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Abstract

Insects account for more than one million of described specieawiéitological and
economic impact disproportional to their minute body size. Amongatiers which have
contributed to their evolutionary success, insect secondary métgbslich as defensive
compounds and chemical signals are regarded to play a major hodethEsis aims at
uncovering the molecular mechanisms underlying evolution of ubiquitous isseandary
metabolites — sex pheromones (SPs), i.e. chemical signalatmgdnate finding and mating
between individuals of the same species. The thesis focuses ossaotlaxidoreductase
enzymes, membrane fatty acid desaturases (mFADs), which intratbudde bonds into
hydrocarbon chains of fatty acyls and thus produce precurfanssaturated fatty acid-
derived SPs. mFADs are involved in SP biosynthesis in e.g. mothsd{ptpia), flies
(Diptera), cockroaches and termites (Blattodea), wasps andHhg@enoptera) - some of the
most species-rich insect orders. Since SPs are principal teespeproductive isolation,
uncovering the molecular basis of insect SP biosynthesis holds psotois®ntribute to
answering fundamental questions concerning the insect ecologgvahaion. The insect
mFADs with diverse enzymatic specificities also represenaturally available resource for
study of enzyme function evolution.

This thesis explores mFADs in Hymenoptera (bumbleb&esnbu$ and Lepidoptera
(tobacco hornworm moth Manduca sextaas well as in non-insect organism (yeast —
Candida parapsilosis We demonstrate that the ability to produce a wide range of unsaturated
fatty acids is inherent to mFADs across kingdoms (Publicaticensd IIl). We show that
pheromone-biosynthetic mFADs can synthesize novel unsaturated SB@reas a result of
a single amino acid substitution, a mechanism which might have a gatgntial in
generating novel SP components in moths and represents thus a possibtilar
mechanism of SP evolution (Publication I). Our finding that the amir rasidue which
controls M. sextamFAD specificities resides in the kink of the mFAD substigiteding
channel provides novel insights into mechanism of mFAD substratdisipecdetermination
(Publication 1). By study of mFADs from three bumblebee spewiesshow that post-
transcriptional regulation of mFAD activity represents anrmdiive possible regulatory
mechanism of pheromone composition in hymenopterans (Publication 1l).hEogétese
contribute to our understanding of the role which mFADs play in SP bhessist and

evolution of SP communication in moths and bees.



Abstrakt

Hmyz itajici vice ne jeden milion popsanych drup edstavuje skupinu organisns
ekologickym a ekonomickym vyznamem disproporv tSim ne je jejich asto zanedbatelna
t lesna velikost. Mezi faktory, které zasadnirau pisp ly k evolu ni asp3nosti hmyzu, je
po itdna schopnost produkovatdu sekundarnich metabolitjako jsou obranné latky a
chemické signaly. Tato disertd prace se \nuje studiu molekularnich mechanismvoluce
jedné Siroce zastoupené skupiny hmyzich chemickych signgbhlavnich feromon- tedy
latek, které zprostdkovavaji vyhledavani pohlavnich partnarpaeni jedinc tého druhu.
Téma prace je zameno na membranové desaturasy mastnych kyselin (dale jen degatura
oxidoreduktasy, které zavadi dvojné vazby do uhlovodikowgthc mastnych kyselin a tak
produkuji nenasycené prekurzory pohlavnich feromodvozenych od mastnych kyselin.
Desaturasy jsou zapojeny v biosyntéze pohlavnich feromapiklad u mr (Lepidoptera),
dvoukidlych (Diptera), blanokdlych (Hymenoptera), Svaba termit (Blattodea) — tedy
jedn ch z druhov nejbohatSich hmyzichad . Jeliko pohlavni feromony sloui jako
reprodukni bariéry u mnohych blizce ipuznych druh i subpopulaci, odhaleni
molekulérnich zakladbiosyntézy feromonm e pomoci zodpovd t kli ové otazky tykajici
se ekologie a evoluce hmyzu. Hmyzi desaturasymsorodymi enzymovymi specifitami také
p edstavuji prozen dostupny zdroj pro studium evoluce enzym

Disertani prace se \nuje desaturasam blanddlych ( melaci -Bombu$, m r (liSaj
tabakovy - Manduca sexfaa pro srovnani také jednobunych organism (patogenni
kvasinka Candida parapsilosis Vysledky prace ukazuji, e schopnost produkovat Siroké
spektrum nenasycenych mastnych kyselin je sdilena desatiirzesai biologickymi iSemi
(Publikace | a Ill). Desaturasy zapojené v biosyntéze ferommoahou ziskat schopnost
produkovat nové nenasycené mastné kyselinysledkem substitutce jediného
aminokyselinového zbytku — mechanismus, ktery ma rghapotencial v evoluci
feromonového slo eni nr (Publikace 1). ZjiStni, e tato aminokyselina se v desaturase liSaje
tabdkového nachazi v ohybu tunelu, ktery vae substrat, poskytuje novy vhled do
mechanism ur ujicich desaturasovou specifitu (Publikace 1). Studium desaturasch t
druh melak odhaluje post-transkripi regulaci aktivity desaturas jako mo ny alternativni
mechanismus ugjici druhov specifické feromonové slo eni u blanddiych (Publikace II).
Tato disertani prace tak na genetické arovni poodhaluje roli desaturas v evologidaove
komunikace u nr 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

PUFA Polyunsaturated fatty acid

FAR Fatty acyl reductase

SP Sex pheromone

GC/MS Gas chromatography/Mass spectrometry
LG Labial gland
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FAS Fatty acid synthase

RNAI RNA interference

dsRNA Double-stranded RNA
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INTRODUCTION

1 Introduction

1.1 Insect pheromone research — a historical perspectv
The 19" century observations and experiments with male great peacock moths

(Saturnia pyr) attracted by, at that time, elusive female-produced am-bimnal are among
the first scientific description of species-specific commuitcain insects Despite the
conspicuous behavior, the identification of chemical compounds underlyingberved
behavior was hampered by their nanogram and sub-nanogram quantsiest pmea single
insect specimen. It took another almost 90 years and over 500,000 abdomenalefsitk
moth Bombyx mol)i to identify bombykol, a volatile unsaturated fatty acid-derivedlait
produced by th®. morifemales to attract conspecific ma&leBombykol represented the first
chemically identified pheromone, i.e. a compound or a mixture of compouhd$f Vs
secreted by an individual to trigger a response, such as a behaviphaisiological change,
in an individual of the same species

The possibility that economically important insect pests mightcdrgrolled using
laboratory-synthesized pheromoh@sovided an impulse to study and identify pheromones
from other insect pest species such as female sex pheromonio{8Rhe cabbage looper
motl?, aggregation pheromone produced by the male bark Beettes female housefly $P
The increased sensitivity of analytical tools, particularly gamatography coupled with
mass spectrometry detecforand development of gas chromatography coupled with
electroantennographic detector which uses insect antennae a®mqiespecific detectdr
led to rapid increase in number of insect species for whichghenomones were chemically
identified, reaching 200 moth species in 188fore than 500 moth species in 2804nd
now reaching probably well over 1,000 insect spéties

The amassed knowledge on pheromones structure and composition indicated that moth
female SPs are generally mixtures of saturated or unsatufatey acid (FA) derived
alcohols, aldehydes, esters, hydrocarbons, or epd%ided that similar FA derivatives are
components of pheromones also in flies (Diptera), cockroachesoda)t wasps and bees
(Hymenopteray.

Initial pheromone biosynthetic studies on FA-derived pheromones in mothsh whi
remained the model organisms for insect pheromone research, addtessquestions i)
whether pheromones were biosynthesized through minor modificatigmeaafrsors taken up
via insects diet or whether they are biosynthesdgedovoand ii) how is the particular chain

length and double bond position determingd.vivo experiments employing isotopically
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INTRODUCTION

labeled candidate pheromone precursors confirmed the labeled precamsancorporated
into pheromones implying that majority of female moth SPs are peadin the moth SP
glands de novo(from acetate) via FA biosynthetic pathWaylt was established that a
particular combination of pheromone biosynthetic steps, i.e. fatty c@in shortening,
double bond introduction, reduction and esterification of carbonyl group, edbhitwi
inherent specificity, is responsible for the species-spegfieromone blerid*® and
broadening the research to more species indicated that this oSihthetic scheme is
generally conserved in motfg® Analogous experiments uncovered biosynthetic origin of
pheromones also in other insect orders, éegnovobiosynthesis of FA- derived cuticular
hydrocarbons in some fly species or contribution of m#hnovobiosynthesis and dietary
acquisition of pheromone precursors to the biosynthesis of isoprenoid Hesette
pheromones. Membrane fatty acyl desaturases (mFADSs), i.e. enzymes intngddouble
bonds into fatty acyl hydrocarbon chains at a variety of dpgmifition and in eitheZ or E
stereo configuration via action of fatty acid desaturase enzyme wegnised as key players
in generation of the female moth SP diverSity

Subsequent advances in molecular biology enabled shift of reseanch fiomn
identification of biochemical pathways to study of molecular biologg @enetics of
pheromone biosynthesis and thus gain further insight into the geneticobgsheromone
production and perception and inference on evolutionary processes which shapes t
pheromone communicatith Studies on moth SP-biosynthetic desaturases indicated that they
biochemically closely related to the animal fatty acid deaat@sg involved in primary
metabolism of fatty acidé?® The knowledge on mFAD gene sequences from ratfieed
yeast® enabled first isolation of functional characterization of inseer@hone-producing
mFAD gene from the cabbage looper ni8tisoon followed by description of mFAD genes
involved in biosynthesis of cuticular pheromoneDirsophila melanogastéf which was
boosted by sequencing of tBe melanogastegenomé®. The mFADs substrates and products
were determined by its heterologous expression in Esastharomyces cerevisjdeenefiting
from previous work which showed that a rat mFAD is active when dletgrusly expressed
in S. cerevisia®. Characterization of insect mFADs via determination of their turasd
products directly in the yeast heterologous expression systemamesioherent difficulties
connected to the in vitro work with membrane enzythasd started a prolific research field
centered around insect pheromone biosynthetic mFADs. Employingeygasssion system,
45 years after the first pheromone discovery, a multifunction@Dnffom B. moriinvolved

in biosynthesis of the pheromone, bombykol, was deséfibetd-ADs retained position of
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INTRODUCTION

the most studied pheromone-biosynthetic enzymes with over 50 inséd@srfEnctionally
characterized until these ddysind were implied in evolution of pheromone communication
and in origin of new lepidopteran and dipteran spéties

Currently, powerful novel techniques such as next-generation sequendingdsfe
are revolutionizing biological sciences. With respect to the insesearch, cost-effective
genome and transcriptome sequencing deepen our insight into biology ofinsedtlspecies
but importantly also provides an unprecedented access to the biologyahuiiba of non-
model insect specigs™ including the molecular basis of insect SP communication and its

evolutior>*°

1.2 Unsaturated fatty acid (UFA) biosynthesis

Unsaturated fatty acids (UFAs) play an essential role imt@@nce of the proper cell
membrane structure and function in virtually all orgariisih In mammals, polyunsaturated
FAs serve as precursors of biologically active eicosanoids, prestaglandins and
leukotrienes, which are involved in regulation of key biological processeh as
inflammation or paiff. In insects, UFA-derivatives represent one of the most widebsprea
pheromone structural tyffe

Majority of organisms can produce UFAs novofrom basic building blocks such as
acetyl-CoA via either of two fundamentally distinct pathways;some bacteria, such as
Escherichia coff® or Streptococcussp?®, monounsaturated fatty acids are produced
anaerobically by skipping one double bond reduction step during FA biosynthleisis
results in retention of a double bond in the growing FA éAain contrast, UFAs in all
eukaryotes and many prokaryotes are biosynthesized from saturAsedbyF oxygen-
dependent di-iron oxidoreductases, fatty acyl desaturases (fADs)

FADs are remarkable enzymes which can break a strong C-H (osgbciation
energy 400 kJ/mol) in an unactivated fatty acyl chain at a precise @os#iong its
hydrocarbon backbone in a process involving reactive oxo-intermddrated by activation
of molecular oxygen by di-iron cenfdr Two evolutionary unrelated classes of apparently
convergent FADs exidt soluble FADs (sFADs), which are expressed exclusivelyhen t
stroma of plant plastids and desaturate fatty acyls bound tccayr protein (ACP), and
membrane-bound FADs (mMFADs), which are ubiquitous in eukaryotes andpsokagyotes
and desaturate fatty acyls in form of fatty acyl-CoA or lioded fatty acyls. The two FAD
classes share di-iron active center which is in each FABsclaowever, coordinated by
distinctly organized histidine-rich motff&>*

| 10



INTRODUCTION

1.2.1 Membrane fatty acyl desaturases (mMFADS)

mFADs belong to a superfamily of oxygen-dependent membrane dcammaining
enzymes which share common features such as a conserved dripastidine-rich motif
coordinating two iron atoms in active center. The superfamily furthgudes enzymes
involved in oxygenation and desaturation of lipidic and hydrophobic compounds such a
bacterial membrane alkane hydroxylases/epoxid&sasd xylene hydroxylase$ membrane
sphingolipid hydroxylas@8 membrane fatty acyl desaturase/conjugdsesembrane fatty
acyl acetylenases and epoxidasesd membrane fatty acyl hydroxyla®&8-1°758

mFADs are present in cell membranes of some battétizhylakoid and cytoplasmic
membranes of cyanobactéfia thylakoid and cytoplasmic membranes of plants, and
ubiquitously in the eukaryotic endoplasmic reticulum membf&n&se ER mFADs, which
we will focus on throughout this thesis, use an electron pair suppiedADH via an
electron transport system consisting of NADH: cyctochrome d&ctase and cytochrome
b5"*. Slight modification of this electron-supply chain is seen in som¥\Ds which are
fused with an N- or C-terminal cytochrome b5 domain which functipnediplaces

cytochrome b%%3

1.2.1.1 mFAD structure

The recently published crystal structures of two closely @klatammalian mFADs
with bound fatty-acyl CoA substrate provided first direct structinsights into mFADE"®°
(Figure 1). In agreement with previous topology predicfiorend topology-mapping
experiment®, the crystal structure shows 4 transmembrankelices and a large
extramembrane portion of the enzyme including active center localized tadlselxyside of
the ER membrane (Figure 1). The di-iron active center is cooedirtay an ordered water
molecule and nine conserved histidine residues. Eight of the coordirastigines are
organized in a tripartite histidine-rich motif which was previowsipwn to be essential for
mFAD activity’® (Figure 1D). As an exception, a distinct class of mFADs dezsribed to
have a histidine residue in the third histidine-rich motif replaceddialytically essential
glutamin’. Notably, the iron atoms of the mFAD active center are replatettystal
structures of both mammalian mFADs by zinc atoms, presumaldy astifact of protein
heterologous expressitit>

The organization of the mFAD active center contrasts with theoxgglate-bridged di-
iron active center of sFADs which is coordinated by conservedihes and aspartic or

glutamic acid residué%®®®® The crystalized mouse mFADs is a monomer according to the

|11



| NTRODUCTION

small interacting surfaces in crystal lattice arzi-®xclusion chromatograpfyalthough
previous experiments indicated that yeast mFADhsmodimeiin vivo™.

A)

Cytosol

ER membrane

ER lumen

=N
| AH7 [--{ AH9 }--

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 libgsjour transmembrane helices (TM1-TM4R) The
cross-section of mFAD protein surface shows the,lerarrow, and bend substrate binding tunnel oecliply
16:0-CoA substrate (shown as a stick model witkegrieydrocarbon chain). The zinc atoms of di-mettiva
center are shown as light-blue spheres (only com atisible here)(C) Membrane topology of mFAD shows
transmembrane helices TM1 - TM4, amphipathic heligell — AH3 presumably residing at the interfaceéhaf
MFAD cytosolic domain and the ER membrane, andsojio helices H2 — H11(D) Detailed view of the
mFAD active center displays interatomic distandesX) between the nine histidine residues and aewat
molecule (shown as a red sphere hydrogen bondedjmragine residue) coordinating two zinc atomd, G
and C10 atoms of 16:0-CoA hydrocarbon moiety (tated chain shown in green) which are the site tflytic
hydrogen removal. The structure models were readiEreyMOL Viewer softwaré using mouse Z9-mFAD
crystal structure (Protein Data Bank code 4Y/fKThe topology model was adapted ffdm

1.2.1.2 mFAD enzymatic specificity
Since the number, position and stereochemistryoabte bond(s) critically influence

the biophysical properties of UFAs and, with resptexr FA-derived pheromones, also
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INTRODUCTION

underlies their behavioral activity, the investigation of mechanisinghwnderlie particular
desaturase specificity, represents an active research fieddreSearch conducted on mFADs
mainly aims at identifying desaturase specificity determtmawhich would enable
engineering of mFADSs for production of economically or industrieglgvant UFAs such as
polyunsaturated UFAs serving as nutritional supplements or startaegried in chemical
industry’?. Another major goal is uncovering structural details of mFAB&might enable
rational design of specific inhibitors targeting mFADs involved in humtabolic diseases
such as diabetes or obe&itgr mFADs essential for human pathogenic microorganisms such
as pathogenic yeaéts’®and trypanosomatids’® Finally, the third source of mFAD research
motivation is uncovering the molecular basis of pheromone evolution byirsgualyeromone
biosynthetic mFADY.

Enzymatic specificities of FADs can be classified using aage of criteria.
Stereospecificity describes the preferential production of onesocstemer E or Z).
Regiospecificity refers to the FAD preference towards thécpéar position of introduced
double bond along the fatty acyl hydrocarbon chain and also indicateb péit of the
substrate molecule presumably serves as a reference pgueisfboning of the double bond.
Substrate specificity denotes the FAD preference towardsteydar chain length, towards
presence of pre-existing double bond(s) at particular position(s) orpaoficular
stereochemical configuration, and towards particular head grouptypfaiatl substrate, i.e.
acyl-CoA or acyl-lipid substratés Moreover, hydroxylated (and less commonly also
acetylenated - i.e. bearing a triple bond) products can accontipamesaturated products as
a result of mechanistic similarity between the reaction nresies®® introducing
chemospecificity as an additional specificity mode. Some mFABs exhibit fatty acyl
conjugase activity, i.e. capability to produce a system of congigddeible bonds by a
reaction mechanism involving shift of the position of preexisting double®s&hdogether,
the amassed knowledge on FADs indicates that, although numerousaF@Bighly specific
and produce only a limited set of unsaturated products, FADs often follae than one
specificity mode, such as mFADs involved in sequential biosynthe&is-A$ with multiple
double bond¥-%

Throughout this work we will adhere to the established nomenclaturgFAs and
FADs, i.e. X to indicate that the double bond of unspecified sterecisomeripwsisoned
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 with X carbon atomsagang Y double

bond§®. As an example£10,712-16:2 represents diunsaturated 16 carbon atom-long FA with
| 13



INTRODUCTION

double bonds oE andZ-stereochemistry at positionslO and 12, respectively. The “X”
notation provides an apparent FAD regiospecificity with respedheo carboxyl group,
however, it was shown that particularly for mFADs introducing sssiwe double bonds, the
preexisting double bond or methyl-end carbon atom might also act rafer@nce for
positioning the successive double bonds, so additional information might bssagc to
comprehensively describe the mFAD specifftity.

mMFADs producing Z9-16:1 and Z9-18:1 monounsaturated FAs are the most wide
spread eukaryotic mFADs, followed by mFADs wih, Z6, Z12 andZ15-regiospecificity
which introduce subsequent double bonds into UFAs. mFADs however evolved an
excessively wide range of specificiffRswith respect to the preferred substrate head group,
majority of mFADs in animals and insects desaturate acyl-@dA possible exception of
some animal mFADs which presumably desaturate acyl-lipids aed irevolved in
biosynthesis of polyunsaturated fatty atid& The experimental evidence on the identity of
mFAD substrate head group is, however, scarce and its predictiea madinly on mFAD

protein sequence comparisan

1.2.1.3 mFAD enzymatic specificity determinants

The lack of structural data for mFADs until recefitff was compensated by efforts to
identify the specificity determinants by either random mena&gis or rational mutagenesis of
mMFADs guided by topology predictions and sequence comparisons of mikiDsdistinct
specificities. For the characterization of mFADs and theitamts, functional expression in
yeastSaccharomyces cerevisiags developed to overcome the necessity of isolation and
purification of mFADS’. In this assay, a desaturase-deficient yeast strain heteuslgg
expresses mFAD of interest which forms an active desatu@s@lex with the yeast
cytochrome b5 and NADH: cyctochrome b5 reductase and producess WHAch
complement the yeast UFA auxotrophy. UFA products can be subseqeetnéigted from
yeast biomass and analyzed using e.g. gas chromatography agshspectrometric detection
(GC/MS). The system can be employed also for charactemzafi mFADs which produce
UFAs not complementing the yeast UFA auxotréBtby i) using yeast strain which is not
desaturase-deficient (in this case, the rather simple Ulefilegrof yeast resulting from
presence of a single yeast Z9-mFAD facilitates the ideatifin of novel UFA producl? or
i) by supplementing the desaturase-deficient yeast strainZ@ithFAs into the cultivation
mediunt”. Alternatively, baculovirus-insect cells expression systenewsed for functional

| 14



INTRODUCTION

characterization of heterologously expressed mEADmEnd plant expression systems were
used for study of plant acyl-lipid mFAFs

Mutageneses of acyl-lipid and acyl-CoA mFADs from diverserasgas indicate that
the determinants of the substrate chain length preference can dbeedcto the second
transmembrane helix (TM®)°%%% The comparison of the mutated mFADs sequences to the
sequences of crystalized mammalian mFADs indicates that aswidoresidues from TM2
form the end of the substrate binding channel which presumably isteviilctthe methyl end
of the mFAD substrate acyl moiéfy°. Mutagenesis studies which probed the effect of
individual residues suggests that the volume of a limited number wioaacid residues
presumably capping the end of the substrate binding tunnel plays al pidetan the
substrate chain length prefereffic& Also sequence comparison of closely related mFADs
which differ in the substrate chain length preference supportsithef the residues localized
in the TM2 regioA”® In insect acyl-CoA mFAD, a single amino acid mutation in TMisw
sufficient for shifting both its regio- and substrate specifititi recent study on rat6-acyl-
lipid mFAD indicated that its 6-specificity can be) transformed into 5/ 6-specificity by
mutating a single aa which is localized in the rat mFADcstral homology model to the end
of the substrate binding tunnel @) changed to 5-specificity by several amino acid
mutations, some of them localized to the opening of substrate bindind, taqmesumed site
of fatty-acyl head group bindify

The acyl-lipid mFAD regiospecificity was shown to be controll®d regions or
individual amino acid residues which are located in the mFAD pyirsucture adjacent to
the conserved histidine mofif$®?? in the third predicted transmembrane H&lior in the
region between the first and second conserved histidine-rich’motif

The analysis of effect of targeted mutagenesis on plant ipayl-lImFAD
stereospecificity highlighted four amino acid residues, eacheoh tcapable of substantially
shifting the E/Z ratio of desaturated produ®tsMutagenesis of a plant acyl-lipid mFAD
exhibiting conjugase activity indicated that two amino acid resicagjacent to the first
histidine-rich conserved region cooperatively influence the ratio of peodoonjugatedt/Z
isomersZ9,E11,713-18:3 andZ9,E11 E13-18:3%,

The shift in of chemispecificity, i.e. shift from desaturation hydroxylatiorr®®°
reaction, requires in acyllipid mFADs as little as singieireo acid residue substitution
localized to the proximity of the conserved mFAD histidines. TRAD catalytic plasticity,
i.e. the ability to change the chemispecificity as a resulindfed number of amino acid

substitutions, is proposed to substantially contribute to the plant lipidsiig& Another
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example of mMFAD catalytic plasticity is the shift of enatio activity in a plant acetylenase
towards desaturase activity following one to four amino acid mutatiblowever, these
mutations are localized to mFAD structural features distirminfthose which influence
hydroxylation/desaturation rati®.

Yet another mechanism of control of mFAD regiospecificity, whies identified in
plant acyllipid mFAD, is represented by the identity of the lip&libstrate head group which
can influence the regiospecificity of the desaturation red€fion

The crystal structures provided a direct experimental evidiarca kinked narrow
hydrophobic substrate binding tunnel which extends approximately 24 Ahetertzyme
interior and binds fatty acyl tail of fatty acyl-CoA subsr@figure 1). The binding of fatty
acyl-CoA is further mediated by interaction of polar CoA sabstmoiety with residues at
the enzyme surface in the vicinity of substrate binding p8t¥efrhe carbon atoms C9 and
C10 of the fatty acyl substrate moiety are positioned in thermridinnel in proximity of di-
iron active center, resulting in the Z9-regioselective and edelective desaturation (Figure
1D). The kink in the binding tunnel, however, acts also as barrier wimclers the binding
and release of fatty acyl substrate and product, respectivelypl@msble mechanism of the
substrate insertion and product egress from the narrow kinked binding tsithelbreakage
of hydrogen bond between the kink-forming amino acid resfdues

To summarize, substantial research efforts led to ideniditatf sequence
determinants of mFADs specificity in diverse organisms. Howeviee absence of
experimental structure or a reliable mFAD homology model umdemtly precluded
formulation of a definite hypothesis on mechanism of specificitgrdenation. Instead, these
studies mainly correlated specificity determinants with ptedienFAD structural features
such as transmembrane helices or conserved histidine-rich mobtifsortantly the
mutagenesis experiments concordantly indicated that all spigcifiodes of mFADs can be

substantially influenced by a small number of amino acid residue substitutions.

1.2.2 Soluble fatty acyl desaturases (SFADS)

The much easier purification of sFADs facilitated the deteaton of the sFADs
crystal structuré§®® The sFAD crystal structures showed that each monomer of i@ s
homodimer has a bent hydrophobic cavity extending into the enzymieiir{tesembling the

substrate tunnel in mFADS) (Figure 2).
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substiate binding
L cavity

bindingcavit
U 9 y

Figure 2. The crystal structure of Z4-sFAD from Endish ivy (Hedera heliy. (A) The sFAD homodimer
model rendered to show the enzyme surface (leftomen) and secondary structure features (right mempm
Two active center iron atoms (light-blue sphera®) wsible in the right monome(B) The cross section of
sFAD monomer showing an unoccupied substrate bjndawvity and two iron atoms of the active center
localized in the vicinity of the kink in the suleste binding cavity. The structure models were resaien
PyMOL Viewer softwar&" using Z4-sFAD crystal structure (Protein Data Baode 2UW15%.

The fatty acyl-ACP substrate is presumably insenéal the substrate binding cavity
with the methyl end first leaving the ACP substrateiety interacting with the surface-
exposed amino acid resid®%'% The presence of active center consisting ofafi-center
coordinated by histidine residues, and glutamatkasglate groups which form carboxylate-
bridged di-iron active center places sFADs intessla di-iron protein family, together with
enzymes which catalyze diverse oxygen-dependentioesa, such as hydroxylation (soluble
methane monooxygend&&and toluene/o-xylene monooxygena®®, aryl amine oxidation
(p-aminobenzoate N-oxygena¥® synthesis of deoxyribonucleotides (ribonucleetid
reductase R2J’, and epoxidation (benzoyl-CoA epoxiddSejreviewed by**1%§. sFADs
provided hypothetical models for the architectufesobstrate binding region in mFADs
although the early experiments indicated that tiessate binding channel of mFADs is able
to accommodate substrates with bulky side chainsomtrast to sFADs, indicating that the
substrate binding site might have fundamentallyfed#int architecture in mFADs and
sFADs .
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1.2.2.1 sFAD enzymatic specificity determinants

Given the extensive similarities of substrate binding site ancbwliactive center
architecture of mFADs and sFADs, we will briefly summaralso studies of specificity
determinants in sFADs as these provide insights into desaturasiéicggedeterminants
presumably transferable also to mFADSs. In sFADs, the lengtlhilistrste binding channel
from the enzyme surface to the di-iron active center was proploased on the sFAD crystal
structure, as a plausible determinant of position of introduced double btimcegpect to the
carboxy terminus of the fatty acyl-ACP substrate; the lengtbubktrate binding channel
from the active center to the end was proposed to influence therpdefatty acyl chain
length. The geometry of fatty acyl substrate is presumably eamstk by the bend in the
substrate binding channel which explains Thstereospecifity of the crystalized sFADE’
The substrate chain length selectivity for 18 carbon atom lorlg avgr shorter fatty acyls
was correlated with the higher hydrophobic binding energy of longer fatty} &cy

Discrimination of fatty acyl substrate chain length was dematest to be controlled
by the volume of amino acid residues at the bottom of the subbtratieg cavity. In site-
directed mutagenesis experiments, sFAD mutants with bulkier ankesmesidues in this
region exhibited increased preference towards shorter and longgr deyl chains,
respectively™® The critical role of residue volume at the bottom of SFAD sulestiamding
channel was confirmed also in additional mutagenesis experirtierits

The regiospecificity of SFADs was demonstrated to be contrbije@gions localized
distantly to the active center, i.e. by charged residues at thengpef substrate binding
cavity that interact with the negatively charged residues ©P Aubstrate moiety. In this
structure-aided study, substitution of negatively charged resicwepaositively charged
residues switched9 and 4 regiospecificity presumably by influencing the depth of insertion
of fatty acyl into the substrate binding tunifi&l Combination of amino acid substitutions at
the end of substrate binding channel and in the ACP-binding site aip#reng of the
substrate binding channel triggered even more profound changes indhenreaitcome of
Z9-sFAD, resulting in introduction of hydroxyl group and double bond isomenzati the
sFAD products. The novel enzymatic activities of this SFAD muigre rationalized by
modified positioning of the substrate with respect to the actinecevhich results in shift of
the site of the initial hydrogen removal and subsequent hydroxyl reBéund
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1.3 Pheromones

Exchange of information between an organism and its environment is otie of
characteristics of life. Chemical compounds probably represent \beitienary first
communication medium used by aquatic and terrestrial organisms.

Pheromones, a large class of chemical signals which mediateunication between
organisms of the same spedjepresumably evolved from metabolites leaking from the
organism and this evolutionary transition occurred independently many &sis indicated
by the diversity of) specialized cells, glands and organs used for production andatetsict
chemical signalsji) chemical compounds serving as pheromoiigs,physiological and
behavioral responses which pheromones trigger in organisms,ivantly the wide
phylogenetic distribution of pheromone communication in eukaryotic agasniPheromones
serve as one of communication channels in extant terrestrialgaaticaorganisms including
insects, mammals, reptiles, amphibians, birds, and marine invertébrates

The pheromone diversity is reflected by the numerous critedar@iaog which they
can be categorized. According to the character of their biologftadt, pheromones can be
classified as releaser and primer pheromones. Releaser phesormmmuer rapid and
temporary changes in behavior whereas primer pheromones cagsadtimg changes of
behavior and physiology. Hundreds of releaser pheromones from thousamdaroéms are
known but much less primer pheromones are described, mainly becauseddfi¢chéties
connected with assaying of their mainly physiological e$fert organisms. Pheromones can
be further classified according to the biosynthetic origin ofctimapound or according to the
particular biological function they sef#é In this thesis we will focus on FA-derived releaser
pheromones which are used by insects to find a partner of thespaies for mating — i.e.

sex pheromones.

1.3.1 Insect pheromones

Pheromones are involved in intraspecific communication in diverse pailkagnd
eukaryotic organisms, presumably also hurfidndut particularly in insects they serve a
variety of functions and influence almost all aspects of the tméges including attraction of
mating partners; communication of imminent danger; providing navigatios d¢oe
orientation and foraging; marking the fertility and dominanetust sex or relatedness; and
organizing social insect communittés

The pheromone communication system generally involves pheromone prodhicer w

biosynthesizes and secretes the pheromone on its surface orsimovitonment, and a
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conspecific pheromone receiver which detects the signal, hepratesses it and responds
via a change in its behavior or physiolbgy

Based on their chemical structure, pheromones can be classHiedcylic
hydrocarbon chains (branched or unbranched, with various functional ratidifig, with or
without heteroatoms), lactones, aromatics, and heterocycles. Accoodihgir biosynthetic
origin, insect pheromones can be classified as FAs and their tdes/apolyketides,
terpenoids, derivatives of amino acids and peptides, derivatives of diet-acqk#iedlal and
compounds of mixed biosynthetic origfn

A comprehensive review of the almost ubiquitous insect pheromonesaadoéye
scope of this thesis. Below we rather provide examples of thoset ipgeromones which
were studied with respect to their biosynthesis with a focus ordefiked insect sex
pheromones (SPs) (Figure 3). We define SPs here as either méémale-produced
compounds and their mixtures which attract mating partner of the species, encourages it
for mating or triggers other behavioral response related to regimiduSPs are possibly the
most studied pheromone class thanks to the extensive research diematé FA-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 melliferg queen sex pheromone and major component of heeegdtinue
pheromone; [2] bombykol, female silkmotBdmbyx moji sex pheromone; [3] an essential component of the
tobacco hornworm motiManduca sexfafemale SP; [4] SP of the cabbage looper mdticloplusia nj; [5a-

b] female SP components of the saltmarsh caterpiiath Estigmene acréa [6a-c] major and minor
components of the common housetifusca domestigdemale cuticular hydrocarbon SP; [7] japonilufemale

SP of some Scarabaeidae beetles; [8] trail pheremamd SP of a termiténcistrotermes pakistanicus
(Termitidae, Macrotermitinae); [9] major male SRnpmnent inNasoniaparasitic wasps; [10] danaidone, major
male SP component of many danaid butterfly spefldg;spiroacetal compound used as female SP iolitie

fly Bactrocera oleag[12] (S)-2,3-dihydrofarnesol, major componenttbé buff-tailed bumblebeeBb6mbus
terrestrig male marking pheromone; [13] cis-verbenol, a maggregation pheromone component in many
bark beetles; [14] the principal component of tit@ulid beetleCarpophilus freemaraggregation pheromone;.

Structures redrawn accordingt¢*>*?*

1.3.1.1 Non-FA-derived insect pheromones
Terpenoids (also called isoprenoids), i.e. demnatiof compounds consisting of one

or more isoprene units, are among the most widadpend diverse groups of insect
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secondary metabolites. In many bark beetle species (Coleoptailgtirgae), economically
important pests of conifer trees, terpenoids are used as major caortgpoheggregation
pheromones attracting both sexes to a host tree to overwhelm thérd®sefensé®
Terpenoids are also components of bumblebee male marking pheromones astdct
virgin bumblebee queens (compound [12] in Figuré®*3see chapter 2.3.1.2 - FA-derived
insect pheromones for further details on bumblebee pheromones).

Another vastly diverse group of insect pheromones are (putative) pdigkelihese
compounds have often unclear biosynthetic origin but based on their strttutyreare
proposed to be produced by polyketide synthases (PKS) which catalgdensation of
carboxyl units, analogously to fatty acid synthases (FASS). Iraginio FASs, PKSs can
produce much more complex chemical structures than EA®®lyketides serve a variety of
biological roles in diverse insects, such as male-produced aggregatromones or female-
produced SPs in various anobiid beetles (Coleoptera: Anobiidae) (competjnd Higure
3); alarm and trail pheromones in ants; or SPs in some flies (compound [11] in Figure 3)

Some insects also modify complex chemicals from their diptdduce pheromones
such as some lepidopteran males including danaid butterflies (Lep&top@naidae) and
tiger moths (Lepidoptera: Arctiinae) which transform plant @izidine alkaloids to volatile
SPs (compound [10] in Figure'8jor bark beetles which produce some of their aggregation
pheromone components by modification of diet-acquired compounds (i.e. ofdedetived

-pinene or heptane) (compound [13] in Figuré?)

1.3.1.2 FA-derived insect pheromones

FA-derived pheromones are the most common pheromone structural imensects
involved in diverse biological conteffs represented by thousands of described compounds
and their mixtures. Depending on the chain length, unsaturation and presenggaiated
groups, FA-derived pheromones function either as volatile compounds for coratramat
long-range, or, less volatile compounds function as contact or simyg-pheromone3he
contact pheromones are mainly represented by cuticular FA-dehydtbcarbons and
function as nestmate- and reproductive status clues in complexctitesabetween social
insects. In non-social insects they serve mainly as specigsnder-recognition signafé*?®
In contrast, volatile FA-derived pheromones, such as female moth Siesalgefunction as

long-range attractants.
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Moths and butterflies (Lepidoptera)

Finding of a conspecific mating partner is in majority of noctuid lepidopterangths
mediated by female-produced SPs. Two major types of female $fRstltare recognized — i)
saturated or unsaturated C10-C18 straight-chain FA- derived aldglajdehols and acetates
(compounds [2-4] in Figure 3), and ii) C17-C23 UFA-derived hydrocarbons amd the
epoxides (compounds [5a-b] in Figuré>3Yhe former female moth SP class accounts for cca
75% of identified female moth pheromoteand represents thus probably the most studied
type of insect pheromones, being described from hundreds of moth $petiere they act as
long-range SPs.

Butterflies, i.e. lepidopterans with day activity, use visugnals rather than
pheromones as the principal mating ¢éesut FA-derived SPs were found to be used in

some butterfly species as components of male short-rang&.SPs

Ants, wasps and bees (Hymenoptera)

In social hymenoptera, i.e. ants, and social wasps and bees, arspefciFA-derived
pheromones - particularly hydrocarbons but also free FAs and Fdatieeis with
oxygenated functional groups, FA-derived alcohols and esters funotiomordinating the
complex interactions among the members of the insect sbéidtwill briefly review their
spectrum and functions in the honeybapi§ mellifera.

In the honeybee, pheromones constitute the most complex describesmpher
communication system in inset¥s'** Many of the honeybee pheromones include FA
derivatives. These are i) the queen retinue pheromone, a blend Bélshior hydroxy-FAs,
FA-derived alcohols, methyl esters and free FAs, and non-FAetercompounds. The
components of queen retinue pheromone act in synergy or as individual comspaséoth
primer and releaser pheromone regulating many aspects of thtelbeg organization and
function also as a long-range SP attracting honeybee malesating (compound [1] in
Figure 3}3*1% i) fatty acyl ethyl esters produced by foraging veerkers to inhibit the
transition of bee workers from nurses to forab@rsii) brood pheromone consisting of
mixture of fatty acyl ethyl esters and non-FA-derived compounds prddogebee larva
which triggers a range of behavioral and physiological responseseirworkers” 39 iv)
cuticular hydrocarbons contributing to recognition of honeybee nestffa@sd v) certain
cuticular hydrocarbons produced by foraging bees performing walgglee serving as an

additional signal to recruit foragers to a food resddtce
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In majority of bumblebee species, primitively eusocial bees, éivatives in form of
both saturated and unsaturated alcohols, ethyl esters and aldehgdesmgronents of
complex labial gland secretion, termed marking pheromones, whictiepasited by males
on prominent objects to attract and arrest conspecific virgin l[é&smand thus mediate
mating?®. Despite the absence of behavioral assay for the individual compofialsial
gland extract, the FA derivatives are presumed to be biologiaellye components of the
marking pheromone since i) isolated virgin bumblebee queen antennpendem
electroantennogram recordings to the FA-derived compdiettsand ii) FA-derivatives
represent the major components in the labial gland secretion oftsoni#@ebee species such
as the while-tailed bumblebeBombus lucorudt*!* and the red-tailed bumblebe®.
lapidarius*®.

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

(compound [9] in Figure 3§74

Flies (Diptera)

Research on the house Musca domesticandDrosophilaflies followed by research
on other economically important dipteran species indicates that figaspecies use saturated
or unsaturated very long chain FA- derived cuticular hydrocarbmase(than 20 carbon
atoms) and corresponding epoxides and ketones as contact pheromonésgnadiaoad
range of behavioral effects connected to mating such asespand sex recognition
(compounds [6a-c] in Figure 3). The courtship signals in flieshem@gver, complex, and in
numerous fly species visual and acoustic stimuli accompany oaceeghe pheromone

stimuli**®,

Cockroaches and termites (Blattodea)

Cuticular contact pheromones in form of saturated long chain metuytibed
ketones are used by females of the German cockilatiella germanicao mediate sex and
species recognition and induce courtship’

In termites (Blattodea: Isoptera), eusocial insect group taxoatiynipositioned
within cockroaches, cuticular hydrocarbons play a range of role®lonyc organization
similar to those in social Hymenoptera and they also serveaisrarking pheromones

involved in navigation of nestmates (compound [8] in Figut&'3)
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Beetles (Coleoptera)

Beetles are with over 350,000 described species and up to sevdrahsmdf
presumably undescribed species the largest animal group. Thesityive reflected by the
diversity of their pheromone chemical structdrésBeetles frequently employ also FA-
derived pheromones such as hydroxy-FA-derived lactones functionfagrake SPs in many
scarab beetles (Coleoptera: Scarabaeitfa¢fompound [7] in Figure 3) or cuticular

hydrocarbons in longhorn beetles (Coleoptera: Cerambycidae) sasirfgmale contact
SP=3

1.4 Biosynthesis of insect FA-derived sex pheromonesK$S)

FA-biosynthetic and FA-modifying enzymes, which in insect biosyntkasbiquitous
FA-derived constituents of cellular membrane lipids, storagdsljpand protective cuticular
waxes and hydrocarbai§ presumably served as a genetic pool from which pheromone
biosynthetic enzymes evolved via divergence of the original funétions

Pheromones are produced in a variety of glandular cell typesifiddsbased on the
route which pheromones follows to cross the cuticular barrier, suchlaasiular cells
localized under the cuticle versus cells which are connectedhwitingect exterior via a duct.
Glandular cells, which localize to a discrete area, form pheromlanes, which can either
include a reservoir to store the pheromone for later releash ésubumblebee male labial
glands) or releases the pheromone immediately upon biosynthesidefeale moth SP
glands}*®.

The research of FA-derived SP biosynthesis in a limited nurab@nodel insect
species, i.e. cuticular hydrocarbons in cockroaches, flies and*hemsd female SPs in
moths®’ indicates that the species-specific pheromone structure or pherohiene
composition is a result of combination of several conserved biosynsteps acting in a
particular order’ (Figure 4). Each of these steps exhibit distinct binding or ytatal
selectivity and contribute to the unique pheromone compound structure or pheiaemmhe
composition. Notably, selectivity in each biosynthetic step canreliffly contribute to the
final pheromone composition - some of the steps are highly seledligseas others accept

and transform broad spectrum of pheromone precdr8drs
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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 (Diptera; D). (A) Biosynthesis of salt marsh
caterpillar moth Estigmene acréafemale SP from diet-acquired PUFAR)(A general biosynthetic scheme of
moth female SPs illustrating how alternative ord€rBA chain shortening and desaturation steps daoeabwith
modification of the primary oxygenated functionabgp generate diverse SP structures. For claritly one
desaturation step (witE11 regiospecificity) is shown.C) Biosynthesis of the female German cockroach
(Blattela germanica SP. D) Biosynthesis of the female houseflii{sca domestigaSP. The pheromone

biosynthetic schemes were adapted frdm

The first pheromone biosynthetic stepdes novobiosynthesis of FA. The length of
synthesized FA chain is influenced by either thecHity of fatty acid synthases (FASSs), by
activity of FA elongases (which are of particularpiortance in the biosynthesis of the C20+
long cuticular hydrocarbofs), by -oxidation resulting in FA chain shortening, or by

combination of these mechanisms. Notably, a disttass of membrane-bound FASs, rather
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than the ubiquitous soluble cytosolic FASSs, is involved in biosynthesisediyl-branched
hydrocarbon$®%2 The composition of pool of FAs available for pheromone biosynthesis
can be further influenced by extracellular uptake of long*#Asynthesis of FA-storing

464185 and selective release of FAs from their storage (or transioom™®.

triacylglycerol
As a deviation from thele novoFA biosynthetic scheme, some moths biosynthesize FA-
derived SPs from diet-acquired polyunsaturated'®Aehich are either in form of pheromone
precursor or as a final pheromone compounds transported to the pheromoff&.gland

Subsequent SP biosynthetic steps generally involve modificatiotiseofatty acyl
hydrocarbon chain, i.e. introduction of double or triple bond(s), or introductiorygenated
groups such as hydroxyl or epoxide groups. After this step, additaunadl(s) of -oxidation
can shorten the hydrocarbon chain of fatty acyl pheromone precurb@rder of chain
shortening and hydrocarbon modification steps is of particular impertasidt defines the
position of the modifications along the fatty acyl hydrocarbon chmathe final pheromone
compound®”.

Next, the primary carboxyl group of fatty acyls can be gmdrto e.g. ethyl esters,
reduced to alcohol (which can be further esterified to e.g. acetate)aldehyde. Aldehydes
can be reductively decarbonylated to hydrocarbons. The FA-modifyingres generally
accept as substrate fatty acyl-CoA rather than free, non-activagt.FA

Some of the pheromone biosynthetic proteins were studiedibotivo and, using
isolated genes and proteins, als@itro, i.e. mFADSs (see further below), fatty acyl reductases
involved in production of fatty alcohdf§*°*~1® acyltransferase involved in synthesis of FA-
storing triacylglycerof®>*"” lipases involved in hydrolytic release of FA pheromone
precursors from storage triacylglycer8fs-’®"® lipid storage droplet protein involved in
activation of triacylglycerols for hydrolysf€ long chain acyl-CoA binding protein
presumably involved in protecting fatty acyl-CoA against hydrolgsid establishment of a
cellular fatty acyl-CoA podf, fatty acid transport proteins mediating extracellular uptake of
FAs'®® and cytochrome P450 enzyme involved in reductive decarbonylation oftd=As
hydrocarbon¥?.

For majority of the pheromone biosynthetic steps, however, the genenanmes

n183,184 and

ﬁ9,189,

remain to be identified and characterized, i.e. enzymes catglifAnelongatio

FA chain shortening>**%>%> epoxide group formatidf’*

-193
)

acetate ester formatid
oxidation of fatty alcohols to aldehydé lipophorins transporting hydrocarbon
pheromone precursdf& and enzymes involved in FA biosynthesis - acetyl-CoA

carboxylas®” and fatty acid synthase (FAS)
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Among the pheromone biosynthetic enzymes, the most attention recei&dsmF
The research focus on pheromone biosynthetic mFADs is in part stlie sequence
conservation of mFAD sequences which facilitated isolation of des&tgenes from a broad
range of species and their subsequent study. But despite #asctedias, diverse enzymatic
specificities of mFADs are now recognized as key contributmrthé diversity of female
moth SPs and important players in biosynthesis of cuticular hytatagrofiles in many

insect families (see also chapter 2.5.1.2.1 — Evolution of insect mFADS).

1.5 Evolution of insect FA-derived SPs

The diversity of FA-derived SPs has been documented on thousands of insect
specie¥’, but the molecular mechanisms as well as the ecologicatigeléarces underlying
this diversity remain not well understood.

Presumably a key ecological driving force for SP divergendbeisole of species-
specific SP composition as a pre-mating reproductive bartéchwprevents hybridization
between closely related sympatric species, i.e. speciesotoring in the same geographic
ared®®!®” Notably, the divergence of cuticular hydrocarbon SPs was dentedstratwo
relatedDrosophila species which were experimentally kept in sympatry, repregetitus a
rare experimental evidence of the evolutionary selection towgirdsiversificatiof®. The
change in pheromone composition can also be an adaptation to prevestr@apeg on
pheromone communication by parasites and predataas was proposed for the distinct
terpenoid pheromone composition in two bark beetle (Coleoptera: Sce)yfidpulations in
response to the pressure exerted by predatory clerid beetles@ra: Cleridaé}®. Similar
mechanism might presumably shape also composition of FA-derivat!’.SRIso the
physiochemical properties of the pheromone compounds can be undemt#feselective
pressure exerted by the environment as was proposed and thenxpéanentally
demonstrate foDrosophila cuticular hydrocarbon SPs which besides serving as a chemical
signal also protect the insects from desiccafiof??2%,

A major conundrums of SP composition evolution is the genetic mechaviisch
maintains the high attractiveness and species-specificityeo$ignei® but at the same time
enables rapid evolution of SP compositiinA physical linkage between genes controlling
signal production and signal reception would facilitate a rapid and ewoloft the signal, as
is the case of acoustic sexual communication in critket& linkage between female
pheromone production and male pheromone response was experimentallgdrafect

§06—208

moth although some evidence supports a common genetic basis of sigdattpyn
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and response in DrosopHita®® As an alternative explanation for coordinated evolution of
the signal and response, research on SPs in moths helped esw@pfhsghetic tracking as a
major hypothetical mechanism of SP diversificaffnThe hypothesis assumes that the
asymmetry in parental investments (larger investment of fearadesmaller investment of
male moths) results in lower selection pressure exerted darttade-produced signal than on
the male response. This evolutionary model would enable much highanceain female
moth pheromone composition than have been previously asStén#eu abrupt “saltational”
change in female SP composition would result in a distinct SRattnacts males with more
broadly or differentially tuned SP preference — so called “radesfi** % Strong argument
for non-gradual change in SP composition is that small gradual changes migstahdsh an
efficient reproductive barrier to prevent hybridization of relatganmatric species.
Assortative mating (the preferential mating of females progua novel SP with males
attracted by this SP) could then restrict gene flow between subpopslavith distinct SP
which can ultimately lead to fixation of a novel SP composition andipppspeciation. The
model of asymmetric tracking, however, does not explain how newldest can become
fixed if only few rare males respond t8'itAlso challenging is to demonstrate the direct role
of SP diversification in speciation by study of SP differenicessolated species, as the
observed differences in SP communication might have accumulated tarlyhaf speciation
event.

The asymmetric tracking is considered as a potential speciaterhanism in
moths$™® and flie$®. Saltational shift in pheromone composition was shown to be
characteristic also for the non-FA-derived aggregation pheromones r&f beetles
(Coleoptera: Scolytina€f. The reproductive barrier imposed by SP communication system
can be further strengthened and fine-tuned by behavioral antagomgstgoheromone
components which acts as deterrent for non-conspétifics

In contrast to SPs, other pheromones such as trail pheromones useddatiaraor
alarm pheromones used to signal danger in ants and termitestarequired to be highly
species specific and divergence of these types of pheromones iardi§pecies may mainly

represent adaptations to different habft4ts
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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 pheromone signal. The understanding of
mechanisms driving diversity of the signal receivers’ preferers; however, equally
important for understanding of the SP evoluttdi’

The pheromones are detected by olfactory sensory neurons (localitetdlfactory
sensillas in antennae or in some insect groups such as Diptera afaxillary palps) in a
process involving odorant binding proteins and pheromone receptoBesides the
pheromone receptor genes which are obvious and relatively easdpleecandidates for SP
preference divergence, male pheromone preference might diversifyialshanges in other
components of the neurophysiological pathway

Multiple lines of evidence support the plasticity of moth malpaase to female SPs.
Male mothsAdoxophyes honmatiere found to exhibit broadened pheromone preference in
field and laboratory conditions by exposition to large quantities wthsyic pheromoné®.

In maleTrichoplusia nimoths, their pheromone preference broadened after 49 generations of
laboratory rearing with females producing abnormal pheromone®tfehdthe population of
European corn borer moth mal&3sfrinia nubilalig, rare males exist which are attracted by

the SP of the related Asian corn borer mofd. (furnacalig®®

Finally, in vitro
characterization of odorant receptors of m@strinia moth indicated that a single aa

substitution can alter the pheromone specificity of the rec&fptor

1.5.1.2 Signal producer

Experimental evidence from research on fruit fii8%*?? recent pioneering work on
male wasp SP% but particularly the amassed knowledge on moth SP communication (see
further below) indicate that the divergence of enzymatic spé®B8 or regulation of SP
biosynthetic enzymes, including FA chain-shortening enzymes, FARS$, FADs, can
underlie SP signal divergence and potentially speciation. Changesdhdh#shortening was
associated with changes in SP composition in several moth Sp&ti&E&> however the
respective genes remain to be identified and functionally chaezteln contrast, FAR*™
and FAD genes responsible for the shift of SP composition wekgopsly isolated and the

respective enzymes functionally characterized.
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1.5.1.2.1 Evolution of insect mFADs

The mFAD gene family in insects presumably expanded before theeinse of the
lepidopteran and dipteran lineages between 330 and 350 million yeat&agbparticularly
in flies and moths underwent extensive diversification under the dondhdeath evolutionary
model, that is, mFADs underwent numerous gene duplications and sonte afehe
duplicates stayed active whereas some were inactivated oediéfem the genonf&’??
Subsequent divergence of the mFADs gave rise to a functionally divéf8® multigene
family which substantially contributes to the diversity of pheromateictures and

$2% Similarly, the mFAD gene family

pheromones blends used by extant moth sp&cé
expanded also in ants (Hymenoptera: Formicidae), presumably in connection witbléheir
chemical communicatidn.

Research of moth female SP biosynthetic gég$o characterization of more than 50
lepidopteran  mFADs clustering into multiple well-supported cladesluding two
evolutionary distinct classes of mMFADs exhibitid@-desaturase specificity and multitude of

functionally diverse classes, the largest of them encompagsingiFADS? (Figure 5).
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Figure 5. Lepidopteran mFAD gene family tree.Phylogenetic tree showing the relationships between
lepidopteran FADsM. sextadesaturases are highlighted in r&l.mori desaturases are highlighted in blue.
Eight highly supported clades are colored and nari&Ds are named by the genus and a single letter
abbreviation of the source species name followeddsjgnation of the mFAD specificity, when avaighbbr by
“nc” for mFADSs that have not been functionally cheterized or “nf’ for mFADs that were functionakgsayed

but no desaturase activity was detected. Numbeayagabranches indicate branch support calculated by
approximate likelihood ratio test (aLRT, minimum $ifi- like and Chi2-based values). For GenBank sstpie

accession numbers and full species names, seef@ndx, Table S2 % Figure adapted frofif.

In other insect species which use FA-derived pherms, FADs have received

considerably less attention. To date, very few lemidopteran FADs involved in pheromone
production have been identified; such FADs havenbreported irDrosophila (Dipteraf’?3
and the housefliMusca domesticéDipteraf>* We have identified Z9-FADs from bumblebee
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species involved in biosynthesis of male marking pheronidfi@sepresenting the only
functionally characterized hymenopteran pheromone biosynthetic mFADs.

Besides pheromone-biosynthetic mFADs, Z9-mFADs involved in prinafy
metabolism have been cloned and functionally characterized fronretheflour beetle
Tribolium castaneum (Coleopter&#® and the house cricket Acheta domesticus
(Orthopterad®’. Two Z12-mFADs involved in biosynthesis of physiologically important
polyunsaturated FAs were identified in the red flour beetle and dlsehcricket; these
mFADs were proposed to evolve independently from the anc&straFADS

In Drosophilafly and several moth species, multiple genetic mechanism ymdgrl
mFAD activity diversification were established or proposed to plagle in the pheromone
evolution, including activation of a nonfunctional FAD ¢g&ié*? mFAD
neofunctionalization, i.e. mFAD gene duplication followed by its fumzti divergenc&®
inactivation of mFAD gerfé’, or differential regulation of FAD gene expres$icii*2*

Together, the reviewed literature indicates that in Lepidopterd Diptera, SP
communication is, despite the presumed restrictions imposed on the phersigoak
producer and receiver, evolutionary surprisingly plastic. The geokéinges of pheromone-
producing mFADs are recognized as one of the major yet not daltierstood molecular
mechanisms of the FA-derived pheromone evolution. In other insect ordersotbeular

mechanisms of FA-derived pheromone evolution are understood to even a lesser extent.
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2 Research aims

To explore the molecular basis of the moth sex pheromone evoligicaentification

and characterization of the tobacco hornwoNtarfduca sextafatty acid desaturases
involved in biosynthesis of unusual triunsaturated sex pheromone components
(Publication 1).

To elucidate the contribution of differential enzymatic selettisi and expression
patterns of fatty acid desaturases to the species-speaifipasition of FA-derived
male marking pheromones in three European bumblebee spBoibys terrestris

B. lucorum andB. lapidariug (Publication II).

To identify fatty acid desaturases involved in biosynthesis ofupsigturated fatty
acids in the opportunistic pathogenic ye@stndida parapsilosisand based on a
comprehensive analysis of the fatty acid desaturase producte rthe current

classification of yeast desaturases (Publication III).
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3 Publications

Publications included in the dissertation thesis

l. Bu ek A, Matouskova P, Vogel H, Sebesta P, Jahn U, WeiRflog J, Svatodhay®ic
(2015 Evolution of moth sex pheromone composition by a single amino acid
substitution in a fatty acid desaturas&roc Natl Acad Sc112(41): 12586—12591.

1. Bu ek A, Vogel H, Matouskova P, Prchalova D, & P, Vrkoslav V, Sebesta P,
Svato§ A, Jahn U, Valterova |, Pichova 2003 The role of desaturases in the
biosynthesis of marking pheromones in bumblebee makesct Biochem Mol Biol
43(8): 724-31.

[l Bu ek A, Matouskova P, Sychrova H, Pichova |, HruSkova-Heidingsfeldoz Oj)(
12-fatty acid desaturase fro@andida parapsilosis a multifunctional desaturase
producing a range of polyunsaturated and hydroxylated fatty add€S One
9(3):€93322.

Publications not included in the dissertation thesis

l. Prchalova D, Buek A, Brabcova J, aek P, Kindl J, Valterova |, Pichova 2@q16
Regulation of isoprenoid pheromone biosynthesis in bumblebee @hkE®BioChem
17(3), 260-267.

Il. Bourguignon T, Sobotnik J, Brabcova J, Sillam-Dussés DeBW, Krasulova J,

Vytiskova B, Demianova Z, MareS M, Roisin Y, Vogel 006§ Molecular
mechanism of the two-component suicidal weapomNedcapritermes taracuald
workers Mol Biol Evol 33(3), 809-819

[l Bu ek A, Brabcova J, Vogel H, Prchalova D, Kindl J, Valterova Ih&vé | 016

Exploring complex pheromone biosynthetic processes in the bumblebeéabiale
gland by RNA sequencinpsect Mol Biol.25(3), 295-314
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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 mothManduca sexfa females attract males by releasing a sex
pheromone (SP) containing in addition to mono- and diunsaturated aldehwkieh are
typical structural themes in SPs of Bombycoidea nlgthalso uncommon conjugated
triunsaturated aldehydes. The production of triunsaturated SP compopeesenes an easily
traceable rare phenotype, thus makihgsextaa convenient yet unexploited model organism
for unraveling the mechanisms of chemical communication evolution vial reRe
component recruitment. In our previous attempts to decipher the dasatpathway leading

to triunsaturated SP precursors E10,E12,E14-16:3 and E10,E12,714-16:3 (3UFAs), we
identified the MseXD2 desaturase, which exhibits Z/E11-desaturase and conjugase (1,4-
dehydrogenase) activity and participates in stepwise productiomoofounsaturated SP
precursors Z11-16:1 and E11-16:1 (1UFAs) and diunsaturated SP precttSgEd 2-16:2

and E10,Z12-16:2 (2UFAY® The terminal desaturation step resulting in the third conjugated

double bond and the respective enzyme remained, however, &b&ive

Summary

In the search for FAD genes involved in pheromone biosynthesis, wermped RNA
sequencing ofVl. sextafemale PGs, the site of pheromone biosyntA&siss well as
nonpheromone-producing tissues (female fat body, female labial, @agsarval midgut).
We identified 14 desaturase transcripts, of which 4 were abundamnaictied in the PG:
MsexD2, a previously characterized Z1ll-desaturase/conjugase invaiveseguential
biosynthesis of 1UFA and 2UFA pheromone precufédrand three FAD gene products,
MsexD3, MsexD5 and MsexD6. We expressed the candidate pheromone-binsyriizs

in Saccharomyces cerevisiaand using GC/MS analysis of transesterified lipidic yeast
extracts we determined the content of novel UFAs produced by thelbgtausly expressed
FADs. MsexD3 and MsexD5 biosynthesized 3UFAs via E/Z14 desaturatiom f
diunsaturated fatty acids (along with additional minor FA produetsgreas MsexD6
produced Z11-18:1, a tentative precursor of mosextaSP component. The substrates and
products ofM. sextaSP-biosynthetic FADs determined in yeast expression system we
confirmed application of metabolic probesvivo in the form of FAs and FAMEs to female
M. sextaPGs, particularly demonstrating the biosynthesis of 3UFAs fEA®,E12-16:2n
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vivo. Sequentially highly similar yet functionally diverse MsexD@l &sexD2 were used in
site-directed mutagenesis experiments to uncover their sjtgoifeterminants. Initial set of
mutagenesis experiments highlighted the predicted fourth transraeenhelix as critical for
desaturase specificity and subsequent mutagenesis of nonconservedidags in the
transmembrane helix demonstrated that swapping of a single aagitb residue
Ala224/lle224 introduced E/Z14-desaturase specificity to mutatecDBséand reciprocally,
abolished E/Z14-desaturase specificity in mutated MsexD3). Iniprsteicture models of
MsexD2 and MsexD3, which we generated employing recentlylaé@i structures of
mammalian Z9-FAD¥® as a template in homology structure modeling, we showed that the
residue Ala224/lle224 contributes to formation of a kink in the substratiénigi channel,
which was hypothesized to be involved in the positioning of the faitly sabstrate with
respect to the di-iron active cerfferThese results demonstrated that a change as small as a
single amino acid substitution in a pheromone-biosynthetic FAD mightlt in the
acquisition of novel desaturase specificity potentially leadmgetruitment of novel SP
components (Figure 6). Reconstruction of FAD gene phylogeny tedidhat MsexD3 was
recruited for biosynthesis of 3UFA SP componentMinsextalineage via gene duplication
and neofunctionalization, whereas MsexD5 representing an aiterBatFA-producing FAD

has been acquired via activation of a presumably inactive ancestral MsexD5.
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Q) f}E11-16:1 f—p E10,212-16:2
.(MsexD5 E10,E12,Z14-16:3
16:0 MsexD3=>92711-16:1—— —)E10,E12-16:2 MsexD3 +
I E10,E12,E14-16:3
18:0—J \+z11-18:1

Figure 6: Reconstructed biosynthetic pathway oManduca sextaUFA precursors of SP.M. sextafemales
(A) biosynthesize sex pheromones in the pheromone ¢paatized in the evertible abdominal {B). We have
identified pheromone-biosynthetic FADs and recardrd the complete desaturation pathway leading to
unsaturated FAs which serve as precursors of nandrmajor pheromone components including E10,212-16
and E10,E12,Z714-16:3 which are essential for dftrgdVl. sextamales(C). By site-directed mutagenesis of
MsexD2 and MsexD3 we have identified a single angioial residue Ala224 and lle224, respectively, liaed

to the predicted fourth transmembrane helix of FA®s, which determines whether the desaturatiocamue
will be E10,Z12-16:2 or E10,E12,714-16:3. In thé-through model of MsexDD) and MsexD3E) generated
by homology modeling using human Z9-FAD structuse aatemplate, Ala224 and lle224, respectively, is
localized to the kink of the substrate binding afgrand its surface exposed to the binding chametior is
highlighted in red. The channel is occupied by drbgarbon chain of fatty acyl substrate derivednftbhe FAD

structure used as a template for structure homateggeling. Adapted frofii*

My contribution

| have analyzed the RNA-seq data and identified dbsaturase transcripts; isolated the
coding regions of MsexD6 and five variants of Msé&xRnd cloned them into yeast
expression vectors; prepared part of the MsexD2 iséxD3 mutants by site-directed
mutagenesis and transformed them along with Msex®&%$s MsexD6 into yeast strains;
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cultivated the yeast strains expressing all FADs and theiantgjtisolated and analyzed
FAME products by GC/MS; applied the isotopically labeled metalpsbbes tdVl. sextaPG

and analyzed the resulting isotopically labeled FAs and natwatlyrring FAs inM. sexta
PG by GC/MS; performed the phylogenetic analysis of motBdg:Avrote the draft of the
manuscript.
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3.2 Publication II: The role of desaturases in the biosynthesis of
marking pheromones in bumblebee males

Background

In the majority of bumblebee species (Hymenoptera: ApiBaenbu$, the mate-finding and
mating is mediated by so-called marking pheromones (MPs) whectieposited by males on
prominent objects to attract conspecific femsfedviPs are produced by the cephalic part of
the male labial gland (LG) which fills large part of the emlhead*®**®and contrasts thus
with female bumblebee LGY or male honey beeApis melliferd LGs which do not
accumulate cephalic LG secretfdh MPs generally consist of terpenoids and fatty-acid-
derived aliphatic compounds. The presence of unsaturated fattgexordd MP components
of various fatty acyl chain lengths which differ among bumblebeeisp led to hypothesis
that these are in bumblebees produced via pheromone-biosynthetic lra&@ghibit species-
specific substrate preferences, i.e. a pheromone biosynthetic raaltggars to that in
moths>’. Our laboratory initiated efforts to establish male bumblebeesieav model
organisms for study of molecular basis of pheromone biosyntheses $Barch for MP-
biosynthetic FADs expressed in LG of three common European bumblebeiesswhich
differ substantially in their MP composition. That is,Bombus terrestrisan established
greenhouse pollinator, which uses MP composed mainly of terpenoid compiguitsisjster
species,B. lucorum (both Bombus s.¥. which uses Z9-14:1-derived ethyl esters (ethyl
tetradec-9-enoate), andi) B. lapidarius representative of further related subgenus
Melanobombuswhich uses predominantly Z9-16:1 and 16:0-derived alcohols (hexadecanol
and hexadec-9-enol). A single putative FAD coding region termed BI\M&Nwvas identified
and cloned fromB. lucorumLG cDNA. The functional characterization of BIUCNPVE in
yeast expression system demonstrated, that it codes for Z9-FABh wproduces
preferentially palmitic (Z9-16:1) and oleic acid (Z9-18:1) in theast expression system
along with trace amounts of Z9-14:1. Production of only trace amouf9-d#:1 in yeast
expression system suggested that BIUCNPVE is presumably not riéspdoisaccumulation

of Z9-14:1 which serves as a precursor of Z9-14:1-ethylester, tim Balucorum MP
component. Instead, it was proposed to be involved in primary metabblisihe
pheromone-biosynthetic FADs and the contribution of their distinct fspges to the

species-specific MP composition remained elusive.
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Summary

By employing RNA sequencing @. lucorumandB. terrestrismale labial glands and fat
bodies (selected as a reference tissue), we identified fiadogaus FAD-like genes. Two
FAD paralogs were substantially more expressed in LGs thamfBoth species according
to the RNA-seq data - BIucCNPVE (identical to the FAD previoidintified by Matouskova
et al®®) and BIUucSPVE irB. lucorum and BterNPVE and BterSPVE B. terrestris The
differentially high abundance in LGs was confirmed by qRT-P@&lyais. BlapNPVE and
BlapSPVE coding regions were isolated frddn lapidarius LG cDNA by PCR using
combination of degenerated and specific primers designed againstveoh&AD regions.
FADs from all three investigated species belonging to the NBMd SPVE groups (named
according to the presence of four-amino-acid signature motifledhaver 97% protein
sequence identity within the groups and approximately 60% identityebatwhe groups.
Functional characterization of FADs in yeast demonstrated thdENFADs from the three
species were almost identical, all exhibiting Z9-desaturagposelectivity and highest
conversion rate (calculated as ratio of relative abundance of uateatUfAs to the total
relative amounof saturated and unsaturated FAs) with 18:0 (98%), followed by 16:0 (85% -
88%) and 14:0 (62% - 63% in BterNPVE and BIucNPVE, respectively; lh7BtapNPVE).
SPVE FADs produced traces of Z4-14:1 and E4-14:1 as sole products, natotraligsent in
the LG of the studied bumblebee species and previously not detecéey iother insect
species. These data indicate that although the desaturase subgta@ificities of NPVE
FADs does not match the composition of FA-derived MPs, thesesfe®the most probable
candidate enzymes involved in biosynthesis of Z9-MPs since théygirg abundantly and
specifically expressed in LGs. Notably, BterNPVE was onth@fmost abundant transcripts
in B. terrestrisLG which contrasts with the low abundance of Z9-MP componeng. in
terrestris LG, indicating that the activity of BterNPVE is posttransioipally regulated.
Together, the experiments indicate that FAD’s enzymaticipées in the studied species
did not diverge in the course of evolution and that the species-spgdéifmomposition is not
underlined by distinct FAD substrate specificities (Figure.€),a mechanism of pheromone
composition determination common to many moth species does not apply bbebees.
Rather MP composition is controlled in a species-specific mannér josttranscriptional
regulation of FADs andl) amount and availability of FAs of particular chain lengths which
serve as FAD substrates, iy substrate specificity of downstream MP-biosynthetic enzymes
such as fatty acyl reductases or fatty acyl ethyl ebitesynthetic enzymes which can

transform UFAs to final MP components.
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In ongoing experiments we aim at isolating andrati®rizing substrate specificities
of bumblebee fatty acyl reductases and at compe®eanalysis of fatty acid content in the
bumblebee LGs.
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Figure 7: Specificities of mFADs 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 14:0-18x 14:0, respectively, are abundantly expressethenlabial glands.
Adapted fron.

My contribution

| have analyzed the RNA-seq data and identifiedetine=AD coding regions; validated LG-
specific expression of BIUCNPVE and BIucSPVE by ¢gRIR; cloned all FAD coding
regions into yeast expression vectors and trangdriinem into yeast cells, performed all the
yeast cultivation experiments, lipid isolations aRé analyses; wrote the draft of the

manuscript.
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3.3 Publication Ill: 12-fatty acid desaturase from Candida
parapsilosisis a multifunctional desaturase producing a range
of polyunsaturated and hydroxylated fatty acids

Background

Fungal FAD research is largely motivated by the searchdwel FADs that could be used in
metabolic engineering of microorganisms to produce polyunsaturated fatsy(BtiIFAs) and
other valuable unsaturated fatty acids on an industrial’ééaleAdditionally, desaturation, as
a part of fungal fatty acid metabolism, has been shown to playcelkrole in the growth and
morphogenesis of pathogenic yeast species in plants and humans. Ehé&ids have been
suggested as potential targets for antifungal dfuj¢>**>* Numerous fungal 12-, 15- and
multifunctional membrane fatty acid desaturase genes (FADs)vewah biosynthesis of
PUFAs have been already isolated and functionally charactesimptbying yeast expression
systeni*902%°7264 A range of desaturase regioselectivities dependent on thenedepoint
used by FADs to position the introduced double bond has been described. The mai
regioselective modes are: (1) the double bond is introduced betweeficspation atoms
counted from the carboxy terminusX) or (2) methyl terminus (X) of the fatty acyl
substrate, and (3) a subsequent double bond is introduced a specific nucdrbonfatoms
(usually three) counted from the pre-existing double bond3){>. These FAD
regioselectivities are not mutually exclusive, and Meesapyodsak stiggested assigning
FADs with primary and secondary modes to more precisely desbeberegioselectivity.
Detailed information on both major and minor FAD diagnostic substeatdsproducts is
principal for comprehensive description and classification of thédesFHowever, only
major PUFA products were analyzed for many of the fungal $ABd studies which re-
examined PUFA-producing FAB¥?® indicates that minor products can be easily

neglected®?®’

Summary

To comprehensively describe enzymatic specificities of PUBAyming FADs, we identified

and isolated gene homologs of fungal FADs from opportunistic pathogeastCandida
parapsilosis Expression of theC. parapsilosisFADs termed CpFAD2 and CpFAD3 in a
Saccharomyces cerevisiagpression system and detailed analysis of novel minor and major

FA products via GC/MS coupled with a range of FA-derivatizatichrigjues enabled us to
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identify polyunsaturated and hydroxylated products which were previouslyesatibed for
Candida albicandiomologs of CpFAD2 and CpFAD3
Overexpression of CpFad3 Baccharomyces cerevisiatrains supplemented with
linoleic acid (9, 12-18:2) and hexadecadienoic aci®( 12-16:2) led to accumulation of
15-PUFAs, i.e., -linolenic acid (9, 12, 15-18:3) and hexadecatrienoic acid with
terminal double bond ©, 12, 15-16:3), respectively, which jointly indicate that CpFad3
exhibits 15-regioselectivity requiring a preexistingl2-double bond and is capable of
introducing a terminal double bond.
CpFad2-expressing yeast strains accumulated expe&@2dPUFAs, i.e. linoleic and
hexadecadienoic acid 9, 12-16:2), as the expected major PUFAs. However, accompanying
15-PUFAs were also detected, namellynolenic acid and hexadecatrienoic acid®{ 12,
15-16:3) and we identified ricinoleic acid (12-hydroxy-9-octadecendi) as an additional
product of CpFad2. Based on the PUFA products detected we proposed tpaimiduey
regioselective mode of CpFad2 83 and the secondary mode i$2, in accordance with the
FAD regioselectivity classification proposed by Meesapyodstkal&®, ie. that the
preexisting double bond serves as a reference point for positionthg ofewly introduced
double bond and that thel2-position is the preferred position of the double bond

introduction.
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Figure 8: Neighbor-joining gene tree showing relatgness of fungal 12- and 15-FADs based on their
protein sequence CpFAD2 and CpFAD3 identified and characterizethis work are highlighted in bold. The
source species name is abbreviated and followeeixpgrimentally determined desaturase regioselégtikFor
multifunctional FADs, preferred regioselectivityirglicated by “>" if available in the literaturge.g., 12> 15
indicates preferential 12-desaturase regioselectivity). 12-FAD and 15-FAD from the nematode
Caenorhabditis elegan¢CaeEle) were added as an outgroup. Numbers dboagches indicate bootstrap
percentage support from 1000 replicates. The dmmieshows number of amino acid changes per sitapted

from?%8.

These results also demonstrate that both CpFad2 Gpfead3 are capable of
production of multiple PUFAs or hydroxylated FA gduxts which were previously not
detected as products of the putative CpFAD2 andAD@-orthologs from budding yeasts
(Ascomycota: Saccharomycotina) (Figure 8). This kviodicates that detailed analysis of
minor FAD products has a potential to uncover ayeaof otherwise undescribed enzymatic
selectivities of 12-FADs and 15-FADs.
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My contribution

| have isolated the coding regions of CpFAD2 and CpFADS3; cloned CpRRZCpFAD3

into yeast expression vectors and transformed thenSinterevisiag/east strains; cultivated
the yeast strains heterologously expressing CpFAD2 and CpFAD&teddhe total cellular
lipids and analyzed their fatty acid methyl ester-, 4,4-dimexiayzoline-, and trimethylsilyl-
derivatives using GC/MS; analyzed the GC/MS data; wrote the draft ofahesaript.
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4 Discussion and conclusion

Insect pheromones represent a principal communication channel inimsaoy species,
involving disease vectors and economically important agriculturatspéJnderstanding
pheromone communication of these species is directly motivate@gdrghsfor novel pest
control strategies. But often nature “offers” organisms whichnateof imminent economic
importance but their remarkable evolutionary life history makes @neonvenient model for
answering particular biological questions. Arguably, the tobacco lwmwnoth Manduca
sextg is such a species. The combination of its large size, facdeding in laboratory
conditions, and its feeding preference for alkaloid-defended Solanapéamits (such as
nicotine-producing tobacco plants) made sexta despite its insignificant economic impact
as a plant pest species, a favourite model organism for studsrlmf/dre-plant interaction,
insect molecular biology, neurophysiology, and biochemisfrysextais an exciting species
also with respect to its pheromone composition — the female sex phveof8P) blend
contains triunsaturated fatty acid-derived (3UFA-derived) pheromaeviésh were not
identified in related moths (such as the silkworm nitmor). The potential oM. sextaas a
model species for investigation of evolution of pheromone communication, howea®
untapped, partially due to the missing knowledge on the 3UFA biosynibegtiovay or
related genes and, until recently, also due to the middingextagenomic information
(unpublishedM. sextagenome is now publicly available at the internet pages of Agurallt
pest genomic resources - http://agripestbase.org/).

Our research group ventured into studyvofsextapheromone biosynthesis by searching
for membrane fatty acyl desaturase genes (mFADs) abundaptigssed irM. sextafemale
pheromone gland. The absencé/bfsextagenomic or transcriptomic information at that time
necessitated search for mFAD genes using homology-probing PCRaabpfemploying
degenerated primers designed against conserved mMFAD motifs)h wiesulted in
identification of MsexD2 mFAD involved in biosynthesis of diunsaturatedFEUSP
precursors, essential componentdvbfsextaSP. The mFAD involved in 3UFA-derived SP
biosynthesis remained elusive at that fifAieThe advent of next-generation sequencing
technigues, namely RNA-seq, provided us with a tool to access tposws ofM. sexta
pheromone gland and other tissues. By comparing the transcriptoroesMceextatissues
we identified MsexD3, MsexD5 and MsexD6 mFADs candidates abundaarily

preferentially expressed in the female pheromone gland (PG) andfurictional
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characterization of the mFAD gene candidates in yeast expresgstem we concluded that
MsexD3 and/or MsexD5 produce 3UFAs via desaturation of 2UFA(Publication
Knowledge on 3UFA-biosynthetic mFADs opened up possibilities for indereof
pheromone evolution in thd. sextalineage (see further below).

As a second insect group of interest we selected bumblebeeifdytara: Bombus),
namely three common European bumblebee spd8@sapus terrestrisB. lucorum andB.
lapidarius The UFA-derived male marking pheromone (MP) components in thigedre
species substantially qualitatively and quantitatively differ da$d species thus represent
suitable model organisms for study of entirely unexplored hymeraoptpheromone
biosynthetic mFADs and their role in pheromone evolution. Also for theseies for which
genomic or transcriptomic data were not available until reg8htithe RNA-seq approach
enabled us identification of mMFAD candidates presumably involved in MP biosynthesis.

As a strategy to confirm the mFAD function we employed cheraation of the mFAD
enzymatic selectivities in yeast expression system r#tlaer aiming forin vitro work with
these enzymes, which are due to their transmembrane localizatieremtly difficult to
isolateand characterize. By employing functional characterizatiomBADs in yeast, we
sacrificed e.g. an option to study mFAD enzymatic kinetics aractmfrequirements - both
potentially relevant information for understanding the regulation ofgphene biosynthesis.
But the chosen approach enabled us description of regiospecificitissilastdate specificities
of eight M. sextamFADs and over thirty of their mutants (Publication | and unpublished
results), six bumblebee mFADs (Publication Il), and @vgarapsilosisnFADs (Publication
), a task which we could hardly accomplish by studying tieéated and purified mFAD
enzymesn vitro.

In the case of study d¥l. sextapheromone biosynthesis we were admittedly lucky to
work with an organism where a functional divergence of mFAD — atuonary scenario
relatively easily testable by the mFAD functional assgyesumably generated novel SP
components.

By contrast, functional divergence of mFADs seems to be not drivingvbleition of
bumblebee MPS, since all the male bumblebee mFADs are functicoalbgrved across the
three investigated bumblebee species (Publication Il). Particudarprising was highly
abundant and preferential expression of Z9-mFADs exhibiting subgtrefierence towards
16:0 and 18:0 in LGs d. terrestrisandB. lucorum This expression pattern is indicative of
the role of Z9-mFADs in pheromone biosynthesis, however, these speac@sjtiast tdB.

lapidarius do not accumulate larger quantities of Z9-16:1- of Z9-18:1-derived MPs. A
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possible explanation for the discrepancy between the high Z9-miRNA abundance and
the apparently low activity of the respective enzymes is positriptional downregulation of
Z9-mFADs inB. terrestrisand B. lucorum This mechanism was proposed to explain the
presence of highly abundant yet enzymatically inactive mFABstr@pts in PGs of some
moth specieé<®?"t Numerous post-transcriptional gene expression regulatory mettsanis
many of them still little understood, are documented across yatlaorganisms to limit the
correlation of measured mRNA quantity and abundance (or actigitythe respective
enzymé’? and further experiments should clarify the proposed role of imateblebee
MFAD posttranscriptional regulation in regulation of MP composition.

Other factors which we propose to influence the species-spdumificblebee MP
composition and which remains to be tested are i) differentidibaidy of FA precursors of
MP components underlied by the differences in biosynthesis, transgbecaumulation of
FAs in LG and ii) particular enzymatic specificity of dowestm pheromone biosynthetic
enzymes such as esterases involved in production of FA-ethyd estéatty acyl reductases
(FAR) involved in production of FA-derived alcohols. The former hypotheas addressed
by Valterova and collaborators who uncovered contribution of FA trangporiP
biosynthesis irB. terrestri$’® but the contribution of FA transport to the species-specific MP
composition remains to be tested. To address the later hypothesasgeveurrently cloning
and functionally characterizing bumblebee FARs from the LGs oftihee species. Our
preliminary results indicate that there are indeed FARs diigbidistinct substrate
specificities which might partially explain the species-dpe&ilP composition (unpublished
results).

Another surprising result of bumblebee mMFAD survey was the idmttdn of E/Z4-
MFADs in all three species which exclusively desaturate 14:0.0€berrence of the 4-
monounsaturated FAs is limited in nature. They are present irs se#etUmbelliferae,
Araliaceae, and Garryaceae plant spé€feand in the sexually deceptive orchi@phrys
sphegodesin which 4-16:1 is a proposed intermediate of alkene biosyntHesist they are
absent in the bumblebee LG extracts. The unustza-regiospecificity might be underlined
by the presence of thé"sand & predicted transmembrane helices, which deviate from the
consensual membrane topology of acyl-CoA mFADs. The additional meddielices likely
represent membrane-associated regions, which might play a iféfe sabstrate recognition,
as previously suggested by Diaz ef%alThe absence df/Z4-14:1 in the bumblebee LG
might be explained by the mechanismimfvivo posttranscriptional downregulation of the

E/Z4-mFADs proposed above also for Z9-mFADs. To address this question, future
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development of FAD-specific antibodies or a proteomic approach maguiwoeally
establish the protein abundanceZ@mFAD andE/Z4-mFAD across bumblebee tissues.

An alternative tool to validate (or uncover) a biological functioraajene candidate,
particularly powerful in non-model organisms for which limited gentetids are established,
is RNA interference (RNAIi). In an RNAI experiment, targeanscripts are depleted by
dsRNA-mediated mRNA degradation and the resulting phenotypic effiettte organism is
observed. In insects, the sensitivity to RNAI greatly varies mtwissues and species, the
most sensitive being beetles (Coleoptera) and the least seffis@sv¢Diptera), moths and
butterflies (Lepidopterd)®. We strived to unravel the contributions Mf sextamFADs to
biosynthesis of SPs by impairing threvivo activities of MsexD2 and MsexD3 via injection
of dsRNA silencing probes (designed against MsexD2 and MsexO8gabdomens oM.
sextafemales. However, we observed neither significant decreadee imEAD transcript
levels in the PG nor a change in the UFA content (unpublished redult)e future,
overcoming the difficulties of RNAi in Lepidoptéfd and establishing a reliable RNAI
procedure for knock-down of genes expressed itMthgextaPG might provide experimental
evidence for the relative contributions dfseXD3 and MsexD5 to 3UFA biosynthesis.
Nevertheless, our results suggest tilaexD3 plays the principal role in 3UFA biosynthesis
because iMse)XD3 transcript is more abundant in the PG comparddseD5 and ii) the 1:7
ratio of EL0E12E14-16:3 andE10E12,214-16:3 produced bylsexD3 closely resembles the
ratio of the respective aldehydic components inMheextaSP (approx. 1:10) in contrast to
the ratio ofMsexD5 3UFA products (3:1). We speculate that the selection pressdredda
the recruitment of a second, seemingly redundant, 3UFA-biosyntheA®might occur, for
example, to secure a sufficiently high production of 3UFA-derived SPs.

RNAI is a promising tool also for uncovering the biological roldoimblebee mFADs,
FARSs, or other pheromone-biosynthetic gene candidates whiclaweerbcently identified as
abundantly and preferentially expresse®inerrestrismale LG®.

Our study of PUFA-producing mFADs from the opportunistically pathageeiast
Candida parapsilosisdemonstrated previously undiscerned capability of mFADs from
budding yeasts (Ascomycota: Saccharomycotina) to act as mulidioalc Z12/215-
desaturases and to produce hydroxylated products (Publication 1ll). The$& cestribute to
the recognition of mFADs as enzymes inherently exhibiting maltiplbstrate- and
regiospecificities. The switch between the mFAD specifigitydes is apparently rather facile

and this property of mFADs has, besides implications for evolutionoofnmwnication
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mediated by mFAD-produced pheromones, also relevance for tlbeataéngineering of
mFADs for biotechnological production of economically interesting UFAs.

Enzymatic plasticity of mFADs was previously experimentalgll documented, as |
summarized in the introductory part of this thesis. However, no iexpetal evidence to
support the hypothesis that the enzymatic plasticity of SP-blosymtmFADs might play a
role in shaping the moth SP communication channel was availablein@ungfthat a single
amino acid mutation in SP-producing mFAD has a potential to gemeragé SP components
in M. sextalineage thus represents the first evidence of the role of méPmatic plasticity
in pheromone communication evolution (Publication I). The finding of the rantat amino
acid position 224 which critically influences tid. sextamFAD specificity and which
localizes to the predicted"4ransmembrane helix is in agreement with previous experiments
on mMFADs from various organisms which suggested the role of transemeenbelices in
formation of substrate-binding site. At the time of carryingtbetstudy, the lack of mFAD
protein structure however prevented further mechanistic rationahizaf the effect of the
224 substitution. By coincidence, two studies providing the first mFA®Btair structure¥®
were simultaneously published during the final phase of preparatiom eshanuscript om.
sextamFADs which enabled us to prepare preliminary homology modeMsekD2 and
MsexD3 structures. These models uncovered the localization of the 224 & residue to
the kink of MsexD2/MsexD3 substrate binding tunnel which presumably pl&gy role in
conformational restriction and positioning of the fatty acyl sulestnadiety with respect to
the di-iron active center and provided thus experimental evidencedqurtiposed critical
role of this kink in the determination of mFAD enzymatic spedifi¢Publication 1). The
availability of mFAD structures now sets the stage foext igeneration of structure-guided
MFAD mutagenesis experiments and prompts homology modeling-basealuatien of the
results of the numerous published mFAD mutagenesis studies. Togbthewailability of
mFAD structures should mark the shift from identification of Ff8equence specificity
determinants towards the identification of structural specifidéterminants and, ultimately,
towards understanding of mechanisms of mFAD substrate- and pegibaty. Still, the
computation of reliable homology-based structural models of the mF#&Dswhich
experimental structure is not available represents a challeRgrticularly homology
modeling of acyl-lipid mFADs which presumably has a differenmim@ane topology than
acyl-CoA mFAD$® and differs also in the form of accepted fatty acyl substragét prove
difficult. Currently, we further pursue the role of the amino acsidiee 224 in MsexD2 and

MsexD3 by mutating the 224 residue and determining the effect of the mutationmRAle
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substrate- and regiospecificity. According to our preliminasults, a particular side chain
volume of 224 residue (alanine or threonine) drives the specifmiprds desaturation of
16:0 to Z11-16:1 and subsequent desaturation of Z11-16:1 to 2UFAs, whereas sidiier
chains (valine or isoleucine) drives the specificity of MsexD# &sexD3 towards the
desaturation of 2UFAs to 3UFAs. MsexD2 and MsexD3 mutants with 22doaactid
residues with very small and very large amino acid side chaiypsing and phenylalanine,
respectively) generally exhibit loss or dramatic decreaseesditdrase activity (unpublished
results). We are in process of computational modeling of the dtitema of various FA
substrates with the panel of MsexD2 and MsexD3 mFAD mutants ttangights into
mechanistic details of the substrate- and regiospecificityticbing. We presume that
mutations homologous to the 224 residue might act as a mFAD sfigafvitch also in non-
insect mFADSs, a hypothesis which is now particularly amentbtest in mouse or human
Z9-mFAD for which the crystal structures are available.

M. sextamFADs might in future also help to uncover subunit organization and subunit
cooperation in mFADs, a little studied aspect of mFAD biochemigin experimental
evidence based on co-immunoprecipitation and yeast two-hybrid analyggests that yeast
Z9-mFAD forms dimersn vivo™® and experiments with plant mFADs suggests the they might
form heterodimers capable of metabolic channeling, i.e. formguah products of one mFAD
monomer directly to the second mFAD monomer, thus together jplysiconnecting
multiple subsequent desaturation steps into one heterédim@iven the high sequence
similarity of MsexD2 and MsexD3 and their complementary dessguspecificities, we
speculate that they might form heterodimiersivo which could effectively produce 3UFA
pheromone precursors by connecting the sequential desaturatiomstellsexD2/MsexD3
heterodimer.

The functional plasticity of mFADs is not only fascinating widspect to the general
enzyme properties but also has relevance for insect pest mamagdrategies that employ
artificial SP baits’®. The use of SPs in monitoring or mating disruption strategies nfsin
a selection pressure on the moth mate-finding system and feelacshift in SP composition,
as was demonstrated in laboratory conditions for the cabbage loopeT rintibplusia nf>°.
The evolutionary facile functional divergence of the SP compositionm#HAD functional
divergence might enable the moths to avoid disorientation and thus overcatimg m
disruptiorf™®

To gain initial insight into the evolutionary history of 3UFA-derivBB utilization in

Sphingidae moths, we analyzed SP precursors in the death headAciatlpntia atropos
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(Sphingidae: Sphinginae: Acherontiini), a species closely relatéd. tsexta(Sphingidae:
Sphinginae: Sphingini) and we identified 3UFAs also there. This findlages the most
parsimonious recruitment of 3UFA-producing mFADs to the common ance$tone
Acherontiini and Sphingini tribes - the Sphinginae subfamily. Futegeencing and analysis
of genomes or pheromone gland transcriptomes. @itroposand other moth species related
to M. sextacoupled with their SP identification should further uncover the evolugonar
events which led to the acquisition of 3UFA-derived SPs.

In the thesis we focused on the pheromone producers and genes involved in
pheromone biosynthesis. Equally exciting would be to probe the respokkesextarelated
moth species to 3UFA-derived SPs to investigate whether thesespe some rare males of
these species might be “preadapted” to be attracted by 2ldFved compounds.
Information on mechanisms which underlined the shift of male pheromafergnce
towards 3UFA-derived pheromoneshh sextalineage would complement our study of the
molecular basis of shift in female SP production.
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