.

This thesis explores mFADs in Hymenoptera (bumtdsb&ombus) and Lepidoptera
(tobacco hornworm mothManduca sexta) as well as in non-insect organism (yea€andida
parapsilosis). We demonstrate that the ability to produce aewahge of unsaturated fatty acids
is inherent to mMFADs across kingdoms (Publicatibasid IlI). We show that pheromone-
biosynthetic mFADs can synthesize novel unsatur&@dorecursors as a result of a single
amino acid substitution, a mechanism which migheha high potential in generating novel
SP components in moths and represents thus a [gossabecular mechanism of SP evolution
(Publication ). Our finding that the amino acidsidue which controldM. sexta mFAD
specificities resides in the kink of the mFAD sultt binding channel provides novel insights
into mechanism of mMFAD substrate specificity deteation (Publication 1). By study of
mFADs from three bumblebee species we show thattpasscriptional regulation of mFAD
activity represents an alternative possible regwyatnechanism of pheromone composition in
hymenopterans (Publication 1l). Together, thesedifigs expand our knowledge on
determinants of mMFADs enzymatic specificities aodtgbute to our understanding of the role
which mFADs play in SP biosynthesis and evolutib®&B communication in moths and bees.



Abstrakt

Hmyz ¢itajici vice nez jeden milion popsanych diyitedstavuje skupinu organisns
ekologickym a ekonomickym vyznamem dispraparvétSim nez je jejickkasto zanedbatelna
télesna velikost. Mezi faktory, které zasadnirou prispely k evolwni asgsnosti hmyzu, je
pocitdna schopnost produkov&idu sekundarnich metabdlitjako jsou obranné latky a
chemické signaly. Tato diseétd prace sednuje studiu molekularnich mechanismvoluce
jedné Siroce zastoupené skupiny hmyzich chemickigmah — pohlavnich feroman- tedy
latek, které zproggdkovavaji vyhledavani pohlavnich partherp&eni jediné téhoz druhu.
Téma prace je zafteno na membranové desaturasy mastnych kyselin j@dldesaturasy),
oxidoreduktasy, které zavadi dvojné vazby do uhlidk@vychiettzci mastnych kyselin a tak
produkuji nenasycené prekurzory pohlavnich feramodvozenych od mastnych kyselin.
Desaturasy jsou zapojeny v biosyntéze pohlavniaimfeni nagiklad u mir (Lepidoptera),
dvoulkiidlych (Diptera), blanokdlych (Hymenoptera), Svéba termifi (Blattodea) — tedy
jedréch z druho¥ nejbohatSich hmyzicltadi. Jelikoz pohlavni feromony slouzi jako
reprodukni bariéry u mnohych blizce fipuznych drufi ¢i subpopulaci, odhaleni
molekulérnich zakladbiosyntézy feromainmuze pomoci zodpasdét klicové otazky tykajici
se ekologie a evoluce hmyzu. Hmyzi desaturasizisorodymi enzymovymi specifitami také
piedstavuji pirozere dostupny zdroj pro studium evoluce enziym

Disertani prace se &nuje desaturasam blariddlych (melaci -Bombus), mar (liSaj
tabakovy Manduca sexta) a pro srovnani také jednohignych organism (patogenni kvasinka
Candida parapsilosis). Vysledky prace ukazuji, Zze schopnost produka®mike spektrum
nenasycenych mastnych kyselin je sdilena desatarasgdic biologickymitiSemi (Publikace
| a lll). Desaturasy zapojené v biosyntéze ferotnmmhou ziskat schopnost produkovat nové
nenasycené mastné kyselinysttdkem substitutce jediného aminokyselinového kabyt
mechanismus, ktery ma zZimy potencial v evoluci feromonového slozenirnfPublikace 1).
Zjisteéni, Ze tato aminokyselina se v desaturase liShgktavého nachazi v ohybu tunelu, ktery
vaze substrat, poskytuje novy vhled do mechaiisntujicich desaturasovou specifitu
(Publikace 1). Studium desaturasiech druli ¢melaki odhaluje post-transkrépi regulaci
aktivity desaturas jako mozny alternativni mechawis utujici druho¥ specificke
feromonové slozeni u blanibéllych (Publikace 1l). Tato disektni prace tak na genetické

arovni poodhaluje roli desaturas v evoluci feromaikomunikace u fir a blanokidlych.



List of abbreviations

FAD Fatty acyl desaturase

mFAD Membrane fatty acyl desaturase
sFAD Soluble fatty acyl desaturase
ER Endoplasmic reticulum

FA Fatty acid

UFA Unsaturated fatty acid

1UFA Monounsaturated fatty acid
2UFA Diunsaturated fatty acid

3UFA Triunsaturated fatty acid
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FAR Fatty acyl reductase
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INTRODUCTION

1 Introduction

1.1 Insect pheromone research — a historical perspectv
The 19" century observations and experiments with malatgreacock mothsSéturnia

pyri) attracted by, at that time, elusive female-preduair-born signal are among the first
scientific description of species-specific commatiian in insects Despite the conspicuous
behavior, the identification of chemical compoundslerlying the observed behavior was
hampered by their nanogram and sub-nanogram gieartitesent in a single insect specimen.
It took another almost 90 years and over 500,00@@ens of female silk motBombyx mori)
to identify bombykol, a volatile unsaturated fadiyid-derived alcohol produced by tBemori
females to attract conspecific ma&leBombykol represented the first chemically ideatf
pheromone, i.e. a compound or a mixture of compsuwvitich is secreted by an individual to
trigger a response, such as a behavioral or ploggaal change, in an individual of the same
specied

The possibility that economically important insgusts might be controlled using
laboratory-synthesized pheromohgsovided an impulse to study and identify pheroason
from other insect pest species such as female sesomone (SP) from the cabbage looper
motl?, aggregation pheromone produced by the male beekd$, or a female housefly SP
The increased sensitivity of analytical tools, atarly gas chromatography coupled with
mass spectrometry detectorand development of gas chromatography coupled with
electroantennographic detector which uses insdenane as a pheromone-specific detéctor
led to rapid increase in number of insect spe@esvhich their pheromones were chemically
identified, reaching 200 moth species in 1¥8&ore than 500 moth species in 2804nd
now reaching probably well over 1,000 insect spgtie

The amassed knowledge on pheromones structureoamgosition indicated that moth
female SPs are generally mixtures of saturatedhsaturated fatty acid (FA) derived alcohols,
aldehydes, esters, hydrocarbons, or epoxide®l that similar FA derivatives are components
of pheromones also in flies (Diptera), cockroach@attodea), wasps and bees
(Hymenopterdy.

Initial pheromone biosynthetic studies on FA-dediygheromones in moths, which
remained the model organisms for insect pheromesearch, addressed the questions i)
whether pheromones were biosynthesized throughrmmoalifications of precursors taken up
via insects diet or whether they are biosynthesde=abvo and ii) how is the particular chain

length and double bond position determin&d.vivo experiments employing isotopically
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INTRODUCTION

labeled candidate pheromone precursors confirmethbeled precursors are incorporated into
pheromones implying that majority of female motls@ife produced in the moth SP gladels
novo (from acetate) via FA biosynthetic pathWwaylt was established that a particular
combination of pheromone biosynthetic steps, a#tyfacyl chain shortening, double bond
introduction, reduction and esterification of camplogroup, each with its inherent specificity,
is responsible for the species-specific pheromderedy*®and broadening the research to more
species indicated that this SP biosynthetic sche&ngenerally conserved in mot#s®
Analogous experiments uncovered biosynthetic ormfirpheromones also in other insect
orders, e.gde novo biosynthesis of FA- derived cuticular hydrocarbansome fly species or
contribution of bothde novo biosynthesis and dietary acquisition of pherompireeursors to
the biosynthesis of isoprenoid bark beetle pher@g@nMembrane fatty acyl desaturases
(mFADSs), i.e. enzymes introducing double bonds fatty acyl hydrocarbon chains at a variety
of specific position and in eith&ror E stereo configuration via action of fatty acid desase
enzyme were recognized as key players in generafithe female moth SP diversity
Subsequent advances in molecular biology enabléfl sh research focus from
identification of biochemical pathways to study wiolecular biology and genetics of
pheromone biosynthesis and thus gain further insigio the genetic basis of pheromone
production and perception and inference on evatatp processes which shapes the
pheromone communicatiéh Studies on moth SP-biosynthetic desaturasesatatidhat they
biochemically closely related to the animal fattgida desaturases involved in primary
metabolism of fatty acid$?® The knowledge on mFAD gene sequences from raffiand
yeast® enabled first isolation of functional charactetiaa of insect pheromone-producing
mFAD gene from the cabbage looper nigtisoon followed by description of mFAD genes
involved in biosynthesis of cuticular pheromonesDirosophila melanogaster?’ which was
boosted by sequencing of tBe melanogaster genomé®. The mFADs substrates and products
were determined by its heterologous expressiomrastpaccharomyces cerevisiae, benefiting
from previous work which showed that a rat mFARasive when heterologously expressed in
S cerevisiae®. Characterization of insect mFADs via determinatiof their unsaturated
products directly in the yeast heterologous exjpoessystem overcame inherent difficulties
connected to the in vitro work with membrane enzsfhand started a prolific research field
centered around insect pheromone biosynthetic mE&D®ploying yeast expression system,
45 years after the first pheromone discovery, d@ifoattional mFAD fromB. mori involved
in biosynthesis of the pheromone, bombykol, wasmiesd®. mFADs retained position of the

most studied pheromone-biosynthetic enzymes witar &0 insect mFADs functionally
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INTRODUCTION

characterized until these ddysind were implied in evolution of pheromone commation
and in origin of new lepidopteran and dipteran st

Currently, powerful novel techniques such as nextegation sequencing methétisre
revolutionizing biological sciences. With respeaxthe insect research, cost-effective genome
and transcriptome sequencing deepen our insight bidlogy of model insect species but
importantly also provides an unprecedented accoeigetbiology and evolution of non-model
insect speciéé®® including the molecular basis of insect SP comigation and its

evolutiorf>°

1.2 Unsaturated fatty acid (UFA) biosynthesis

Unsaturated fatty acids (UFAS) play an essential romaintenance of the proper cell
membrane structure and function in virtually alj@nisnt'42 In mammals, polyunsaturated
FAs serve as precursors of biologically active s@ewids, i.e. prostaglandins and leukotrienes,
which are involved in regulation of key biologigabcesses such as inflammation or faiim
insects, UFA-derivatives represent one of the migéspread pheromone structural tfpe

Majority of organisms can produce UFAs novo from basic building blocks such as
acetyl-CoA via either of two fundamentally distingathways; in some bacteria, such as
Escherichia coli®® or Sreptococcus sp?6, monounsaturated fatty acids are produced
anaerobically by skipping one double bond reducsiep during FA biosynthesis which results
in retention of a double bond in the growing FAioha In contrast, UFAs in all eukaryotes
and many prokaryotes are biosynthesized from datlirBAs by oxygen-dependent di-iron
oxidoreductases, fatty acyl desaturases (FADs)

FADs are remarkable enzymes which can break agtteH bond (dissociation energy
~ 400 kJ/mol) in an unactivated fatty acyl chairagtrecise position along its hydrocarbon
backbone in a process involving reactive oxo-inediate formed by activation of molecular
oxygen by di-iron centé}. Two evolutionary unrelated classes of apparerdtwergent FADs
exisP® soluble FADs (SFADs), which are expressed exehlgiin the stroma of plant plastids
and desaturate fatty acyls bound to acyl carrietemn (ACP), and membrane-bound FADs
(mFADs), which are ubiquitous in eukaryotes and s@mokaryotes and desaturate fatty acyls
in form of fatty acyl-CoA or lipid-linked fatty a¢y. The two FAD classes share di-iron active
center which is in each FAD class, however, coaitgid by distinctly organized histidine-rich

motifs*e-°L
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INTRODUCTION

1.2.1 Membrane fatty acyl desaturases (mMFADS)

MFADs belong to a superfamily of oxygen-dependeemiorane di-iron-containing
enzymes which share common features such as areedstipartite histidine-rich motif
coordinating two iron atoms in active center. Thpesfamily further includes enzymes
involved in oxygenation and desaturation of lipidind hydrophobic compounds such as
bacterial membrane alkane hydroxylases/epoxid&sasd xylene hydroxylasg$ membrane
sphingolipid hydroxylas€4 membrane fatty acyl desaturase/conjugds@sembrane fatty
acyl acetylenases and epoxidd$asd membrane fatty acyl hydroxyla&§-51:57:58

mFADs are present in cell membranes of some bactélithylakoid and cytoplasmic
membranes of cyanobactéfia thylakoid and cytoplasmic membranes of plantsg an
ubiquitously in the eukaryotic endoplasmic reticulmembrane$. The ER mFADs, which we
will focus on throughout this thesis, use an etactpair supplied by NADH via an electron
transport system consisting of NADH: cyctochromedfuctase and cytochrome*h3light
modification of this electron-supply chain is séeisome mFADs which are fused with an N-

or C-terminal cytochrome b5 domain which functidyaéplaces cytochrome &2

1.2.1.1 mFAD structure

The recently published crystal structures of twasely related mammalian mFADs with
bound fatty-acyl CoA substrate provided first dirstructural insights into mFAB$%° (Figure
1). In agreement with previous topology predictiSrand topology-mapping experimets
the crystal structure shows 4 transmembrahelices and a large extramembrane portion of
the enzyme including active center localized toaytesolic side of the ER membrane (Figure
1). The di-iron active center is coordinated byoamered water molecule and nine conserved
histidine residues. Eight of the coordinating ldiisies are organized in a tripartite histidine-rich
motif which was previously shown to be essentialfdAD activity’® (Figure 1D). As an
exception, a distinct class of mFADs was descriteetiave a histidine residue in the third
histidine-rich motif replaced by catalytically esial glutamin&’. Notably, the iron atoms of
the mFAD active center are replaced in crystalcstmes of both mammalian mFADs by zinc
atoms, presumably as an artifact of protein hedgmis expressiGh®®

The organization of the mFAD active center congragth the carboxylate-bridged di-
iron active center of sFADs which is coordinated donserved histidine and aspartic or
glutamic acid residué$®® The crystalized mouse mFADs is a monomer accgrtbrthe
small interacting surfaces in crystal lattice anmme®xclusion chromatograptyalthough

previous experiments indicated that yeast mFADtsmodimerin vivo®.

| 11



INTRODUCTION

A)

Cytosol

ER membrane

ER lumen

Figure 1. Crystal structure of mouse Z9-mFAD.(A-C) mFAD is predicted to be anchored in the endoplasmi
reticulum (ER) membrane (displayed as dashed limg&ur transmembrane helices (TM1-TM@) The cross-
section of mFAD protein surface shows the longrasr and bend substrate binding tunnel occupied 19-
CoA substrate (shown as a stick model with greafrdgarbon chain). The zinc atoms of di-metal actiester
are shown as light-blue spheres (only one atombleishere).(C) Membrane topology of mFAD shows
transmembrane helices TM1 - TM4, amphipathic hslidell — AH3 presumably residing at the interfacehaf
mFAD cytosolic domain and the ER membrane, andsoyjio helices H2 — H1XD) Detailed view of the mFAD
active center displays interatomic distances (ibdtween the nine histidine residues and a watéaule (shown
as a red sphere hydrogen bonded by asparagin@egsidordinating two zinc atoms, and C9 and Clénatof
16:0-CoA hydrocarbon moiety (truncated chain shawgreen) which are the site of catalytic hydrogemoval.
The structure models were rendered in PyMOL Viewsgitwaré! using mouse Z9-mFAD crystal structure

(Protein Data Bank code 4YMR) The topology model was adapted ffdm

1.2.1.2 mFAD enzymatic specificity

Since the number, position and stereochemistryoabt® bond(s) critically influence
the biophysical properties of UFAs and, with respedé-A-derived pheromones, also underlies
their behavioral activity, the investigation of rhaaisms, which underlie particular desaturase

specificity, represents an active research fiele flesearch conducted on mFADs mainly aims
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INTRODUCTION

at identifying desaturase specificity determinamitsch would enable engineering of mFADs
for production of economically or industrially rent UFAs such as polyunsaturated UFAs
serving as nutritional supplements or starting mtén chemical industrif. Another major
goal is uncovering structural details of mFADs whiight enable rational design of specific
inhibitors targeting mFADs involved in human metibdiseases such as diabetes or obEsity
or mFADSs essential for human pathogenic microograsisuch as pathogenic ye&st§ and
trypanosomatid$:’8 Finally, the third source of mMFAD research mdiiva is uncovering the
molecular basis of pheromone evolution by studyingromone biosynthetic mFAs

Enzymatic specificities of FADs can be classifieding a range of criteria.
Stereospecificity describes the preferential prtidnc of one stereocisomerE(or 2).
Regiospecificity refers to the FAD preference tadgathe particular position of introduced
double bond along the fatty acyl hydrocarbon chemd also indicates which part of the
substrate molecule presumably serves as a refepamuefor positioning of the double bond.
Substrate specificity denotes the FAD prefereneetds a particular chain length, towards
presence of pre-existing double bond(s) at padrqubsition(s) or of particular stereochemical
configuration, and towards particular head groufatily acyl substrate, i.e. acyl-CoA or acyl-
lipid substrate¥. Moreover, hydroxylated (and less commonly alsetydenated - i.e. bearing
a triple bond) products can accompany the desatlinatoducts as a result of mechanistic
similarity between the reaction mechani&M$ introducing chemospecificity as an additional
specificity mode. Some mFADs also exhibit fatty lacgnjugase activity, i.e. capability to
produce a system of conjugated double bonds bgaio® mechanism involving shift of the
position of preexisting double bdtd3 Together, the amassed knowledge on FADs indicates
that, although numerous FADs are highly specifid produce only a limited set of unsaturated
products, FADs often follow more than one spedyicnode, such as mFADs involved in
sequential biosynthesis of UFAs with multiple daubbnd&*85

Throughout this work we will adhere to the estdidis nomenclature for UFAs and
FADs, i.e.AX to indicate that the double bond of unspecifiegtenisomerism is positioned
between X and X+1 atom of fatty acyl chaltiZX to indicate the position d&- or Z-double
bond; and X:Y to indicate a fatty acyl chain wittcXrbon atoms containing Y double botfds
As an exampleE10.212-16:2 represents diunsaturated 16 carbon atogfénwith double
bonds ofE andZ-stereochemistry at positiods 0 andA12, respectively. TheAX” notation
provides an apparent FAD regiospecificity with o the carboxyl group, however, it was
shown that particularly for mFADSs introducing sussi®e double bonds, the preexisting double

bond or methyl-end carbon atom might also act esfeaence for positioning the successive
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INTRODUCTION

double bonds, so additional information might beassary to comprehensively describe the
mFAD specificity*8°

MFADs producing Z9-16:1 and Z9-18:1 monounsaturb#eslare the most wide-spread
eukaryotic mFADs, followed by mFADs witd5, Z6, Z12 andZ15-regiospecificity which
introduce subsequent double bonds into UFAs. mFA@gever evolved an excessively wide
range of specificitiS. With respect to the preferred substrate headpgnmajority of mFADs
in animals and insects desaturate acyl-CoA withsipdes exception of some animal mFADs
which presumably desaturate acyl-lipids and arelired in biosynthesis of polyunsaturated
fatty acid§”® The experimental evidence on the identity of mFéubstrate head group is,
however, scarce and its prediction relies mainlynd#AD protein sequence comparison

1.2.1.3 mFAD enzymatic specificity determinants

The lack of structural data for mFADs until recgfftf>was compensated by efforts to
identify the specificity determinants by either dam mutagenesis or rational mutagenesis of
mFADs guided by topology predictions and sequermraparisons of mFADs with distinct
specificities. For the characterization of mFADgl dheir mutants, functional expression in
yeastSaccharomyces cerevisiae was developed to overcome the necessity of isolatnd
purification of mFADS®. In this assay, a desaturase-deficient yeastnstraterologously
expresses MFAD of interest which forms an activeatiegase complex with the yeast
cytochrome b5 and NADH: cyctochrome b5 reductasepraduces UFAs which complement
the yeast UFA auxotrophy. UFA products can be syesetly extracted from yeast biomass
and analyzed using e.g. gas chromatography witls sectrometric detection (GC/MS). The
system can be employed also for characterizatiomBADs which produce UFAs not
complementing the yeast UFA auxotrofphiy i) using yeast strain which is not desaturase-
deficient (in this case, the rather simple UFA peadf yeast resulting from presence of a single
yeast Z9-mFAD facilitates the identification of mdWFA product®) orii) by supplementing
the desaturase-deficient yeast strain WAHJFAs into the cultivation mediuth Alternatively,
baculovirus-insect cells expression system wered use functional characterization of
heterologously expressed mFARsand plant expression systems were used for sthipiant
acyl-lipid mFADS®,

Mutageneses of acyl-lipid and acyl-CoA mFADs froivetlse organisms indicate that
the determinants of the substrate chain lengthepgate can be localized to the second
transmembrane helix (TM®)°%2% The comparison of the mutated mFADs sequencéseto

sequences of crystalized mammalian mFADs indidhtgsamino acid residues from TM2 form
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INTRODUCTION

the end of the substrate binding channel whichymebly interacts with the methyl end of the
mFAD substrate acyl moiéf}®> Mutagenesis studies which probed the effect dividual
residues suggests that the volume of a limited runolh amino acid residues presumably
capping the end of the substrate binding tunnegigpdapivotal role in the substrate chain length
preferenc® % Also sequence comparison of closely related mFAubgch differ in the
substrate chain length preference supports the abléhe residues localized in the TM2
regiort”® In insect acyl-CoA mFAD, a single amino acid ntiagtain TM1 was sufficient for
shifting both its regio- and substrate specifitdityA recent study on rat6-acyl-lipid mFAD
indicated that itsA6-specificity can be) transformed intoA5/A6-specificity by mutating a
single aa which is localized in the rat mFAD stanat homology model to the end of the
substrate binding tunnel o) changed ta5-specificity by several amino acid mutations, some
of them localized to the opening of substrate igdunnel, a presumed site of fatty-acyl head
group binding®.

The acyl-lipid mFAD regiospecificity was shown te@ lzontrolled by regions or
individual amino acid residues which are locatedhim mFAD primary structure adjacent to
the conserved histidine mofif$®%7 in the third predicted transmembrane Hélisor in the
region between the first and second conservediistirich motif®.

The analysis of effect of targeted mutagenesis dantp acyl-lipid mFAD
stereospecificity highlighted four amino acid resd, each of them capable of substantially
shifting the E/Z ratio of desaturated proddttsMutagenesis of a plant acyl-lipid mFAD
exhibiting conjugase activity indicated that two iamacid residues adjacent to the first
histidine-rich conserved region cooperatively iefige the ratio of produced conjugatsd
isomersZ9,E11713-18:3 andZ9,E11 E13-18:3%,

The shift in of chemispecificity, i.e. shift fromesaturation to hydroxylatiGhe°
reaction, requires in acyllipid mFADs as littlesasgle amino acid residue substitution localized
to the proximity of the conserved mFAD histidindsile mFAD catalytic plasticity, i.e. the
ability to change the chemispecificity as a restiltmited number of amino acid substitutions,
is proposed to substantially contribute to the pligid diversity’®. Another example of mFAD
catalytic plasticity is the shift of enzymatic attly in a plant acetylenase towards desaturase
activity following one to four amino acid mutatiort$owever, these mutations are localized to

MFAD structural features distinct from those whictiluence hydroxylation/desaturation
ratio*®.
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Yet another mechanism of control of mFAD regiospeity, which was identified in
plant acyllipid mFAD, is represented by the idgntf the lipidic substrate head group which
can influence the regiospecificity of the desaiorateactior®

The crystal structures provided a direct experi@eavidence for a kinked narrow
hydrophobic substrate binding tunnel which exteagproximately 24 A into the enzyme
interior and binds fatty acyl tail of fatty acyl-Bosubstrate (Figure 1). The binding of fatty
acyl-CoA is further mediated by interaction of paoA substrate moiety with residues at the
enzyme surface in the vicinity of substrate bindogkef4°° The carbon atoms C9 and C10
of the fatty acyl substrate moiety are positionedhie binding tunnel in proximity of di-iron
active center, resulting in the Z9-regioselectine atereoselective desaturation (Figure 1D).
The kink in the binding tunnel, however, acts adsobarrier which hinders the binding and
release of fatty acyl substrate and product, rasdg. One plausible mechanism of the
substrate insertion and product egress from thewéainked binding tunnel is the breakage of
hydrogen bond between the kink-forming amino aegidue®.

To summarize, substantial research efforts ledeatification of sequence determinants
of mMFADs specificity in diverse organisms. Howewvbe absence of experimental structure or
a reliable mFAD homology model until recently prestd formulation of a definite hypothesis
on mechanism of specificity determination. Inste¢hdse studies mainly correlated specificity
determinants with predicted mFAD structural feasuseich as transmembrane helices or
conserved histidine-rich motifs. Importantly the tagenesis experiments concordantly
indicated that all specificity modes of mFADs caa $ubstantially influenced by a small

number of amino acid residue substitutions.

1.2.2 Soluble fatty acyl desaturases (SFADS)

The much easier purification of sFADs facilitatde tdetermination of the sFADs
crystal structuré8°. The sFAD crystal structures showed that each menaf the sFAD
homodimer has a bent hydrophobic cavity extendimg ihe enzyme interior (resembling the

substrate tunnel in mFADSs) (Figure 2).
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substiiate binding
A cavity
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Figure 2. The crystal structure of Z4-sFAD from Endish ivy (Hedera helix). (A) The sFAD homodimer model
rendered to show the enzyme surface (left monoametsecondary structure features (right monomer. dctive
center iron atoms (light-blue spheres) are visiblthe right monomer(B) The cross section of SFAD monomer
showing an unoccupied substrate binding cavity tardiron atoms of the active center localized ie thcinity

of the kink in the substrate binding cavity. Theisture models were rendered in PyMOL Viewer sofeffausing
ZA-sFAD crystal structure (Protein Data Bank coté\21)58,

The fatty acyl-ACP substrate is presumably inseiéadl the substrate binding cavity
with the methyl end first leaving the ACP substrataety interacting with the surface-exposed
amino acid residué%®19 The presence of active center consisting of afi-icenter
coordinated by histidine residues, and glutamatkeosglate groups which form carboxylate-
bridged di-iron active center places sFADs intessladi-iron protein family, together with
enzymes which catalyze diverse oxygen-dependentioesa, such as hydroxylation (soluble
methane monooxygend&tand toluene/o-xylene monooxygenag®, aryl amine oxidation
(p-aminobenzoate N-oxygend%y, synthesis of deoxyribonucleotides (ribonuclestid
reductase R2Y’, and epoxidation (benzoyl-CoA epoxidd§&jreviewed by**10%11§ sFADs
provided hypothetical models for the architectufesobstrate binding region in mFADs
although the early experiments indicated that thessate binding channel of mFADs is able
to accommodate substrates with bulky side chainsomtrast to sFADs, indicating that the
substrate binding site might have fundamentallfedéit architecture in mFADs and sFADs

1.2.2.1 sFAD enzymatic specificity determinants
Given the extensive similarities of substrate bagdsite and di-iron active center
architecture of mFADs and sFADs, we will brieflynsmnarize also studies of specificity
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determinants in SFADs as these provide insights ogsaturase specificity determinants
presumably transferable also to mFADSs. In sSFADs)ehgth of substrate binding channel from
the enzyme surface to the di-iron active center pragposed, based on the sFAD crystal
structure, as a plausible determinant of positibimtboduced double bond with respect to the
carboxy terminus of the fatty acyl-ACP substrate; length of substrate binding channel from
the active center to the end was proposed to infe¢he preferred fatty acyl chain length. The
geometry of fatty acyl substrate is presumably taised by the bend in the substrate binding
channel which explains ti&stereospecifity of the crystalized sFAB® The substrate chain
length selectivity for 18 carbon atom long acylgioshorter fatty acyls was correlated with the
higher hydrophobic binding energy of longer fattylg''2

Discrimination of fatty acyl substrate chain lengths demonstrated to be controlled by
the volume of amino acid residues at the bottoth@kubstrate binding cavity. In site-directed
mutagenesis experiments, sFAD mutants with bulkied smaller residues in this region
exhibited increased preference towards shortetaamyr fatty acyl chains, respectivefy The
critical role of residue volume at the bottom oA§Fsubstrate binding channel was confirmed
also in additional mutagenesis experimé&its®

The regiospecificity of SFADs was demonstrateddabntrolled by regions localized
distantly to the active center, i.e. by chargedbtess at the opening of substrate binding cavity
that interact with the negatively charged residoleACP substrate moiety. In this structure-
aided study, substitution of negatively chargeddress for positively charged residues
switchedA9 andA4 regiospecificity presumably by influencing theptteof insertion of fatty
acyl into the substrate binding tunt¥él Combination of amino acid substitutions at thd eh
substrate binding channel and in the ACP-binditg &i the opening of the substrate binding
channel triggered even more profound changes inethetion outcome of Z9-sFAD, resulting
in introduction of hydroxyl group and double bosdmerization in the sFAD products. The
novel enzymatic activities of this sSFAD mutant weagionalized by modified positioning of
the substrate with respect to the active centeiglwresults in shift of the site of the initial

hydrogen removal and subsequent hydroxyl reb&dnd

1.3 Pheromones

Exchange of information between an organism anceftgironment is one of the
characteristics of life. Chemical compounds propabdpresent the evolutionary first

communication medium used by aquatic and terréstrgganisms.
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Pheromones, a large class of chemical signals whiethiate communication between
organisms of the same speéjepresumably evolved from metabolites leaking freme
organism and this evolutionary transition occuiliretependently many times as is indicated by
the diversity ofi) specialized cells, glands and organs used foryatazh and detection of
chemical signalsji) chemical compounds serving as pheromomies,physiological and
behavioral responses which pheromones triggergarosms, and/) by the wide phylogenetic
distribution of pheromone communication in eukaig@rganisms. Pheromones serve as one
of communication channels in extant terrestrial auglatic organisms including insects,
mammals, reptiles, amphibians, birds, and mariwertebrates-’.

The pheromone diversity is reflected by the numegiteria according which they can
be categorized. According to the character of thémlogical effect, pheromones can be
classified as releaser and primer pheromones. &lpheromones trigger rapid and temporary
changes in behavior whereas primer pheromones ¢amnigdasting changes of behavior and
physiology. Hundreds of releaser pheromones frooughnds of organisms are known but
much less primer pheromones are described, magdsuse of the difficulties connected with
assaying of their mainly physiological effects organisms. Pheromones can be further
classified according to the biosynthetic origintleé compound or according to the particular
biological function they serd®. In this thesis we will focus on FA-derived releas
pheromones which are used by insects to find agadf the same species for mating — i.e. sex

pheromones.

1.3.1 Insect pheromones

Pheromones are involved in intraspecific commuiocain diverse prokaryotic and
eukaryotic organisms, presumably also huridndut particularly in insects they serve a
variety of functions and influence almost all agpef the insects lives including attraction of
mating partners; communication of imminent dangesyiding navigation cues for orientation
and foraging; marking the fertility and dominanc¢atss, sex or relatedness; and organizing
social insect communitié¥.

The pheromone communication system generally ira®pheromone producer which
biosynthesizes and secretes the pheromone on riidcsuor into its environment, and a
conspecific pheromone receiver which detects tpeasj neurally processes it and responds via
a change in its behavior or physioldty

Based on their chemical structure, pheromones eanalssified as acyclic hydrocarbon

chains (branched or unbranched, with various foneli modifications, with or without
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heteroatoms), lactones, aromatics, and heterocyllEsording to their biosynthetic origin,
insect pheromones can be classified as FAs and deeivatives, polyketides, terpenoids,
derivatives of amino acids and peptides, derivatfediet-acquired alkaloids, and compounds
of mixed biosynthetic origif.

A comprehensive review of the almost ubiquitousatsgpheromones is beyond the
scope of this thesis. Below we rather provide eXxampf those insect pheromones which were
studied with respect to their biosynthesis wittoeus on FA-derived insect sex pheromones
(SPs) (Figure 3). We define SPs here as either ardiemale-produced compounds and their
mixtures which attract mating partner of the sapecis, encourages it for mating or triggers
other behavioral response related to reproducB@s.are possibly the most studied pheromone
class thanks to the extensive research of moth léA-derived SPs and of cuticular

hydrocarbon SPs present across insect orders.
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Figure 3. Examples of FA-derived [1-9] and non-FA-derived [16L3] insect pheromones and pheromone
components.[1] Honeybee Apis mellifera) queen sex pheromone and major component of heeegdtinue
pheromone; [2] bombykol, female silkmotBofnbyx mori) sex pheromone; [3] an essential component of the
tobacco hornworm motiManduca sexta) female SP; [4] SP of the cabbage looper matfchoplusia ni); [5a-b]
female SP components of the saltmarsh caterpiltgh rfEstigmene acrea); [6a-c] major and minor components
of the common houseflyMusca domestica) female cuticular hydrocarbon SP; [7] japoniludemale SP of some
Scarabaeidae beetles; [8] trail pheromone and SR ¢érmite Ancistrotermes pakistanicus (Termitidae,
Macrotermitinae); [9] major male SP componentNasonia parasitic wasps; [10] danaidone, major male SP
component of many danaid butterfly species; [1ltogeetal compound used as female SP in the olive f
Bactrocera oleae; [12] (S)-2,3-dihydrofarnesol, major component thie buff-tailed bumblebeeBombus
terrestris) male marking pheromone; [13] cis-verbenol, a maggregation pheromone component in many bark
beetles; [14] the principal component of the nilidibeetle Carpophilus freemani aggregation pheromone;.

Structures redrawn according4é?°:12

1.3.1.1 Non-FA-derived insect pheromones

Terpenoids (also called isoprenoids), i.e. deneatiof compounds consisting of one or
more isoprene units, are among the most widesmeddliverse groups of insect secondary
metabolites. In many bark beetle species (Coleapt8colytinae), economically important
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pests of conifer trees, terpenoids are used asrmajoponents of aggregation pheromones
attracting both sexes to a host tree to overwhhbrhbst tree defen'¥é Terpenoids are also
components of bumblebee male marking pheromonebktasattract virgin bumblebee queens
(compound [12] in Figure 33 (see chapter 2.3.1.2 - FA-derived insect pheroméorefurther
details on bumblebee pheromones).

Another vastly diverse group of insect pheromomes(putative) polyketides. These
compounds have often unclear biosynthetic origirblised on their structure they are proposed
to be produced by polyketide synthases (PKS) wbathlyze condensation of carboxyl units,
analogously to fatty acid synthases (FASS). Inremtto FASs, PKSs can produce much more
complex chemical structures than FABsPolyketides serve a variety of biological rolas i
diverse insects, such as male-produced aggregplieromones or female-produced SPs in
various anobiid beetles (Coleoptera: Anobiidae)r(eound [14] in Figure 3); alarm and trail
pheromones in ants; or SPs in some flies (comp§lLidn Figure 33%.

Some insects also modify complex chemicals fronir ttiet to produce pheromones
such as some lepidopteran males including dandidrilies (Lepidoptera: Danaidae) and tiger
moths (Lepidoptera: Arctiinae) which transform glayrrolizidine alkaloids to volatile SPs
(compound [10] in Figure 3% or bark beetles which produce some of their aguieg
pheromone components by modification of diet-a@gicompounds (i.e. of host tree derived

a-pinene or heptane) (compound [13] in FigurE&3)

1.3.1.2 FA-derived insect pheromones

FA-derived pheromones are the most common pherorsionetural theme in insects
involved in diverse biological contesfs represented by thousands of described compounds
and their mixtures. Depending on the chain lengtisaturation and presence of oxygenated
groups, FA-derived pheromones function either dativ® compounds for communication at
long-range, or, less volatile compounds functiorcastact or short-range pheromonéke
contact pheromones are mainly represented by ¢atiEé-derived hydrocarbons and function
as nestmate- and reproductive status clues in @mpteractions between social insects. In
non-social insects they serve mainly as speciegender-recognition signafé128 In contrast,
volatile FA-derived pheromones, such as female ngRhb, generally function as long-range

attractants.

Moths and butterflies (Lepidoptera)
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Finding of a conspecific mating partner is in mayoof noctuid lepidopterans — moths
mediated by female-produced SPs. Two major typdsrofle moth SPs are recognized — i)
saturated or unsaturated C10-C18 straight-chaindefived aldehydes, alcohols and acetates
(compounds [2-4] in Figure 3), and ii) C17-C23 UBArived hydrocarbons and their epoxides
(compounds [5a-b] in Figure ) The former female moth SP class accounts foi766a of
identified female moth pheromorésind represents thus probably the most studied dfpe
insect pheromones, being described from hundredsotii speci€€ where they act as long-
range SPs.

Butterflies, i.e. lepidopterans with day activityse visual signals rather than
pheromones as the principal mating ¢éedut FA-derived SPs were found to be used in some

butterfly species as components of male short-r&rE°,

Ants, wasps and bees (Hymenoptera)

In social hymenoptera, i.e. ants, and social waspkbees, a spectrum of FA-derived
pheromones - particularly hydrocarbons but alse FAs and FA-derivatives with oxygenated
functional groups, FA-derived alcohols and estemsction in coordinating the complex
interactions among the members of the insect sdétet will briefly review their spectrum
and functions in the honeybe&p(s mellifera).

In the honeybee, pheromones constitute the mostplexmdescribed pheromone
communication system in inset®®3 Many of the honeybee pheromones include FA
derivatives. These are i) the queen retinue phenemreblend of short-chain hydroxy-FAs, FA-
derived alcohols, methyl esters and free FAs, amdfA-derived compounds. The components
of queen retinue pheromone act in synergy or awithhl components as both primer and
releaser pheromone regulating many aspects ofabetlony organization and function also
as a long-range SP attracting honeybee males fongn@ompound [1] in Figure %135 ij)
fatty acyl ethyl esters produced by foraging beekens to inhibit the transition of bee workers
from nurses to foragéef¥; iii) brood pheromone consisting of mixture oftfeacyl ethyl esters
and non-FA-derived compounds produced by bee Matviah triggers a range of behavioral
and physiological responses in bee work¥ér$® iv) cuticular hydrocarbons contributing to
recognition of honeybee nestmdf@sand v) certain cuticular hydrocarbons produced by
foraging bees performing waggle dance serving aadditional signal to recruit foragers to a
food resourct.

In majority of bumblebee species, primitively euabbees, FA derivatives in form of

both saturated and unsaturated alcohols, ethyisesiel aldehydes are components of complex
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labial gland secretion, termed marking pheromoweg;h are deposited by males on prominent
objects to attract and arrest conspecific virgindées and thus mediate mafifiDespite the
absence of behavioral assay for the individual cumgs of labial gland extract, the FA
derivatives are presumed to be biologically actiemponents of the marking pheromone since
1) isolated virgin bumblebee queen antennae respoetectroantennogram recordings to the
FA-derived component®!4and ii) FA-derivatives represent the major commisién the
labial gland secretion of some bumblebee specigs asi the while-tailed bumblebBembus
lucorumt#4145and the red-tailed bumblebBelapidarius'4.

In parasitic wasps of the genildasonia, males use FA-derived lactones as SPs

(compound [9] in Figure 3j"148

Flies (Diptera)

Research on the house Musca domestica andDrosophila flies followed by research
on other economically important dipteran specielécates that many fly species use saturated
or unsaturated very long chain FA- derived cuticbiadrocarbons (more than 20 carbon atoms)
and corresponding epoxides and ketones as corttacbipones mediating a broad range of
behavioral effects connected to mating such asepaad sex recognition (compounds [6a-C]
in Figure 3). The courtship signals in flies arewever, complex, and in numerous fly species

visual and acoustic stimuli accompany or replaeepiteromone stimdfi®.

Cockroaches and termites (Blattodea)

Cuticular contact pheromones in form of saturatedyichain methyl-branched ketones
are used by females of the German cockrdzlaliella germanica to mediate sex and species
recognition and induce courtsitg>®

In termites (Blattodea: Isoptera), eusocial inggotip taxonomically positioned within
cockroaches, cuticular hydrocarbons play a rangelet in colony organization similar to
those in social Hymenoptera and they also serveaismarking pheromones involved in

navigation of nestmates (compound [8] in Figurg3)

Beetles (Coleoptera)

Beetles are with over 350,000 described specias g to several millions of
presumably undescribed species the largest animapgTheir diversity is reflected by the
diversity of their pheromone chemical structditéBeetles frequently employ also FA-derived
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pheromones such as hydroxy-FA-derived lactonestifumog as female SPs in many scarab
beetles (Coleoptera: Scarabaeidgcompound [7] in Figure 3) or cuticular hydrocamban

longhorn beetles (Coleoptera: Cerambycidae) semsnigmale contact $P.

1.4 Biosynthesis of insect FA-derived sex pheromonesKS)

FA-biosynthetic and FA-modifying enzymes, whichnsect biosynthesize ubiquitous
FA-derived constituents of cellular membrane lipig®orage lipids, and protective cuticular
waxes and hydrocarbohi$ presumably served as a genetic pool from whictrgrhone
biosynthetic enzymes evolved via divergence ofoifiginal function$®>.

Pheromones are produced in a variety of glandwdrtypes classified based on the
route which pheromones follows to cross the cugicbhrrier, such as glandular cells localized
under the cuticle versus cells which are connewf#@dthe insect exterior via a duct. Glandular
cells, which localize to a discrete area, form phene glands, which can either include a
reservoir to store the pheromone for later reldaseh as bumblebee male labial glands) or
releases the pheromone immediately upon biosyrstifesj. female moth SP glant?s)

The research of FA-derived SP biosynthesis in gadomumber of model insect species,
i.e. cuticular hydrocarbons in cockroaches, fliesl dee¥’, and female SPs in motf$
indicates that the species-specific pheromone tstreior pheromone blend composition is a
result of combination of several conserved biosgtithsteps acting in a particular ortiér
(Figure 4). Each of these steps exhibit distinntlyig or catalytic selectivity and contribute to
the unique pheromone compound structure or pheremuend composition. Notably,
selectivity in each biosynthetic step can diffeientontribute to the final pheromone
composition - some of the steps are highly selectiiereas others accept and transform broad

spectrum of pheromone precurgé?s®®
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Figure 4. Representative examples of FA-derived phemone biosynthetic pathways in moths (Lepidoptera;

A and B), cockroaches (Blattodea; C), and flies (ptera; D). (A) Biosynthesis of salt marsh caterpillar moth
(Estigmene acrea) female SP from diet-acquired PUFAR)(A general biosynthetic scheme of moth female SPs
illustrating how alternative orders of FA chain gieaing and desaturation steps combined with meatifin of

the primary oxygenated functional group generaterdie SP structures. For clarity, only one destturatep
(with Z11 regiospecificity) is shownC) Biosynthesis of the female German cockrodiat{ela germanica) SP.

(D) Biosynthesis of the female houseflylysca domestica) SP. The pheromone biosynthetic schemes were
adapted fror?’.

The first pheromone biosynthetic stepdsnovo biosynthesis of FA. The length of
synthesized FA chain is influenced by either thecdzity of fatty acid synthases (FASS), by
activity of FA elongases (which are of particularpiortance in the biosynthesis of the C20+
long cuticular hydrocarboks), by p-oxidation resulting in FA chain shortening, or by
combination of these mechanisms. Notably, a distlass of membrane-bound FASs, rather
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than the ubiquitous soluble cytosolic FASSs, is imed in biosynthesis of methyl-branched
hydrocarbon$°-1%2 The composition of pool of FAs available for ppraone biosynthesis can
be further influenced by extracellular uptake ohdoFAsS®® synthesis of FA-storing
triacylglycerol$®4165 and selective release of FAs from their storagér@nsport) forntf®. As

a deviation from thele novo FA biosynthetic scheme, some moths biosynthesfzedtived
SPs from diet-acquired polyunsaturated ¥Awhich are either in form of pheromone precursor
or as a final pheromone compounds transportecetphieromone glanef.

Subsequent SP biosynthetic steps generally involedifications of the fatty acyl
hydrocarbon chain, i.e. introduction of doublergplé bond(s), or introduction of oxygenated
groups such as hydroxyl or epoxide groups. Aftex skep, additional round(s) ffoxidation
can shorten the hydrocarbon chain of fatty acylrgim@ne precursors. The order of chain
shortening and hydrocarbon modification steps iparticular importance as it defines the
position of the modifications along the fatty atyldrocarbon chain in the final pheromone
compound®’.

Next, the primary carboxyl group of fatty acyls dam esterified to e.g. ethyl esters,
reduced to alcohol (which can be further esterifee.g. acetate) or to aldehyde. Aldehydes
can be reductively decarbonylated to hydrocarbdime FA-modifying enzymes generally
accept as substrate fatty acyl-CoA rather than free-activated FAS’.

Some of the pheromone biosynthetic proteins wandiesti bothin vivo and, using
isolated genes and proteins, alseitro, i.e. mFADs (see further below), fatty acyl redises
involved in production of fatty alcohdf816%-17® acyltransferase involved in synthesis of FA-
storing triacylglycero®®>'’” [ipases involved in hydrolytic release of FA pbraone
precursors from storage triacylglycer8fs’®17® lipid storage droplet protein involved in
activation of triacylglycerols for hydrolysf§, long chain acyl-CoA binding protein
presumably involved in protecting fatty acyl-CoAaatst hydrolysis and establishment of a
cellular fatty acyl-CoA podf?, fatty acid transport proteins mediating extradal uptake of
FAs'®3 and cytochrome P450 enzyme involved in reductieearbonylation of FAs to
hydrocarbon$?.

For majority of the pheromone biosynthetic stepsydéver, the genes and enzymes
remain to be identified and characterized, i.eyeres catalyzing FA elongatidf®!®*and FA
chain shortening13418518 epoxide group formatidf’®8 acetate ester formatiot?®18°
oxidation of fatty alcohols to aldehyd&%2°3 lipophorins transporting hydrocarbon pheromone
precursor¥®® and enzymes involved in FA biosynthesis - ac€yA carboxylas€*and fatty
acid synthase (FASY.
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Among the pheromone biosynthetic enzymes, the attettion received mFADs. The
research focus on pheromone biosynthetic mFADspsit result of the sequence conservation
of mMFAD sequences which facilitated isolation ofaleirase genes from a broad range of
species and their subsequent study. But despite régsearch bias, diverse enzymatic
specificities of mMFADs are now recognized as keytigbutors to the diversity of female moth
SPs and important players in biosynthesis of clarchydrocarbon profiles in many insect

families (see also chapter 2.5.1.2.1 — Evolutiomséct mFADS).

1.5 Evolution of insect FA-derived SPs

The diversity of FA-derived SPs has been documemtettiousands of insect speéfes
but the molecular mechanisms as well as the eambgielective forces underlying this
diversity remain not well understood.

Presumably a key ecological driving force for SRedyence is the role of species-
specific SP composition as a pre-mating reprodacharrier which prevents hybridization
between closely related sympatric species, i.eciepeco-occurring in the same geographic
ared®!°” Notably, the divergence of cuticular hydrocarl®mRs was demonstrated in two
relatedDrosophila species which were experimentally kept in sympagpresenting thus a
rare experimental evidence of the evolutionary ciiele towards SP diversificatié¥. The
change in pheromone composition can also be antatdapto prevent eavesdropping on
pheromone communication by parasites and predétaas was proposed for the distinct
terpenoid pheromone composition in two bark be@laleoptera: Scolytidae) populations in
response to the pressure exerted by predatoryl ddegtles (Coleoptera: Clerid4¥) Similar
mechanism might presumably shape also compositiorFrAederived SPY’. Also the
physiochemical properties of the pheromone compsuwah be under differential selective
pressure exerted by the environment as was pro@ogkthen also experimentally demonstrate
for Drosophila cuticular hydrocarbon SPs which besides serving abkemical signal also
protect the insects from desiccafidr?92203

A major conundrums of SP composition evolutionhs genetic mechanism which
maintains the high attractiveness and speciesfapgcof the signad® but at the same time
enables rapid evolution of SP composittinA physical linkage between genes controlling
signal production and signal reception would féaié a rapid and evolution of the signal, as is
the case of acoustic sexual communication in cti#®eA linkage between female pheromone
production and male pheromone response was exp#afyerejected in mot8°-2%although
some evidence supports a common genetic basisgoflsproduction and response in
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Drosophil&®?1% As an alternative explanation for coordinatedletion of the signal and
response, research on SPs in moths helped estaddymmetric tracking as a major
hypothetical mechanism of SP diversificafiihThe hypothesis assumes that the asymmetry
in parental investments (larger investment of fesraald smaller investment of male moths)
results in lower selection pressure exerted onfeheale-produced signal than on the male
response. This evolutionary model would enable mhigher variance in female moth
pheromone composition than have been previousiyn@ss$'2 An abrupt “saltational” change
in female SP composition would result in a disti@Bt that attracts males with more broadly or
differentially tuned SP preference — so called érarales?'1-214 Strong argument for non-
gradual change in SP composition is that smalligabchanges might not establish an efficient
reproductive barrier to prevent hybridization dfated sympatric species. Assortative mating
(the preferential mating of females producing agi@P with males attracted by this SP) could
then restrict gene flow between subpopulations wigtinct SP which can ultimately lead to
fixation of a novel SP composition and possiblycsgigon. The model of asymmetric tracking,
however, does not explain how new female SP caorbedixed if only few rare males respond
to it3L. Also challenging is to demonstrate the direct il SP diversification in speciation by
study of SP differences in isolated species, a®tiserved differences in SP communication
might have accumulated only after the speciaticené¥

The asymmetric tracking is considered as a potesyiieciation mechanism in moths
and flieg% Saltational shift in pheromone composition wasvehto be characteristic also for
the non-FA-derived aggregation pheromones of bagkles (Coleoptera: Scolytind®) The
reproductive barrier imposed by SP communicaticstesy can be further strengthened and
fine-tuned by behavioral antagonists, i.e. pheroenoomponents which acts as deterrent for
non-conspecificg’.

In contrast to SPs, other pheromones such asptialomones used for navigation or
alarm pheromones used to signal danger in antdandtes are not required to be highly
species specific and divergence of these typefi@fgmones in different species may mainly

represent adaptations to different habft&ts
1.5.1 Molecular basis of insect FA-derived SP evolution

1.5.1.1 Signal receiver

In this thesis we focus on production of pheromaignal. The understanding of
mechanisms driving diversity of the signal recesvereference is, however, equally important
for understanding of the SP evolutiéi”.
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The pheromones are detected by olfactory sensamong (localized to the olfactory
sensillas in antennae or in some insect groups asdbiptera also to maxillary palps) in a
process involving odorant binding proteins and phene receptof$’. Besides the pheromone
receptor genes which are obvious and relativelylyetestable candidates for SP preference
divergence, male pheromone preference might diyestso via changes in other components
of the neurophysiological pathwiy

Multiple lines of evidence support the plasticifyneoth male response to female SPs.
Male mothsAdoxophyes honmai were found to exhibit broadened pheromone preteren
field and laboratory conditions by exposition toykaquantities of synthetic pheromoffésin
male Trichoplusia ni moths, their pheromone preference broadened 4&tegenerations of
laboratory rearing with females producing abnorptatromone blerfd™. In the population of
European corn borer moth mal&3sitinia nubilalis), rare males exist which are attracted by
the SP of the related Asian corn borer m@hf(@rnacalis)?'3. Finally,in vitro characterization
of odorant receptors of ma@strinia moth indicated that a single aa substitution dtar the

pheromone specificity of the receptdr

1.5.1.2 Signal producer

Experimental evidence from research on fruit fiié8>223 recent pioneering work on
male wasp SP% but particularly the amassed knowledge on mothc@Bmunication (see
further below) indicate that the divergence of enatic specificities or regulation of SP
biosynthetic enzymes, including FA chain-shorterengymes, FARs, and FADs, can underlie
SP signal divergence and potentially speciationar@es in FA chain-shortening was
associated with changes in SP composition in seveath specie’$®22422> however the
respective genes remain to be identified and fanatly characterized. In contrast, FAR! "
and FAD genes responsible for the shift of SP caitiom were previously isolated and the

respective enzymes functionally characterized.

1.5.1.2.1 Evolution of insect mFADs

The mFAD gene family in insects presumably expanukfdre the divergence of the
lepidopteran and dipteran lineages between 33@B&Aadnillion years agd® and particularly
in flies and moths underwent extensive diversifaaunder the birth-and-death evolutionary
model, that is, mFADs underwent numerous gene dafpdins and some of the gene duplicates
stayed active whereas some were inactivated otedefeom the genoni&’??8 Subsequent
divergence of the mFADs gave rise to a functiondliyerse mFAD multigene family which

substantially contributes to the diversity of plraome structures and pheromones blends used
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by extant moth speci€822%230 Similarly, the mFAD gene family expanded alsoaints
(Hymenoptera: Formicidae), presumably in connectwith their role in chemical
communicatiof™,

Research of moth female SP biosynthetic gégtk$o characterization of more than 50
lepidopteran mFADs clustering into multiple wellpported clades including two evolutionary
distinct classes of mFADs exhibitirfP-desaturase specificity and multitude of functlpna

diverse classes, the largest of them encompagdibgnFADZ?® (Figure 5).
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Figure 5. Lepidopteran mFAD gene family tree.Phylogenetic tree showing the relationships between
lepidopteran FAD3M. sexta desaturases are highlighted in rBdmori desaturases are highlighted in blue. Eight
highly supported clades are colored and named. F&Bsiamed by the genus and a single letter alatti@viof

the source species name followed by designatidheoimFAD specificity, when available, or by “ncrfmFADs

that have not been functionally characterized &rfor mFADs that were functionally assayed butdesaturase
activity was detected. Numbers along branches ateibranch support calculated by approximate likeld ratio

test (aLRT, minimum of SH- like and Chi2-based ealu For GenBank sequence accession numbers dnd ful

species names, see S| Appendix,Table &2 iRigure adapted frof#r.

In other insect species which use FA-derived pheres, FADs have received
considerably less attention. To date, very few lemidopteran FADs involved in pheromone
production have been identified; such FADs havenbbeported irDrosophila (Dipteraf’:233
and the houseflivusca domestica (Dipteraf3*. We have identified Z9-FADs from bumblebee
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species involved in biosynthesis of male markingrpmone¥®:2% representing the only
functionally characterized hymenopteran pheromaosynthetic mFADs.

Besides pheromone-biosynthetic mFADs, Z9-mFADs Ivew in primary FA
metabolism have been cloned and functionally chieraed from the red flour beefleibolium
castaneum (Coleoptera*® and the house cricket Acheta domesticus (OrthaptérTwo Z12-
MFADs involved in biosynthesis of physiologicallgnportant polyunsaturated FAs were
identified in the red flour beetle and the houseket; these mFADs were proposed to evolve
independently from the ancestZ8-mFADS%,

In Drosophila fly and several moth species, multiple genetic imeesm underlying
mFAD activity diversification were established aoposed to play a role in the pheromone
evolution, including activation of a nonfunctionalFAD gené'®?3® mFAD
neofunctionalization, i.e. mMFAD gene duplicatiolldwed by its functional divergent®:
inactivation of mFAD gerté?, or differential regulation of FAD gene expressfoit?-24°

Together, the reviewed literature indicates thatLepidoptera and Diptera, SP
communication is, despite the presumed restriciibp®sed on the pheromone signal producer
and receiver, evolutionary surprisingly plasticeTdenetic changes of pheromone-producing
MFADSs are recognized as one of the major yet rtyt finderstood molecular mechanisms of
the FA-derived pheromone evolution. In other inggders, the molecular mechanisms of FA-

derived pheromone evolution are understood to evesser extent.
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2 Research aims

To explore the molecular basis of the moth sexqhene evolutiorvia identification
and characterization of the tobacco hornwoNtarfduca sexta) fatty acid desaturases
involved in biosynthesis of unusual triunsaturateeik pheromone components
(Publication 1).

To elucidate the contribution of differential enzatic selectivities and expression
patterns of fatty acid desaturases to the spepesfis composition of FA-derived male
marking pheromones in three European bumblebeeesp@ombus terrestris, B.

lucorum, andB. lapidarius) (Publication II).

To identify fatty acid desaturases involved in pibesis of polyunsaturated fatty acids
in the opportunistic pathogenic yeaSlandida parapsilosis and based on a
comprehensive analysis of the fatty acid desatupaeelucts revise the current

classification of yeast desaturases (Publicatign I
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3.1 Publication I: Evolution of moth sex pheromone composition
by a single amino acid substitution in a fatty acidlesaturase

Background

Tobacco hornworm mottManduca sexta) females attract males by releasing a sex pheremon
(SP) containing in addition to mono- and diunsdadaldehydes, which are typical structural
themes in SPs of Bombycoidea mdthalso uncommon conjugated triunsaturated aldehydes
The production of triunsaturated SP componentesgmts an easily traceable rare phenotype,
thus makingM. sexta a convenient yet unexploited model organism foraueling the
mechanisms of chemical communication evolutiomagel SP component recruitment. In our
previous attempts to decipher the desaturationwsgtheading to triunsaturated SP precursors
E10,E12,E14-16:3 and E10,E12,714-16:3 (3UFASs), deniified theMsexD2 desaturase,
which exhibits Z/E11-desaturase and conjugasedélyrdrogenase) activity and participates
in stepwise production of monounsaturated SP psecsiz11-16:1 and E11-16:1 (LUFAS) and
diunsaturated SP precursors E10,E12-16:2 and E20,B2 (2UFA$*. The terminal
desaturation step resulting in the third conjugadedble bond and the respective enzyme

remained, however, elusfié24

Summary

In the search for FAD genes involved in pheromomesymthesis, we performed RNA
sequencing of\V. sexta female PGs, the site of pheromone biosyntfEsisis well as
nonpheromone-producing tissues (female fat bodyafe labial palps, and larval midgut). We
identified 14 desaturase transcripts, of which devadundant and enriched in the PG: MsexD2,
a previously characterized Z11-desaturase/conjugassved in sequential biosynthesis of
1UFA and 2UFA pheromone precursdfsand three FAD gene products, MsexD3, MsexD5
and MsexD6. We expressed the candidate pheromasgHthetic FADs inSaccharomyces
cerevisiae and using GC/MS analysis of transesterified lipigkast extracts we determined the
content of novel UFAs produced by the heterologpeagpressed FADs. MsexD3 and MsexD5
biosynthesized 3UFAs via E/Z14 desaturation fromndaturated fatty acids (along with
additional minor FA products) whereas MsexD6 pradlZ11-18:1, a tentative precursor of
minor M. sexta SP component. The substrates and produd eéxta SP-biosynthetic FADs
determined in yeast expression system were condiapplication of metabolic probesvivo

in the form of FAs and FAMEs to femal. sexta PGs, particularly demonstrating the
biosynthesis of 3UFAs from E10,E12-16r2vivo. Sequentially highly similar yet functionally
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diverse MsexD3 and MsexD2 were used in site-diccotetagenesis experiments to uncover

their specificity determinants. Initial set of mgémesis experiments highlighted the predicted
fourth transmembrane helix as critical for desaeargpecificity and subsequent mutagenesis of
nonconserved aa residues in the transmembranedetionstrated that swapping of a single
amino acid residue Ala224/1le224 introduced E/Z®4aturase specificity to mutated MsexD2
(and reciprocally, abolished E/Z14-desaturase §ipigiin mutated MsexD3). In protein
structure models of MsexD2 and MsexD3, which weegated employing recently available
structures of mammalian Z9-FAPS® as a template in homology structure modeling, we
showed that the residue Ala224/1le224 contributesotmation of a kink in the substrate
binding channel, which was hypothesized to be welin the positioning of the fatty acyl
substrate with respect to the di-iron active cént@hese results demonstrated that a change as
small as a single amino acid substitution in a pimeme-biosynthetic FAD might result in the
acquisition of novel desaturase specificity pothtileading to recruitment of novel SP
components (Figure 6). Reconstruction of FAD gehgqgeny indicated that MsexD3 was
recruited for biosynthesis of 3UFA SP componentd.isexta lineage via gene duplication and
neofunctionalization, whereas MsexD5 representimgleernative 3UFA-producing FAD has

been acquired via activation of a presumably inaciincestral MsexD5.

Q) PEI-16:1
16:0-{;‘-;‘5-:—- (D53 Z11-16: 11— 500 2 —PF10,E12-16:2 el 1 &_, n

MsexD6 / - E10,E12,E14-16:3
18:0—J Lh‘."‘l1~18:1
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Figure 6: Reconstructed biosynthetic pathway oManduca sexta UFA precursors of SP.M. sexta femalegA)
biosynthesize sex pheromones in the pheromone dtaradized in the evertible abdominal fB). We have
identified pheromone-biosynthetic FADs and recarmded the complete desaturation pathway leading to
unsaturated FAs which serve as precursors of nandrmajor pheromone components including E10,212-16
and E10,E12,714-16:3 which are essential for attrgdV. sexta males(C). By site-directed mutagenesis of
MsexD2 and MsexD3 we have identified a single angioinl residue Ala224 and lle224, respectively, liaed

to the predicted fourth transmembrane helix oRA®s, which determines whether the desaturationame will

be E10,212-16:2 or E10,E12,214-16:3. In the cubtigh model of MsexD2D) and MsexD3E) generated by
homology modeling using human Z9-FAD structure teneplate, Ala224 and lle224, respectively, is lized to
the kink of the substrate binding channel anditéase exposed to the binding channel interioiighlighted in
red. The channel is occupied by a hydrocarbon obfafiatty acyl substrate derived from the FAD stuwe used

as a template for structure homology modeling. Ag@fron?32

My contribution

| have analyzed the RNA-seq data and identifieddgsaturase transcripts; isolated the coding
regions of MsexD6 and five variants of MsexD5 almhed them into yeast expression vectors;
prepared part of the MsexD2 and MsexD3 mutants ibg-dsrected mutagenesis and
transformed them along with MsexD5s and MsexD6 weast strains; cultivated the yeast
strains expressing all FADs and their mutants;aieol and analyzed FAME products by
GC/MS; applied the isotopically labeled metabolioles toM. sexta PG and analyzed the
resulting isotopically labeled FAs and naturallycaeing FAs inM. sexta PG by GC/MS;
performed the phylogenetic analysis of moth FADyte/the draft of the manuscript.
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3.2 Publication Il: The role of desaturases in the biosynthesis of
marking pheromones in bumblebee males

Background

In the majority of bumblebee species (Hymenoptaradae: Bombus), the mate-finding and
mating is mediated by so-called marking pheromd@h#3s) which are deposited by males on
prominent objects to attract conspecific femfedviPs are produced by the cephalic part of
the male labial gland (LG) which fills large pafttbe male’s hedd®?*8andcontrasts thus with
female bumblebee LG¥ or male honey beeApis mellifera) LGs which do not accumulate
cephalic LG secretidi”’. MPs generally consist of terpenoids and fatty-ategidved aliphatic
compounds. The presence of unsaturated fatty-asmgetl MP components of various fatty
acyl chain lengths which differ among bumblebeeciseled to hypothesis that these are in
bumblebees produced via pheromone-biosynthetic RABtsexhibit species-specific substrate
preferences, i.e. a pheromone biosynthetic rouaéogous to that in motf¥. Our laboratory
initiated efforts to establish male bumblebeeseag model organisms for study of molecular
basis of pheromone biosynthesis by a search foiblMBynthetic FADs expressed in LG of
three common European bumblebee species which diffistantially in their MP composition.
That is,i) Bombus terrestris, an established greenhouse pollinator, which Mieéomposed
mainly of terpenoid compounds) its sister specie®. lucorum (bothBombuss.s.), which uses
Z9-14:1-derived ethyl esters (ethyl tetradec-9-émpandiii) B. lapidarius, representative of
further related subgenidelanobombus, which uses predominantly Z9-16:1 and 16:0-derived
alcohols (hexadecanol and hexadec-9-enol). A sipgkative FAD coding region termed
BlucNPVE was identified and cloned fror8. lucorum LG cDNA. The functional
characterization of BIuCNPVE in yeast expressiosteaay demonstrated, that it codes for Z9-
FAD which produces preferentially palmitic (Z9-1p4And oleic acid (Z9-18:1) in the yeast
expression system along with trace amounts of Z2-1roduction of only trace amount of
Z9-14:1 in yeast expression system suggested thi@NBVE is presumably not responsible
for accumulation of Z9-14:1 which serves as a premuof Z9-14:1-ethylester, the majBr
lucorum MP component. Instead, it was proposed to be Wrebin primary metabolisf®. The
pheromone-biosynthetic FADs and the contributiothefr distinct specificities to the species-

specific MP composition remained elusive.

Summary
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By employing RNA sequencing 8f lucorum andB. terrestris male labial glands and fat bodies
(selected as a reference tissue), we identified paralogous FAD-like genes. Two FAD
paralogs were substantially more expressed in b@s EBs of both species according to the
RNA-seq data - BlucNPVE (identical to the FAD pasly identified by Matouskova et &f)
and BlucSPVE irB. lucorum, and BterNPVE and BterSPVE Biterrestris. The differentially
high abundance in LGs was confirmed by gRT-PCR yasmal BlapNPVE and BlapSPVE
coding regions were isolated froB1 lapidarius LG cDNA by PCR using combination of
degenerated and specific primers designed againsecved FAD regions. FADs from all three
investigated species belonging to the NPVE and SEiips (named according to the
presence of four-amino-acid signature motif) shanest 97% protein sequence identity within
the groups and approximately 60% identity betwé&engroups. Functional characterization of
FADs in yeast demonstrated that NPVE FADs fromtlinee species were almost identical, all
exhibiting Z9-desaturase regioselectivity and hggheonversion rate (calculated as ratio of
relative abundance of unsaturated FAs to the tetative amounof saturated and unsaturated
FAs) with 18:0 (98%), followed by 16:0 (85% - 88%)d 14:0 (62% - 63% in BterNPVE and
BlucNPVE, respectively; 47% in BlapNPVE). SPVE FARrsduced traces of Z4-14:1 and E4-
14:1 as sole products, naturally not present inLBeof the studied bumblebee species and
previously not detected in any other insect specCié®se data indicate that although the
desaturase substrate specificities of NPVE FADs do¢ match the composition of FA-derived
MPs, these FADs are the most probable candidatereewzinvolved in biosynthesis of Z9-MPs
since they are highly abundantly and specificallgressed in LGs. Notably, BterNPVE was
one of the most abundant transcriptBiterrestris LG which contrasts with the low abundance
of Z9-MP components irB. terrestris LG, indicating that the activity of BterNPVE is
posttranscriptionally regulated. Together, the expents indicate that FAD’s enzymatic
specificities in the studied species did not diedrgthe course of evolution and that the species-
specific MP composition is not underlined by distifAD substrate specificities (Figure 7),
I.e. a mechanism of pheromone composition detetmimaommon to many moth species does
not apply to bumblebees. Rather MP compositiomigrolled in a species-specific manner by
i) posttranscriptional regulation of FADs anfamount and availability of FAs of particular
chain lengths which serve as FAD substratesiipsubstrate specificity of downstream MP-
biosynthetic enzymes such as fatty acyl reductaskdty acyl ethyl ester biosynthetic enzymes

which can transform UFAs to final MP components.
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In ongoing experiments we aim at isolating andatt@rizing substrate specificities of
bumblebee fatty acyl reductases and at comprelersialysis of fatty acid content in the
bumblebee LGs.
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Figure 7: Specificities of mMFADs abundantly expressd in labial glands of Bombus terrestris, B. lucorum and B.
lapidarius. (A) In the investigated specig®) two mFAD orthologs, NPVE and SPVE, exhibiting Z®daZ/E4 desaturase
specificity and substrate preference for 14:0-58t@ 14:0, respectively, are abundantly expresstilabial glands. Adapted

from3°.

My contribution

| have analyzed the RNA-seq data and identifiedetimeFAD coding regions; validated LG-
specific expression of BlucNPVE and BlucSPVE by gRTR; cloned all FAD coding regions
into yeast expression vectors and transformed timéonyeast cells, performed all the yeast

cultivation experiments, lipid isolations and FAalyses; wrote the draft of the manuscript.
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3.3 Publication [I1l: Al2-fatty acid desaturase from Candida
parapsilosis is a multifunctional desaturase producing a range
of polyunsaturated and hydroxylated fatty acids

Background

Fungal FAD research is largely motivated by thedeéor novel FADs that could be used in
metabolic engineering of microorganisms to produaigunsaturated fatty acids (PUFAs) and
other valuable unsaturated fatty acids on an im@disicalé??>2 Additionally, desaturation, as
a part of fungal fatty acid metabolism, has beawshto play a crucial role in the growth and
morphogenesis of pathogenic yeast species in pdanttdrumans. Therefore, FADs have been
suggested as potential targets for antifungal dfog<°32>* Numerous fungah12-, A15- and
multifunctional membrane fatty acid desaturase ge@\Ds) involved in biosynthesis of
PUFAs have been already isolated and function&lgracterized employing yeast expression
systeni*96:255-264A range of desaturase regioselectivities deperatetine reference point used
by FADs to position the introduced double bond besn described. The main regioselective
modes are: (1) the double bond is introduced betweecific carbon atoms counted from the
carboxy terminus AX) or (2) methyl terminus«{X) of the fatty acyl substrate, and (3) a
subsequent double bond is introduced a specificbeunof carbon atoms (usually three)
counted from the pre-existing double bond3)*°. These FAD regioselectivities are not
mutually exclusive, and Meesapyodsuk et al. suggeassigning FADs with primary and
secondary modes to more precisely describe thgioselectivity*. Detailed information on
both major and minor FAD diagnostic substrates @nodiucts is principal for comprehensive
description and classification of these FADs. Hogrewonly major PUFA products were
analyzed for many of the fungal FADs and studiesciwhre-examined PUFA-producing

FADs*"?%5indicates that minor products can be easily négtl®-267

Summary

To comprehensively describe enzymatic specificitieBUFA producing FADs, we identified
and isolated gene homologs of fungal FADs from ofpustic pathogenic yeasiandida
parapsilosis. Expression of theC. parapsilosis FADs termed CpFAD2 and CpFAD3 in a
Saccharomyces cerevisiae expression system and detailed analysis of nowebmand major
FA products via GC/MS coupled with a range of FAnd&ization techniques enabled us to
identify polyunsaturated and hydroxylated prodwetsch were previously not described for
Candida albicans homologs of CpFAD2 and CpFAD3
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Overexpression of CpFad3 feaccharomyces cerevisiae strains supplemented with
linoleic acid A9, A12-18:2) and hexadecadienoic acd®(A12-16:2) led to accumulation of
A15-PUFAs, i.e.g-linolenic acid A9, A12,A15-18:3) and hexadecatrienoic acid with terminal
double bond A9, A12, A15-16:3), respectively, which jointly indicate thapFad3 exhibits
A15-regioselectivity requiring a preexisting 2-double bond and is capable of introducing a
terminal double bond.

CpFad2-expressing yeast strains accumulated expad@-PUFAs, i.e. linoleic and
hexadecadienoic acid9, A12-16:2), as the expected major PUFAs. HoweveQrapanying
A15-PUFAs were also detected, nameliynolenic acid and hexadecatrienoic ack®(A12,
A15-16:3) and we identified ricinoleic acid (12-hgry-9-octadecenoic acid) as an additional
product of CpFad2. Based on the PUFA products tetewe proposed that the primary
regioselective mode of CpFad2vis3 and the secondary modeAi$2, in accordance with the
FAD regioselectivity classification proposed by Mapyodsuk et &, i.e. that the preexisting
double bond serves as a reference point for pasgigpof the newly introduced double bond

and that theé\12-position is the preferred position of the doutde&d introduction.
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Figure 8: Neighbor-joining gene tree showing relaténess of fungalA12- and A15-FADs based on their
protein sequence CpFAD2 and CpFAD3 identified and characterizethis work are highlighted in bold. The
source species hame is abbreviated and followeexpgrimentally determined desaturase regioselégtikFior
multifunctional FADs, preferred regioselectivityirglicated by “>" if available in the literaturge.g.,A12>A15
indicates preferentialA12-desaturase regioselectivity)A12-FAD and A15-FAD from the nematode
Caenorhabditis elegans (CaeEle) were added as an outgroup. Numbers dboagches indicate bootstrap
percentage support from 1000 replicates. The dmieshows number of amino acid changes per sitaptkdi

from?68,

These results also demonstrate that both CpFadZpRdd3 are capable of production
of multiple PUFAs or hydroxylated FA products whigrere previously not detected as
products of the putative CpFAD2 and CpFAD3 orthslé@m budding yeasts (Ascomycota:
Saccharomycotina) (Figure 8). This work indicatbat tdetailed analysis of minor FAD
products has a potential to uncover a range ofnetbee undescribed enzymatic selectivities of
A12-FADs andA15-FADs.
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My contribution

| have isolated the coding regions of CpFAD2 andrAIp3; cloned CpFAD2 and CpFAD3
into yeast expression vectors and transformed thémS. cerevisiae yeast strains; cultivated
the yeast strains heterologously expressing CpFAM®R CpFADS; isolated the total cellular
lipids and analyzed their fatty acid methyl estdr4-dimethyloxazoline-, and trimethylsilyl-
derivatives using GC/MS; analyzed the GC/MS datatevthe draft of the manuscript.
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4 Discussion and conclusion

Insect pheromones represent a principal commuoitathannel in many insect species,
involving disease vectors and economically impdrtagricultural pests. Understanding
pheromone communication of these species is dyrentitivated by search for novel pest
control strategies. But often nature “offers” origams which are not of imminent economic
importance but their remarkable evolutionary lifstbry makes them a convenient model for
answering particular biological questions. Argualthe tobacco hornworm motiMéanduca
sexta) is such a species. The combination of its lange, dacile breeding in laboratory
conditions, and its feeding preference for alkaldéfiended Solanaceous plants (such as
nicotine-producing tobacco plants) madesexta, despite its insignificant economic impact as
a plant pest species, a favourite model organisrattmly of herbivore-plant interaction, insect
molecular biology, neurophysiology, and biochenyidit. sexta is an exciting species also with
respect to its pheromone composition — the femabe gheromone (SP) blend contains
triunsaturated fatty acid-derived (3UFA-derived)emmones which were not identified in
related moths (such as the silkworm mBtimori). The potential oM. sexta as a model species
for investigation of evolution of pheromone comnaation, however, was untapped, partially
due to the missing knowledge on the 3UFA biosymtheathway or related genes and, until
recently, also due to the missikg sexta genomic information (unpublishéd. sexta genome
is now publicly available at the internet pagesAgfricultural pest genomic resources -
http://agripestbase.org/).

Our research group ventured into studvofexta pheromone biosynthesis by searching
for membrane fatty acyl desaturase genes (mFAD#)cGantly expressed M. sexta female
pheromone gland. The absencé/bfsexta genomic or transcriptomic information at that time
necessitated search for mFAD genes using homologyy PCR approach (employing
degenerated primers designed against conserved miAis) which resulted in identification
of MsexD2 mFAD involved in biosynthesis of diungatied (2UFA) SP precursors, essential
components oM. sexta SP. The mFAD involved in 3UFA-derived SP biosysieegemained
elusive at that tinf€®. The advent of next-generation sequencing teclesiguamely RNA-seq,
provided us with a tool to access transcriptomed.akxta pheromone gland and other tissues.
By comparing the transcriptomes acrisssexta tissues we identified MsexD3, MsexD5 and
MsexD6 mFADs candidates abundantly and preferéngeajpressed in the female pheromone

gland (PG) and by functional characterization efitiFAD gene candidates in yeast expression
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system we concluded that MsexD3 and/or MsexD5 predBUFAs via desaturation of
2UFA(Publication 1). Knowledge on 3UFA-biosynthetitFADs opened up possibilities for
inference of pheromone evolution in tkile sexta lineage (see further below).

As a second insect group of interest we selectedblebees (Hymenoptera: Bombus),
namely three common European bumblebee spddaeshus terrestris, B. lucorum, andB.
lapidarius. The UFA-derived male marking pheromone (MP) congmis in these related
species substantially qualitatively and quantitfivdiffer and these species thus represent
suitable model organisms for study of entirely yslesed hymenopteran pheromone
biosynthetic mFADs and their role in pheromone atioh. Also for these species for which
genomic or transcriptomic data were not availabiél wecentl\¥®°, the RNA-seq approach
enabled us identification of mMFAD candidates pregisninvolved in MP biosynthesis.

As a strategy to confirm the mFAD function we enyeld characterization of the mFAD
enzymatic selectivities in yeast expression systatimer than aiming fom vitro work with
these enzymes, which are due to their transmembwaakzation inherently difficult to isolate
and characterize. By employing functional charazsgion of mFADs in yeast, we sacrificed
e.g. an option to study mFAD enzymatic kinetics aofhctor requirements - both potentially
relevant information for understanding the regolatof pheromone biosynthesis. But the
chosen approach enabled us description of regidepies and substrate specificities of eight
M. sexta mFADs and over thirty of their mutants (Publicatiband unpublished results), six
bumblebee mFADs (Publication 1), and tWo parapsilosis mFADs (Publication IllI), a task
which we could hardly accomplish by studying thelased and purified mFAD enzymes
vitro.

In the case of study ®&fl. sexta pheromone biosynthesis we were admittedly luckydok
with an organism where a functional divergence BAD — an evolutionary scenario relatively
easily testable by the mFAD functional assay - ymmeably generated novel SP components.

By contrast, functional divergence of mFADs seem$é not driving the evolution of
bumblebee MPS, since all the male bumblebee mFA®$uactionally conserved across the
three investigated bumblebee species (PublicatipnPlarticularly surprising was highly
abundant and preferential expression of Z9-mFADskEtng substrate preference towards
16:0 and 18:0 in LGs . terrestris andB. lucorum. This expression pattern is indicative of
the role of Z9-mFADs in pheromone biosynthesis, &y, these species, in contrasBto
lapidarius, do not accumulate larger quantities of Z9-16f1Z%18:1-derived MPs. A possible
explanation for the discrepancy between the highmFAD mRNA abundance and the
apparently low activity of the respective enzynepaosttranscriptional downregulation of Z9-
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MFADSs inB. terrestris andB. lucorum. This mechanism was proposed to explain the poesen
of highly abundant yet enzymatically inactive mFARnscripts in PGs of some moth
specie$’>?"t Numerous post-transcriptional gene expressionlaégyy mechanisms, many of
them still little understood, are documented aceadaryotic organisms to limit the correlation
of measured mRNA quantity and abundance (or aglivif the respective enzyrfié and
further experiments should clarify the proposederabf male bumblebee mFAD
posttranscriptional regulation in regulation of M&nposition.

Other factors which we propose to influence thecmsespecific bumblebee MP
composition and which remains to be tested ardfgrdntial availability of FA precursors of
MP components underlied by the differences in mdsgsis, transport and accumulation of
FAs in LG and ii) particular enzymatic specificiof downstream pheromone biosynthetic
enzymes such as esterases involved in productiéiAedthyl esters or fatty acyl reductases
(FAR) involved in production of FA-derived alcoholBhe former hypothesis was addressed
by Valterova and collaborators who uncovered cbation of FA transport to MP biosynthesis
in B. terrestris?”® but the contribution of FA transport to the spsepecific MP composition
remains to be tested. To address the later hypethes are currently cloning and functionally
characterizing bumblebee FARs from the LGs of timed species. Our preliminary results
indicate that there are indeed FARs exhibitingimistsubstrate specificities which might
partially explain the species-specific MP compaeosit{unpublished results).

Another surprising result of bumblebee mMFAD survess the identification oE/Z4-
MFADs in all three species which exclusively dess®l 14:0. The occurrence of thd-
monounsaturated FAs is limited in nature. They present in seeds of Umbelliferae,
Araliaceae, and Garryaceae plant spé&eand in the sexually deceptive orch@phrys
sphegodes, in whichA4-16:1 is a proposed intermediate of alkene bidmsi&€’® but they are
absent in the bumblebee LG extracts. The unustza-regiospecificity might be underlined
by the presence of thé"@and &' predicted transmembrane helices, which deviate filoe
consensual membrane topology of acyl-CoA mFADs. dtwditional predicted helices likely
represent membrane-associated regions, which mlgita role in FA substrate recognition,
as previously suggested by Diaz e¥allhe absence &/Z4-14:1 in the bumblebee LG might
be explained by the mechanismiafvivo posttranscriptional downregulation of tE&74-
mFADs proposed above also for Z9-mFADs. To addif@ssquestion, future development of
FAD-specific antibodies or a proteomic approach ragquivocally establish the protein

abundances af9-mFAD andE/Z4-mFAD across bumblebee tissues.
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An alternative tool to validate (or uncover) a bigical function of a gene candidate,
particularly powerful in non-model organisms foriefnlimited genetic tools are established,
is RNA interference (RNAI). In an RNAIi experimetdrget transcripts are depleted by dsRNA-
mediated MRNA degradation and the resulting phgnowffect on the organism is observed.
In insects, the sensitivity to RNAI greatly varlestween tissues and species, the most sensitive
being beetles (Coleoptera) and the least sensftige (Diptera), moths and butterflies
(Lepidoptera)’®. We strived to unravel the contributionshdfsexta mFADSs to biosynthesis of
SPs by impairing then vivo activities of MsexD2 and MsexD3 via injection o$§RNA
silencing probes (designed against MsexD2 and M3gxkido abdomens d#l. sexta females.
However, we observed neither significant decreasled mFAD transcript levels in the PG nor
a change in the UFA content (unpublished resuhighe future, overcoming the difficulties of
RNAI in Lepidopterd’’ and establishing a reliable RNAi procedure forddown of genes
expressed in thig. sexta PG might provide experimental evidence for thatre¢ contributions
of MsexD3 andMsexD5 to 3UFA biosynthesis. Nevertheless, our resutgest thaisexD3
plays the principal role in 3UFA biosynthesis besmai) MsexD3 transcript is more abundant
in the PG compared telsexD5 and ii) the 1:7 ratio oE10E12E14-16:3 ancE10E12714-
16:3 produced biisexD3 closely resembles the ratio of the respectidelatdic components
in theM. sexta SP (approx. 1:10) in contrast to the ratiavtsexD5 3UFA products (3:1). We
speculate that the selection pressure leading e¢orélcruitment of a second, seemingly
redundant, 3UFA-biosynthetic mFAD might occur, &ample, to secure a sufficiently high
production of 3UFA-derived SPs.

RNAI is a promising tool also for uncovering thelobgical role of bumblebee mFADs,
FARSs, or other pheromone-biosynthetic gene canelsdahich we have recently identified as
abundantly and preferentially expresse®.iterrestris male LG,

Our study of PUFA-producing mFADs from the opporstically pathogenic yeast
Candida parapsilosis demonstrated previously undiscerned capabilitpy6ADs from budding
yeasts (Ascomycota: Saccharomycotina) to act aifomdtional Z12/Z15-desaturases and to
produce hydroxylated products (Publication Il).€8k results contribute to the recognition of
MFADs as enzymes inherently exhibiting multiple sudte- and regiospecificities. The switch
between the mFAD specificity modes is apparentliggafacile and this property of mFADs
has, besides implications for evolution of commatian mediated by mFAD-produced
pheromones, also relevance for the rational engimgpeof mFADs for biotechnological

production of economically interesting UFASs.
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Enzymatic plasticity of mFADs was previously expeentally well documented, as |
summarized in the introductory part of this thesi®@wever, no experimental evidence to
support the hypothesis that the enzymatic plagtmitSP-biosynthetic mFADs might play a
role in shaping the moth SP communication chanrasd awailable. Our finding that a single
amino acid mutation in SP-producing mFAD has amitdeto generate novel SP components
in M. sexta lineage thus represents the first evidence ofdleeof mFAD enzymatic plasticity
in pheromone communication evolution (PublicatipriThe finding of the mutation at amino
acid position 224 which critically influences thle sexta mFAD specificity and which localizes
to the predicted@transmembrane helix is in agreement with preveyseriments on mFADs
from various organisms which suggested the roleasfsmembrane helices in formation of
substrate-binding site. At the time of carrying thé study, the lack of mFAD protein structure
however prevented further mechanistic rationaliatf the effect of the 224 substitution. By
coincidence, two studies providing the first mFARstal structure’-®°were simultaneously
published during the final phase of preparatiomwf manuscript oM. sexta mFADs which
enabled us to prepare preliminary homology modeldsexD2 and MsexD3 structures. These
models uncovered the localization of the 224 amemd residue to the kink of
MsexD2/MsexD3 substrate binding tunnel which preshbipn plays a key role in
conformational restriction and positioning of tlaéty acyl substrate moiety with respect to the
di-iron active center and provided thus experimleededence for the proposed critical role of
this kink in the determination of mFAD enzymati@sficity (Publication I). The availability
of mMFAD structures now sets the stage for a nexteggion of structure-guided mFAD
mutagenesis experiments and prompts homology nmagbhsed re-evaluation of the results
of the numerous published mFAD mutagenesis studiegether, the availability of mFAD
structures should mark the shift from identificatmf mMFAD sequence specificity determinants
towards the identification of structural specificileterminants and, ultimately, towards
understanding of mechanisms of mFAD substrate-regspecificity. Still, the computation
of reliable homology-based structural models ofrtifeADs for which experimental structure
is not available represents a challenge. Partiguteomology modeling of acyl-lipid mFADs
which presumably has a different membrane topotbgyg acyl-CoA mFAD¥ and differs also
in the form of accepted fatty acyl substrate mygtuve difficult. Currently, we further pursue
the role of the amino acid residue 224 in MsexD2 isexD3 by mutating the 224 residue and
determining the effect of the mutation on the mFaUbstrate- and regiospecificity. According
to our preliminary results, a particular side chamume of 224 residue (alanine or threonine)

drives the specificity towards desaturation of 1#:@11-16:1 and subsequent desaturation of
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Z11-16:1 to 2UFAs, whereas bulkier side chainsiifeabr isoleucine) drives the specificity of
MsexD2 and MsexD3 towards the desaturation of 2UEASUFAS. MsexD2 and MsexD3
mutants with 224 amino acid residues with very $madl very large amino acid side chains
(glycine and phenylalanine, respectively) generakhibit loss or dramatic decrease of
desaturase activity (unpublished results). We mgrocess of computational modeling of the
interactions of various FA substrates with the pahdsexD2 and MsexD3 mFAD mutants
to get insights into mechanistic details of thesttdie- and regiospecificity switching. We
presume that mutations homologous to the 224 resitdght act as a mFAD specificity switch
also in non-insect mFADSs, a hypothesis which is pawticularly amenable to test in mouse or
human Z9-mFAD for which the crystal structures arailable.

M. sexta mFADs might in future also help to uncover subwrganization and subunit
cooperation in mFADs, a little studied aspect of ADFbiochemistry. An experimental
evidence based on co-immunoprecipitation and y@ashybrid analysis suggests that yeast
Z9-mFAD forms dimersn vivo’® and experiments with plant mFADs suggests the thigit
form heterodimers capable of metabolic channeliegforwarding of products of one mFAD
monomer directly to the second mFAD monomer, tbgether physically connecting multiple
subsequent desaturation steps into one heterodfin@iven the high sequence similarity of
MsexD2 and MsexD3 and their complementary desatigpscificities, we speculate that they
might form heterodimerns vivo which could effectively produce 3UFA pheromonegoirsors
by connecting the sequential desaturation stepsvisexD2/MsexD3 heterodimer.

The functional plasticity of mFADs is not only fasating with respect to the general
enzyme properties but also has relevance for insest management strategies that employ
artificial SP bait§’®. The use of SPs in monitoring or mating disrupstrategies may impose
a selection pressure on the moth mate-finding sysired select for a shift in SP composition,
as was demonstrated in laboratory conditions fercdibbage looper moffrichoplusia ni?&.
The evolutionary facile functional divergence o€ tBP composition via mFAD functional
divergence might enable the moths to avoid distateon and thus overcome mating
disruptiorf'3

To gain initial insight into the evolutionary hisyoof 3UFA-derived SP utilization in
Sphingidae moths, we analyzed SP precursors irdéla¢gh head mothicherontia atropos
(Sphingidae: Sphinginae: Acherontiini), a speciksaly related tdVl. sexta (Sphingidae:
Sphinginae: Sphingini) and we identified 3UFAs ateere. This finding places the most
parsimonious recruitment of 3UFA-producing mFADs ttte common ancestor of the

Acherontiini and Sphingini tribes - the Sphingirsadfamily. Future sequencing and analysis
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of genomes or pheromone gland transcriptomes atiropos and other moth species related to
M. sexta coupled with their SP identification should futhencover the evolutionary events
which led to the acquisition of 3UFA-derived SPs.

In the thesis we focused on the pheromone prodacergenes involved in pheromone
biosynthesis. Equally exciting would be to probe tesponse d¥l. sexta-related moth species
to 3UFA-derived SPs to investigate whether thegeisp or some rare males of these species
might be “preadapted” to be attracted by 3UFA-degtivcompounds. Information on
mechanisms which underlined the shift of male pimenoe preference towards 3UFA-derived
pheromones iM. sexta lineage would complement our study of the molechésis of shift in
female SP production.
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For sexual communication, moths primarily use blends of fatty acid
derivatives containing one or more double bonds in various positions
and configurations, called sex pheromones (SPs). To study the
molecular basis of novel SP component (SPC) acquisition, we used
the tobacco hornworm (Manduca sexta), which uses a blend of
mono-, di-, and uncommon triunsaturated fatty acid (3UFA) derivat-
ives as SP. We identified pheromone-biosynthetic fatty acid desa-
turases (FADs) MsexD3, MsexD5, and MsexD6 abundantly expressed
in the M. sexta female pheromone gland. Their functional character-
ization and in vivo application of FAD substrates indicated that
MsexD3 and MsexD5 biosynthesize 3UFAs via E/Z14 desaturation
from diunsaturated fatty acids produced by previously character-
ized Z11-desaturase/conjugase MsexD2. Site-directed mutagenesis
of sequentially highly similar MsexD3 and MsexD2 demonstrated
that swapping of a single amino acid in the fatty acyl substrate
binding tunnel introduces E/Z14-desaturase specificity to mutated
MsexD2. Reconstruction of FAD gene phylogeny indicates that
MsexD3 was recruited for biosynthesis of 3UFA SPCs in M. sexta
lineage via gene duplication and neofunctionalization, whereas
MsexD5 representing an alternative 3UFA-producing FAD has been
acquired via activation of a presumably inactive ancestral MsexD5,
Our results demonstrate that a change as small as a single amino acid
substitution in a FAD enzyme might result in the acquisition of new
SP compounds.

fatty acid desaturase | Manduca sexta | sex pheromene biosynthesis |
pheramone evolution | substrate specificity

Smr. pheromones (SPs) are a diverse group of chemical coni-
pounds that are central to mate-finding behavior in insects (1).
Variation in SP composition between closely related specics and
among populations is well documented. Despite this variation, SPs
are presumed to be under strong stabilizing selection, and thus the
genetic mechanisms driving SP diversification represented ‘an
enigma (2). Research on SPs in moths (Insecta: Lepidoptera)
helped establish the hypothesis of asymmetric tracking as a major
driving force in SP diversification. In this scenario, abrupt changes
in female SP composition via a shift in component tatio or the
in¢lusion or loss of a component result in a distinet SP that attracts
mules with more broadly or differentially tuned SP preference (3).
Assortative mating, the preferential mating of females producing a
novel SP with males attracted to this SP, restricts gene flow be-
tween subpopulations with differing SP compositions: This' can
ultimately lead to speciation and fixation of novel communication
channels (4). Work in insect models such as wasps (35), fruit flics
(6), and cspecially moths (7-9) is helping uncover the genetic basis
of SP diversification.

In the majority of moth species, females use species-specitic
mixtures of SP components (SPCs) consisting of volatile fatty acid
(FA) derivatives to attract conspecific males at long range. These
SPCs are predominantly long-chain aliphatic (C12-C18) acetates,

alcohals, or aldehydes containing zero to three double bonds of

12586-12591 | PNAS October 13,2015 | wvol. 112 | no. 41

various configurations at different positions along the carbon back-
bone (10). Pheromone biosynthesis involves modifications of fatty
acyl substrates, such as chain shortening and elongation, reduction,
acetylation, oxidation, and desaturation (11). SP biosynthetic enzymes
[ie., FA reductases (8), FA chain-shortening enzymes (12, 13), and
particularly FA desaturases (FADs) (7, 9, 14-17)] are the most
commonly discovered traits underlying SP divergence in moths.

Manduca sexta females attract males by releasing an SP containing
in addition to mono- and diunsaturated aldehydes, which are typical
structural themes in SPs of Bombycoidea moths (10), also uncom-
mon conjugated triunsaturated aldehydes. The production of tri-
unsaturated SPCs represents an easily traceable phenotype, thus
meking M. sexta a convenient yet unexploited model organism for
unraveling the mechanisms of chemical communication evolution
via novel SPC recruitment. In our previous attempts to decipher the
desaturation pathway lcading to triunsaturated SPC FA precursors
(3UFAs), we identified the MsexD2 desaturase, which exhibits
Z11-desaturase and conjugase (1,4-dchydrogenase) activity and
patticipates in stepwise production of monounsaturated (1UFA)
and diunsaturated (2UFA) SPC precursors. The terminal desa-
turation step resulting in the third conjugated double bond
remained. however. elusive (18, 19).

Here, we isolated and functionally characterized FAD genes
abundantly and specifically expressed in the pheromone gland
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(PG) capable of producing 3UFA pheromone precursors and
demonstrated the biosynthesis of 3UFAs from 2UFAs. We used
site-directed mutagenesis of M. sexra FADs and identified a
minimal structure motif leading to acquisition of new desaturase
specificities, The reconstructed evolutionury relationship of moth
FADs demonstrated that the 3UFA pheromone precursors in
M. sexta were acquired via (i) activation of a presumably inactive
ancestral FAD gene andfor (i7) duplication of an ancestral FAD
gene praducing |UFA and 2UFA SPC precursors followed by
functional diversification of an FAD duplicate.

Results

Identification of FADs Abundant in the Pheromone Gland. To select
candidate FAD genes involved in pheromone biosynthesis, we
performed RNA sequencing of M. sexie female PGs, the site of
pheromone biosynthesis (19), as well as nonpheromone-producing
tissues (female fat body, female lubial palps, and larval midgut).
We identified 14 desaturase transeripts. of which 4 were abundant
and enriched in the PG according to normalized expression valucs
{RPKM. reads per kilobase of transcript per million mapped
reads): MsexD2, u previously characterized Z11-desaturdse/con-
jugase involved in sequential biosynthesis of IUFA and 2UFA
pheromone precursors (18). and three FAD gene products,
MsexD3, MsexD3 and MsexD6 (Fig. 1). According to the RPKM
values, MsexD2 and MsexD3 were among the 100 most abundant
transcripts in M. sexta PG, ranking 12th and 4th, respectively
(Dataset 51). A transcript coding for fatty acyl reductase, a gene
presumably invalved in reduction of fatty acyl pheromone precursors
to uldehydic pheromones, was also abunduntly expressed (Datasct S1).

The ORF of MsexD3 (GenBank accession no. AMIS8251)
encodes a 341-aa protein contaming conserved structural fea-
tures of membrane FADs, that is, three histidine-rich motifs
imvolved in coordination of two iron atoms in the enzyme active
site and four trunsmembrane helices (20, 21). In the M. sevta
Official Gene Set 2.0 (OGS 2.0:; www.agripestbase.org/manduca/),
the MsexD2 and MsexD3 genes wre tandemly organized in the
genome, lacated on the same seaffold and separated by 7 kbp
(scaffold00070: 983841-985384 and 993705-995505. respec-
tively). Together with the high sequence identity of MsexD2 and
MsexD3 (91% in the homologous 321-wa region, ST Appendiy, Fig.
S1) these data indicate that MsexD2 and MsexD3 emerged via a
recent gene duplication event from an ancestral FAD gene:

Four MsexD3 ORF variants (MsexDSa-MsexD3d) that code
for highly similar proteins sharing at least 92% sequence identity
were amplified from the M. sexta female abdominal tips (ATs)
¢DNA libraries (GenBank accession nos. KP890027-KP89003())
(ST Appendiv, Fig, §2). These sequences presumably represent
allelic variants of a single MsexD3 gene, supported by the presence
of a single MsexD3 gene copy in the M. sexta OGS 2.0 (scaffold
(0367: T13800-112161). The MsexD3 cansensus sequence shares
moderate protein sequence identity with MsexD2 and MsexD3
(49.8 and 51.7%, respectively) (51 Appendix, Fig. §3).

MsexD6 is the least abundantly expressed PG-specific FAD (Fig.
1). Compared with all predicted M. seda FADs, the MsexD6 coding
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Fig. 1. Heat map indicating transcript abundances of MsexD1-MsexD14
along with abundances of housekeeping genes Msex-RPS3a and Msex-Eifda
Transcript abundances are expressed as log? transformed normalized values
(RPKM} across various tissues obtained from virgin M. sexta females (pher-
omone gland, fat body, and labial palps) and from larvae (salivary glands).
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region (GenBank accession no. KP890026) exhibits the h.li.’,hist
protein sequence identity to MsexD2 and MyexD3 (68.0 and 71.5%
respectively) (81 Appendix, Fig. 53).

Functional Characterization of MsexD3, MsexD5, and MsexD6. We
selected MsexD3, MsexD3Sa-d, and MsexDD6 as promising candidate
FADs producing 3UFA precursors of SPCs based on their abundant
and specific expression in the PG. For functional characterization of
FADs, we initially attempted to express the candidate FADs in the
clold olelA Saccharomyees cerevisiae strain, which is deficient in the
fatty acid desaturation and medium-chain fatty acyl elongation step
(22), to eliminate interfering yeast FA metabolites. However, only
trace levels of novel unsaturated FAs, detected in the form of FA
methyl esters (FAMES), were biosynthesized in this expression sys-
tem. Therefore. we characterized FADS in S cerevisine strain W303,
which has a single FAD with Z9 specificity and an active A elon-
oase system. To distinguish the interfering products of natural yeast
FA metabolism from the specific products of M. sexra FADs, we
performed a series of control cultivations of yeast bearing an empty
expression plasmid (Fig. 2 and ST Appendix, Fig. 54).

To test the ability of MsexD3 to produce 3UFAs, we supple-
mented the yeast cultivation medium with the presumed 3UFA
precursor F10,/212-16:2. This resulted in production of a 1;7 mix-
ture of E10.E12.E14-16:3 and E10,£12,Z14-16:3 (Fig. 2). Mono-
unsaturated F'As were detected as additional specific products of
MsexD3, that is, Z11-16:1, Z11-14:1, and E11-14:1. Z11-16:1, an
TFA precursor of a monounsaturated pheromone component, was
produced in a significantly lower (P < ().05) amount in the MsexD3-
expressing strain compared with the AMsexD2-expressing strain
(0.9 £ 0.5% and 10.6 + (1.2%, respectively) (Fig. 2). In the MsexD3-
expressing strain, additional Cl6:1 and C16:2 FAs with E(Z13
double bonds were detected. These FAs were biosynthesized not
via direct E/Z13 desaturation but rather by elongation of E/Z11-
14:1, presumably catalyzed by yeast fatty acyl elongase Flolp (22),
followed by a second round of Z11 desaturation, as demonstrated
by a series of cultivation experiments (57 Appendix. Fig. 54). In con-
trust to MsexD2, MsexD3 did not exhibit conjugase activity; it did not
desaturate the supplemented Z11-16:1 to E10.E12-16:2 or £10.712-
16:2 (Fig, 2C), MTAD (4-methyl-1.2 4-triazoline-3,5 dione) deriva-
tization was used to confirm the presence or absence of FAMES with
conjugated double bonds (ST Appendix, Figs. S40) and S5).

The MsexD5a-MsexD5d varants also pruduu.d E10E12.E14:16-3
and E10,E12.Z214-16:3 (in an ~3:] ratio) from E10.E12-16:2 added
to the cultivation medium, indicating that all MsexDD5 variants cx-
hibit E/Z 14-desaturase specificity (Fig. 20 and ST Appendix, Fig. 56),
Therefore, a single FAD variant, MsexD5a (hereafter referred to as
MsexDS), was used in subsequent experiments, MsexD5 substrate
specificity was assayed by supplementing the cultivation media of
MsexD5-expressing yeast with Z11-16:1-methyl ester. Although no
E10.E12-16:2 or E10.Z12-16:2 products were detected, we did de-
tect small quantities of Z11,E13-16:2, demonstrating £13 specificity
and lack of conjugase activity in MsexD3 (Fig. 2C and ST Appendix,
Fig. $4). In contrast to MsevD3, MeexDS did not produce £11-14:1
or Z11-14:1 (Fig. 24). and Z11-16:1 was detected in the MsexD5-
expressing yeast strain at a level comparable to that in the empty
strain, indicating that MsexD3 lacks Z11-desaturase activity with a
16:0) substrate (Iig. 285).

MsexD6 did not produce 3UFAs when supplemented with
E1)L.E12-16:2; however, it produced a substuntial amount of Z11-
18:1 (123 + (1.2%), an FA with a hydrocarbon backbone iden-
tical to the M. sexrg SPC Z11-18:1-aldehyde (5§ Appendix, Dig.
S7). The configuration of the All double bond was tentatively
identified us Z11 based on the matching retention time of the
MsexD6 product with a minor All-18:1 FAME presumably
resulting from FA elongation of abundant Z9-16:1 in all yeast
strains (S/ Appendix, Fig. 87). Additionally. MsexD6 produced
1.3 + 0.3% Z11-16:1 (Fig. 2B).

Analysis of Isotopically Labeled and Natural FAs in M. sexta Female
AT. To complement the functional characterization of FADs in
the yeast expression system and identify the in vivo substrates

PNAS. | October 13,2015 | vol, 112 | no. 41 | 12587
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Fig. 2. GOC/MS analyses of extracts from yeast cells
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were detected in all yeast strains: 28-14:1 {1), 291611 J i i §
(4), traces of Z11-16:1 (6), and unidentified com- ‘Il 4L 8 o
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vation media for yeasts cultivated for analysis of

14:1 were supplemented with 14:0, media were supplemented with 211-16:1 for analysis of 16:2, and media were supplemented with £10,E12-
16:2 for analysis of 16:3, as described in Materials and Methods, For a detailed analysis of nonspecific products, see 51 Appendix, Fig. 54.

and products of FADs mvolved in 3UFA-denived SPC bio-
synthesis, we topically applied metabolic probes in the form of
FAs und FAMEs to female M. sexta PGs. Deuterium-lubeled
E10,E12-16,16,16-"H3-16:2 methyl ester (further referred to
as d3-E1LE12-16:2) applied to PGs was incorporated into two
d3-16:3 FAME isomers. Based on the reduction in their retention
times compared with the nondeuterated 3UFA methyl ester stan-
dards [consistent with the inverse isotopic cffect (23)], we identified
them as d3-F10.E£12.E14-16:3 and Jd3-E10.E12,Z14-16:3, thus con-
firming the bhiosynthesis of 3UFAs from E10.E12-16:2 in vivo (Sf
Appendix, Figs. S8 and 89).

The identification of E11-14:1 and Z11-14:1 in the MsexD3-
expressing yeast «Irﬂu‘l was confirmed in vivo by 1nmrporatmn of
lupi(.:llly applied 1.2-"Ca-tetradecancic acid into BCr-Z11-14:1
and “Co-£11-14:1 in the AT. Although they can be biosynthesized
in vivo, Z11-14:1 and £11-14:1 are not naturally present in the
M, sexta AT, likely due to the low abundance of 14:0) available in
AT (81 Appendix, Figs. SY and S10 and ref. 24).

Additionally, we detected Z11,E13-16:2 in the untreated M. sexta
AT (ST Appencdic. Fig. S11), which had not previously been de-
tected in the FA pool of the M. sexra PG (24) and which we found
to be specifically produced in yeast expressing MsexD5 (Fig. 2).

"Together, the functional characterization of isolated FADs in
our yeast expression system combined with the application of
metabolic probes and analysis of FAs indicates that 3UFAs
are biosynthesized in M. sexta AT by either of the two distinet
desuturases MsexD3 or MyexD3, which share E/Z14-desaturase
specificity but differ in their other desaturase products (Fig. 3).

Reconstruction of the Phylogenetic Relationship Between M. sexta
and Other Lepidopteran FADs. We reconstructed a FAD gene
tree using publicly available sequences of predicted or functionally
characterized lepidopteran FADs, 14 FAD genes predicted from
the M. sexte Official Gene Set 2.0 and additional moth FAD se-
quences available from in-house sequencing projects (Fig. 4, Dataset
82, und ST Appendiy, Table S2).

The FAD gene tree exhibits several well-supported clades. The
most sequentially and functionally conserved clades are those of
Z9-FADs, that is, a clade of FADs that prefer palmitic acid over
stearic acid (16:0 > 184}) that includes the previously characterized
MsexD] (18), and a FAD clade that prefers stearic acid (18:0 >
16:0) that includes the predicted MsexD4. Both MsexD3 and
MsexD3 cluster within a variable clade of SP-biosynthetic FADs
herein temmed “Z11-like.” which encompasses highly functionally
diverse pheromone biosynthetic FADs (25), in addition o numerous
FADs with Z11-desaturase specificity, Of note, the closest putative

12588 | www.pnas.org/cgi/idoin 0.1073/pnas 1514566112

MsexD3 ortholog is desat] from Ascotis sefenaria, which is proposed
to be a nonfunctional FAD (26). Putative orthologs of MsexD5 are
predicted also in other moth species that do not possess 3UFA SPCs
(e.g., the pine caterpillar moth Dendrolinmus puncrarus and the silk-
worm moth Bombye mori) (Fig. 4.

The closest homolog of MsexD3 is MsexD2, indicating that the
duplication event leading to the tandemly arranged gene pair of
MsexD2 and MsexD3 occurred after separation of the 8. mori
and M. sexta lineages. Alternatively, B. mori could have lost the
FAD gene orthologous to MsexD3. The former scenario, which
proposes a more recent gene duplication event, is further sup-
ported by the high sequence identity of MsexD2 and MsexD3.

The phylogenctic reconstruction viclded six additional strongly
supported clades (1-VI. Fig. 4). Typically, FADs from M. sectu
and B. mori that are presumably not involved in SP biosynthesis
are in clades orthologous to moth FADs for which involvement
in SP biosynthesis was implicd based on their experimentally
determined desaturase specificity, The tree topology provides
strong support for the hypothesis that biosynthetically inactive
members of the FAD gene family are retained in the moth ge-
nomes and in the course of evolution can be activated and
recruited [or novel SPC biosynthesis (11).

Bused on these results, we propose that the recruitment of
MsexD3 und MsexD5 genes for SPC biosynthesis occurred after
separation of the M. sexta and B. mori lingages and led to the
acquisition of 3UFA SPC precursors in M. sexa, thus extending

A |gg /-‘DZTT 181

f Is5
""”‘”’ ¥ ) MRS e sz E1a18a
18:0—e 1 sl 3mp Z1-16:1-Mos DI AEI0,E12-452 f4
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E11-18:4 E10,Z12-16:2
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Fig. 3. The reconstructed desaturation pathway of M. sexta SPC precursors
compared with that of 8. mor. (4) In M. sexta, the desaturation pathway s
extended by an EfZ14-desaturation step catalyzed by MsexD3 andlor MsexD5,
which leads to 3UFA SPC precursors. Desaturase specificities of MsexD2 and
MsexD6 contribute to additional precursors of minor SPCs. (8) Biosynthesis of the
SPC precursor £10,212-16:2 in 8. mori (44). Precursors of SPCs essential for trig-
gering the full range of male premating responses are framed in green (27, 45).
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the SP hiosynthetic pathway by an additional £/Z-14 desatura-
tion step compared with B. ment (Fig. 3).

We identificd 3UFAs also in the AT of the death head moth,
Acherontia atropos (Sphinginae: Acherontiini; ST Appendix, Fig. 512
and ST Appendix, ST Materials and Methods). This finding places
the most parsimonious recruitment of 3UFA-producing FADs in
the common ancestor of the Acherontiini and Sphingiini tribes, the
Sphinginae subfamily (S Appendix, Fig. 513 and Table 83).

Identification of the Sequence Determinants of E/Z14-Desaturase
Specificity in MsexD3. To identify the domains, structural motifs,
and amino acid residues critical for the distinet specificities of
MsexD2 and MsexD3, we prepared a set of truncated, domain-
swapped and single-aming acid-swapped mutants of MsexD2 and
MyexD3 (Fig. 54). Mutated FADs were cxpressed in 8. cerevisiae,
and total veast cell FAs were analyzed. To assess the effect of in-
dividual mutations on the desaturase specificity, we determined the
relative amounts of major pheromone precursors (Z11-16:1, E10,
Z12-16:2, F10,E12-16:2, E10.E12.£14-16:3, and E10,E12.714-16:3)
produced by the MsexD2 and MsexD3 mutants,

To test the role of variable: N- and C-terminal regions on desaturase
specificity, we prepared a set of truncation mutants. The identification
of 3UFA products in the MsexD3-C20 mutant, truncated by 20 amino
acids from the C terminus, indicated the dispensability of this ex-
tension for £/Z14-desaturase specificity. Additional 2(0) amino acids
truncation (MsexDD3-C40) led, however, 1o complete loss of both
Z11- and Z/E14-desaturase activities, suggesting that the cxten-
sive: deletion affected the general desaturase aclivity of MsexD3:
(Fig. 5). The truncation of both desaturases by 14 amino acids at
the N terminus (MyexD2-N14, MsexD3-N14) did not change the
spectrum of desaturase products (Fig. 3).

Besides the N- and C-terminal regions, the protein scquence
diverpence between MsexD2 and MsexD3 is concentrated in the
hydrophobic region between the first two histidine motifs (1R,
Leud8-Valll8) and in the fourth putative transmembrane domain
(TM4, Trp210-Ala231) (SF Appendix, Fig. S1), Therefore, we re-
ciprocally swapped the HR and TM4 regions, resulting in chimeric
FAD:s (Fig. 54). The exchange of the HR region did not change the
desaturase product spectrum in the chimeras MsexD2-HR and
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the genus and a single letter abbreviation of the source
species name followed by designation of the FAD specificity,
when available, or by “nc" for FADs that have not been
functionally characterized or “nt" for FADs that were fune
tionally assayed but no desaturase activity was detected.
Nurnbers along branches indicate branch support calculated
by approximate likelihood ratio test (alRT, minimum of SH-
like and Chi2-based values). For GenBank sequence accession
nurrbers and full species names, see SI Appendix, Table 52

MsexD3-HR (Fig. 5). However, the exchange of the MsexD2 TM4
domain with TM4 of MsexD3 (MsexD2-TM4 chimera) led to a
fundamental change in MsexD2-TM4 products compared with
MyexD2: the conjugase and Z11-desaturase specificity was almost
completely abolished (£ < (0.03). Notably, traces of ETOLE12,£14-
16:3 and E10E12.Z14-16:3 were: detected, indicating o gain of
ElZ14-desaturase  specificity in MsexD2-TM4 (Fig. 5). Together,
these results indicate that the exchange of TM4 in MsexD2-TM4 led
to an overall shift in desaturase specificity toward MsexD3. In a re-
ciprocal fashion. MseyD3-TM4 exhibited an increase of Z11-16:1
production (P < 0.05) to a level of Z11-16:1 produced by MsexD2
(Fig. 58), the acquisition of conjugase activity (Fig. 5C), and loss of
EIZ14 specificity as indicated by loss of 3UFA products (Fig. 3D).
Thus, MsexD3-TM4 displayed the full spectrum of MsexD2 products.

To determine the contribution of individual amino acid residues
to the observed reciprocal exchange of desaturase specificities in
TM4 mutants, we swapped individual nonconserved amino acids
and generated mutants MsevD2-216, MsexD3-216, MsexD2-219,
MuexD3-219, MsexD2-22(), MyexD3-22), MsexD2-223, MyexD3-223,
MsexD2-224, und MsexD3-224. The mutations at amino acid po-
sitions 216, 219, 220, and 223 either led to a decrease in desaturase
activity (P < 0.05) or did not significantly change the overall
desaturase activity (/2 > (L05) and did not lead to production of
novel desaturase products (Fig. 5). However, the exchange of al-
anine and isoleucine at residue 224 led to a reciprocal exchange of
desaturase specificities similar to that observed for the TM4 ex-
change (Fig, 5). Notably, MsexD2-224lle lost conjugase activity
(Fig. 5C) and gained /7 14-desaturase specificity, as indicated by
production of £10.E12.£14-16:3 and E10.E12.Z214-16:3 (Fig, 5D),
whereas MyexD3-224Ala completely lost the ability 10 produce
JUFAs (Fig, 502) but acquired conjugase activity (Fig, 5C),

To control for the influence of different protein expression levels
of MsexD2-224Te- and MeexD3-224Al0- on specificity changes: we
cloned these mutants in-frame with the N-terminal 1lis6tag and de-
tected their levels n yeast lysates using anti-Hisbtag antibodies. The
FADs were produced at comparable levels and exhibited also re-
ciprocal exchange of desaturase specificitics (S Appendix, Fig. S14).

Using homology modeling with mammalian FADs as a template
(20, 21) we generated structural models of MsexDZ and MsexD3,
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Fig. 5. Identification of sequence determinants of MsexD2 and MeexD3 desa-
turase spedficities by site-directed mutagenesis. (4) Overview of truncated,
domair-swapped, and single-amino-acid-swapped mutants, Predicted trans-
membrane helices (TM1-Th4), the hydrophobic region (HR), and conserved his-
tidine motifs (H1-H3) are highlighted, and the amino acid positions of swapped or
truncated regions are marked with numbers. (8) Relative amounts of 211-16:1
arcumulated in yeast strains expressing MsexD2 and MsexD3 mutants. (C) Relative
amounts of £10,£12-16:2 and £10,212-16:2 accumulated in yeast strains expressing
MsexD2 and MsexD3 mutants cultivated in the presence of 211-16:1, (D) Relative
amounts of £10,E12,F14-163 and £10,£12.214-16:3 accumulated in yeast strains
expressing MsexD2 and MsexD3 mutants cultivated in the presence of E£10,£12-
16:2. The relative abundances of individual FAMEs were calculated from the peak
areas in GOMS chromatograms. Bars represent means + S50 of relative FAME
abundances in three cultivation replicates. *Significant ditference compared with
the parental wild-type FAD (two-sample t test, P < 0,05, gray and black asterisks
indicate the significant differences for each of the FAME isomers). n.d., FAME riot
detected. Empty, control yeast strain transformed with an empty plasmid.

which indicate that the residuc 224 is contributing to the formation of
the kink in fatty acyl substrate binding tunnel (S Appendix, Fig. S15).

Together. these findings provide evidence that a single amino
acid substitution in MsexD2 is sufficient to abolish the original
desaturase specificities and introduce an E/Z14-desaturase speci-
Heity, leading to the production of 3UFA SPC precursors.

Discussion

Using next-generation sequencing of M. sextu female PG and ref-
erence tissues, we identified a set of highly abundant and PG-
enriched FAD transeripts, including MsexD2, a previously described
FAD involved in biosynthesis of monoe- and diunsaturated SPC
precursors (18), and previpusly unidentified MsexD3, MsexD3, and
MsexDD6 FADs. The 3UFA precursor of the essential M. sexta SPC
E10,£12.214-16:3-aldehyde (27), along with £10.4212.14-16:3. was
produced by MsexD3 and MsexD3 in our yeast expression system,

Under the hypothesis that both MsexD3 and MsexDS are
biosynthetically active in vivo, the biosynthesis of 3UFA pre-
cursors of SPC would be redundantly catalyzed by two evolu-
tionarily distinct enzymes, a feature that has not been previously
described in SP-biosynthetic FADs. 'The selection pressure
leading to the recruitment of a second, seemingly redundant,
3UFA-bivsynthetic FAD might occur, for example, to secure a
sufficiently high production of 3UFA-derived SPCs. However,
our results suggest that MsexD3 plays the principal role in 3UFA
biosynthesis because (1) MsexD3 transeript is more abundant in
the PG compared with MyexDS and (i) the 1:7 ratio of £10.£12,
E14-16:3 and E10£12,714-16:3 produced by MsexD3 closely
resembles the ratio of the respective aldehydic componenty in
the M. sexta SP (approximately 1:10) (27). in contrast to the ratio
of MyexD5 3UFA produets (3:1).

The evolutionary events leading to the acquisition of MseyD5 are
uncovered by the FAD gene family tree, which indicates several
putative orthologs of MsexD5 across moth species: None of the
orthologs exhibits £/ Z14-desaturase specificity. Rather, they (1) are
presumably not active in SP biosynthesis, such as desatl from the
Japanese giant looper Ascotis sefenaria (26), (£) exhibit distinet

12590 | www.pnas.orgicgi/idoin 0.1073/pnas 1514566112

desaturase specificity, such as FAD from Dendrolimus punctans
(28), or (&) have not been functionally characterized, such as
putative FPADs from Grammia incomupta and Parasemia plantag-
nis, The reconstructed FAD gene tree supgests that MsexDS was
acquired by activation of un inactive FAD gene. This is further
supported by the topology of the FAD gene tree containing well-
supported elades I-V1, which typically encompass (in addition to
presumably nonfunctional FADs or FADs not involved in SP
biosynthesis) FADs exhibiting unique desaturase specificities, The
rich FAD multigene family would thus serve as a reservoir from
which novel SP-biosynthetic 'ADs can be reeruited (7, 11).

Our finding of 4 single amino acid residue 224 that critically -
fluenees desaturase speeificity of MsecD2 and MsexD3 is consistent
with results obtained for other FADs from across kingdoms (20, 29—
31), indicating high enzymatic plasticity of FADs, that is, suscepti-
bility to shifts in their enzymatic specificities following a small
number of amino acid substitutions, Homology models of MsexD2
and MsexD3 localizing the amino acid residue 224 (Ala and Te,
respectively) to position of conserved Thr257 in Z9-FADs, which
contributes to formation of the kink in the FA substrate binding
tunnel (20, 21), suggest that the kink determines the desaturase
substrate specificity by positioning the fatty acyl chain in respect to
the diiron active center {SI Appendiv, Fig. S15). Future studies
should show whether this mechanism of desaturase substrate se-
leetivity is shared across FADs from various organisms. Addition-
ally. our results together with the observed influence of one aming
acid substitution on specificity of SP-hiosynthetic FA reductases (8)
and SP-receptor (32) in Osrinie moths suggest an evolutionary
significant effect of a single amino acid substitution in key proteins
involved in pheromone communication on moth speciation.

In summary, we show that two distinet £/Z14-FADs (MsexD3
and MsexD5) are capable of biosynthesis of unique 3JUFA SPC
precursors in M. sevte. The E/Z14-desuturase specificity of MsexD3
could have evolved abruptly via a single amino acid mutation in a
gene duplicate of 1UFA- and 2UFA-producing MsexD2. Alterna-
tively, 3UEA SPCs might have been acquired in M. sexta via acti-
vation ol presumably inactive ancestral MysexDS. These results
indicate that the presence of inactive FAD genes in moth genomes
and the susceptibility of FAD enzymes to changes of the desaturase
specificity underlie an evolutionary facile recruitment of novel
compounds for the SP commumnication channel.

Materials and Methods
For detsiled descriptions see 5 Appendix, S Materials and Methods.

RMA Isolation. M. sexta females were reared under conditions described by
GroBe-Wilde et al, (33), Total RNA was extracted from each of the adult and
larval tissue samples.

Hlumina Sequencing, Transcriptome A bly, and A Tissue-specific
transcriptome sequencing of four different mRNA pools was carried out on
an lllumina HiSeq2000 Genome Analyzer platform, The transcriptome was
annotated using BLAST, Gene Ontology and InterPreScan searches using
BLAST2GO PRO v2.6.1 (www.blast2go.def) as described {34).

Digital Gene Expression Analysis. Digital gene expression analysis was carried
out by using G5eq software (DNAStar Inc.). Blases in the sequence datasets
and different transcript sizes were corrected using the RPKM algorithm.

Sequence Analysis. Desaturase topology was prediced using the web-based pro-
gram TMHMNM 2.0 (35). Maximurn-ikelihood phylogenetic analysis was performed
in the webr-based pipeline Phylogeny fr (36) using protein sequences of lepidopteran
FADs retrieved from the EMBL database, ManducaBase (www.agripestbase org),
SilkBase (silkbase ab.a u-tokyoacip), and in-house sequencing projects.

Desaturase Cloning. A cDNA library used for isolation of FAD ORFs was prepared
from total RNA extracted from ATs, consisting of PG, papillae anales, and in-
tersegmental membranes, of female M. sexta. FAD ORFs were cloned into the
PYES2 {Invitrogen) or pYEXTHS-BN vector. pYEXTHS-BN plasmids encoded FADs
with N-terminal HisBtags. Vectors bearing mutated MsexD2 or MsexD3 were
constructed as described in detail in 57 Appendix, SI Materials and Methods.

Butek ot al,
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Functional Expression in Yeast. Yeasts transformed with pYES2 and pYEXTHS-BN
were cultivated in liquid YNB medium lacking uracil. Heterologous FAD ex-
pression in pYEXTHS-BN transformed yeasts was monitored by Western blotting
using anti-Hisétag antibodies (37). Total cellular lipids were transesterified to
FAMEs (18). When indicated, yeast strains were cultivated with FAMEs supple-
mented to a final concentration of 0.25 mM in cultivation medium.

GC/MS Analysis. The FAME extracts were analyzed by GCMS (MasSpec-
Micromass; El at 70 eV) using DB-5MS and DB-WAX capillary columns (both
from J&W Scientific). The double-bond positions of the FAMEs were de-
termined by concordance of retention times and mass spectra of FAMEs in
analyzed yeast extracts with that of synthetic UFA standards and by de-
rivatization with MTAD and dimethyldisulfide.

Chemical Synthesis. The synthesis of methyl £10,£12,Z14-hexadecatrienoate was
performed by a single-step Suzuki-Miyaura coupling (38). Methyl Z11,E13-
hexadecadienoate was prepared by a Wittig reaction (39). Methyl £10,£12-
hexadecadienoate was prepared by coupling methyl 11-undegmoate and (E)-iodo
pentene (40). Methyl £10,612-16,16,16-trideuterichexadecadienoate was prepared
by coupling methyl 11-undecynoate with (E)-2-{{4-iodobut-3-enyljoxy)tetrahydro-
2H-pyran (41).
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Application of Metabolic Probes to M. sexta AT. One microliter of E10,£12-
16,16,16-"H;-16:2-methyl ester (50 pg/ul) or 1,2-"3C,-14:0 acid (50 pg/ul; Sigma-
Aldrich} in dimethyl sulfoxidefwater/ethanol (7/2/1} was applied topically to
M. sexta ATs, ATs were dissected after 24 h, extracted, and analyzed by GC/MS (42).

Homology Modeling. The structures of MsexD2 and MsexD3 were generated
using homology modeling module in YASARA (43) with default parameters.
Structures of mammalian FADs (PDB ID codes 4YMK and 4ZY0) were used
as templates.
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Bumblebee males { Hymenoptera) produce species-specific labial gland secretions called marking pher-
omones [MPs). MPs generally consist of terpenoids and fatty-acid-derived aliphatic compounds with
various chain lengths predominantly containing one or no double bonds. The unsaturated fatty-acid-
derived MP components were hiypothesized to be produced by fatty acid desaturases (FADs) that
exhibit diverse substrate specilicities. To address this hypothesis, we isolated and functionally charac-
terized FADs from three bumblebee species: Bonbus lucorum, Bombus terrestris, and Bombus lapidarius.

Ke'm'm?s: . g By employing RNA sequencing of the male labial glands and fat bodies of B. lucorum and 8. terrestris, we
Fatty acid desaturase ; = 5 : :

Bumhiehes identified five paralogous FAD-like sequences but only two FAD lineages were abundant and differen-
Hymenoptera tially expressed in the labial glands. We found rhat abundant FAD lineages were alsa expressed in the
Phieromomne labial gland and {at body of Bombus fopidorius, Functional charactenzation of FADs in a yeast expression
RNA:seq system confirmed that A4-FADs exhibited a unigue Ad-desaturase activity exclusively on 14-carbon fatty

Functional expression acyls and AS-FADs displayed A9-desaturase activity on 14- to 18-carbon [atty acyls. These results indicate
that A9-FADs are involved in the biosynthesis ol major unsaturated components ol MPs in B, fucorim and
B, lapidarius despite the diverse MP composition of these bumblebee species. The contribution of lipases,
acyltransferases, esterases, and fatty acid reductases to production of the species-specific MP composi-
tion is also discussed in light of the transcriptomic data obtained in this study,

i 2013 Elsevier Ltd. All rights reserved,

1. Introduction valuable taxonomic tool in discriminating bumblebee species and

subspecies (e.g., Bertsch et al, 2005; Rasmont et al., 2005; Coppée

In the majority of bumblebee species (Hymenoptera: Apidae:
Bombus), males exhibit the unique premating behavior of marking
prominent objects with pheromones ta attract a conspecific female
(reviewed by Goulsen, 2010). This so-called marking pheromone
(MP) is a secretion of the cephalic part of the male labial gland (LG)
(Kulleniberg et al., 1973; Bergman and Bergstrom, 1997). MPs consist
of a mixture of terpencids or fatty-acid-derived (FA-derived)
compounds; their composition Is species-specific and can be a

Abbreviations: MP, marking pheromone; FAD, fatty acid desaturase; FA, farty
acid; REKM, reads per kilobase of exon model per million mapped reads; DMDS,
dimethy] disullide: GC/MS, gas chromatography — mass spectrometry; ORF, open
reading frame; LE:, labial gland: FB, fat body; FAEE, fatty acid ethyl ester: FAR, fatty
acid reductase: TM, trans-membrane; ¢PCR, real-time quanritative PCR; Me.
methylester; Et, ethyl ester; MP, marking pheromone.

* Corresponding author Tel.: 420 220 183 251
E-mail addresses: iva.pichova@uochb.cas.cz, iva.pichoval@seznam.cz ([, Pichova )

0965-1748{% — sec tront matter © 2013 Elsevier Ltd. All rights reserved.
hetp:/ {dx.dotorg! 10.1016/]ibmb 201305003

et al., 2008). Lanne et al. {1987 ) hypothesized that the biosynthesis
of unsaturated FA-derived components of MPs is analogous to the
biosynthesis of lepidapteran sex pheromones and that it involves
mainly A9-fatty acid desaturases (FADs), which introduce a double
bond at the A9 position of fatty acyl carbon chains. To test this
hypothesis, A9-FAD from Bombus lucorum was cloned and func-
tionally characterized; however, this enzyme was proposed to be
invalved in primary metabolism rather than MP biosynthesis
(Matouskova et al., 2008).

FADs are ubiquitous membrane enzymes localized in the
endoplasmic reticulum of all eukaryotic organisms, They play a
crucial role in the mainfenance of cell membrane structures via
desaturation of fatty acids in membrane lipids (reviewed by Los and
Murata, 1998). The FAD gene family presumably expanded in in-
sects before the divergence of the lepidopteran and dipteran
lineages (Roelofs: and Rooney, 2003). Many lepidopteran
species possess FAD's gene orthologs but extensive functional
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characterization of almost 50 lepidopteran FADs indicated that
FADs displaying A9 function are conserved acrass this insect order
and diversification in sequence and function proceeds preferen-
tially in A11 subfamily, which is not present in other insect classes
(Knipple et al., 2002; Roelofs and Rooney, 2003; Liénard et al,
2008). Particularly in moths, this subfamily of FADs (further
referred to as A11-FADs-like subfamily) evolved a broad range of
specificities toward: (1) fatty acid chain length, (2) position of the
introduced double bond, and {3) double bond configuration. This
range enables production of the species-specific FA-derived sex
pheromones.

In other insect classes, FADs have received much less attention,
To date, very few nonlepidopteran FADs involved in sex pheromone
production have been identified; such FADs have been reported in
the fruit fly (Diptera) (Dallerac et al, 2000) and the housefly
(Diptera) (Eigenheer et al, 2002), A9-FADs involved in primary
metabolism from the red four beetle (Coleoptera) (Horne et al,,
2010) and the house cricket {Orthoptera) (Riddervold et al., 2002)
have been cloned and functionally characterized. We previously
cloned and functionally characterized the Arst hymenopteran A9-
FAD fram the bumblebee B, lucorum (Matouskova et al,, 2008).

Our current study focuses on three bumblebee species that
produce substantially different MPs. The MP of B. lucorum (Bombus
s.s.) predominantly consists of C14-FA-derived ethyl esters (ethyl
tetradec-9-enoate) (Berastrom et al,, 1973; Urbanova et al, 2001),
In contrast, the MP of Bambus terrestris (Bombus ss.) contains
mainly terpencid compounds (Kullenberg et al., 1970; Sobotnik
et al, 2008) but no unsaturated FA-derived compounds. In

BRombus lapidarius, which is representative of the related subgenus

Melanobombus, the MP is almost exclusively composed of C16-FA-
derived alcohols (hexadecanol and hexadec-9-enol) (Kullenberg
etal, 1970; Luxova et al,, 2003).

In the present work, we describe the isolation, functional
characterization, and transcript quantification of two FADs with
A9- and Ad-desaturase activity, respectively, from B. lucorum,
B. rerrestris, and B. lapidarius,

2. Material and methods
2.1, Tissue collection and total RNA isolation

Bombus lucorum, Bombus terrestris, and Bombus lapidarius males
(0->5 days old) were obtained from laboratory colonies established
as described by Sobotnik et al. (2008). Carefully dissected LGs and
fat bodies (FBs) were stored in TRIzol (Invitrogen) at —80 *C prior (o
RNA isolation. Total RNA was Isolated using TRIzel according to the
manufacturer's instructions. Genomic DNA contaminants were
digested with TURBO DNase (Ambion) at 37 <C for 1 h. The RNA
quantity was assessed by NanoDrop ND-100 UV{Vis spectropho-
tometer ( Thermo Scientific) and RNA integrity was confirmed using
Agilent 2100 Bicanalyzer {Agilent Technologies).

2.2. RNA-seq data generation, assembly, and annotation

RNA-seq was perfarmed with dissected LGs and FBs from both
Bombus lucorum and Bombus rerrestris, using 5 pg total RNA isolated
from each sample. RNA-seq was outsourced to Fasteris (www.
fasteriscom) and was performed using the HiSeqTM 2000
Sequencing System from [Humina (www.illuminacom), multi-
plexing the four indexed samples in one lane and utilizing single
read 100 bp technology, CLC Genomics Workbench (Version 5.0.1)
was used for sequence backbone assembly of the resulting 35 Mio
sequence teads for both Bombus lucorum tissues and 56 Mio
sequence reads for both Bombus terrestris tissues, First, sequences
were trimmed for length and quality with standard settings,

Subsequently, they were assembled using the following CLC pa-
rameters; nucleotide mismatch cost = 2; insertion/deletion
costs = 2; length fraction = 0.3; similarity = 0.9; and any conflict
amaong the individual bases was resolved by voting for the base
with highest frequency. Contigs shorter than 250 bp were removed
from the final analysis, resulting in a final de novo reference as-
sembly (backbone) of 36,162 contigs for Bombus lucorum and
38,564 contigs for Bombus terrestris. The digital gene expression
analysis was performed with QSeq Software (DNAStar Inc.), utiliz-
ing the respective mapping tools. Each Illumina sequence was
mapped to the obtained reference hackbene sequences, which
were then used to estimate expression levels and fold-change dif-
ferences between tissues. The correction for biases in the sequence
datasets and different transcript sizes was addressed by using the
RPKM (reads per kilobase of exon maodel per million mapped reads)
algorithm (Mortazavi et al,, 2008). Due to the lack of a reference
genome, exon model information was replaced with contigs
derived from the respective transcriptome assemblies (reads per
kilobase of contig per million mapped reads). Homology searches
(BLASTx and BLASTn) of unique sequences and functional annota-
tion hy gene ontology terms (GO; www.geneontology.org), InterPro
terms (InterProScan, EBL), enzyme classification codes (EC), and
metabolic pathways (KEGG, Kyoto Encyclopedia of Genes and Ge-
normes ) were determined using the BLAST2GO software suite v2.4.1
(www.blast2go.de).

2.3, Real-time guantitative PCR

Total RNA (0.25 pg) extracted from LGs and FBs of three-day-
old B. lucorum and B. terrestris males (three biological replicates)
served as templates for ¢DNA synthesis using SuperScript
IIl Reverse Transcriptase (Invitrogen) and random hexamer
primers according to the manufacturer's instructions. Real-time
quantitative PCR (qPCR) was performed using a LightCycler 480
Real-Time PCR System (Roche). PCR reactions were carried out
using Dynamo HS SYBR Green gPCR Master Mix (Finnzymes),
0,625 uM of each primer, and 1 il of cDNA template. Ten-fold
dilutions of cONA mixture were analyzed to calculate the reac-
tion efficiency for each primer pair. All samples were examined
in two technical replicates, and data were exported from the
LightCycler 480 SW 1.5 into Microsoft Excel and analyzed using
GenEx software (www.multid.se), Relative gene expression was
normalized to phospholipase A2 (PLA2) and elongation factor 1«
(EEF1A) (Homdkova et al, 2010), gPCR primers for SPVE and
NPVE FADs were designed using Primer3 (Rozen and Skaletsky,
2000). Detailed parameters of gPCR analysis and gPCR
primer sequences are described in Supplementary Materials and
Methods,

2.4. Sequence antlysis

The nuclectide sequences of predicted FADs were aligned using
the Muscle algorithm (Edgar, 2004) and trimmed manually, Desa-
turase topology was predicted using the freely available web-based
program TMHMM 2.0 (Krogh et al., 2001). The phylogenetic trees
were reconstructed with MEGAS software (Tamura et al,, 2011)
using the neighbor-joining method, Jones-Taylor-Thorton (JTT)
substitution model (Jones et al., 1992] and 1000 bootstrap repli-
cates as a measure of statistical reliability. The publicly available
genetic sequence database GenBank (www.ncbinlm.nih.gov/
genbank) was searched using the BLAST algorithm and was used
to retricve the FADs sequences. Complete and partial coding se-
quences of FADs reparted in this work were deposited in GenBank
under accession numbers KC437326—KC437333.
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25, Cloning of FADs and heterologous expression in S. cerevisiae

The central fragments of A9-Blap and A9-Brer were isolated
using homology-probing PCR according to the procedure described
by Matouskova et al. (2008). Briefly, cDNA libraries prepared from
total RNA extracted from B. lapidarius and B. terrestris LGs and FBs
were screened using degenerate primers designed against the
conserved histidine-rich motifs of membrane FADs, The 3' and 5
ends were obtained by rapid amplification of cONA-ends (RACE)
PCR and the composed full-length sequences were verified by
sequencing. The SPVE_Blap coding sequence from B. lapidarius was
obtained using specific primers designed against conserved 3’ and
5 noncoding regions of A4-Bter and A4-Bluc obtained from RNA-
seq (Table 51).

To construct expression vectors, the open reading frames (ORFs)
were amplified from LG ¢DNA libraries using specific expression
primers (Table 51) and ligated in-frame with an N-terminal hex-
ahistidine tag into the pYEXTHS-BN vector under control of the
CUP1 promoter (Holz et al., 2002), The resulting expression vectors
were verified by sequencing, Desaturase- and elongase-deficient
Saccharomyces cerevisize cells (MATa elol:HIS3 olel:LEUZ ade2
his3 lew2 ura3) (Schneiter et al, 2000) were transformed with
expression vectors or an empty pYEXTHS-BN vector (control) using
the S.c. EasyComp transformation kit (Invitrogen) according to the
mianufacturer’s instructions. Transformed colonies were selected
on YNB agar plates lacking uracil ( YNB-U: 0.67% yeast nitrogen base
without amino acids; 2% glucose, 2% agarose, supplemented with
Brent supplement mix without uracil (ForMedium) according to
the manufacturer's instructions) and inoculated into 20 ml of YNB-
U liquid medium supplemented with 0.5 mM CuSOy4 for induction
of FAD expression. When indicated, methyl myristate, methyl lau-
rate, palmitoleic acid, or oleic acid were added to a final concen-
tration of 0.3 mM, together with 1% tergitol as a solubilizer. The
yeast cells were cultivated at 30 “C for 3 days until the late sta-
tionary growth phase was reached. To evaluate heterologous pro-
tein expression, veast cells were harvested by centrifugation
(3 min, 3000 g, room temperature), resuspended in lysis buffer
(50 mM Tris, pH 6.8, containing 1.5% f-mercaptoethanol, 2% SDS,
10% glycerol, and bromophenol blue) and sonicated. Cellular ex-
tracts corresponding to 100 ul of yeast culture were separated by
SDS—PAGE (12% gel). His-tagzed FADs were detected by Western
blot wsing anti-poly-histidine peroxidase-conjugated antibodies
(1:2000) (Sigma—Aldrich) and West Femto chemiluminescent
substrate {Thermo Scientific) according to the manufacturer's
instructions.

2.6, FAME preparation, DMDS derivatization, and GC/MS analysis

5. cerevisiage cells were harvested by centrifugation (3 min,
3000 g, room temperature) and washed with 0.1% tergitol solution
and water. The cell pellet was lyophilized and extracted by shaking
with 1 ml of a dichloromethane:methanol solution (2:1)and 0.3 g
of glass beads (1 h, room temperature). Fatty acid methyl esters
(FAMEs) were prepared from the extract of total cellular lipids using
the transesterification procedure described by Matouskova et al
(2008). The resulting FAMEs were extracted with 600 ul of hex-
ane and analyzed by gas chromatography coupled with mass
spectrometric detection (GC/MS) under the conditions described
below.

The double bond position in all detected unsaturated FAs was
identified using dimethyl disulfide (DMDS) derivatization of FAME
extracts according to the procedure described by Murata et al.
(1978). The retention behavior and mass spectra were compared
with those of synthetic standards of methyl myristoleate (Sigma:

Aldrich), methy! palmitoleate (Sigma—Aldrich), methyl oleate

(Sigma—Aldrich), a 92:8 mixture of methyl Z4-tetradecenoate and
methyl Ed-tetradecenocate (prepared as described below) The
FAME extracts and corresponding DMDS adducts were analyzed
with a 7890A gas chromatograph coupled to a 5975C mass spec-
trometer equipped with electton ionization {El) and a quadruple
analyzer (Agilent Technologies) using DB-5MS or DB-WAX capillary
columns (both |&W Scientific; 30 m = 0.25 mm, film thickness
025 mm). Conditions for analysis were as follows: carrier gas: He at
a Mow rate of 1 mljmin; split ratio: 1:10; injection volume: 2 pl;
injector temperature: 220 “C; and thermal gradient: 140 *C—245°C
at 3°C{min, then 8 “Cfmin to 280 ~C, and final temperature held for
5 min. The temperature program was terminated at 245 “Cand held
for 10 min when the DB-WAX column was used.

2.7. Synthesis of a (42)- and (4E)-methy!l tetradec-<4-enoate mixture
(Z4-14:1Me/E4-14:1Me)

A 92:8 mixture of Z4-14:1Me and E4-14: 1Me was synthesized by
a Wittig reaction of methyl 4-oxcbutanoate with decyl-
triphenylphosphorane, prepared from the reaction of decyl-
riphenylphosphonium bromide  with  butyllithium  in
tetrahydrofuran (THF). The configuration of the major double bond
isomer Z4-14:1Me was determined from the 'TH NMR spectrum
(doublet of triplets at 5.42 ppm, with a coupling constant of 10.8 Hz),

n-Butyllithium (1.6 M in hexane, 0.25 ml, 0.400 mmol) was
added dropwise at -78 °C to a suspension of decyl-
riphenylphosphonium bromide (200 mg, 0.414 mmaol] in dry THF
{2 ml) under a nitrogen atmosphere, and the resulting deep orange
mixture was stirred at —78 “C for 30 min. The cooling bath was
removed, the reaction mixture was warmed to room temperature
and stirred for 10 min, whereupon almost all salt dissolved. The
reaction mixture was again cooled to —78 “C, and a concentratec
solution of methyl 4-oxobutanoate (46 mg, 0.4 mmol) in THF
(0.2 ml) was added slowly. During the addition of the aldehyde, the
color of the reaction mixture discharged. The reaction mixture was
stirred for 5 min, then warmed to room temperature and stirred for
an additional 3 h. The reaction was quenched by addition of a halfF
saturated ammonium chloride solution (2 ml). Diethyl ether (5 ml)
was added, and the organic layer was separated. The aqueous phase
was extracted with diethyl ether {2 = 2 ml), The combined orgatic
layers were washed with brine {5 ml) and dried over magnesium
sulfate. The solvent was removed in vacuo. Flash column chroma-
tography (20:1 pentane:diethyl ether) afforded an inseparable 92:8
mixture of (42)- and (4E)-methy] tetradec-4-enoate (41 mg, 43%) as
a colorless oil. Spectrascopic data are shown in the Supplementary
Materials and Methods.

3. Results
3.1 Description of predicted FAD sequences

We utilized system based on four-amino-acid (aa) signature
motif (Knipple et al,, 2002), i.e., GPTE, KPTE, LPQD, NPVE, and SPVE
(Fig. 1) for initial analysis of FAD lineages from transcriptomic data,
since little was known about FAD specificities from hymenopteran
species. We predicted five paralogous FAD lineages in B, fucorum
and B. terrestris LG and FB. The FAD ortholegs from B. terrestris and
B. lucorum were highly conserved, sharing over 98% aa sequence
similarity, The abundances of predicted FAD transcripts were
assessed according to the calculated RPKM values.

GPTE_Bluc and GPTE_Bter FAD transcripts had low abundance
antd were present at comparable levels in both LG and FB cDNA
libraries, A partial transcript termed KPTE_Bter was sequenced in
low abundance only in B. terrestris LG and FB libraries, but we were
able to amplify a KPTE Bluc orthalog from the B. lucorum cDNA
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Fig. 1. Mylogenetic relationship between FAD amine add sequences predicted from
RNA-seq of LG and FB cONA libraries from B focorom and B terrestris. NPVE_Blap and
SPVE_Blap sequences were obtained by PCR using B lupidarius FB and LG cONA Li-
braries. Accession numbers are as follows: (1) KC437337, [2) KC437330, (3) KC437329,
(4] CATO1313, (5) CAW34805, (6} CAMOGT20, (7] KC437327, (8) KC437328, (9)
KCA437326, (10) KC437332, and (11) KC437333. Numbers along branches indicate
bootstrap percentage support from 1000 replicates. Bootstrap support valugs < 50% are
not shown ne. not characterized.

library using PCR primers designed against KPTE Bter The
KPTE_Bluc sequence was not obtained in RNA-seq, probably due to
its low abundance in the B. lucorum LG. The presence ofa KFTE_Bluc
amplicon indicates that the KPTE lineage is not specific for
B, terrestris (data not shown). Additional predicted partially
sequenced FAD transcripts were designated LPQD Bluc and
LPQD_Bter and were significantly more abundant in the fat body
than in the labial gland (data not shown ). The full-length sequences
of LPOD_Bter and LPQD_Bluc were obtained using PCR with gene-
specific primers {data not shown), Their sequences did not
contain the catalytically essential third histidine-rich motif of
membrane FADs (Shanklin et al., 1994), This finding sugzests that
LPQD transcript might not encode functional FAD or might code for
an enzyme with other than desaturase activity.

The two remaining FAD lineages, designated NPVE and SPVE,
were significantly more abundant in LGs than FBs, according to
RNA-seq data. The NPVE_Bluc and NPVE_Bter transcripts were 43-
fold and 14-fold, respectively, more abundant in LGs than FBs of the
corresponding bumblebee species. SPVE_Bluc and SPVE_Bter were
12-fold and 29-fold, respectively, more abundant in LGs than FBs.
The differentially high abundance in LGs was confirmed by qPCR
analysis (Fig. 2). We therefore selected NPVE and SPVE FADs, along
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Fig. 2. Relative abundance of Blue SPVE, Bter SPVE, Bluc NPVE, and Brer NIVE
transeripts in labial glands (LG ) and far bodies (FB) quantified by qPCR Dara are shown
as mean = 5B of three binlogical replicates. *p < 0,05,

with the NPVE and SPVE orthologs from B. lapidorius obtained by
PCR amplification of the respective LG cDNA library, for further
characterization.

3.2, Sequence analysis of NPVE and SPVE FADs

The NPVE_Bluc sequence abtained in this study was identical to
that of the previously characterized AS-FAD from B. [ucorum
(Matouskova et al,, 2008 ). Both the NPVE_Blap and NPVE_Bter ORFs
encode proteins with 351 aa residues, These proteins are almost
identical to the sequence of AS-FAD lrom B. lucorum, sharing 97%
and 98% aa sequence similarity, respectively, The maost similar
functionally characterized non-bumblebee sequence found in
GenBank was a Z9-FAD from the house cricker Acheta domesticus
that prefers an 18-carbon fatty acyl substrate (80% and 81% aa
sequence  similarity, respectively, NCBI GenBank: AAK25796,
Riddervold et al,, 2002),

The SPVE_Bluc and SPVE_Bter ORFs encode an identical protein
with 368 aa residues, further referred to as SPVE_Bluc/Bter, which
is almost identical to the 368-aa SPVE_Blap protein (99% aa simi-
larity). The SPVE-Bluc/Bter and SPVE_Blap proteins share high
sequence similarity with a Z9-desaturase from the houselly Musca
domestica that produces a 1:1 ratio of Z9-16:1 and £9-18:1 ( 64% and
G6% aa sequence similarity, respectively, NCBI GenBank: AAN31393,
Eigenheer et al., 2002) and Z9-FADs from A. domesticus (66% and
G4% aa sequence similarity, respectively). Topology predictions
indicate the presence of four transmembrane helices in NPVE FADs,
whereas six transmembrane helices are predicted in SPVE FADs
(Fig. S1).

NPVE and SPVE FAD orthologs from B. lucorumt, B. terrestris, and
B. lapidarius share high aa sequence similarities with uncharac-
terized hymenopteran FADs, eg., those from the bumblebee
Bombus impatiens (over 97% aa sequence similarity; NCBI RefSeq:
XP_003492439 and XP_003492440), the leafcutter bee Megachile
rofundata {over B5% aa sequence similarity; XP_ 003703958 and
XP_003703934), the European honeybee Apis mellifera (over B6% aa
sequence similarity; XP_624557 and XP_395629), and several ant
species, such as the leafcutter ant Acromyrmex echinatior (over 80%
da sequence similarity;, EGI70555 and EGI70557 ).

3.3. NPVE FADs display A9-desaturase specificity

To test the enzymatic properties of NPVE_Blap, NPVE_Bter, and
NPVE_Bluc, their ORFs were cloned with an N-terminal hex-
ahistidine tag into the pYEXTHS-BN plasmid under control of the
Cu® -inducible CUP1 promoter. The desaturase- and elongase-
deficient efolA olelA yeast strain was transformed with the
resulting NPVE vectors or an empty pYEXTHS-BN vector (control).
Only the strains transformed with vectors bearing NPVE ORFs grew
well without addition of unsaturated fatty acids to the cultivation
medium, indicating the complementation of unsaturated FA
auxotrophy by the NPVE ORFs, Western blot analysis demonstrated
that His-tagged NPVE FADs with a molecular weight of ~40 kDa
were expressed in the NPVE transformants (Fig, 3), GC/MS analysis
of transesterified lipidic extracts showed almost identical FAME
profiles for all NPVE strains with dominant peaks of methyl pal-
mitoleate {Z9-16: 1Me) and methyl oleate (Z9-18:1Me), along with a
minor peak of methyl myrnistoleate (Z9-14:1Me). Accordingly, the
NPVE FADs were termed A9-FADs. As the relative amount of myr-
istic acid {14:0) in the yeast strains accounted for less than 1%, its
concentration was increased by supplementing the cultivation
medium with 0.3 mM methyl myristate (Fig. 4A). The conversion
rates of myristic acid, palmitic acid, and stearic acid to their cor-
responding Z9-unsaturated products were calculated as the ratio of
relative abundance of unsaturated FAS to the total relative amount



SUPPLEMENTS (PUBLICATIONS | —1lI)

728 A Bucele et ol f Insect Biochemistry and Molecufor Biology 43 (2013) 724-731

1 2 3 4 5 8

35 KDa = we— —

Empty

AB-FADs AA-FADs

Fig. 3. Expression of AS-FADs and A4-FADs in yeast strains monitored by Western hlot.
Cell lysates prepared from 100 pl of yeast culture were separated by SDS-PAGE, and
the histldine-lagged FADs wers detected by antl-poly-histidine antibodies. Lane 1, A9-
Bler; lane 2, A9-Bluc; lane 3, A9-Blap; lane 4, Ad-Brer/Blue; lane 5, A4-Blap; lane 6,
yeast strain bearing empty plasmid (control). The molecdlar weight marker is shown
an the left

of saturated and unsaturated FAs. All A9-FADs desaturated 13:0
with the highest conversion rate (98%), followed by 16:0 (85%—
88%) and 14:0 (62%—63% in A9-Bter and AS9-Bluc, respectively; 47%
in A9-Blap) (Fig. 4B).

34, SPVE FADs display dd-desaturase specificity

Because the protein sequences encoded by SPVE_Bter and
SPVE_Bluc ORFs were identical, only the SPVE_Bter ORF was
amplified and ligated into the pYEXTHS-BN wvector, and the
resulting expression vector is further referred to as the SPVE_Bter/
Bluc vector, The enzymatic properties of SPVE_Bter/Bluc and
SPVE_Blap FADs were tested analogously as the NPVE FAD activities
and specificities. However, SPVE transformants did not grow in the
YMNB-U — CuS0y cultivation medium. To investigate whether the
SPVE FADs possess any desaturation activity, the transformants
were cultivated in the presence of a mixture of 29-16:1 and Z9-18:1
(1:1) to maintain their growth. Western blot analysis revealed that
both SPVE FADs were expressed in the yeast system, although
SPVE_Blap was expressed in lower amounts than SPVE_Bter/Bluc
(Fig. 3). GC/MS analysis of FAME extracts revealed trace amounts of
unsaturated 14:1Me(0.01%) as a sole novel product of SPVE FADs: In
order to increase its amount, the yeast cultivation medium was
supplemented with methyl myristate, the presumed precursor of
14:1Me. Under these conditions, the amount of 14:1Me increased
to 0.19% and 0.22% in SPVE_Bter/Bluc and SPVE_Blap transformants,
respectively.

The double bond position was determined to be A4 using DMDS
derivatization, based on the presence of characteristic fragments at
my/z 147 and 187. A4-14:1Me was partially separated into twe iso-
mers with identical mass spectra using a non-polar DB5 column.
The comparison with the retention behavior of synthetic Z4-
14:1Me containing minor amounts of E4-14:1Me indicated that

both the Z4- and Ed-isomers are present in the extract from SPVE
transformed strains in an approximately 5:1 ratio (Fig. 5.

To further test the specificity of A4-FADs toward a short chain
fatty acyl substrate, the cultivation medium was supplemented
with methyl laurate {12:0). However, no novel desaturation prod-
ucts of 12:0 were detected (data not shown), indicating that A4-
FADs exclusively desaturate myristate.

3.5. Phylogenetic analysis

To infer the evolutionary relationship between insect FADs, we
constructed a phylogenetic tree based on sequences comprising
functionally characterized insect A9-FADs; representatives of the
moth AT1-FADs-like lineage; the bumblebee A9 (NPVE) and A4
{SPVE) FADs reported here; and their homologs from B. impatiens,
A. mellifera, M. rotundata, and A. echinatior (Fg.52). The hymenop-
teran FADs formed a A9-lineage clustering with insect A9-FADs,
and a novel Ad-lineage. The lepidopteran lineage of A9(C18 > C16)-
EADs with preference for stearate and A9(C16 > C18)-FADs with
preference for palmitate were well separated (Knipple et al,, 2002;
Rooney, 2009), The bumblebee A9- lineage was not statistically
supported to cluster with the lepidopteran A9(C18 = C16) or
A9(C16 = C18) lineages (Fig. 52).

4. Discussion

MP biosynthesis in B lucorum, B. terrestris, and B, lapidarius was
previously studied in vive and in vitre by tracking the incorporation
of labeled precursors into MP components. Enzymatic activities
such as FA reduction, FA esterification, de novo terpenoid synthesis,
triacylglycerol hydrolysis, or FA desaturation were detected in the
investigated species (Luxova et al, 2003; Matouskova et al., 2008,
Zacek et al, 2013}, The most detailed study on the biosynthesis of
FA-derived MPs was performed in B. lucorum, but no desaturase
activity was detected during the in vitro experiments, thus pre-
venting the determination of LG FAD specificities (Luxova et al,
2003; Matouskova et al., 2008; Zacek er al., 2013). Although Ag9-
desaturation was abserved during fn vivo experiments after
applying palmitic acid to the abdomen or head capsule of
B. lucorwm males, transport of fatty acyls occurred between the FB
and LG; therelore, it could not be established whether LG or FB is
the site of A9-desaturation (Luxova et al., 2003 ).

The desaturase multigene family evolution is well described in
Lepidoptera. The desaturase family originated before split among
Lepidoptera, Diptera, and Orthoptera (Roelofs and Rooney, 2003 ),
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Fig. 5. GCIMS amlysis of FAME extracts from yeast strains expressing A4-FADs. Sec-

rions of chromatograms represent analysis of FAMES prepared from strains expressing.

A4-FADs (A and B) and a control steain transformed with an empty plasmid (€], which
were cultivated in the presence (indicated as * | 14:0") or absence of supplemental
methyl myristate. The profile and quantity of FAMEs [solated from strains expressing
Ad-Blug/Bter and Ad-Blap were virtually identical, and for clarity, only the chro-
matrigram abtained from GCMS amalysis of the A4-Blap strain is shown. () Chro-
matogran of a mixture of 24-14:1Me and £4-1411Me synthetic standards. (E) The mass
spectrum of a DMBS adduct of 14:1Me present in the exoract of SPVE yeast strains,
Characteristic fragments and molecular ions are highlighted. A DB-5 columin was used
in Al analyses.

This family is composed from at least five gene clusters that are
correlated with desaturase functions (Roelofs and Rooney, 2003;
Liénard et al., 2008; Rooney, 2009), In this study, we identified five
distinct transcripts encoding putative FADs in the LG tran-
scriptomes of B. lucorum and B. terrestris. Two FAD genes with the
signature motil NPVE and SPVE were significantly more highly
expressed in LGs than in FBs, We therefore selected these as
candidate genes possibly invelved in the biosynthesis of FA pre-
cursors of MPs.

The heterologous expression of NPVE_Bter, NPVE_Blap, and the
previously characterized NPVE_Bluc (Matouskova et al, 2008)
provided evidence that all NPVE FADS are A9-FADS, The substrate
preference of A9-FADs was highly conserved, with 18:0 being the
preferred substrate, followed by 16:0 and 14:0. Previously, we
functionally characterized A9-Bluc in an ole 1A yeast strain using an
expression vector with a galactose-inducible promoter. In that
expression system, 14:0 was desaturated to Z9-14:1 with a low
conversion rate. This abservation led to the hypothesis that A9
NPVE_Bluc participates mainly in the primary metabolism of C16
and C18 fatty acids (Matouskova et al, 2008). However, the ex-
periments presented in this work indicated a higher conversion of
14:0, along with increased conversion rates of 16:0 and 18:0,
compared with rates in the previously employed expression sys-
tem. We attribute these observed differences to the use of the Cu™-
induced expression of A9-Bluc and the use of the elo1A olel A yeast
strain, which presumably resulted in higher desaturase production
and activity.

We propose that A9-FADs are involved in the production of MPs
in B. lucorum and B. lapidarius because: (1) A9-FAD transcripts are
highly abundant in the LG of B. lucorum and also present in the
B. lapidarius LG (not quantified), and (2) in the yeast expression
system, A9-FADs produced A9-14:1 and A9-16:1, which are pre-
sumed precursors of major MP components in B. fucorum and
B. lapidarius, respectively. However, the species-specific composi-
tion of MP is apparently not determined by the specificity of FADs
but rather by the selectivity of other enzymes involved in prefer
ential transport of 14:0 in LGs or in1 de novo biosynthesis of 14:0 in
LGs, as ethyl tetradec-9-enoate is the major component (53%) of
B. lucorum MP. Additional MPs are present here in lower concen-
trations; ethyl dodecanocate {6%), ethyl hexadec-9-enoate (4%),
ethyl tetradecancate (2%), and ethyl octadec-9-enoate [2%)
(Bergstrim et al., 1973; Urbanova et al., 2001). The composition of
FA ethy!l esters found in the LG extract correlates well with the
content of free FAs, with Z9-14:1 being the major free FA in LGs
[Matouskova et al,, 2008). Given the low abundance of Z9-14:1 in
B. lucorum FBs (Cvacka et al,, 2006), we initially presumed that a
A9-FAD with preference for 14:0 was expressed exclusively in the
B. fucorum LG and was responsible for the major content of Z9-
14:1Et in B, fucorum MP. Indeed, pheromone-specific FADs exhib-
iting a substrate preference toward 14:0 were identified in the fruit
fly ( Dallerac et al., 2000) and numerous moth species (e.g., Liuetal,,
2002; Fujii et al., 2011). Nevertheless, our results provide evidence
that the A9-Bluc enzyme, whose transcript is highly abundant in
the LG, does not prefer 14:0 as a substrate but rather exhibits broad
substrate specificity toward 18:0, 16:0, and 14:0.

Myristic acid (14:0) can be transported to LGs from FBs in the
form of diacylglycerols and then cleaved by a selective enzyme
{Zacek et al., 2013). Simultancously, 14:0 can be desaturated in the
LG to Z9-14:1 vie abundant NPVE_Bluc, resulting in accumulation of
#9-14:1 and depletion of 14:0, Low content of 14:0 in the LG was
indeed abserved by Matouskovd et al. (2008), Importantly, the
propased biosynthetic pathway would lead to the accurnulation of
Z9-14:1 without the necessity of a 14:0-specific FAD.

Our preliminary analysis of B. fucorum transcriptomic data
supports both the “de novo™and “selective transport” hypotheses of
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supplying the LG with a sufficient amount of 14:0 substrate for MP
biasynthesis, In the transcriptomic data, we found that lipase and
acyliransferase transcripts were highly abundant and differentially
expressed in B. fucorum LGs, which could indicate an association
with FA transport and storage (reviewed by Arrese ef al, 2001; Yen
et al,, 2008; respectively). Lipase and acyltransferase are promising
candidates for enzymes involved in the selective release and
accumulation, respectively, of 14:0in B. lucorum 1.Gs (Table 52 and
Supplementary List S1)

In B. lucorum, the terminal biosynthetic reaction is fatty acid
ethyl esterification. The specificity of this reaction step toward a 14-
carbon-long FA substrate may further contribute to the prevalence
of ethyl myristoleate in B. lucorwm MP (Matouskova er al, 2008),
Recently, 2/fi-3 and EsLi enzymes from the honeybee (A. mellifera)
were shown to exhibit FA ethyl ester synthase activity and to pro-
duce ethyl oleate, a honeybee prime pheromone [Castillo et al.,
2012), The preliminary transcriptomic data analysis indicates the
presence of homologs of #/p-3 and EsLi in B. lucorum LGs and FBs.
However, these enzymes are not difterentially expressed in the LG,
and therefore they are likely not the principal enzymes of LG-
localized biosynthesis of ethyl esters {data not shown).

In the B. lapidarius LG, the content of major free FAs correlated
reasonably well with the content of volatile alcohol components of
MP. The dominant free FA in LG is Z9-16:1 (90%), lollowed by minor
amounts of Z11-18:1(7%) and 16:0 (2%) (Fig.53 and Supplementary
Materials and Methods). Although we demonstrated that A9-Blap
exhibits a significantly decreased preference toward 14:0
compared with AS9-Bluc and A9-Bter, this shift in desaturase
specificity toward longer FA substrates alone does not explain the
dominant content of free 79-16:1 in LGs. More likely, the compo-
sition of free FAs in the B. lapidarius LG suggests a specific mecha-
nism responsible for the accumulation of 29-16:1 and 16:0 in LGs,
analogous to the accumulation of C14 fatty acids in the B. lucorm
LG discussed above. The observation that C16 fatty acids dre the
major constituents of triacylglycerols in the FB of B. lapidarius and
the major fatty acyl chains of MP volatiles led to the hypothesis that
79-16:1 and 16:0 could be transported from the FB to the LG in the
form of diacylglycerol and serve there as MP precursors (Cvacka
et al, 2006). Alternatively, 16:0 could be the major transported
FA, which undergoes rapid desaturation in the LG by A9-Blap to
give rise to the specific MP composition of B, lapidarius.

The proposed terminal step of MP biosynthesis in B. lapidarius is
FA reduction catalyzed by a fatty acid reductase (FAR), The strict
specificity of the B. fapidarius FAR toward C16 fatty acids could
explain the fact that Z11-18:1 is present as a free FA in the LG but
that the corresponding alcahol is absent in the MP. An analogous
mechanism of determination of pheromone blend compaosition was
proposed for several moth FARs, which exhibit preferences for the
chain length and double bond position of the sex pheromone
precursor FAs (Moto et al,, 2003; Lassance ef al,, 2013),

In B. terrestiis, GC analysis of the LG extract coupled with elec-
troantennographic detection indicated that A9-unsaturated fatty
acid derivatives were nol present as active components of the
extract (Sobotnik et al., 2008). In contrast to this previous obser-
vation, the NPVE_Bter transcript encoding A9-FAD is highly abun-
dant in the B. terrestris LG. One possible explanation is post-
transcriptional downregulation of A9-Bter. This mechanism was
proposed to explain the presence of highly abundant yet enzy-
matically inactive desaturase transcripts in moth pheromone
elands (Roelofs and Rooney, 2003; Park et al, 2008). Post-
transeriptional downregulation might result in the low abun-
dance of the A9-Bter enzyme and explain the absence of A9-
unsaturated compounds in the B, terrestris LG. However, A9-Bter
mMRNA is ane of the most abundant transcripts in the B. terrestris
LG (data not shown), and further experiments will be required to

explain the apparent discrepancy between high abundance of A9-
Bter transcript and absence of A9-FA-derived compounds in MP
of B, terrestris.

Identification of desaturase with A4-specificity was surprising
because occurrence of the Ad-monounsaturated FAs (A4-16:1) is
limited in nature, It is present in seeds of Umbelliferae, Araliaceae,
and Garryaceae plant species [Cahoon et al, 1992) and in the
sexually deceplive orchid Ophrys sphegades, in which A4-16:1 is a
proposed intermediate of alkene biosynthesis (Schliiter et al,, 2011).
The unusual Ad-specificity might be underlined by the presence of
the 5th and Gth predicted transmembrane (TM) helices, which
deviates from the expected membrane topology of acyl-CoA desa-
turases [Stukey et al., 1990; Man et al., 2006). The additional pre-
dicted helices likely represent membrane-associated regions,
which might play a role in FA substrate recognition, as previously
suggested by Diaz et al. (2002), Concerning the highly unusual A4-
FAD activity, it cannot be excluded that the enzymatic activity of
A4-FADs in bumblebee tissue differs from the A4-desaturase ac-
tivity observed in the yeast expression system. Based on the
conserved histidine-rich motifs HXy_4H, HX;_3HH, and (H/Q)X.—
3HH (reviewed by Shanklin and Cahoon, 1998], the A4-FADs belong
to the large family of non-heme iron enzymes. This gene farmily
comprises not anly enzymes that introduce double bonds into fatty
acyl chains but also FA hydroxylases and sphingolipid-modifying
enzymes (Shanklin and Cahoon, 1998), However, none of the pre-
viously described non-heme iron-containing enzymes was found to
be homologous to 44-FADs (data not shown). The absence of A4-
14:1 in the bumblebee LG might be explained by the mechanism of
post-transcriptional doewnregulation of A4-FADs discussed above.
To address this question, future development of FAD-specific anti-
bodies may unequivocally establish the abundance of AS-FAD and
A4-FAD enzymes across bumblebee tissues,

5. Conclusion

Next-generation sequencing of the 8. terrestris and B. lucorum LG
and FB transcriptomes enabled the identification of five paralogous
FAD-like sequences and selection of two candidate FADs paralogs.
which are differentially and abundantly expressed in the LGs and
therefore presumably involved in MP biosynthesis. Functional
characterization of A4-FADs and A9-FADs fram B. terrestris and
B. lucorum, along with their homologs from 8. lapidarius, revealed
that FAD substrate specificities and amino acid sequences are
highly conserved across bumblebee species, even though the FA
compositions of bumblebee MPs are diverse. Although B. terrestris
containg A9-FADs and A4-FADs, which display in vitro activities,
only trace amounts of desaturated FA-derived compounds are
present in the pheremone blend of this bumblebee. These desa-
turases are likely post-transcriptionally downregulated in this
species. Our data further indicate that A9-FADs are invalved in the
biosynthesis of MPs in B. lapidarius and B. lucorum; however, their
substrate specificities do not regulate the species-specific compo-
sition of the MPs. Specific MP composition may instead be deter-
mined by enzymes that participate in accumulation of FAs with a
particular chain length in the bumblebee LGs, e.g., by fatty acyl li-
pases and acyltransferases. Additionally, enzymes involved in ter-
minal step of pheromone biosynthesis, i.e. fatty-acyl reductases in
B. lapidarius and fatty acld esterases in B lucorum might further
contribute to the species specific MP composition.
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A12-Fatty Acid Desaturase from Candida parapsilosis |s a
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Abstract

Numerous A12-, A15- and multifunctional membrane fatty acid desaturases (FADs) have been identified in fungi, revealing
great variability in the enzymatic specificities of FADs involved in biosynthesis of polyunsaturated fatty acids (PUFAs). Here,
we report gene isolation and characterization of novel A12/A15- and A15-FADs named CpFad2 and CpFad3, respectively,
from the opportunistic pathogenic yeast Candida parapsilosis. Overexpression of CpFad3 in Saccharomyces cerevisiae strains
supplemented with linoleic acid (A9,A12-18:2) and hexadecadiencic acid {A9,A12-16:2) leads to accumulation of A15-
PUFAs, Le, o-linolenic acid (A9,A12,A15-18:3) and hexadecatrienoic acid with an unusual terminal double bond
(A9,A12,A15-16:3). CpFad2 produces a range of A12- and A15-PUFAs. The major products of CpFad2 are linoleic and
hexadecadienoic acid (A9,A12-16:2), accompanied by »-linolenic acid and hexadecatrienoic acid (A9,A12,A15-16:3). Using
GC/MS analysis of trimethylsilyl derivatives, we identified ricinoleic acid (12-hydroxy-9-octadecenoic acid) as an additional
product of CpFad2. These results demonstrate that CpFAD2 is a multifunctional FAD and indicate that detailed analysis of
fatty acid derivatives might uncover a range of enzymatic selectivities in other A12-FADs from budding yeasts (Ascomycota:
Saccharomycotina).
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Introduction amounts of A9AI2,A15-18:3 and A9A12,A15-16:3 might be
termed as v+3 (Al2), indicating that the primary desaturase
regiosclectivity is w43 and the preferred regiosclectivity is AL2.
However, this nomenclature may require detailed information on
FAD diagnostic substrates and products, which are often not
! ; ; : available in the hterature. Theretore, we will adhere to nomen-
fatty acid desaturases, which are expressed exclusively in plant clature designating FADs as A12- and/or Al15-FADs,

plastids, and membranc-bound fatty acid desaturases (subscquent-
Iy referred to as FADs), which are widespread in cukaryotes and
some prokaryotes [2].

FADs are highly specific towards their fatty acyl substrates
{either acyl-CoA or acyl-lipid] and towards the position and
geometric conliguraton of the newly introduced double bond. A
range of desaturase regioselectivides dependent on the reference
point used by FADs to position the introduced double bond has
been deseribed. The main regioselective modes arce: (1) the double
bond is introduced between specific carbon atoms counted from
the carboxy terminus [AX) or (2) methyl terminus {mX) of the fatty
acyl substrate, and (3} a subsequent double bond is introduced a
specilic number of carbon atoms (usually three) counted [rom the
pre-existing  double hond  (v+3) [3]. However, these FAD
regiosclectivities are not mutually exclusive, and Meesapyodsuk
el al. [4] suggested assigning them primary and secondary modes o : . : SE
more  precisely  describe FAID  regloselectivity.  For  example, el]l}-'.pr{xlucc TS a.fnmmt_s of hydr(::{}-‘_ fatty a(.‘.lds [22-24].
multifunctional FADs preferentially producing A9,A12-18:2 and lhe role Ull A%"J""\_DS o pEltl.l(chl'uC.{_.‘(waﬂ 5P has been
A9,A12-16:2 from A9-UFAs but also capable of producing minor demonstrated in C. albicans, in which partial repression of Olelp

Unsatrated fany acids (TTFAs) play a key role in mainienance
of optimal physical and hiological properties of cell membranes
[1]. UFAs arc biosynthesized from saturated fatty acids by two
evolutionary unrelated classes of fatty acid desaturases: soluble

Tn fungal species such as Saecharamyees cerevisiae or  Candida
glabrata, the main TTFAs are A9-UFAs. By contrast, in numerous
Basidiomycota, Zygomycota and Ascomycota lungal specics, such
as Coprinus cinerews 5], Mortierella alping [6-8), Fisariwn moniliforme
|9]. Aspergmtbes niduians |10], Pichin pastons |11,12], Khgveromyces lactis
[15], Saccharompees kluyeeri [14,15] and the majority of Candida
species [16], A12- and A13-FADs can desaturate AS-UFAs 10
polvunsaturated fatty acids (PUFAs).

Bifunctional A12/A15-FADs have been characterized in
Ascomycota [4,9,10,17], Basidiomycota [5] and the protozoon
Acanthamoeba  castellan [18]. Additionally, bi- or multifunetional
FADs that had previously been identified as FADs with a single
desaturase regiosclectivity [8,19] were recently reported [20,21].
Az a result of the similarity between desaturation and hydroxyl-
ation reaction pathways, FADs from different kingdoms addition-
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A9-FAD blocks hyphae and chlamydospore lormation [25]. Tn €.
parapsifosts, gene deletion of OLED impaired invasive growth,
pseudohyphae formation and virulence in mice and increased
susceplibility to macrophages and various stress factors such as
SDIS, salts and H.O, [26].

‘T'he role of PUFAs is more elusive than that of A9-UFAs, and
PUFAs are probably not essential under all growth conditions.
Murayama e ol [27] demonsirated that the loss of PUFA
production in C. albicans via targeled disruptions ol the A12- and
Al5-FAD genes Cal’AD?2 and Cal’AD3, respectively, did not lead
to any changes In growth rate under low temperature, chlamydo-
spore [ormation, hyphal [ormation or virulence under the
conditions tested. In contrast, the hyphal form of C. alficans is
enriched in PUFAs compared to the veast form which suggests a
specific role for PUFAs in € albicans morphogenesis [28].

Tn this study, we isolated the coding regions CpFADZ and
CHFADS, homologs of fungal Al12- and A15-FADs, respectively,
from C. parapsilosis, an emerging fingal pathogen |29]. We
expressed these FADs in a Saccharomyces cerevisiqe expression system
and identified a broad range of novel polyunsaturated and
hydroxylated I'A products, including an unusual A9,A12,A15-
16:3 with a terminal douhble bond.

Methods

Strains, media and growth conditions

Saccharomyees  cerevisine strain. BY4741 (MATa his3A1 leu2A
met]3A ura3A; EUROSCARY, Germany) was culivated in liquid
medium lacking uracil (YNBgle-U: 0.67% yeast nitrogen basc
without amino acids, 2% glicose, supplemented with Brent

supplement mix without uracil according to the manufacturer’s
instructions). In cultivation media, 2% glucose was used as the
carbon source. Heterologous protein expression was induced in
YNB-1I media containing 2% galactose as the sole carbon source
[YNBgal-U). When indicated, media were supplemented with
0.5 mM linoleic acid (Sigma-Aldrich), 0.25 mM hexadecadienoic
acid {79,712-16:2; Tarodan), 1% tergitol and (L65 M NaCl. C.
parapsifosts {clinical isolate P-69 obtained from the mycological
collection of the Faculty of Medicine, Palacky University,
Olomouc, Czech Republic) was cultivated prior to lipid extraction
in YNBgle medium at 37°C until the culture reached a stationary
growth phasc.

Sequence and phylogenetic analysis

The assembly of shotgun reads of C. parapsilosis genome publicly
available n Candida Genome database was scarched using the
BLAST ool (hup:// www.candidagenome,org/ cgi-bin/compute/
blast_clade.pl] with previously characterized Al2- and Al5-IADs
as a query.

Amino acid sequences of FADs were aligned using the Muscle
algorithm [30], and the phylogeny of FADs was reconstructed with
MEGAS soltware [31] by neighbor-joining method with calculat-
cd bootstrap support from 1,000 bootstrap replicates as a measure
of statistical reliability. Desaturase topology was predicted using
the programs TMHMM 2.0 [32] and HMMTOP [33]. Pairwise
sequence alignment was performed using the EMBOSS Needle
weh-based tool {http:/ /www.cbl.ac.uk/ L'ools/psa/
emboss_needle /).

Known FAD scquences were retrieved from GenBank, The
FAD sequences reported here were deposited into GenBank under
accession numbers FN386265 and FN386266.

PLOS ONE | www.plosone.org

Heterologous expression in Saccharomyces cerevisiae

Total cellular DNA was extracted from C. parapsifosis strain CP-
64 and served as a lemplate for PCR amplification of the GEFAD2
coding region using the following primers: GpFAD2-5" (CTG
GAG CTC ATGTCT TCA GCC ACA ACT TC) and CpEAD2-
FCTG OCTC GAG TTA'TTT CTC TTT CTT TGG GT) (Sacl
and Xhol resuriction sites are underlined; start and stop codons are
italicized). The GPFAD3 coding region was amplificd using the
primers (pFAD3-3" (CAG GAG CTC ATG AGT ACG GTC
CAT GCA TC) and GFAD3-5 (CTG CTC GAG €14 GTT
TCT TGG TTT GAC AC). The resulting fragments were cloned
into the vector pYES2 {Invitrogen} under control of the galactose-
inducible GAL{ promoter, generating plasmids CpFAD2-pYLES
and CpFADS-pYES. The constructs were verified by sequencing.

8. eerevisiae strain BY4741 was wransformed with CpFAD2-pYES,
CHFAD3-pYES and empty pYES2 plasmid by eleciroporation.
The resulting CpFAD2, CpFADS and Empty yeast strains were
selected on YNBgle-U agar plates. Single colonies were inoculated
into 20 ml of YNBgle-U and cultivated in a rotary shaker (30°C,
220 RPM]. At the early stationary phase, veast cells were harvested
by centrifugation (3 min, 1000 g, 20°C), washed with 20 ml of
YNBgal-U and wansferred into 20 ml of [resh YNBgal-U
[optionally supplemented with linoleic acid, hexadecadienoic acid
and tergitol). Yeast strains were cultdvated for 72 h.

Lipid extraction and fatty acid methyl ester preparation

Yeast cells were harvested and total cellular lipids were
extracted as described by Buéek of al. [34], and faty acid methyl
csters (FAMEs) were prepared according to Matougkova ef al. [35].
The resulting FAMEs were extracted with hexane [600 plj, and
the extracts were analyzed by gas chromatography coupled o
mass spectrometry  (GC/MS) using the conditions  described
below. The relatve abundances of individual fatty acids were
calculated from the peak areas in GC/MS total ion current
chromatograms.

DMOX derivatization

Fatty acid 4 4-dimethyloxazoline (DMOX]} derivatives were
prepared from FAME extracts according to Fay and Richli |36].
Bricily, hexane solvent was evaporated under a stream of nitrogen,
and FAMEs were heated at 180°C overnight with 0.5 g 2-amino-
2-methylpropanol. Afier cooling, the DMOX derivatives were
dissolved n 5 ml dichloromethane and washed three times with
2 ml distilled water. The dichloromethane phase was dried over
anhydrous MgSO,. evaporated under a siream of nitrogen and
redissolved in hexane, DMOX denvatives were analyzed using
GC/MS under the conditions described below and identified by
comparing their mass spectra to previously described spectra and
using inferred empirical rules [37].

TMS derivatization

Hydroxy FAs were analyzed in the form ol their wimethylsilyl
NO-
acetonitrile

[1TMS) derivatives by treating the FAME extracts with exces
bis(trimethylsilyljacetamide  (Sigma-Aldrich)
(10 min, 40°C), evaporated under a gente stream of N, and
redissolved in chlorotorm |24]. reshly prepared 1TMS derivatives
were analyzed using GU/MS under the conditions described

below, and their mass spectra and retention behavior were
compared 1o the previously published mass specira o FAME TMS
derivatives [24] and to that of a TMS derivative prepared from
1 mg methyl ricinoleate {methyl 12-hydroxvoleate, Sigma-Al-
drich).
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Figure 1. Phylogenetic tree of fungal A12- and A15-FADs. The species name is abbreviated and followed by experimentally determined
desaturase regioselectivity and GenBank protein accession number. For multifunctional FADs, regioselectivity is indicated by =" (e, A12=A15
indicates a preference for A12-desaturation) if available in the literature. Dark grey background denotes A12-FADs and A12>A15.FADs, light grey
background denotes A15-FADs and A15>A12-FADs and striped background highlights a clade of bifunctional A15=A12-FADs, CgFAD2 and CpFAD3
are highlighted In bald. A12-FAD and A15-FAD from the nematode Caenorhabditis elegans were added as an outgroup.

doi:10.1371/journal.pone.0093322.9001

GC/MS analysis

The FAME exmacts and  respective DMOX und TMS
derivatives were analyzed with o 7890A gas chromatograph
compled to a 39750 masy spectrometer, equipped with eleciron
onmisation and quadruple analyser (Agilent Technologics, Santa
Clara, CA. USA) nsing DB-5MS or DB-WAX capillary columns
(hoth J&W Scientfic, Folsom, CA, USA; 30 m=0.25 mm, film
thickness 0,25 mmy the electron jonisation was set ar 70 ¢V,

Clonditions for the analysis of FAMTs and DMOX derivatives
were as f(ollows: carrier gas. He: 1 ml/Zming 10:1 split ratio,
imjection volwme 2 pl; injector  temperatare 2207C;  thermal
gradient [40°C w 2M457°C wr 57C/min, then at 3°C/min 1w
2807C and temperature held for 5 min, The temperamre program
wits terminated at 243°C and held ac this temperature for 1) min
when the DBE-WAX colunun was used. The TMS dervatives were
analyzed on a DB-SMS column using the tollowing thermal
gradient: 5070 o 140°C at 10°C/min, then 1'C/min to 198°C,
S0 Amin 1o 52070 and temperatuve held for 3 min,

PLOS ONE | www.plosone.org

Results

Sequence and phylogenetic analysis of CpFAD2 and
CpFAD3 open reading frames

In the genome database of € pappsiloae |38], we tound two
open reading: rames (ORFs) homologous 1o fingal FAD2 and
FADYI desaturases and wermed them CRFAD2 and  CplFADS,
respectively. Cplad? shares high amino acid (ag) scquence idenuty
with €L ulhicany A12-FAD [80%) [27] and other A12-FADs from
budding yeasts (Saccharamycotina) (=50% ). CpFad2 shares lower
sequence identity witly AL2-FADs from [lamentons Ascomyeota
(Pezizomycotina) (=44 %), Basidiomyenta (>33%) and Zygonn-
cota (=52%). CpEADS shares high sequence identity (79%) with
A15-FAD from C. albicans and with A15-FADs from other budding
veasts (6% ). (pFAD2 also shaves lower sequence identity with
bitinctional AIS>A12-FADs from lilamentous Ascomycot (=
36% ) and Zygomycota Mortierelin alping (34%).

The CpIAD2 sequence encodes a 426-aa putative polypeptde;
CFADS encodes a 432-aa putative polypeptide.  CpFad2 and
CpFad share 57% identity and 74% similarity and contain up w
six predicled transmoembrane helices and a mipartite conseryved

March 2014 | Velume 9 | Issue 3 | e93322
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Figure 2. GC chromatograms of FAME extracts from 5. cerevisiae
strains. Analysis of extracts from (A) strain expressing CpFad2, (B)
strain expressing CpFad3 grown in media supplemented with 0.5 mM
linoleic acid and 19 tergitol, (C) strain expressing CpFad3 and (D) strain
bearing empty pYES2 plasmid.

doi:10.1371/journal.pone 0093322.g002

histidine-rich motitf HX; JH, HX, HH, H/QX, sHH, which
indicates that these proteins belong o a non-heme iron enzyme
family |3 (Fig. 51).

In the reconstructed phylogenetic tree of finctionally charac-
terized fungal Al2- and AL5-FADs, all FADs cluster into clades
according to the class or subphylum ol the source organism, with
the exception of FADs from the [(ilamentous veasts Aspergilius
nidulans, Fusanum moniliforme and Magnaporthe grisea, which create a

PLOS ONE | www.plosone.org

group of multifunctional A15/A12 FADs [9]. Within the clades,
FADs cluster generally into “Al12-FAD"™ subclades and “Al15-
FAD” subclades. GpFad2 clusters within a subelade of strictly
monofunctional Al12-FADs, whereas (pFad3 helongs to a subclade

ol A15-FADs (Fig. 1.

Functional characterization of CpFAD2 and CpFAD3 in S.
cerevisige

We designed two pairs of specific primers 1o amplify the
(pFAD2 and CFADS ORFs, and we obtained a single amplicon
for each primer pair from genomic DNA isolated from (L
parapsifosis. Sequencing of GiFAD2 and CGpFAD3 confirmed that
the nucleotide sequences ol the amplified coding regions arc
identical to those obtained from the €. parapsilosis genome
database.

The sequence comparison of CpFad? and CpFad3  with
previously characterized FADs strongly suggests that CpFad?2 is a
Al12-FAD, whereas Cpladd is a Al5-FAD. However, the
homology-based functional annotation of FADs may fail to predict
FAD substrate specificity [39] or regioselectivity [14]. To
experimentally determine the specificities and regioselectivities of
CpFad2 and CpFad3, we cloned their coding regions into the
pYES2 vector under contrel of a galactose-inducible promoter.
We wransformed the resulting plasmids into S, cerevisiae, generating
the CHFAD2 and CpFADS strains.

The total lipidic extracts of galactose-induced CHFAD2 and
CHpFAD3S strains were transesterified, and the resulting fatty acid
methyl esters (FAMULEs) were compared to the FAME extract from
a control strain transtormed with an empty plasmid {Empty strain).

In the FAMLE extract from the induced CpIAD2 strain, we
detected multiple PUFAs that were not present in the FAME
extract from the control strain (Fig, 2 and Table 1), The double
bond position of all detected PUFAs was confirmed by the
presence ol characteristic MS lragment ions of DMOX derivatives
(Fig. 3). In the CPFAD2 strain, the most abundant novel PUFAs
were linoleic acid (A9A12-18:2: 11.683% & (.99%) and hexade-
cadienoic acid [(A9,A12-16:2; 5.25% = (L.65%). Traces of an
octadecadicnoic acid somer with a characteristic 12 atomic mass
unit gap between m/z 224 to 236 and 264 to 276 were detected,
which is indicative of a Al1,A14 double hond position (Fig. $2).
We presume that A1LALI4-18:2 is an eclongation product of
A9.A12-16:2. Unexpectedly, we also detected a-linolenic acid
(A9,A12,A15-18:3; 0.12% = 0.11%) in the CYFAD2 strain, which
indicates that the a-linolenic acid is synthesized [rom linoleic acid
ir minor Alj-desaturase activity of (pFAD2 desaturase (Fig. 2).

Additionally, a hexadecatriencate (0.77% & 0.09%] with
douhle honds in position A9 and Al2 and a third double bond
in cither the Al4- or Al5-position was identficd in the GEFAD2
strain (Fig. 21 The DMOX derivatives of FAMEs with terminal
double bonds do not produce the characteristic fragmentation
pattern exhibiting a 12 atomic mass unit gap [40]. However, we
could unambiguously identify the trinnsaturated product of
(pFad2 as A9,A12,A153-16:3 with terminal (n-11 double bond by
comparing its spectrum to that of AQAT2A15-16:3 methylester
[41] (Fig. S3} and to the mass spectrum of a previously described
DMOX derivative of A9.A12,A15-16:3 [18,21] (Fig. 3B). To
confirm the production of A9A12,A15-16:3 wia desaturation of
AQAI2-16:2, the CpFAD?2 strain was supplemented with AG.A12-
16:2. The increase in relative abundance of A9AI2 A15-16:3 in
the supplemented GeFAD?2 strain indicated that AY,A12,A15-16:3
is produced by AlS-desaturation (Iig. 4B, C).

In the CPIADS stram, supplementing the cultivation medium
with linaleic acid led 1o production of a-linolenic acid {3.62% =
0.15%). No polyunsaturated products were detected in the

March 2014 | Volume 9 | Issue 3 | e93322
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Figure 3. Mass spectra of DMOX derivatives of PUFAs detected in FAME extracts from (pFAD2 and CpFAD3 yeast strains. (A) A9,A12-
16:2; (B) A9,A12,A15-16:3; (C) A9,A12-18:2; (D) A9,A12,A15-18:3. Characteristic fragments are highlighted and fragmentation patterns of DMOX

derivatives are shown.
doi:10.1371/journal pone.0093322.g003

CHFADS strain cultivated without PUFA supplementation (Fig. 2
and Table ). Surprisingly, supplementing the CpEADS cultvation
medium with ADATZ-16:2 led o production of ADAT2AT5-16:3
{Fig. 412}, To rule out the possible interference of yeast AY-FAD in
the metabolism of A9A12-16:2, e Emply strain was also
supplemented with ASA12-16:2, GC/NS
AYAL2-16:2 18 not desamrated to hexad
Lmpty strain (g, $AL

nalysis conlirmed that
ceatnienol acid m the

To determine the disteibytion of novel PUFAs in individual lipid
classes, the twtal lipidic extract was analyzed osing liguid
chromatography with mass specirometric analysis. The prelimi-
nary data indicates that PUFAs are distribuited in phospholipics,
s, phosphatidvlserine, phosphatidylethanolamine, phosphatidyl-
choline, and triacyvlplyeerols (data not shown), We have also
mvestgated the effect of accumulagon of PUFAs n the CpUPAD2
and (EFADS strains on their growth rawe and tolerance 1o alkali-

Table 1. Relative abundances of fatty acids in FAME extracts of total cellular lipids from yeast strains.

Fatty acid composition (%)

Fatty acid Empty Empty+ CpFAD2 CpFAD3 CpFAD3H+
16:0 2722 = 098 2464 £ 1.01 2704 012 2932 = 058 2584 = 056
A9-16:1 4199 = 115 507 = 006 2971 =010 3656 = D48 345 =074
A9, AT2-16:2 . rd. 525 * 065 . n.d.

A9, A12, A15-16:3 nd, i, 0,77 £ 0.09 e, el

18:0 641 £ 051 621 = 1.06 897 £ 030 872 £ 036 8323 =061
A9-18:1 2438 = 1.07 271 = 026 16:26 &= 141 2541 = 043 174 = 081
AS, AT2-18:2 n.d. 6136 £ 1.99 11.88 = Q.99 nd. 5278 = 1.5
A1, A1a-18:2 nd. s 035 = 0.01 i, nd,

A9, A12, A15-18:3 n.d. n.d. 012 =01 nud, 695 =099

dol: 101371 /joumnal pone 0093322.H001
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The refative amount of fatty acids is expressed as a percentage of total fatty acld methyl esters. Strains supplemented with 0.5 mM linaleic acid and 1% tergitol are
marked with “+", Values represent means of three cultivations = standard deviation, n.d: FAME not detacted,
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Figure 4. GC chromatograms of FAME extracts from yeasts
supplemented with hexadecadienoic acid {(A9,A12-16:2). GC/MS
analysis of FAME extracts from (A) Empty strain supplemented with
hexadecadienoic acid {A9,A12-16:2), (B) CpFAD2 strain, (C) CpFAD2
strain supplemented with A9,A12-16:2 and (D) CpFAD3 strain
supplemented with A9,A12-16:2. Hexane containing internal standard
{hexadecane at concentration of 20 pg/ml) was used in preparation of
all extracts.

doi:10.1371/journal.pone 0093322.g004

metal cations. When compared to the Empty strain, we observed a
deercased growth rate for yeasts expressing COFAD2 on YNBgal-U
agar plates (Fig. S4B). The decreased growth rate of the (HFAID2
strain became even more prominent on YNBgal-U containing
0.65 M NaCll (Fig. 54C!). The growth rate ol the CpFADS strain on
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Figure 5. Mass spectra of TMS derivatives of hydroxy fatty acid
methyl esters. (A) TMS-methyl ricinoleate detected in FAME extracts
from CpFAD2 yeast strain. (B) TMS- methyl hydroxypalmitate detected
in all yeast strains. (C) TMS-methyl hydroxystearate detected in all yeast
strains. Characteristic fragments are highlighted in bold, and fragmen-
tation pattemns of TMS derivatives are shown above the spectra.
doi:10.1371/journal pone 0093322.g005

YNBzal-U or YNBgal-U supplemented with hnoleic acid was
unaltered compared to that of the Empty strain (Fig. S4B, T)).

Hydroxylation activity of CpFad2 and CpFad3

To determine whether CpFad2 and CpFad3 are capable of FA
hydroxylation, we treated the FAMLE extracts with ALO-bis(tri-
methylsilyliacetamide to convert hydroxy FAMEs o their corre-
sponding trimethylsilyl-FAMEs, which exhibit better chromato-
graphic properties and provide MS fragment ions characteristic of
particular TMS group locations [42]. Trace amounts ol TMS
derivatives of methyl 9-hydroxypalmitic acid (MS fragment ions at
m/z 201 and 259) and methyl 9-hydroxystearic acid (MS [ragment
ions at m/z 229 and 259) were detected in all transformed yeast
strains (Fig, 5. 85 and Table 2), providing evidence of the intrinsic
A9-fatty acid hydroxylase activity of yeast A9-FAD Olclp [22,24].
Notably, in the CpFAD2 strain, an additional TMS derivative with
low abundance (0.10% = 0.02%) was detected [Table 2], This was
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Table 2, Relative abundances of TMS derivatives of hydroxy FAs in FAME extracts from CpFAD2, CpFAD3 and Empty strains.

TMS-derivative compasition (%)

TMS-derivative Empty Empty+ CPFAD2 CpFAD3 CpFAD34
TMS-methy hydroxypalmitate 0.09 = 0.0 005 + 0.0 010 = 0,03 0,09 = 0.01 0.04 + oM
TMS-methyl ricinoleate n.d. .. 00 = 002 . n.d.

TMS-methyl hydroxystearate 006 = 000 0.0z = 000 009 = 0,00 0.07 = 00 002 + 0.00

doi: 101371/ joumnal pone 0093322 1002

determined o be a TMS derivative of methyl deinoleat: (methyl
12-hydroxyoleate; based on its retention time, which was ideatical
to that of 'TAMS derivative of methyl ricineleate standard, and on
the presence of characteristic mgment ions. namely (M=151 ion a
mde 36D and dons at mdz 187, 270 and 299 (Fig. 3A) This
observanon ndicates that CpEAD2 exhibits | 2-hydroxylation
detaty,

PUFA content in C. parapsilosis

Although the relauve abundance of linoleie acid in €. parapsifoses
122.18%) was higher than that in the CAFAD2 S eepeaiviae strain
[11.88%. we detected only trace amounts of ADA12-16:2 ((LO4%)
in C. parapstlisis in contrast o modecately abundant AYA12-1
[3.23%]1 i the CPFADI2 strain. Notably, ADATZATG-10:5 was
completely absent o G, pargpsifosis under the conditions tested
Table 3. No additional PUFAs were detected  onder low
cultivation temperatires (25°C or 30°C) [data not shawn),

Discussion

Fungal TAD resedrch is largely motivated by the search for
novel FADs that could be used in metabolic engineering of
microorganisms (o produce PUFAS and other valuable UFAS on
an indusirial seale [43,44]. Additionally, desaturation, as a part of
fungal fatty acid metabolism, has been shown to play a enicial role
in the growth and morphogenesis of pathogenie yeast species in
plants and humans. Therefore, TADs have been sugpested as
potential targets for antifungal dmes |25-27.45.46).

Table 3. Relative abundance of fatty acids in FAME extracts
from C. parapsitosis.

Fatty acid composition (%)

Fatty acid C.parapsilosis
16:0 1254 = 007
A8-16:1 338 =004
A9,A12-16:2 005 = 0.01
A9,A12,A15-16:3 m.d.

18:0 431 + 009
A2-18:1 54.96 = 0,40
A9,A12:18:2 2289 = 015
A9,A12,A15-18:3 190+ 0.24

The relative amount of fatty acids |5 expressed as a percentage of total fatty
acid methyl esters, Values represent means of three culthations = standard
deviation. nd: FAME not detected,

dol 11371/ joumal.pone 00933221003

PLOS ONE | www.plosone.org 7

The refative amolnt of FAME-TMS derivatives is expressed as a percentage of total fatty acid methyl esters, Strains supplementad with 0.5 mM linoleic acid and 1%
tergitol are marked with “+, Values represent means of three cultivations © standard deviation, n.d. TMS-derivative not detected,

Nguyen ¢ el [26] deseribed the role of AS-FAD in the
pathobiology of (. paapslss, a fingal pathogen that forms
persistent biolilms on implanted medical devices such a cathelers
[29]. In addition to saturated and monmmsatarated farry acids, €.
prarapsifosiy eellular lipids contain a major [raction of PUTFAg,
suggesting activity of A12- and Al5-FADs [16]. In this study, we
identfied and characterized (pliad2 and Cpladd desamrases
responsitle for production of PUFAs in € parafisilosiy.

Sequence analysis of Gplad? and Cpladd usmg TMENMM 2.0
antd HMMTOP wpology prediction algorithms  imdicated  the
presence of more than four transmembrane helices. The proposed
topology, however, docs not satisfy the requirement ol arrange-
ment ol conserved histidine maotifs on a common, cytosolic ER
membrane face [4748] Fig. ST Therefore, the thivd and foarh
transmembrane helix likely represents o hydrophobic region
peripherally associated with an ER membrane. This 1opology
was previously proposed by Holfmann o al for Al2-FAD and a
bilunctional A2/ A15-FAD {rom Aspergiling nidiulans [101]. Allerna-
tively, some of the additional TM hielices might be corectly
predicted and play a role in binding the acyl-lipid substrate, as
hypothiesized by Diaz o al. [49].
identificd FADs can produce  unusual  terminally
unsaturated ADAL2A15-16:9 fary acids. mcluding FADs from
the Proloronn Avanthamoehn  coxtellanii |—| [ﬂ, the [;:aﬁi[lil:l‘llyl (ol
fungus Coprnus cmerews 5], the ascomyeete filamentous angus
Clavieeps purpuiea [4]. and the ascomyeete budding yveast Lipoiesy
fomonenfoae |17]. AQALZALG-16:5 also has been identbicd as an
initially undiscerned product of AIS-FAD from the zaygomveets
[ungus Morbrella afpuna [21] and A12-FAD from the nematode
Caenorhabdits elegans | 20).

Previously, AQAIZATS-16:3 was not detected as a product of
CaFad hewerologously expressed in 80 eerznsiae under control of
the GALT promoter, CaFad? is a A12-FAD lrom € albicans, which
can produce ADAIZ-16:2 and ADALZ-]HD fary acids |27
However, the presence of ADAT2 ATG-16:3 might be easily missed
e to its overall low abundanee or due to the low abundance of

Several

the molecular ion at me/z 204 and low abundance of fragmenis al
md 7 7L and 87 characteriste of FAMEs [Ig. S3).

Producton of s-linolenie, hexadecamienoie (AYA12.A15-16:3;
and ricinoleic acid (12-hydroxyoleate) iy GpFad2 suggests that
Cplad? 15 a bilimctonal Al2/AIS-FAD. The Al3-desaturase
activity o A12-FAD [rom budding yeast [Saccharomyeoting) hag
been reported only by Yan ef al [17], and the hydroxylase activity
hias not been wvestigated. Damude o af. suggested thar A15-FADs
independently evolved from ancestral A12-FADs muliiple 1imes
[9]. The facile evolutonary shilt between Al2- and ALS-FAD
regioselectivities was further supported by the effect of site-direcred
mutagenesis ol a smgle amino acid residue [4] and by domain-
swapping experiments [4,10]. Analogously, one to four amino acid
mutitions were found 1o be suflicient w convert plant A12-FAD
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mto a bifunctdonal A12-FAD/hydroxylase [22,50]. Based on these
observations and our current results, we hypothesize that minor
Al3-desaturase regiosclectivity and hydroxylase activity might be
present in mumcerous functionally characterized Al12-FADs [rom
budding veasts, including CaFad2 from €. albicans [27]. The fact
that minor PUFA and hydroxylated products were rarcly detected
in previously deseribed Al2-FADs from budding veast might be
caused by a low level of desaturase expression under the
experimental conditions, by a low level of aceumulation of PUFAs
and hydroxylated fatty acids or by the low sensitivity of the FAME
analysis procedure. The reason underlving the absence of specific
Als-hydroxylated FAs in CpFAD3 sirain supplemented  with
Iinoleic acid might be the absence of CpFad3 Al3-hvdroxylase
activity and/or the overall low enzymatic activity of CpFad3
compared to GpFad2 in our expression system.

Based on the range of obscrved desaturase specilicitics of
CpFad2 [its capability of introducing a double bond at the Al5
{wl] position in A9A12,A15-16:3 and Al5(w3) posiion in
A9.A12,A15-18:3 and the lack of A9A15-18:2 products|, we
propose that the primary regioselective mode ol CpFad2 is v+3 and
the secondary mode is Al12, This would imply, in accordance with
the FAD regioselectivity classification described by Meesapvodsuk

point for positioning of the introduced double bond and that the
Al2-position is preferred over the Al5-position.

The CHFAD3  strain - produced  A9AI2AI5-18:3  and
ASAL2A15-16:3 when supplemented with A9AL12-18:2 and
A9, A12-16:2 PUL'As, respectively. The complete absence of novel
PUFAs in the CHFAD3I swain cultivated without addition of
Inoleic acid or hexadecadienoic acid (06 substrates) ndicates that
(pFAD3 cannot desaturate the naturally present A9-I'As, in
contrast o, lor example, ®3-FADs from Caencrhabditis elegans [51]
or Saccharomyces klwyveri |52]. Together, this dara indicates that
(pFad3 exhibits Al5-regioselectivity requiring a preexisting A12-
double bond and is capable ol muroducing a terminal double
hone.

Overexpression of Al2- and Al13w3)-FADs in S cerevisioe
provides a tool o study the influence of PUFAs on yeast
physiology [19,53-55]. The PULAs were present in phospholipid
fraction of the CpFADZ and CpI’'AD3 strain supplemented with
linoleic acid, suggesting that they might influence the membrane
properties and the veast phenotype. However, we did not observe
any increase in tolerance to NaCl, which has been observed in
yeast strains producing PUFAs [55]. A decreased growth rate of
yeasts heterologously expressing A12-FADs was previously attrib-
uted to impairment of tryptophan uptake [54]. Although we
cmploved the BY4741 yeast strain which is not auxotrophic [or
tryptophan, the modificd structure and physical propertics of yeast
cell membranes containing PUFAs might affect the properties of
numerous cell membrane proteins and result in a decreased
srowth rate.

In C. parapsilosss, the low amount or complete ahsence of C16
PUFAs and low amount of palmitoleic acid is in general
agreement with the results of a previous study by Moss e al
[16] that describes the fatty acid composition of various Candida
specics. Together, these data suggests that in Candida species, C16
PUFAs do not accumulate. The low content of G116 PUFAs might
be a consequence of a low amount of their precursor, palmitoleic
acid. Alternatively, overexpression of Cpl'ad2 under control of the
GAL] promoter might result in higher expression and therefore
higher desaturase activity o GpFad2 in 8. cerevisioe, as compared 1o
the activity of CGpl'ad2 in €. parapsilosis.

Taken together, this study provides further evidence that,
despite the growing database of functionally characterized FADs,

PLOS ONE | www.plosone.org

detailed characterization of FADs by mass spectrometry analysis of
fatty acid derivatives can reveal surprising desaturase specificities
that cannot be inferred solely [rom sequence comparisons,

Supporting Information

Figure 81 Amino acid sequence alignment of CpFad2
and CpFad3. Three conserved histidine-rich regions (H1 H3)
arc marked by boxes. Predicted transmembrane domains for
(plad? and CpFad3 arc indicated by bars above or below the
sequence, respectively, The consensus transmembrane region
predicted by both HMMTOP and TMHMM 2.0 algorithms arc
indicated by solid bars; transmembranc regions predicted by only
one algorithm are indicated by dashed bars. Tdentical residues are
indicated by a black background, similar residues by a grey

backgrouncd.
(TIF)
Figare S$2 Mass spectra of DMOX derivative of

Al11,A14-18:2-methylester detected in FAME extract
from CpFAD2 yeast strain. Characterisic fragments are
highlighted, and the fragmentation patern ol the DMOX
derivative is shown above the spectra.

(TIF,

Figure 83 Mass spectra of A9,A12,A15-16:3-methylester
identified in FAME extract from CpFAD2 yeast strain.
iy

Figure S4 Comparison of growth rates of CpFAD2,
CpFAD3 and Empty yeast strains. Yeast suspensions were
spotied on (A) YNBgle-1I agar plates, which repress heterologous
protein expression, (B) YNBgal-U agar plates, (G) YNBgal-U agar
plates containing 0.65 M NaCl and (D} YNBgal-U agar plates
containing 1% tergitol and 0.5 mM linoleic acid. Prior to plating
on solid media, veast strains were grown on YNBgle-17 agar plates
and incubated overnight at 47CL The cells then were resuspended
in sterile water o an ODgag of 1O, Serial 10-fold dilutions were
spotted on the YNB agar plates using a replica plater. The agar
plates were incubated at 30°C for 3 days and photographed.
Representatve images are shown.

[TIE,

Figure 85 Extracted ion chromatograms of TMS deriv-
atives of hydroxy FAMEs. 'I'MS derivatives of FAMLE extracts
from the CFAD2 swrain, (PpFAD3 swain supplemented  with
linoleic acid and Empty strain are displayed in ion chromatograms
extracted at m/z values characteristic for individual TMS-hydroxy
FAMLs. (A} Ion chromatograms extracted at m/z 201 and 259
characteristic for TMS-methyl hydroxypalmitate, {B) ion chro-
matograms extracted at m/z 229 and 259 characteristic for TMS-
methyl hydroxystearate and (G) ion chromatograms extracted at
m/z 187 and 299 characteristic tor TMS-methyl] ricinoleate.
[

Acknowledgments

We thank Dr. Petr Hamal (Universiy Hospital in Olomoue, Czech
Republic) for providing the clinical isolate of C. parapsilosis and H. Hoffman
for proolreading of the manuscript,

Author Contributions

Conceived and designed the experiments: AB IP PM OHH HS. Performed
the experiments: AB. Analyzed the data: AB. Contribured reagents/
materials/analysis tools: 1P HS, Wrote the paper: AB 1P OHH.

March 2014 | Volume 9 | Issue 3 | e93322



SUPPLEMENTS (PUBLICATIONS | —III)

References

1

T4

2

. Meesapyodsuk D Reed DW, Covello PS,

. Oura T, Kajiwar;

. Wi

Aguilar PS5, de Mendoza 1 {2006) Control of faty acid desaturation: a
mechanism conserve 1o bnans, Mol Microbiol 620 13071514,
Sperling P Ternes P, Zank T, Heine E (2003 The evolution of desaturases,
Prostaglancing Leukor Essent Faty Acids G 7595,

Shanklin J. Caboon EB (1998) Desaturation and related modifications of Gty
acids, Anm Rev Plant Physiol Plant Mol Biol 46 611 641,

Meesapvodsuk T2 Reed W, Covello P8, Cha X (2007
regioselectivity, and evolution of the membrane-bound facy
Claviceps purpurea. | Biol Chem 282: 2019120199
o X (2007
regioselectivity, and evolution of the membranc-boun hrt\
Claviceps purpurea. | Biol Chem 282 20191-20199,
Sakuradani I, Kobavashi M, Ashikari T, Shimizu 5 (1999 Identification of
Deltal2farey acid desamurase from  arachidonic acid-producing mortierella
fungus by hete roln;_‘muu tprﬁau:n i the veast Saccharomyces cerevisiae and the
fungus Aspergillus orvzae. Bur ] Biochem 261 812-820.

Huang Y5, G qurlhalw 5__ Thurmond M, Bobik EG, Yoan 1, (1998
Cloning of delial2- and  delat-desaturases rom Mortierella alpina and
recombinant production of gamma-linolenic acid in Saccharomyces cerevisiae,
Tipieds 342 645630,

Sakuradani L, Abe T, Iguchi K. Shimizu 5 (2003) A novel fungal omegas-
desatorase with wide substrate specilicity. from arachidonic acid-producing
Morterella alpina 18-, Appl Microbiol Biotechnol 66: G48-634

Damude HG, Zhang H, Farrall 1., Ripp KG, Tomb J-F, et al, (200k)
Identification of bifunctional deltal2/omegad fany  acid  desaturases for
improving the rario of omegad to omegaf fatry acids in microbes and plants,
Proc Natl Acad Sci U8 A 103 4469431,

Hoftmann M, Hornung E, Busch 8, Kassner IV, Ternes P, eval (2007 A nnall
membrane-peripheral region close o the active center determines regiose
ity \fmunbmm I)numi F}llly acidl desaturases from Aspergillus nidulans, ]| Biol

Primary structure,
acid desaturases of

Primary structure,
acid desaturases of’

ot al,

Zhang X, Li M, Wei D, Xing L2008 Tdenificaion and characierieation of o
novel yeast omegad-tarry acid desaturase acting on long-chain n-6 fatry acid
substrates from Pichia pastoris. Yeast 95: 21 27,

. Kainon K, Kamisaka Y, Kimura K, Uemura H (2006) Isolation of Deltal 2 and

atty acid desaty
rologous exp
Saccharomyces cerevisiae, Yeast 25; G05-612.

a8 200) Saccharomyees kluyvert FADS encodes an omegad
farry acid desaturase. Microbiclogy 19851940,

uhe K, Cura T, Sakai H, Kajiwara 8 2004 Yeast Delia 12 Gy acid
desaturase: gene cloning, expression, and function. Biesci Biotechnol Biochem
Gl 721 727,

ase genes from the y
i o produce neleie and alpha-linolenic acids in

L ](Iuy\ eromvees lactis and

b Moss COW, Shinoda T, Samuels JW (1982) Determination of cellular farty acid

compositions of various veasts by gas-liquid chromatography. | Clin Microhiol
162 10731079,

Yan £, Zhuo L, Mulan ], Xia W, Yangmin G, et al, [2013) Clone and
identification of bifuncional AT2/A15 Gty acil desatorase LTRFADIS from
Lipomyces kononenkoae, Food Sci Biotechnel 220 573-370.

Sayanova ), Haslam R, Guschina T, Llovd T), Christie WW, e al, (2006 A
bifunctional Dieltal 2, Deleal5-desaturase from Acanthamocha castellanii directs
the synthesis of highly unusual n-1 series unsaturated fatey acids, | Biol Chem
2i31; 36533 36541,

Peyou-Idi MM, Watts |1, Browse | (2000} Identification and characterization of
caciel desaturase gene by heteralogons expression in
Saccharomyves cer Arch Brochern Bioplys 576: 306408,

Zhon X-R, Green AG, Smgh 8P 2001 Caenorhabding elegans Delial 2-
desaturase FAT-2 s a0 bilunctional desaturase able (o desaturaie a diverse mnge
of fatty acid substrates at the Delal2 and Deleald posidons. ] Biol Chem 286
43644 5,

Kikukawa H. Sakuradani E. Kishino 5 Park 8-B, Ando A, et al (2013
Characterization of a trifuncional fatty acid desaturase from  oleaginous
flarnentons fngus Mortierella alping 150 psing o yeast expression swstem,
J DBiosci Bioeng.

Broadwater JA, Whittle F, Shanklin J (20002) Desatoration and hydrosylation.
BResidues 148 and 324 of Arabidopsis FAD2, in addition to subswrate chain
lengrh, exert a major influence in paritioning of catalytic specificity, | Biol Chem
277 15613 15620,

Serra M, Gauvchier LT, Fabrias G, Buisc PH (2006 Deltal ] desaturases of
Trichoplusia ni and Spodoptera itoralis exhibic dual catalytic behavonr, Tnsect
Bivchern Mol Biol 36: 822 1825,

Carvalho F. Gauthier TT, Hodgson 1], Dawsen B, Buist PH O [2003)
Cuantitation of hvdroxylated byproduct formation in a S'\tch'mmnc‘c\
cerevisize Delia® desaturating system. Org Biomol Chem 3: 39793083,
Krishmamurthy 8, Plaine A, Albert [, Prasad T, Prasad R, et al. (2004) Dosage-
dependent Tunctions of faty acid desaturase Ole lp in growth and morphogen-
csis of Candida albicans, Microbiology 150: 194912003,

an anrmal delig12) T

PLOS ONE | www.plosone.org

26.

27

28,

35,

3.

41.

45.

4.

47,

44

. Ldgar RO (2004) MLUIS

2. Krogh A, Lasson B,

4. Tusn.

L Chrisie WW, Roberson GW, Morobers WO,

2 Wicolaides

. \I:w'\fq]\nd&uk I, Reed DW, Savile CK. Buist PH, Ambrose §]

. Oura T, Kajiwara

Nguyen LN, Gacser A, Nosanchuk JD (20011 The stearoyl
desaturase | is cssential for virulence and membrane stress in Candida
parapsilosis through unsaturated Gty acid production. Tofect Tromon 79 156
143,

Muravama SY, Negishi ¥, Umevama T, Kancko A, Ouwra T, et al. (2006)
sonstruction and fimetional analysis of fatty acid desaturase gene disruptants in
Candica albicans. Microbiology 1532 1551-1338.

Clannouwn MA, Jaonini G, Khamis L, Radwan 88 (1986] Dimorphism-
assoc‘mt'd \m’\tmm J.n the lipid composition of Candida albicans, ] Gen

oenzvime A

Tungal patho

anel high |||||\lJ_tJ||J|:4 N 32 17921797,
Tamura K, Peterson 1D, Peterson N, Stecher G, Nei M, et al. (2011 MEGAS:
malecular evolutionary genetics analysis using maximum likelihood, evolution-
ary distance, and maximom pdrlsnnom methods, Mol Biol Fvol 285 2731 &
von Heijne G, Sonnbammer EL (20017 Predic Luu>
transmembrane protein topology with a hidden Markov model: application o
complete penomes. | Mol Biol 30%: 567 3600

by GE, Simon T (20007 The HMMTOT iransmembrane:
prediction server. Bloinformatics 17: 849650,

Buiek A, Vogel H, Matousk P, Prehaloya 1, Zacek Py et al, (2015) The role
of desaturases e biosynthesis of marking pheromones in bumblebee males.
Tnsect Biochern Mol Biol 43: 724-731.

Matougkova P, Luxova A, Matwugkova J, Jirod P, Svamd A, et al. (2008) A dela®
desaturase rom Bormbus lucorum males; mvestigaion of the biosynthetic
pathway of marking pheromones. Chembiochem 9 25342
Fay L. Richli U {1991} Location of double bonds in polvansaturated oy acids
by gas chromartography-mass spectromerry after 4,4-dimethyloxazoline deriva-
teation. | Chromatogr A 341 8844

Spitzer V{1996 Structure analvsis of fary acids by gas chromatography-low
resolution electron impact mass spectrometry of their 4 4-dimethylocazoline
derivatives-a review, Prog Lipid Res 35: 387 408,

Lpalogy

. Buder G, Rasmussen MD, Lin MF, Santos MAS, Sakthikormar 8, et al. (2009

Lvolution of pathogenicity and sexual reproduction in eight Candida genomes.
s 349 GAT G2,

. Huang V-8, Bobik FG, Kinney AfL Stecea KL, et al, (2000) A novel
omegad-fany acld desaturase involved in the biosynthesis of eicosapentacnoic
acid, Biochem | 378; 665 671,

Hfu|1||lcm ]T(x (20000 Mass
spectrometry ol the 4, d-dimethyloxamline dervatives of somene ocladeceno-
ates (monoenes). Eur ] Lipid Sci Technol 102: 25-29,

TPan 7 Rimando AM, Bacrson SR, Fishbwin M, Duke SO (2007 Functional
characterization of desaturas J.mul\\ d in the formation of the terminal double
hond of an unusual 16:3Deltai, 12,1500 fatty acid isolated from Sorghum bicolor
root hairs. ] Biol Chem 282 4526453,
3 Soukop VG, Ruth EC(1983) Mass spretromelric fagmeniation
paterns of the acetoxy and trimetlylsilyl derivatves of all the positional somers
of the methyl hydroeypalmitates, Biol Mass Spectrom 10k 441 444,

Certik M, Shimizu S (1999 Biosynthesis and  regulation of microbial
polyunsaturated fay acid production. J Biosel Bioeng 87: 1-14.

Uermura H (2012 Synthesis and production of unsamrared and pobunsaturated
latty acids it yeast: corrent state and perspectives. Appl Microbiol Biotechnaol 93:
112

Wilson RA, Calvo AM, Chang P-K. Keller NP (2004 Characterization of the
Aspergillus parasiticus deftal 2-desaturase gene: a role for lipid metabolism in the
Aspergillus-seed interaction, Microbichgy 150: 288 12848,

Cabvo AM, Gardner HW, Keller NP (2000) Genetic connection between Gty
acid metabolism and sporulaton in Aspergillus nidulans, | Biol Chem 276:
5766 25774,

Prasad MR, Sreekrishna K, Joshi ¥V
desaturase in chi
enzyme activity by the antibody and susceptibility of the enzyme to proteolysis,
J Biol Chem 2IR-25H0.

Stukey JE, McDonough VM, Martin CLE (19907 The OLEl gene of
Saccharomny revisiae encodes the delta 9 farry acid desaturase and can be
functionally replaced by the rat stearoyl-CoA desaturase gene. | Biol Chem 2635:
2014420114,

Diaz AR, Mansilla MC, Vila AJ, de Mendoza D (2002} Membrane topology of
the acyl-hipid desatorase from Bacillus subailis. ] Biol ( ht.m ATT ABOHY TG,
Brown T, Shanklin ], Whitlle F, Sormeralle ¢
acid modification enzymes underlyving chemic al ¢ VErSLEY 0[ plant lipids. Scie nee
221815 1317,

(19801 Topology of the delta 9 terminal

ken liver microsomes and artificial micelles. Inhibition of the

e al. (2000
ol a Caenor-

Ch teation of the regiocherisiey and ervploregiochemis
habditis clegans fany acid desamurase (FAT-1) expressed in Saccharomyees
cerevisiac. Biochermistry 39 11948 11954,
(2008) Substrate Specilicity and Regioselectivity of A12 and
w3 Fawy Acid Desaror; Bioscl Biotechnol
Biochem 72: 31743179,

from Saccharomyees kluyverl.

March 2014 | Volume 9 | Issue 3 | e93322



SUPPLEMENTS (PUBLICATIONS | —1lI)

53,

.

el al. (1996
s Expression

Kajiwara 8, Shira

Fujii T, Toguri T, Nakamua K,

Polvumsaturated Gty
of ethanol toleranc
Environ Microbiol £

g
n
=3
2
B
&
By
£
B
)
g
>
]
wn

Rendriguee-Viargas 8, Sanchee-Garcia A, Martinez-Rivas JM, Pricio JA, Rande-
Gil I (2007) Fuidization of membrane lipids enhances the tolerance of

PLOS ONE | www.plosone.org 10

Saccharomyces cerevisiae to freezing and salt stress, Appl Environ Microbiol 735:
LH0-116.

Yircanwa H, Twaliashi H, Famisaka Y, Kimura K, Temura
ol polvunsaturated Gty acids 0 yeast Saccharomyoes cerevi
to alkaline pH tolerance, Yeast 26: 167 184,

04 Procuction

e and s relation

March 2014 | Volume 9 | Issue 3 | e93322



