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Summar y

Royalactin isa glycoprotein present in royal jellgfood sourceeserved fohoneybee larvae
that are to develop into queer®oyalactin is the primary agent in queen differentigtian
process resultingh long-lived ultrafertile queen bee§ he effect of oyalactinis not limited

to honeybees however, as the nematGdeleganshows an increased lifand healthspan
when fedwith royalactin. In this thesis, the functional and cellular changes after royalactin
treatment irC. elegansre characterizefirther.

Several transcription factors could possibly propagate the royalactin signal once it is initiated
by (direct or indiret) interaction with the EGFR. Two of these transcription factors, -3KN

and EOR1 (and its binding partner EGR are studied through fluorescence intensity
guantification of their respective targegst4 and hsp16.2 with GFRfused transcriptional
constucts

A wider picture of the cellular changes after royalactin treatment is achieved by performing a
2D-DIGE proteomics experiment,dding to the identification a85 differentially expressed
proteins in royalactiied worms when compared to untreated worms. Many of these proteins
are associated with the metabolisspiking our interest inhe metabolisnof royalactinfed
worms. The respiration rate and thermal\attiof royalactinfed worms are measured, but

do not yield significant results (yet).

Aging and stress are often intimately linked, leading us to investigate the resistance of
royalactinfed worms against thermal, oxidative and reductive stress by dimglsarvival
assays and monitoring the expression of mitochondrial andtieRs associated chaperones.
Overall, royalactiffed worms survive the stress assays more successfully than their untreated
counterparts and chaperone proteins are less abundggessing anore effective but less
severe stress response in royalafgithworms.



Samenvatting

Royalactine is een glycoproteine dat aanwezig is in koningengelei, de exclusieve voeding van
bijenlarven die voorbestemd zijn zich tot koninginneorévikkelen. Royalactinepeelt een
centrale rol in het differentiatiproces dat resulteert in lahgyvende ultrasruchtbare
koninginnenbijen Het effect van royalactin is echter niet beperkt tot honingbijen, want ook
de nematod€. eleganssertoont een erhoogde levensduur na behandeling met royalactine.

In deze thesis worden de functionele en cellulaire veranderingen na behandeling met
royalactine inC. eleganverder uitgewerkt.

Verschillende transcriptiefactoren zouden het royaladtigeaal in de € kunnen
propageren nadat het geinitieerd wordt door (directe of indirecte) interactie met de EGFR.
Twee van deze transcriptiefactoren, SANen EORL (en zijn bindingspartner EQGR
worden bestudeerd door fluorescertveantificatie van hun respectievigle doelwitgenen

gst4 enhsp16.2met GFPRgefusioneerde transcriptionele constructen

Een breder beeld van de cellulaire veranderingen na royakbetirendeling werd verkregen

door het uitvoeren van een ADGE proteomics experiment. Dit leidde tot wientificatie

van 35 proteinen die verschillend tot expressie kwamen in wormen die behandeld werden met
royalactine. Veel van deze proteinen zijn geassocieerd met het metabolsisme, wat onze
interesse wekte in het metabolisme van royaladigtfeandelde woren. De respiratie en
thermale activiteit van royalactideehandelde wormen werden gemeten, maar leverden (nog)
geen significant resultaten op.

Veroudering en stress worden vaak met elkaar gelinkt, wat ons ertoe leidde de resistentie van
royalactinebehanélde wormen tegen thermale, oxidatieve en reductieve stress te
onderzoeken. Dit gebeurde door het uitvoeren van overleasggysen door het bestuderen

van de expressie van chaperone proteines die geassocieerd zijn met mitoschondriale en ER
stress.

Overhet algemeen zijn royalactirie=handelde wormen in staat de stieslandelingen beter

te overleven dan onbehandelde wormen en zijn hun chapprot@nes minder abundant.

Dit suggereest een efficiénteren minder drastische reactie op stress in royalect
behandelde wormen.
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UPR ufolded protein response
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ALi terature study

1. Introduction

1.1.Anti-aging - living longer and healthier lives
Aging is a complex and seemingly inevitable process that, despite being extensively studied

in the past decades, still holds many questions. The benefits that come withsaostese
guestions are seHvident, as about two thirds of all deaths globally and 90% of deaths in
industrialized countries can be attributed to-egjated diseasksExamples of these diseases

are cancer, type |l diabeteadcardiovascular diseases.

Over the past years, many chemical compounds, dietary suppleameitteatments have
been heralded as Athe cure for aginghen by po
rather thanf we will eversubstantially slow dowagng. However, we still have a long way

to go before anything like wholesome aagjing therapy can be applied in hunfafihis is
because aging is not likely to be a process that can be reversed wholly by a single treatment,
much less by asingl fimi racl e mol ecul eo. This is illu
hallmarks of aging which include epigenetic alterations, loss of proteostasis, altered
intercellular communication, mitochondrial dysfunction and others. Going through these
hallmarks of aging, one notices quickly that there are very little biological topics that are not
in some way related to aging, be it causal or effectual. Therefore, expecting one substance to
singlehandedly reverse the effect of aging in its entirety seg@msvishful thinking.

Still, substances that could delay the onset ofrazged changes are key in furthering our
understanding of how aging works. Many of these substances belong to the group ef the so
called nutraceuticals a term coined by Stephen BEaice’. These pharmaceutical nutrients

are not just healthy supplements to an established diet, but also aid in the prevention or
treatment of one or more conditions or diseasasour case, this cortibn would be aging,

and the functional decline that accompanies it.

Examples of potential aréiging substances that have been studied in the past include
rapamycin, metformin and resveratrol, all of which can extend lifespan in a significant
mamer in multiple modelorganism&’. However, the efficacy of these compounds in higher
organisns should not be taken for granted. For some of these compounds (e.g. rapamycin)
there is evidence of theaffectivenessn higher organisms and even in humans, while others

(e.g. resveratrol) remain the topic of controvefsies



A new player in this regard is royalactin, a rejgly derived protein that mediates queen
differentiation in honeybeesRoyalactinextends lifspan in fruit flie€ and in nematodé$

This protein will be the main subject of this project.

By influencing the vast web of biological interactions that is aging with specific compounds
like royalactin, we can learn, discover and perhaps someday develogetivef§trategy for

living longer and healthier lives.

1.2.C. elegans a model for aging
The nematod€. eleganavas the first multicellular organisms to have its genome sequenced

and has been used as a model for several biological research areas ist tecpds,
ranging from proteotoxicity to drug target identificatid, environmental toxicity studié$

and neurobiology. The advantages of using this worm as a model are numerous. First of all,
many aspects of its biology are well undeost and providein many casesa simple
approach to a difficult problem. Furthermor@, elegansis transparent, which provides
evident advantages when observing fluorescent proteins under the microscope.
Quantifying and locating expression of GkRed proteins of interest is rather easy to
perform inC. elegans

Whereas knocking down genes in other organisms can be a cumbersoié® tasicC.
elegans,it is remarkably easy through RNA interference (RNAI). By simply feeding the
worms with or soaking them in a strain of bacteria that expresses the specific dsiiNA, o
can knock down the corresponding gén&hese bacteria strains are readily available for

ordering onihe, and are often kept in an internal library in the lab.

Our interest goes out to usi@y elegansas a model for aging, an application that might not
seem obvious to the uninitiated reader. Howe@erglegansshows some fundamental
similarities with nammals when it comes to aging. When worms age, they exhibit muscle
atrophy®, reduced agilit}’ and a decline in cognitive abilit®s just like mammals.
Furthermore, simple genetic manipulations (e.g. deletion of a single ge@eglieganave
shown to dramatically impact their lifespan, the most ‘edwn beinga daf2 mutant,
which lives twice as long as wild tyfle

For these reasons, and for its aforementioned ease o€uséeganshas been successfully

used as a model for aging for dec&de€. eleganshas been used as a model to study



complex humamger el at ed (neurodegenerative) disease:

and Huntindgtonds disease

The short lifespan of this nematode is an added advantagging research; the larvae
complete their development within three days and the mean lifespan of an adult worm is only
two to three weeks when cultured at 26*CConsequently, studying lifespan and aging
related phenomena . eleganss relatively easy and fast.

Specifically, we would like to usé. eleganss a model to test the effects and mecimasisf

a novel longevitypromoting honeybee protein called royalactin. Thggestednvolvement
of well-conserved signaling pathwdysmplies that the workings of royalactin could be
transferable to different organisms, including fiesect models such & elegans

C. elgans has been used extensively in the past to study the lifessganding effects of
several other natural substancesluding blueberry polyphendfs Ginkgo bilobaplant

extract$®, natural antioxidants, alpHipoic acid’ and other§s

2. Royal jelly and royalactin

2.1.Royal Jelly - a product of the honey lee
Royal jelly (RJ) is a nutrieatich mixture secreted by the hypopharyngeal and mandibular

glands ofApis mellifera the western honey bee. The ingestion of RJ by bee larvae has been
known to regulate caste differentiation in honey bees for cerfurimstially, all larvae,
regardless of their future caste, are fed with RJ, but after three days, larvae tlestiass d

to become worker bees are switched tmore conventional food soufie

In contrast, larvae that are fed RJ exclusively will differentiate into queens. Queen bees have
a shorter developmental time from egg to adult and a larger body size than worker bees. They
also have donger lifespan, reaching an average age-Bfykars, whereas worker bees only

live for around 36 week&’. Queens lay approximately5DO eggs per day, which is in stark
contrast with the mostly sterile worker caste.

It is important to nte that caste differentiation occurs mainly because of this special diet of
RJ and only for a small part due to genetic differences in the farfidris, RJ, a mixture of

water (5060%), sugar (15%), proteins (18%), lipids@®) and trace amounts of minerals

and vitamin&, must contain some very special ingredients indeed.



2.2.Royal Jelly - a myriad of properties
The function of royal jelly is not limited to queen differentiation, longevity and fertility. RJ

also possesses other physiological effects, many of which alrer@dy discovered decades
ago™. RJ can have artumor* antiinflammatory” as wellas vasodilative and hypotensiVe
activity.

Furthermore, several peptides and proteins @napart of RJhavea clear antibacterial or
antifungal activity’*® Among these are royalisin and jelleins. Royalisin is-a€sidue 5523

Da peptide with 3 intramolecular disulfide bonds that has potent antibacterial activity against
Grampositive bacterisl. Jelleins are a familyf short peptides that have abtcterial

activity against Granpositive as well as Gramegative bacterfa

2.3.Royal Jelly in C. elegans
Royal jelly has been shown to extend lifesjrafruit flies*®, mice*® and inC. elegan$.

Honda et al. examined the effect of RJ and proteas¢éed RJ (pRJ) on the lifespan ©f
elegans They observed a modest increase in average lifespan9c#, in worms fed with

10 pg/mL RJ from the adult stageward. Interestingly, pRJ, a version of RJ treated with
protease N fAAmanoo, al so 1 ncrl8 &sThisd suggbseed | | f e ¢
that the protein component of RJ does not play a critical role in lifespan extension, a view
that has been metith criticism in the following years. Using a microarray, the genavite
changes in gene expression after treatment with the most active fraction of pRJ were
monitored. It was found that genes encoding for several inkkdirpeptides is-9, ins20
andins-23) were significantly upor downregulated in pRt#eated wornis, corresponding to

a view wheredecreased insulin signaling throutfte DAF16 transcription factor leads to
increased lifespan (Kenyon et. al 2005). These findings were strengthened by the fact that
daf16 deletion mutants showed a lesser (but still significant) extension of lifespan upon pRJ
treatment. Furthermore, pR&atment facilitated DAR6 translocation to the nucleus, a sign

of decreased insulin signalitfg This indicated that pRJ exerts its effects botiough the

insulin signaling pathway and another, DAB independent pathway. Honda et al attributed
these effects of RJ mainly to the presence of the fatty aeld/d@xy-2-decenoic acid (20

HDA).



2.4.Royal Jelly - content and functional compounds
As royal jelly is a complex mixture of sugars, proteins and fatty acids, it is unlikely that RJ

realizes its lifespapromoting and other effects through one mechanism only. This is why
recent studies have focused on identifying and functionally analyttieg individual
components that make up royal jelly.

Several studies aimed to isolate the ingredients that gave royal jelly its properties. At first, a
limited role was suspected for the proteins of RJ, suggesting more critical roles for the unique
fatty acids of the mixtur€. These fatty acidsL0-HAD, 3,10dihydroxydecanoic and sebacic

acid mediate estrogesignaling by modulating the recruitment of estrogen receptors to their
effective pS2 promoter. Although estrogen reoepécruitment plays a pivotal role in many
developmental pathways, it is unlikely that the lifespatending effects of royal jelly are
solely caused by the estrogen receptor modulating workings of these fatfy&cids

Instead, the protein component of RJ was revealed to play a key role in the observed effects

of RJ, specifically the soalled major royal jelly proteins.

2.5.Major Royal Jelly Proteins
There are nine major royal jelly proteins (MRJPs) which compose the bulBO@2 of the

protein fraction of royal jelly. These proteins are produced in the hypopharygigadts of
nursing honey bees and were first described by Schmitzova 2t Eheir monomeric
molecular mass lies between 49 and 87 kDa. Two of these proteins, MRJP1 and MRJP2,
were found o be the main allergens in JIn the honey bee genomehich was published

in 2007%’, one can sethat all MRJP encoding genes are found in &6@andem array.

MRJP-encoding genes amot only found in theApis mdlifera genome, but also in several
other members of tha&pisgenus, and even in members of B@mbusgenus, although their
function in these species does not involve the production of* RJ
MRJPencoding genes belong to tharjp/yellow gene family, members of which are
encounteredn bacteria, fungi and inseéts® Duplications of the ancestrgellow-e3 gene
have given rise to thearjp genes ofApis genus’. The MRJP tandem array & melliferais
flanked by five genes encoding Yellgamily proteins. The Yellow proteins appear in many
insects, where they fulfil a myriad of functions, most of which are in some way involved in

the enabling of reproductive maturation.



Apart frommrjp andyellow genes, thenrjp/yellowfamily also contains severairjpl (mrjp-
like) genes that are present in several-Apis species, such as the parasitoid widsgonia

vitripennis? and several ant speciés

2.6.Royalactin in honeybees a study in Drosophila
One of the MRJPs in particular, MRJP1, later termed royalactin, is believed to be the prime

mediator of quen differentiation in honeybe@slt was first indicated as a marker for the

freshness of RJ, as it degraded gradually over the course of storatie time

Royalactin is the most abundant protein in RJ. It is a 57 kDa glycoprotein and has been
shown to induce queen differentiation in honeyBeBecauseA. melliferais not often used

as a model system, conventionallsofor studying the mechanisms behind royalactin action

in the honeybee were lacking. Researchers then turri@dmelanogasteran extremely well
documented model organism, for the application of several tools that allowed them to study
royalactin. It isimportant to note that, despite its reasonable evolutionary distanceAfrom
mellifera, D. melanogasteshows many differences with the honeybee as Wetisophilais

not a social insect and does not show any caste differentiation whatsoever. Suyprisingl
however,Drosophila larvae which were raised on a diet enriched with royalactin showed a
gueenlike phenotype: faster growth, extended lifespan, larger adult sidanareased egg

laying capacity. This result raised a very important question, namely how far does tke effe

of royalactin reach along evolutionary distances? If we can extendfite health span of

fruit flies with royalactin, then what about namsect models?

2.7.Royalactin in other models
In 2001, Kamakura et. al already showed the effect of royalactimtohepatocytés. Rat

hepatocytes grown up in a medium enriched w
57kDa protein in royal jelly) showed increased DNA synthesis, prolonged cell proliferation

and increased protein production. They also perforthede experiments with RJ that was

stored at 40°C for 7 days, thereby degrading all the royalactin present in the mixture. Other
bioactive components of RJ such asHDA, do not degrade nearly as much with storage
Treatment of the liver cells with hetreated (royalactiiree) RJ did not show a significant

increasan DNA synthesis, proliferation or protein productienggestinghat royalactin was

indeed the component of RJ that caused the observed effects. The authors also noted the

similarity between the effects of royalactin agpidermal growth factor (EGF#n important
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growth factor that stimulates cell growth, proliferation and differentiation. They speculated
that royalactin might exert an increase in hepatocyte viability through apoptosis suppression,

a mechanism under the control of EGF

In 2014, it was found thatoyalactin extends the lifespan of the nemat@eelegan¥.
Royalactin treated with thermolysin did not extend the lifespan of the worms, while
deglycosylated and mildly hetreated royalactin (at 37°C) did. This indicates that the N
linked digosaccharides of the glycoprotein are not essential for its lifespi@mding effects,
while the proteinaceous part is. It was also found that royalretitment caused higher
swimming activity in adult worms, suggesting that royalactin has a posfifeet on

healthspan as well.

Royalactin has been studied in several cell lines, including rat hepatdcates murine
macrophage$ but has, to our knowledge, only been studied in the following orgariisms
viva: C. elegan¥, A. melliferaandD. melanogastér A recent study on rats and rat cells was
also conducted but focused on the cholesterséring propertief royalactin rather than

lifespanextending functior.

3. A possible mechanism of royalactin action

3.1.Aging is regulated through several pathways
In modern biology, the cause of aging is regarded as a sum of accumulated damage over the

course of difespan together with hardwired aginegulating signaling pathwa¥swe will
discuss the three most relevant of these pathways: insulii/I&gnaling, TOR signaling
and the EGFR pathwaand their possible role in royalaciimduced lifespan extasion The

interactions of these pathways are schematized briefly in figure 1.

3.2.Insulin/IGF signalling
The most welknown pathway to regulate aging is the insulin/inslike growth factor

(IGF-1) pathway. A striking example of the involvement of this pathway in aging is found in

C. eleganswhere a single mutation in tldaf2 gene, coding for an insulieceptor, doubles



the lifespan of the animals through translocation of the transcription factorlBAB the
nucleus and transcription of longevityomoting gee$’. Modulating and studying aging
through genetic manipulation is thus very possible. The regulation of aging through the
insulin/IGF1 pathway is present in many observed species, inclugimgelanogasteand

Mus musculu$.

Importantly, it was found that royalactin, the protein that is the focus of this project, most
likely does not exert its effect through insulin signalingbOn melanogaster as insulin
receptor (InRknockdown still induced quedike differentiation upon feeding with
royalactirl. The action of royalactin must thus be through a different receptor than the InR,
although a more downstream role for some elements of the insulid/ié2hway cannot be
excluded As will be explained below, the EGF receptor plays a vital role in the workings of
royalactin.
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Figurel: The different signaling pathways involved in aging and their
interactions. Adapted from(Lépezotin et al. 2013)

(mTOR ]

3.3.TOR signalling
Another player involved in the regulation of aging is the Target of rapamycin (TOR). TOR is

a serine/threonine kinase that controls many aspects of growth in the cell. TOR and its



mammalian ortholog mTORteract with various other proteins to form active complexes
which exert their function on the cell.

Inhibition of TOR has been shown to increase lifespanDinmelanogasterand C.
elegand®®® As TOR promotes growth and developmémthealthy cells when copious
amounts of nutrients are present in the environment, its inhibition is assumed to shift the
cell 68s f oc umsistarwevamd sdrsivalsincreasthgsdurability of the organisth

It was also shown that TORhibition does not further extend lifespan@n elegansdaf-2
mutants, which might point to similar downstream effectors of the agiated aspects of

the TORand the insulin/IGFL pathway&"°?

A third signaling pathway that influences aging is the epidermal growth factor receptor
(EGFR) pathway. It will be discussed in more detail below, as it has been shown to be a key

mechanism through which royalactin exerts its pasextending function.

3.4.Epidermal growth factor
EGF is a naturally occurring growth factor that stimulates cellular growth, differentiation and

proliferation by binding to the extracellular region of the EGFR. EGF was first detected as a
substance thattimulated precocious eyelid aprg and tooth eruption in mite This was
caused by increased keratinisation and epidermal growth in théaremanimals, hence the
name epidermal growth factor. For discovering EGF, Stanley Cohen and Rita Levi

Montalcinireceivedthe 1986 Nobel Prize in Physiology or Medicine.

Mouse epidermal growth factor (NEGF) was the first form of EGF that was described. It is a
short polypeptide made up of 53 amino acid residues, connected through three intermolecular
disulfide bond¥".

Homologs of EGF were discovered in many other organisms, includintats andC.
elegans Human EGF (hEGF) exhibits very similar chemical, physical and functional
properties to mEGF. I€. elegansEGF is encoded by tHa-3 gene while thdet-23 gene

codes for the EGF receptor.



3.5.The EGFR pathway- an overview
A ligand (e. g. EGF) exerts its effect through binding of the EGFR on the cell stirfaipen

binding of the ligand, EGFR undergoes conformational changes which allow it to dimerize
and become internalized in the cell. This dimerization activates the tyrosine kinase activity of
the EGFR, which autophosporylates tyrosine residues on the recegatitr These
phosphorylated tyrosine residues act as binding sites for the growth factor rdxaptdr
protein 2 (GRB2) adaptor protein and others. The signal then cascades into the MAPK/ERK
pathway, a welknown signaling cascade that ultimately resuft the mentioned effects of
EGF: cellular growth, differentiation and proliferatfnThe workings of the EGF signaling

pathway are summarized in figure 2.

Important to note is that EGF is only one of the many ligands that can bind the EGFR. Other
known ligands include transforming growth factdpha, amphiregulin, hepartsinding EGF

and betacellulifr. In C. eleganshowever the only known ligand that binds to LEB is

LIN-3.
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Figure2: After ligand binding, dimerization and autophosphorylation, the EGFR signal propagates itself through multiple
secondary signaling pathway&cluding the MAPK/ERK pathway, the -BYKAT pathway and the PAKTMTOR pathway.

3.6.The EGFR pathway and aging
Recent studies unexpectedly found a role for the regulation of healthy agihgeiegans

through the EGFR pathw&y Originally, Iwasa et al. were looking for secreted proteins with
sequenceaimilarity to the extracellular domain of the insulin receptor that promoted
locomotory healthspan i@. elegansTwo such proteins, named HPAand HPA2 f or A hi gt
performance in advanced age ol andwdPA2confemed n d . I
their effects through the EGHpathway, rather than the much more expected insulirlGF
pahway’’. This led the EGFRathway to be investigated as a novel regulatohezfthy

aging.
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It was observed that gawof-function mutants in th€. elegan®EGFR (LIN-23) showed an
increase in median lifespan by 29% and signs of increasediféateéigor. The worms
maintained muscle integrity, pharyngeal pumping (i.e. muscular cootiagtithe pharynx

that correlates with food uptake) and swimming movement during their lafér Greerall,

their healthspan (and lifespanyas increased considerably compared to control worms.
Worms wherein the function @fiN-23 was knocked down showed the opposite phenotype:
their mobility and overalburvival rate in mieto late life was lower than in control worfs

More specifically, lwasa et al. showed that a certain downstream branch of the EGFR
pathway was involved. A branch of the EGFR signaling pathway including the phospholipase
PLCo and the inositol t r i p h o sngahba theeactihdlpardin 5 )
lifespan and healthspan extension in the worms. IP3Rajdumction mutants showed an
increased healtrand lifespan, while reductieof-function mutants in IP3R reduces survival
and latelife vigor, much like the gamand rediction of function mutants did itet-23.
Furthermore, knocking down IP3R through RNAI nullifies the lifespatending effects of
gainof-function mutations inlet-23. This strongly suggests a role for EGFR signaling
through IP3R in the modulation of healthy agingGn elegans HPA-1 and HPA2 are
secreted proteins that are suggested to inhibit binding ofEtBE ligand to the EGF

receptof’. This is summarized in figure 3.

EGF Ligand @ LIN-3

|7
E éPIPE
EGF Receptor
— D Lo~

. IP3
PLCy Healthwg aging ‘%C& -
longevity

IP3 Receptor

HP4-1 or HpE-2
°

Figure 3: Binding of the EGF ligand to the EGF receptor initiates a signal that is propagated through phosphelipase
gammaand ultimately results in regulating calcium homeostasis through the 1P3 receptor on the ER.aHB@APA are
negative regulators of thisystem. Fronm(lwasa et al. 20165.

IP3R regulates calcium homeostasis through release of calcium from the endoplasmic
reticulum (ER). Disrupted calcium homeostasis during late life is an important controlling
factor in the development of many aggated phenotypes in humans wasll, such a

cognitive decliné®.
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A specific role for EGF in the regulation of healthy aging was found in the maintenance of
healthy protein homeostasis @ elegan?, illustrated in figure 4. Through the MAPK/ERK
pathway, EGF promotes the expression of the transcription factorslSiid EORL.

SKN-1is involved in limiting the harmful process of protein oxidatamplays a role in the
restoration of redox homeostasis through the expression of a multitude of antioxidant and
phase Il enzymes. EGR together with EOR, reduces the transcription of H3B, which
regulates protein aggregation within the Celt was also showthat EGFsignalingthrough

the MAPK/ERK pathway activates the ubiquitin proteasome systenmportant modulator

of protein homeostasis All of these effects contribute to the maintenance of healthy protein
homeostasis aging worms.

These mechanisms are independent of the insulirll@&thway, as mutations in the DAF

16 (FOXOlike transcription factor) or DAR (insulin receptor) encoding genes did not
influence healthor lifespan ofC. elegan®.
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.;‘R"’S]ME{(-Z (MEK)
 1SEM- MPK-1 (MAPK/ERK)

(Grb2) Agaregate

' P ER.*, ‘lT
o ©
o\\o M - Unfolded
ofl® &2 HSP-16
: e :

(IPR) /. * lT
. -
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. .. (-'e’— .. P _) N
/ Ca®* le ‘-?‘,“lﬂ,’ | Antioxidants :l
2 . S
L
.. .
Longevity % u e
EOR-172 F-box/SKR-5 > l

Figure4: In adult C. elegans, EGF regulates healthy aging through maintenance of calcium homeostasis and protein
homeostasis EGF signaling through the MAPK/ERK pathway switches on th& B@RSKN transcription factors, which
ultimately influence protein agggation and oxidation respectively. FrgRongo et al. 2011‘)
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3.7.The EGF pathway and royalactin
After observing that royalactin actimilarly to EGF in rat hepatocyt¥s? Kamakura

knocked down the gene coding for EGFR in honey bee larvae. When rearing larvae in the
presence of royalactiegfr RNAi reduced adult body size and increased developmental time
from egg to adult when compared to control animals that were asedrevith the proteth

Thus, it was found that, when EGFR is knocked down, royalactin cannot induce queen
differentiation in honeybees. This indicates that royalactin works in honey bees (at least
partially) through the EGFR pathway described above. Upon suppressing the ingpgiomrec
(InR), queen development proceeded normally, indicating that royalactin did not exert its

effects through the insulin pathway

Kamakura also showed that royalactin caused increased activity of MAPK and S6K (a
ribosomal S6 kinase that regulates protein synthesis) through BEG#RRtior!. When fed

with royalactin, MAPK and S6K expression increased compared to control insects, but when
addingds RNA againstegfr, this effect was no longer observable. RNAI suppressidrOiR

PDK1, S6KandPI3K showed smaller adult size compared to control queen bees.

Both royalactin and royal jelly increase the concentration of juvenile hormone (JH),
vitellogenin and 2eHydroxyecdysone (20E) in-8ay old honey bee larv&e JH is an

i mportant insect hormone that regul ates much
vitellogenin is a nutrient source for eggs. 20E is a hormone controlling molting and
metamorphosis in insects.

Suppressinggfr with RNAI abolished the increase in JH, vitellogenin and 20E titreda\8

old larvad®. Importantly, suppression 086K did not result in any difference in JH
vitellogenin or 20E titre. mhibition of MAPK with a specific MAPKinhibitor PD98059
abolished high 20E titres, but not JH of vitellogenin activities.

From these results, it is possible to draw up a putative model for royalactin action in honey
bees pictured infigure 5 After (direct or indirect) interaction with the EGF receptor, the
royalactin pathway splits up into at least three signaling cascades. The signal propagated by
royalactin is a complex and multifaceted one that ultimately results in the pheabtypic

properties that make up a queenBee
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Figure 5: Signaling pathways involved in queen differentiation initiated by royalactiRoyalactin (either directly or

indirectly) activates the EGFR, after which the signal splits up in at least three pathways. The signal is propagated through

the unknown secretory signals X, Y and Z, which eventually result in the observed queen phesoitymeed systemic
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It was recently shown that royalactin exerts its lifespatending function through the EGFR
pathway as well it€. elegan¥. Knocking downlin-3 (the EGFgene inC. eleganyor let-23
(EGFR) abolished the lifespaaxtending effectimplying a central role for EGFR signaling

in C. elegans

3.8.Potential key molecular targets of royalactin action
The royalactinsignal initiated at the EGFRs a branched and mulaceted signaling

network, as is illustrated in figused and 5 Monitoring of the expression of several key
molecular targets connected to the transcription factors-E@OR2, and SKN1 could add

to our understanding of the mode of action of royalactid.ielegans

Expression of the heat shock protein HBR2is believed to be inhibited by the transcription
factor EOR1 and its obligate binding partner EE¥"% The levels ohsp16.2 expression

can be observedn vivo through a GFmased transcriptional reporter, i.e.hap16.2
promotor followed bygfp.

SKN-1 is another transcription factor that lies downstream of the receptor in the EGFR
signalingpathway (see figure 4). Its expression levels cambaitoredin vivo through a
similar GFRbased transcriptional reporteith the known SKNL targetGST-4"4"°
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4. Unresolved guestionsnd research objectives

When it comes to royalactin action, many questions remain unanswered. We know that the
EGF reeptor is in some way involvedVhat we are still far from reaching however, is a
complete picture where all the players are identified and meaningful results can be drawn for
possible future applications in medicine or nutritibm brief, we can say thahére is very

little that is curently known about thdunctional and cellulaeffect of royalactin inC.

elegans

In completing this picture, one of the first issues that needs to be addressed is the elucidation
of the pathway that the royalactin signal follows downstream dE@GIER.A first step would

be defining the rolef the transcription factors Skl and EORL, which can be studied
through their respective targets G8 nd HSP16.2.

A wider picture of the cellular changes after royalactin treatment can be achieved by
performing a proteomics experiment, which allows us to identify at a large number of

differentially expressed proteins in royalaeted worms when compared to untreated worms.

Ot her questions that are worth r eisnalpartofhi ng
royalactin?0 Wi th many proteins it i's the
residues contains all the functional activity. This is an interesting question in itself, but
becomes even more relevant with regards to possible fagpécations, in which the
functional peptide in royalactin could be produced by genetically modifiedli bacteria.

What is currently unknown asell is the effect of royalactin o@. elegansn matters other

than life spanand locomotion What about fertility: do royalactireared worms produce
more eggs? What about boedige? What about stress (heat, oxidative stress, reductive stress,
etc.) tolerance? What about memory, learning capacity, muscle atrophy and othefr ageing
related capaciis?In this thesis, we will try to answer some of those questions, especially the

ones related to stress resistance.
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To summarize, the main research objectives of this thesis are:

to study the role of the transcription factors SEHNind EORL in propagating

the royalactin signal.

to add to the understanding of cellular changes after royalactin treatment by
identifying differential proteins through a proteomics experiment.

to cleave rgalactin and assay the bioactivity of the fragments.

to study the resistance of royalaeted worms to various kinds of stress.
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BMateri als and met ho

1. Materials list

1.1S-basal physiological buffer

5.85 g/L NaCl 1.5Soft Agar Freezing Solution
6 g/L KH,POy 5.8 g/L NaCl
1 g/L KkHPO, 300 g glycerol
Autoclaved before use. 0.224 g/L NaOH
4.0 g/L agar

6.8 g/L KHPO,

1.2 M9 physiological buffer
Autoclaved before use.

5.8 g/L NaHPO,

3.0 g/L KH,PO4
0.5 g/L NaCl 1.6Basal Nematode growth medium
1.0 g/L NHCI (NGM)
Autoclaved before use. 17g/L agar
2.9 g/L NaCl

7.5 g/L bacteriological peptone

1.3.Phosphate buffer Autoclaved and stored at 50°C before use

108.3 g/L g KHPO,
35.6 g/L KHPO,

Filtered, adjusted to pH 6. 1.7 Hydroxylamine cleavage buffer

2M hydroxylamine.HCI

2M guanidine.HCI
1.41ysogenyBroth (LB), 0.2M K,COs

(E. coli growth medium) , .
Adjusted to pH 9.0 with 50% NaOH
20 g/L LB broth (Sigma&Aldrich)

Autoclaved before use.
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2. General C. elegandechniques

2.1.C. elegans maintenance

C. elegangs cultured on solid nematode growth medium (NGM) seeded with a ladgn of

coli OP50 bacteria as a food source for the worms. NGM agar plates containing worms are
kept inan incubator at 20°C at all times, except when handled during experiments. Two times
during each week (usually on Monday and Friday), small parts of the NGM agar plates

containing worms are cut out with a sterilized scalpel and transferred to a new NGM aga

plate with fresh bacteria, to avoid overcrowding and starvation.

2.2.E. coligrowth conditions

E. coli bacteria are grown by picking a single colony from a streak plate and incubating it in a
falcon tube filled with liquid LB medium. The bacterial cultugsethen left in a shake
incubator at 37°C overnight and used to seed plates the next day.

2.3.Preparation of growth media

Basal nematode Growth Medium (NGM) is prepared in glass bottles of 250 mL, 500 mL or 1
L. For a total volume of 1 L, 17 g of agar, 2.9 g NaCl and 7.5 g of bacteriological peptones
(Fluka Analytical, St. Louis, MO, USA) are dissolved in MiliQ H,O (MQ). After
autoclaving the bottles with liquid NGMthey are stored briefly at 50°C to avoid
solidification. Before pouring the agar into petri dishes, 1 mL of sterile 1M £4GiL
cholesterol in ethanol (5pug/mL), 1 mL 1M Mgkénd 25 mL phosphate buffer is add@&his
complete medium is then left to solidify in plastic petri dishes. 100 [E. abli OP50 is then
spread out over the solidified agar plates. The bacteria are left to grow to a visible layer by
incubating them at 37°C for ca. 24 hours. Afterwar@ythre stored at 4°C until they are
needed for the experiment.

Growth media for worms that are to be reared in the presence of royalactin are prepared in the
same way, except that royalactin wahfinal concentration of 1.6 pgAlL NGM) is added
togethemwith the phosphate buffer, cholesterol etc.

2.4.Bleaching
Bleaching is the process by which all worms are killed with a bleaching solution and the eggs
are protected and retrieved to form an-agechronous populatidh
Worms are washed off plates usingp&sal buffer or M9 buffer. The worms are collected in a
falcon tube, which is centrifuged atl00 rpm (Hettich Rotanta 46R, DJB Labcare,
Buckinghamshire, UK) for 3 minutes at 4°C. Afterward, the supernataesnsved, leaving
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a volume of 3.5 mL in the falcon tube. To theslution 1.5 mL of bleaching dation
(consisting of 1 mL 4%=18°) hypochlorite mixed with 0.5 mL 5N NaOH) is added. After
shaking and waiting a few minutes, it is possible to see the wamagibg open under the
microscope. When more than half of the worare disintegrated (typically between&
minutes), 5 mL of a 60% sucrosmlution is added to protect the eggs from further
degradation. Carefully, 1.5 mL otfl&asal buffer is added on top of this mixture with a pipet

to form two distinct layers. The tubes are again centrifugedl@0Ipm for 3 minutes, after
which a separation of ¢heggs and the dead worms in the two layers is visible (cf. sucrose
density centrifugation). The eggs are located in the upper iakyile the dead worms remain

in the bottom layer. By carefully pipetting the eggs out and transferring them to a new tube,
filled with sterile Sbasal buffer, the eggs are collected. The tslmentrifuged at 1100 rpm

for 3 minutes, the supernatans is removed and nbasal buffer is added. This procéss.
fwashin@) is repeated twice, after which the eggs are left torhavernight in Sasal buffer

or M9 buffer while rotating to start a synchronous population. By letting the worms hatch in a
medium without a food source, their growth is arrested in the L1 stage. This guarantees that
the population of worms is synchror®dli The L1 larvae are transferred to standard growth
medum with a bacterial lawn as food source.

2.5.Timed egglay
As an alternative method to obtain synchron@uslegangpopulations, a timed eggy is
performed®. A timed-egglay is less time consuming tharbleachprocedureand the eggs are
exposed to less stress. However, a timedlaggan only be carried out for a relatively low
amount of worms, and the resulting population is not entirely synchronous.
For every conditio, ca. 60 reproductively active adults are manually picked (with a platinum
wire) and divided over several NGM plates. They are left to lay eggs on the plate§ for 4
hours and then manually picked off the plates again, leaving behind a colony of egge that
synchronously laid within the timespan of the ¢ayg

2.6.FreezingC. elegans

C. elegansstrains that are no longer needed for ongoing experiments are frozen. Worm
populations are cultured under standard conditions until they containfreahly staved L1

and L2 larvagwhich survive freezing beést This is approximately 5 days after chunking the
worms, when the bacterial food source has just been exhausted. Two to three NGlsrplates
used per strain. The worms are frozen in cryogenic vials containing soft agar freezing solution
with glycerol (seeB.1.5.). Four vials are labelled with strain info and the data on which the
worms are frozen. Theials are stored in a capped and labeB#grofoambox at-80°C in

order to obtain gradual cooling
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To check whether the freezing procedure was successful, a week after storing the vials

at-80°C, one vial per worm line is thawed and emptied onto ori@halseeded NGM plate.
The survival of the worms is inspected through the microscope a few days later.

2.7.C. elegans strains
SeveralC. eleganstrains were used in this project. They suenmarized in table 1.

Table 1. A list of theC. elegans strainsised in thisproject.

strain name | genotype use remarks

CL2166 dvis19 [(pAF15)gstp::GFP::NLS] I readout for gst4 | Inducible by
transcription oxidative stress

SJ4100 zcls13 [hsp6::GFP] V readout for hsp6 | marker for
transcription UPR(mt)

SJ4005 zcls4 [hsp4::GFP; linl5(n765)] V readout for hsp4 | marker for ER
transcription stress

CL2070 dvls70 [hspl6.2p::GFP + reb(sul1006)] readout for hspl16.2| stress respons
transcription marker

TJ356 zIs356 [dafl6p:.dafl6a/b::GFP + reb] readout for dafl1l6 | nuclearocalization
transcription

CF1553 muls84 [(pAD76) soeBp::GFP + rol6] readout for sod3 | Regulated by DAF
transcription 16

3. Fluorescence guantification

For several experiments, the quantification of the fluorescence intensity of GFP expressing
worms is necessarywo different methodsre usedo achieve this goal: a manual method in
which the fluorescence of individual worms is measured after fluorescemcroscopy
(B.3.1) and an automated methdgl.8.2.) in which worms are deposited in a microtiter plate

for instant fluorescence quantification of all the worms.

3.1.Individual method on Zeiss microscope and ImageJ

A first method of quantifying fluorescence consisted of using the software ImageJ to measure
the fluorescence intensity in images of individual worms, taken with a Zeiss Axio Imager
microscope (Zeiss, OberkocheGermany). Advantages of this technique are limited
interference of eggs (sintkeycanbeexclude from the analysis) and the fact that not many
worms are needed to obtain a clear signal (compared to the automated method). Taking the
pictures and individually measuring the worms however, is time consuming.

3.1.1. Microscopy
Worms are grown up synchronouslyg @escribed i8.2.1.) on NGM or royalactircontaining
NGM. When fully grown, the worms are rinsed of the plates wiba&al buffer and collected
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in falcon tubes. They are washed wi#Basal or M9 buffer 3 timesafter which the
supernatans is removed.

Agarose (2%) is melted in the microwave, after which 20 pL drops of the agarose solution
are brought onto a glass microscope slide. Typically two drops per slide are applied. After
flattening the drops, 3 to 1QL of the worm solution and an equal amount 2fmM
levamisole or tetramisole (Signsedrich, , St. Louis, MO, USA) is pipetted onto the agarose
drops to paralyze the worms. The slide is then covered with a cover slip and brought to the
microscope.

After loading and positioning the sample, the ZEN Pro (ZEN Pro 2012 v.1.1.2.0, Zeiss)
software package is used to take pictures. Both brightfield and EGFP fluorescence channels
are recorded using a 5X or 10X magnification (multiplied by the -uit0X magnificdion

of the microscope), paying attention to the maximum intensity threshold (i.e. 25%bfor 8
images).

3.1.2. Fluorescence quantification with ImageJ

The images are analyzed with Imagedl.48F°. Worms are manually selected on the
brightfield channel with the polygon selection tool, because their exact shape and position are
easier to trace on brightfield images than on fluorescence images. These selections are saved
in the Rgion Of Interest (ROI) Manager and applied to the fluorescence channels (see figure
6).
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Figure6: Workflow of fluorescence quantification with ImageWorms are manually selected on the brightfield channel
with the polygon seldion tool. These selections are saved in the Region Of Interest (ROI) Manager and applied to the
fluorescence channel§ he area, integrated density and mean fluorescence are measured.

For each worm, the area, the integrated density (i.e. the total fteo and mean
fluorescence intensity (i.e. the integrated fluorescence divided by area) are measured. For
each picture, a dark region (near the worm of interest) is selected and the mean fluorescence
of this background signal is noted. The mean fluorese®f each worm is corrected for the
background signal. When analyzing the pictures that are taken with 10X magnification, a
single adult worm is often split over multiple pictures. In those cases, the mean fluorescence
of the total worm is calculated,kiag into account the differences in area. For all conditions,

the average mean fluorescence intensities of the worms (minus the background signal) are
calculated. Graphs representing the mean and standard error of mean (SEM) are constructed
using GraphPadrism 6 and an unpaired parametric (aparametricwhen the data is not
normally distributed) ailed t test assuming unequal standard deviations (or ANOVA and
appropriate poshoc test) is carried out to determine if there is a significant difference
between the conditions.

3.2. Automatic method with microtiter plate

A second method of quantifying fluorescence consists of measuring the fluorescence of a
large amount of worms in an automated microplate reader (Tecan Infinite® M200, Tecan,
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Mannedorf.Switzerland, Firmware version V_2.02_11/06_InfiniTBy measuring a large
amount of worms at once, this method provides a better representation of the entire
population. The automated fluorescence quantification is also less time consuming than
quantifying the fluorescence of individual worms through miaspgc Disadvantageof this
method are the possibiaterference from fluorescence of the eggs, the need for a large
amount of worms to obtain a high sigiainoise ratio and the necessity to correct for
(potential) differences in the amount of worms betmwdifferent conditions.

3.2.1. Microplate measurement

When measuring the fluorescence of day 1 (or later) adults, fluorodeoxyuridine (FUdR) is
added for a final concentration of 100 to 130 uM in NGM to stop the worms from laying
viable eggs by inhibiting DNA sythesis, and as such minimize interferéhc#hen fully

grown, the worms are rinsed of the plates and washed (as described in 2.2.1) three times, after
which the supernatans is removed until a volume corresponding to 8 times the wlthre

visible worm pellet remains. The worms are then transferred from the falcon tubes-to a 96
well microplate (Greiner 96 Flat bottom Black Polystyrol, GreinerBiee International AG,
Kremsmunster, Austria) using a glass pipet so worms do nottstitke tip. Each well is

filled with an equal volume of worssolution. Depending on total volume, as many wells as
possibleare filledper condition (typically between 6 and 12). Typically, around 7,500 worms
are used per condition. The final 0.5 mf.worm suspension in a falcon is not used as it
containsfewer worms. At least 12 other wells are filled withkb&sal to correct for the auto
fluorescence of the buffer. In order to correct the fluorescence for the total amount of protein
present(seeB.3.2.2), at least 2 LoBind tubes are filled with an equal amount of the worm
solution. The plate is inserted into the microplate reader and the measurement is started. To
determine the optimal excitation welength, which can slightly differ for different GFP
variant, an excitation scan is performed for each different worm strainthEquerformed
experiments, excitation wavelengths of 360, 395 and 470 nm are used. The emission is always
measured at 509 nnThe results & saved by the Tecarcontrol software (v.1.3.3.0) and
processed in Microsoft Office ExceR01Q The average background signal (i.e.
autofluorescence of the -l&asal buffer and the plate itself) is subtracted from all
measurements. The flu@@ence intensity values for all conditions are averaged and corrected
for the total amount of protein present. Statistics are carried out in the same way as described
for the individual method abov&(3.1.).
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3.2.2. Prokin concentration determination

To correct the measured fluorescence intensity in the microtiter plates totahemount of

worms present, the protein concentration in each sawgwedeterminedvith a Qubit assay
(Qubit® 2.0 Fluorometer, Invitrogen,aRley, Scotland) or a bicinchoninic acid (BCA)
assa$’. Samples containing fluorescent worms are dried in the Speedvac (Savant SVC100H,
Savant Instruments Inc, Farmingdale, USA). The dried woettet is then resuspended in

180 puL 1M NaOH and placed in a water bath at 70°C for 25 minutes. After 10 minutes and at
the end of the incubation, the samples are vortexed. 1.0 mL of MQ is added to the samples
after which they are centrifuged for 10 mirnutat 14000 rpm (Eppendorf Microcentrifuge
5414D, Eppendorf AG, Hamburg, Germany) to precipitate cellular debris. The supernatans is
then used to measure protein concentrations with a Qubifass®BCA assay.

In both assays, the fluorescence or absorbance in the samples is compared to those of the
protdan standards. The protein concentration in each sample is calculated and used to correct
the fluorescence intensities measured with the microplate reader, as described above.

4. Purification of royalactin from royal jelly

The purification of royalactin frm royal jelly was done largely as describedDetienne et
al. 2010%°.

4.1.Ultracentrifugation of royal jelly

Royal jelly is purchased from a | ocal beekee
centrifuged in an Optima L80K ultracentifuge (Beckman Coulter, Nyon, Switzerland) with

a precooled SW40 Ti 40,000 rpm swinging bucket rotor. Special attention is giving to
balancing the ultracentrifuge. The royal jelly is centrifuged for 5 hours at 37,200 rpm at 6°C,
after which three fraatns became visible: a clear supernatans, a viscous riégeleand a

solid pellet. The supernatans removed from the tubso that the middle layer, which
contains the royalactin, can be taken out with a spatula, paying special attention that the
bottompellet is not takemut as well. This viscous middle layer is resuspended in 2 volumes
MQ and left to stir for 1 hour at 20°C. The mixture is then transferred to falcons and
centrifuged for 30 minutes at 28,880 g at 4°C (Sorval RC 6+ centrifuge,-FD8RCY

rotor, Thermo Scientific, Waltham, USA), after which two fractidrecomevisible: an
opalescent micremulsion as the top fraction and a white sediment of protein aggregates as
the bottom fraction. The top fraction is collected in ultracentrifuge tabdsentrifuged for 6
hours at 37,200 r p+80Kaltracetliu@e, (SWp40 iTinratdf). TheE
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supernatans is then removed and the yellow sediment, enriched in royalactin, is dried in a
centrifugal evaporator (Speedvac, Savant SVC100H, Savatrurirents Inc, Markham,
Ontario Canada). The resulting substance is further purified through HPLC.

4.2.Purification of royalactin through HPLC

High-performance liquid chromatography (HPLC) is a technique used to separate, identify
and quantify the componentd a mixture based on their interaction with a solid absorbent
material. Under high pressure and accompanied by a solvent, the sample mixture is injected in
a column where it interacts with the absorbent material. The different components of the
mixture stow different affinity for the absorbent material, causing each component to pass
through the column at a specific time corresponding to a specific sa@osngosition.

A hydrophilic solvent (0.1% trifluoroacetic acid (TFA)) is used in combination with a
hydrophobic column (Deltpak, C18 column, 2x (40 x 100 mm)) to separate the components
of the mixture obtained through ultracentrifugation. By incrementally increasing the
hydrophobicity of the solvent, through the gradual increase of acetonitrile (A@NaSi
Aldrich) concentration (from 2% to 80% over a time span of 45 minutes), the retention time
of each component is modulated; each component of the mixture will leave the column at a
specific hydrophobicity of the solvent. The flalwough of the HPLC isnonitored for the
presence of proteins through absorbance measurement at 240 and 280 nm and collected in
falcons. The first falcons are discarded as they only contain solvent and polar substances such
as sugars that do not bind to the column. From prewagperiments, it is known which peak

in the 240 nm spectrurorresponds to royalactth The flowthrough corresponding to this

peak is collected in separate falcons. The royaladitaining HPLC fractions are @d in a
centrifugal evaporatoand resuspended in 2.0 mL of MQ. A small volume of these fractions
(corresponding to ca. 50 ug) is used to control the purity and presence of royalactin.

In order to successfully carry outet trypsinization process (s&4.4), it is necessary to

know the total protein concentrations present in the HPLC fractions. We determined the total
protein concentration in each HPLC fraction with a Qubit &day using 10 L (or less,

when the concentrations exceeded the range of the assay) of the HPLC fraction.

4.3.SDSPAGE of HPLC fractions

In order to assess the effectiveness of the purification process so far, a small volume of each
HPLC fraction (2.5 5 uL), is prepared fopolyacrylamide gel electrophoresis with sodium
dodecyl sulfate (SD®AGE). Sample preparation consists of mixingialae volumes of
sample (corresponding to 10 pg) with 3.75 pL of XT sample buffer and 0.75 pL of XT
reducing agent and then adding Mfa total volume of 15 pL. The samples are loaded onto a
412 % Cr it er iTisiPlecast Gel (BidRad Laboratoriesercules, CAUSA). The
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gel is run with XT MOPS buffer under following conditions: 70 V for the first 10 minutes,
followed by 140 V for ca. 50 minutes (until the blue loading dye of the sample buffer reaches

the bottom of the gel).

After electrophoresis,he gel is washed thrice with MQ on a shaking plate, and then
submerged i n Si mplyBluekE SafeStain sol us
CarlsbadCA, USA) for ca. 1 hour (or until blue bands appear), after which the gel is
destained with MQ and pictures of thel are taken.

4.4.Preparation for mass spectrometry: geffree tryptic digest

Trypsin is a serine protease that hydrolyses proteins by cleaving them at the carboxyl side of
arginine and lysine residues (except when followed by a proline residue). lemsusied to

digest proteins into peptides for mass spectrometry analysis via peptide mass fingerprinting
(PMF)™.

A volume corresponding to 50 pg of protein is lyophilized in a centrifugal evaporator. The
protein pellet is resuspended in 50 pL 30% ACN with 6.6 mM ditiothreitol (DTT, Sigma
Aldrich). DTT reduces disulfide bonds, which can hinder the digestion by trypsin. The
samples are vortexed intensely and incubated at room temperature for 10 minutes, after which
they are lyophilized again and resuspended in 50 pL 30% ACN with 55 mM iodoacetic acid
(IAA, SigmaAldrich). The IAA alkylates cysteine residues to prevent tHermeation of
disulfide bonds. The samples are vortexed intensely and incubated for 10 minutes in the dark,
after which they are lyophilized again. A working solution is made by adding a 10 puL aliquot
of trypsin in trypsin resuspension buffer (50 mM acaticl containing 1 pg of trypsin) to 140

pL of digestion buffer consisting of 50 mM NHCO; and 50mM CaGl To each sample,

37.5 pL of working solution is added. Samples are vortexed and incubated at 37°C overnight
while shaking. Afterwards, the samples bmephilized again in a centrifugal evaporator and

are desalted and purified with ZipTips.

4.5.Preparation for MS: ZipTip desalting
ZipTips (Millipore® Ziptips C18, SigmaAldrich, St. Louis, MO, USA) are 10 uL pipette tips
with a builtin C18 purification olumn. They are often used for purifying and desalting
tryptic peptide®.
To each dried peptide sample, 30 uL of a 2% ACN 0.1% TFA soligiadded, after which
the sample is vortexed, sonicated (Branson B5510 Ultrasonic Cleaner, Branson Ultrasonics,
Danbury, CT, USA) for 1 minute and centrifuged briefly (VWR Galaxy MiniStar
Microcentrifuge C1413/WR230, VWR International, Radnor, PA, USA)h& ZipTip is
activated by thrice passing 10 pL of an activation solution consisting of 70% ACN 0.1% TFA
through the column. The ZipTip is rinsed by thrice passing 10 pL of a rinsing solution (0.1%
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TFA). Special care is given to never pass air throughdaharm. The sample is then brought

onto the column by passing it 7 times up and down the column in volumes of 10 pL. When all
the sample is brought onto the column in this fashion, the column is rinsed thrice again by
passing 10 pL of the rinsing solutiohrbugh it. The peptides are eluted from the column by
passig 5 pL of an elution solution/f0% ACN, 0.1% formic acid) and collecting the eluate in

a new LoBind eppendorf tube. The eluate is pipetted up and down at least 5 times to make
sure all the peptideare eluted off the column. The purified peptides are then spotted on a
MALDI (Matrix -assisted laser desorption/ionization) plate, for subsequent mass analysis.

4.6.Preparation for MS: spotting on MALDI plate

A matrix solution is prepared by adding a spattip of U-Cyane4-hydroxydnnamic acid
(SigmaAldrich) to a60% ACN 0.5% TFAsolutionin MQ. The saturated solution is mixed,
sonicated for 5 minutes and centrifuged for 10 minutes at 1,000 rpm in atbepnantrifuge
(Eppendorf Microcentrifuge 5415D pRendorf AG, Hamburg, Germany). Then, 1 pL of the
supernatans is spotted on a MALDI plate together with 1 pL of each purified peptide sample.
0.5 uL of a peptide standard (peptide calibration standard Il, Bruker Daltonics, Billerica, MA,
USA) is also spo#td with 0.5 pL of the saturated matrix solution on the MALDI plate. The
MALDI plate is left to dry for a few minutes, after which it is ready to be inserted into the
MALDI -Time of Flight (MALDI-TOF) mass spectrometer.

4.7.Mass spectroscopy: identification oftryptic royalactin peptides with MALDI -
TOF

MALDI -TOF is a technique used for the analysis of biomolecules such as peptides through
ionization with a pulsed laser. The ions are accelerated in a vacuum tube inside the mass
spectrometer and the time theydeet o reach the detector i s r1ec
dependat on the mass ancharge of the ionized peptides. After detection, the peptigiede
identified by searching a database of peptidesses and their corresponding parent proteins.

For the identification of royalactin, an Ultraflex Il MALBIOF mass spectrometer (Bruker
Daltronics, Billerica, MA, USA) is used at the KU Leuven SyBioMa facilities on the
Gasthuisberg Campus. The resulting mass spectra are visualized with FlexAndysis 3.
(Bruker Daltronics, Billerica, MA, USA) and searched for matching proteins. This is done by
using an irhouse Mascot Server (Matrix Science, Boston, MA, USA) configured to search
for known A. mellifera proteins in the SwissProt database that match tiss s@ectra of the
ionized peptides. The fixed carbamylation modification (due to treatment with IAA) and
variable oxidation modificationsare selected in the search settings. The presence of
royalactin, and the absence of any detectable contaminantg® an#yzed samples is thus
confirmed.
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5. 2D-DIGE and proteomics

2-dimensional difference gel electrophoresis {RIGE) is a major proteomics tool that can

be used to separate proteins in two dimensions, usually beirgleigoic point (1st
dimension) and mecular weight (2nd dimension). Due to differential labeling, multiple
samples can be run simultaneously so that the differences between the samples can be readily
analyzed. Prior to the start of this thesis, multiple of these analytic gels labelledyiye<C
(CyDyes, GE Healthcare, Little Chalfont, Buckinghamshire, UK) were already prepared and
analyzed. In order to cut out and identify the proteins inside the gels, preparative gels need to
be prepared. Tlse 2DPAGE gels contain a largemount of protei and are dyed using deep
purple staining instead of CyDyes.

For the preparative gels, whoe eleganscultures were already lysed and proteins were
extracted. 12 samples were pooled to obtain sufficient protein to run two preparative gels. The
protein @ncentration of this pooled sample was determined.

5.1.1st dimension separation by isoelectrofocusing (1st dimension)

Proteins are separated in the first dimension by theielsctric point, i.e. the specific pH at
which that protein carries no net char§er this, nodinear Immobiline pHgradient (IPG)

strips are used (24 cm, pH1®, GE Healthcare). They are kept-a0 °C and need to be
rehydrated before use. For each sample, 0.5 mL of Destreak rehydration solution (GE
Healthcare) is mixed with 2.5 pLf PG buffer (GE Healthcare). The mixtures are vortexed
and spun down briefly. The protein samples are now loaded passively, a method that is
recommended for preparative gels that contain large amounts of protein. For the first gel, 400
Hg of protein is mied with 400 pL of DeStreak mixture for a final volume of 580 uL. For the
second gel, 700ug of protein is mixed with 300 puL of DeStreak mixture for a final volume of
626 pL. The volume of DeStreak mixture is lower in the second gel to prevent the redrydrati
volume from becoming too high, which can result in a gel that is too thick. The mixtures are
left at room temperature for 1 hour and stored in a 4°C cooler for 19 hours until the start of
the first dimension separation.

The loaded Destreak mixture isppited into each lane of an Immobiline Reswelling Tray
(GE Healthcare) and spread out evenly. Each IPG strip is placed in a lane of the tray. The tray
is filled with Drystrip Cover Fluid (GE Healthcare) until all the lanes are covered with fluid.
This preents evaporation of the Destreak solution. The strips are allowed to rehydrate
overnight.

After rehydration, each strip is removed from the tray and placed in the manifold of the Ettan
IPGPhor3 Isoelectric Focusing System (GE Healthcare). The electrodes are placed on top of
the wicks and fastened. Running of the samples takes place with the lights turned off and the
blinds closed. The 1st dimension separation is run according to the mareufacbus
instructions at 20°C, using 50 pA per strip.
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The strips are run for a total Vdiours (Vht) of 70,000, corresponding to 23 hours 45
minutes. Afterwardsstrips are equilibrated (see below).

5.2.1PG strip equilibration

The IPG strips are saturated w8bDS equilibration buffer. SDS denatures the proteins, which
is necessary for thé"2dimension separation. TrisHCI maintains the appropriate pH range for
electrophoresis. Urea and glycerol improve the protein transfer from the IPG strip f§ the 2
dimensian.

SDS equilibration buffer
75 mg glycerol

8.375 mL TrisHCI pH 8.8
90 g ureum

59 SDS

To 20 mL of SDS equilibration buffer, 200 mg of dithiothreitol (DTT) is added. DTT reduces
the cysteine bonds in denatured proteins. For each strip, one lane of gtepDBswelling

tray is filled with 650 pL of the DTIenriched equilibration buffer. The strips are placed in
the tray with the gel side down and left to equilibrate at room temperature for 15 minutes.
Meanwhile, 900 mg IAA is added to 20 mL of SDS edpdtion buffer. IAA covalently
modifies the reduced sulfur groups so they do not oxidize again. A spatula tip of bromophenol
blue is added to the IAA equilibration buffer to follow to progress of the electrophoresis.
Next, one lane of a reswelling tray fifed with 650 pL of the IAAenriched equilibration
buffer. The IPG strips are moved from the DTT buffer to the IAA buffer, placed with the gel
side down, and again left to equilibrate at room temperature for 15 minutes.

5.3.2nd dimension separation by SDSAGE

Proteins are separated in their second dimension by their molecular weight usiRASES
The 12.5% SD$olyacrylamide (SDSA) gels are prepared-house.After preparation of
the SDSPA gels,theequilibratedPG strips are laded onto thegels.

5.3.1. Preparation of SD®A gels for 2Belectrophoresis

A Bind-Silane solution is prepared for making the gel adhere to the glass plates, which will
carry a marker necessary for the spotpicker robot to cut out the protein spots. 15 mL- of Bind
Silane solution consts of 12 mL ethanol, 300 pL acetic acid, 15 uL Bfdidane (Sigma
Aldrich) and 2.7 mL MQ. 2 mL of this solution is spread out evenly with a Kimwipe tissue
onto each glass plate. Aftdrying the plates foa few minutes, two selidhesive reference
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markes are placed on the glass plate so that they are centered in the width of the plate. These
markers provide a reference for the spotpicking robot that cuts out selected spots from the gel
after separation. Each glass plate is assembled in a gel caseiby pavith another glass

plate with spacers. The gel cases can now be brought into the Ettan DALTSsix Gel Caster (GE
Heal t hcare). The Gel Caster is filled accord

The following solutions are prepared beneath the foooesl:

Main solution

-125 mL 30%,, acrylamide/bisacrylamide (Biorad)

-75 mL Tris Base (1.5 M, pH adjusted with HCI to 8,8) (Trizma Base, Sigma)
-93.5 mL MQ

-3 mL 10%,, SDS

Initiator solution
-10 mL 10%,, ammonium persulfate (APS, PanReac, AppliChBarmstadt, Germany)

Catalyzer
-1 mL of 10%,, tetramethylethylenediamine (TEMED, Sigm&rich)

6 mL of the initiator solution and 830 pL of the catalgstadded to the main solution right
before casting the gels. The solution is poured into the grabtiee back of the Gel Caster

until the solution reaches the mark on the side of the caster. A (y1S®S solution is
sprayed in the top opening of the Gel Caster, after which the caster is covered with plastic foil
to prevent dehydration of the gelsheél gels are left to polymerize at room temperature for a
minimum of 5 hours (in our case: 16 hours and 25 minutes, until the start 8f timénsion
separation).

5.3.2. SDSPAGE
A 10x SDS runmg bufferis prepared, along with a 3x and 1x dilution.

10x SDSunning buffer

151,25 g Tris

720 g glycine

50 g SDS

MQ water is added for a final volume of 5L

31



Prior to fixing the IPG strips on the polyacrylamide gel, an SDS agar solution is prepared by
adding 375 mg agarose to 75 mL 1x SDS running buffer while guiaimd heating the
solution. When the solution becomes transparent, the heat is lowered to 50°C.
The gel cases are taken out of the Gel Caster and the outside of the glass is cleaned with 70%
ethanol.
The IPG strips are taken out of the reswelling trag ansed twice with 1 mlof 1x SDS
running buffer. The 0.1%, SDS is decanted from the top of the Gel Caster and the IPG strips
are placed on top of the gels. 1 mL of the agarose solution is pipetted on top of the strip to
prevent air gaps and improve pm migration from the strips to the gel. The Ettan DALTSix
Electrophoresis System (GE Healthcare) is filled with 1x SDS running buffer and the gel
cases are inserted according to the manufac
with 3x SDS runing buffer. The electrophoresis is carried out at a temperature of 20°C and
follows following steps:

- max. 8 mA/gel, 600 V, 10 W for 1 hour

- max. 12 mA/gel, 600 V, 10 W overnight
The electrophoresis is stopped when the bromopHanel marker reachdable bottom of the
unit. The electrophesis unit is then cooled to XD until the gels are removed for staining
and scanning.

5.4.Deep Purple Staining

Staining of the preparative gels, from which protein spots will be cuising an automated

spot pickeris carried out with the Deep Purple total protein stain (GE Healthcare). Deep
Purple is a fluorescent stain that binds proteins in a very sensitive (femtomol range) way and
exhibits linearity over 4 orders of magnit{tie

The glass plate with spacers is removed from the gel case. Because of tHgildiad
treatment the gel will stick to the other glass plate. The gels are fixed iy 20%w 7.5%n

acetic acid (at 4°C over the weekend). Afterward, the gel is washed with a washing solution
(2.94 g NaHCQ, 31.8 g NaCOsin 1 L MQ water) for 30 minutewhile gently shaking. Deep
Purple stock solution (200x) is diluted 200 times and used to stain the gels for 1 hour while
gently shaking. The gel is washed twice in 7.5 %cetic acid for 15 minutes. The gel is now
ready to be scanned.

5.5.Scanning the ged
Preparative gels stained with De®prple are scanned with an Ettan DIGE Imager (GE
Healthcare).
The gel is placed in the casing of the scanner with the gel side up. The casing is placed in the
scanner and the Ettan DIGE software (GE Healthcare) i®dtap. A test run is performed
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with the default settings for Dedurple staining. ImageQuanT (GE Healthcare) is used to
note down the maximum intensity observed in the test run. The exposure time for the real
scan is calculated by dividing the preferratensity (i. e. 50,000) by the maximum intensity
observed in the test run. The outcome is multiplied by the default exposure time and the real
scan is started.

Preparative Deep Purple stained gels are stored in 7.5% acetic acid at 4°C until spot picking
can begin.

5.6.Marking differential protein spots with DeCyder

The scanned gels are analyzed with DeCyder 2D 7.0 (GE Healthcare), a software package that
can visualize and quantify the spots on alRIGE gel. The program matches the spots on the
preparative gls to the ones on the analytical gels. The differential intensity data can be
pooled across all gels for a more robust analyidiss happens in a serautomatedashion,

but the matched spots must be checked manually and corrected. The list \&itd ¥
coordinates of differential spots is saved and exported to the spot picker.

5.7.Using the spot picker to cut out the selected spots

An Ettan Spot Picker (GE Healthcare) is used to cut out the differential spots that were
selected with DeCyder. The list ofiffdrential spots is imported into the software
accompanying the spot picker and the Deep Purple stained gel is placed into the spot picker
tray. Each gel plug is automatically cut out and deposited into a microplate well.

5.8.In-gel trypsin digestion
The spts that are excised from the gel using the spot picker are digested with trypsin, in a
similar fashion as described earl{seeB.4.4). These tryptic peptides can then be identified
using mass peptide fingerpring (seeB.5.9).
Each gel plug is washed thrice by adding 150 pL of a rehydration solution (100 mM
NH4HCOg), incubating for 10 minutes while shaking, removing the rehydration solution and
adding 150 pL ACN, agin incubating for 10 minutes while shaking, and removing the ACN.
This washing process is repeated twice, after which the samples are dried completely in the
centrifugal evaporatoAfterwards, they are stored-20°C.
A trypsin working solution is preped by dissolving 10 pg of trypsin in 100 pL trypsin
resuspension buffer and addingd0 pL trypsin digestion buffer. Of this working solution,
25 L is added to each well containing a gel plug, together with an additional 30 pL of the
digestion buffer. Tie gel plugs are incubated at 4°C for 2 hours and 30 minutes to allow for
the trypsin digestion to take place, after which more trypsin working solution is added if the
gel plugs are not fully submerged. The gel plugs are incubated overnight at 37°C while
shaking.
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The supernatans of each digestion well is transferred to a clean LoBind collection tube and
150 pL of a first extraction solution (50 mM NHCG;)is added to the digestion wells. The

wells are incubated for 30 minutes at room temperature whilkenghaafter which they are

spun down and the supernatans is pipetted into the corresponding collection tubes. 150 pL of
a second extraction solution (50% ACN, 5% formic acid) is added to the digestion tubes.
They are again incubated for 30 minutes withtlgeshaking at room temperature, after which

they are spun down and the supernatans is pipetted into the corresponding collection tubes.
The collection tubes are dried in the SpeedVac and are purified via ZipTip, as described in
B.4.5.

5.9.ldentification of digested protein spots with masspectrometry

A Q ExactiveE Fo c uQrbitrbpyMassiSgectrQmeted(Thermo $cientific)

is used at the KU Leuven SyBioMa facilities on the Gasthuisberg Catopigentify the
digested proteinsThis mass spectrometer uses an ion trap mass analyzer to trap ions in an
orbital motion and convert this movement into a mass spectrum by Fourier transform. The
peptides are then fragmented into smaller fragments to improve théieaéon, a technique

known as tandem mass spectrometry or MS/MS.

The resulting mass spectra are searched for matching proteinss daise by performing an
MS/MS ions search on an-house Mascot Server (Matrix Science, Boston, MA, USA) that
searchesor known proteins in the SwissProt and NCBI databases that match the mass spectra
of the ionized peptides. Following search paramete¥ased:

Database: Swissprot or NCBI
Taxonomy:Caenorhabditis elegans

Enzyme: Trypsin

Fixed modificationsCarbaminomethyl (C)
Variable modifications: Oxidation (M)
Peptide mass tolerance: + 0.1 Da

MS/MS fragment mass tolerance: + 0.02 Da
Peptide charge: Mr

Mass values: Monoisotopic

Instrument: ESFTICR

The peptide mass tolerance was decreased to up to PA.6h several occasions to provide
for a better identification.

6. Stress assays
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6.1. Thermotolerance assay

To determine whether feeding worms with royalactin altered their response to heat treatment,
synchronous populations of control and royalatith wormsare subjectedo long lasting

heat stress. Synchronous populations are obtained by bleachiri®4gee Adult worms are
stressed in an incubator at 35°C and briefly taken out every hour or every two hours to count
the surviving worms. The survival rate of the worms is assayed by observing them under a
binocular microscope. If they did not move by themselves or after being gently prodded with
a platinum wire, the worms are regarded as dead and discarded in &.flafter each
measurement, the number of dead and surviving worms is written down. The surviving worms
are put lack into the oven as soon as possible, and assayed again the next hour. Only one or
two plates are taken out of the oven at a time to make sure the worms are in a 35°C
environment most of the time. Every hour, the plates are assayed in the same order.

Sunvval curves for both conditions (without and with royalactin) are constructed using the
built-in survival curve function of GaphPad Prisfi}, Gvhich uses a logrank test to determine

the significance of difference between survival curves.

6.2.Reductivestress assay

To determine whether feeding worms with royalactin altered their response to reductive
stress, we treated synchronous populations of royalteddirand control worms witlDTT,

similar td°. Treatment of DTT results in ER stress as well, by accumulation of unfolded
proteins in the ER. Synchronous populations are grown up by timelde¢seeB.2.5.). The
worms are given FudR for a final concentration of 135 uM in the young adult stage (65 hours
after the timed egtpy) to stop them from laying viable egd®efore the start of the assay,
adult worms are rinsed off thegbés with M9 buffer and washed twice to remove bacteria (by
centrifuging at 1100 rpm for 3 minutes discarding the supernatans and adding new M9
buffer). Afterward, 133pL of the washed worm solutiosisransferred to LoBind eppendorf
tubes that are filledith 1 mL of 5.5 mM DTT in M9 buffer for a final concentration of 5 mM
DTT. These tubes are incubated for at least 24 hours at 20°C in a rotator.

After incubation in DTT,the tubes are spun down on a tabletop centrifuge (Eppendorf
Microcentrifuge 5415DEppendorf AG, Hamburg, Germany) at 500 rpm for 30 seconds. The
supernatans is discarded until a volume of about 150 uL, containing the stressed worms, is
left over, which is mixed gently argpread out oveseveral NGM plates. The survival of the
worms isimmediately assayed by microscopically observing the worms in the same way as
described earlier (sé26.1.). Dead and surviving worms are counted for both conditions. The
assay was performed on day 1 and day Befadult stage, taken from the same synchronous
population. A 2-way ANOVA is carried ouin Graphpad Prism 6.
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6.3.Oxidative stress assay

To determine whether feeding worms with royalactin altered their response to oxidative
stress, synchronous populatiorfsroyalactinfed and control wormsre treatedvith 5mM

H,0,. Synchronous populatiorere grown up by timed egtpy (seeB.2.5.). Adult worms

(~90 hours after timed eggy) were rinsed off the plates with M9 buffer andstvad twice

by centrifuging at 1100 rpm for 3 minutes, discarding the supernatans and adding new M9
buffer to remove bacteria. Afterward, 133uL of the washed worm soluisanansferred to
LoBind eppendorf tubes that are filled with ImL of 5.5 mMOBRin M9 buffer for a final
concentration of 5 mM bD,. These tubes are incubated for 1 hour at 20°C in a rotator.

After incubation in HO,, the tubes are spun down on a tabletop centrifuge (Eppendorf
Microcentrifuge5415D) at 1,000 rpm for 30 seconds. The supernatans is discarded until a
volume of 750 pL, containing the stressed worms, is left over. This volume containing the
worms is mixed gently and spread out over several segmented NGM plates. The survival rate
of the worms is immediately assayed by microscopically observing the worms in the same
way as described earlier (sBeb.1.). Dead and surviving worms are counted every hour for

all conditions A 2-way ANOVA is carred out in Graphpad Prism 6.

7. Cleaving royalactin with hydroxylamine

7.1.Hydroxylamine treatment

Hydroxylamine is a reactive inorganic compound that can be used to cleave proteins at
asparaginyglycyl bondg€°. Hydroxylamine treatment is performed on the purified royalactin
samples in order to generate multiple fragments, which can subsequently be used in bioassays
to determine the bioactive part of royalactin. Under mild incubation conditi
hydroxylamine cleaves royalactin once, into a relatively sheeriinal fragment (~12 kDa)

and a larger @erminal one (~45 kDa), as illustrated in figate
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NILRGEINKSPILHEWKFFDYDFGSDERRQDAILSGEYDYKNNY BSIBN\OOWRY

8 kDa peptide (65 AA) + sugar chaink2(kDa)
+

GVPSSLNVISKKVGDGQPYPDWSFAKYDDCSGIVSASKLAIDKCDRAMNNTIFMCSPKLLTFDL[TT
SQLLKQVEIPHAMNATTGKGRLSSLAVQSLDCNTNSDTMVYIADEKGEGLIVYHNSDDSFHRLTSNTFDYDPK
KMTIDGESYTAQDGISGMALSRMNMEPVASTSLYYVNTEQFRTSDHYRGVONILDTQSSAKVVEKS
GVLFFGLVGDSALGCWNEHRTLERHNIRTVAQSDETLQMIASMKIKEALPHVPIFDRYINREYILVLSNKMQK
NDFNFDDVNFRIMINVNELILNTRCENNERTPFKISIHL

- 45 kDa (incl. 2 sugar chains)
Figure 7: 2 main fragments of royalactin generagéd by the cleaving of hydroxyalamineThe main
cleavage site is indicated in blue. Other possible cleavage sites are indicated in grey.

The protocol for hydroxylamine treatment of royalactim@ptimized over several iterations

(not all covered in this thesis).

Purified royalactinrsamples are first dried in a centrifugal evaporatwt then dissolved in 1

mL hydroxylamine cleavage buffer. Cleavage buffer is made by dissolving .85
hydroxylamine hydrochloride in 12 mL of pmeooled 4.0 M guanidine hydrochloride with
0.1M Tris (SigmaAlrich) in an ice bath. 2 mL of 50% NaOH is added slowly while stirring

with a magnetic stir bar, followed by adding 5 mL 1 MQO;. The pH is adjusted to.® by

adding 50%,, NaOH and continuously measuring with a pH meter (Hamilton BioTrode lab
pH electrode, Sigmaldrich). The volume is then adjusted to 25 mL with 4.0 M guanidine
hydrochloride in 0.1 M Tris.

The sample is then incubatddifferent incubatbn periods and conditionsere triedin the
optimization of the protocol, namely 3h at 45°C, 3h at 37°C, 4h at 45°C, 4h at 37°C, 12h at
45°C, 12h at 37°C, 20h at 40°C and 20h at 45°C. A royalactin sample that is not treated with
hydroxylamine underwent treame incubation to assess the effect of the heat treatment.

After incubation, the reactions are stopped by addition of three volumes of 2% TFA. The
cleaving reaction of the hydroxylamine is then assayed by running the samples onto-an SDS
PAGE gel.

7.2.Confirmation of royalactin cleavage by SDSPAGE

To verify the hydroxylamine treatment, a gel electrophoresis experiment is perf@meédr

to B.4.3). Sample preparation consisted of mixing 10.5 pyL of sampliationwith 3.75 L of

XT sample buffer and 0.75 pL of XT reducing agent and then adding M@ thl a total

vol ume of 15 OL. The sampl es -TasrPecastGa @Bied ont
Rad Laboratories, Hercules, CBSA). The gel is run with XT MES buffem this case MES

buffer is used instead of MOPS buffer, because bands are expected to appear at 3 and 10 kDa
(i.e. cleaved royalactin fragments) and MES buffer allows for a betteragem of such
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small molecule¥. The gel is run under fating conditions: 70 V for the first 10 minutes,
followed by 140 V for 40 minutes or until the separation is clear.

After electrophoresis, the gel is stained with SimplyBlue, after which the gel is destained with
MQ and pictures of the gel are taken.

8. Metabolic measurements

These experiments were carried out in the laProfessoBart Braeckman (Department of
Biology, Ghent University, Proeftuinstraat 86 N1, 9000 Ghent, Belgium).

8.1.Growth conditions

Worms are grown up as described earlier @2&1.) in Leuven before being transported to
Ghent. There they are bleached (as describeB.2¥.) and the eggs are left to hatch
overnight in Sbasal buffer. The buffer is removed & volume of 500 pL and the total
number of L1 worms is estimated from counting their number in 5 pL drops. About 2,000
worms are transferred to each seeded NGM agar plate. When the worms are in the L4 stage
(about 48 hours after plating them out), 70 44 mM FUdR is added per plate (to a final
concentration of 135 uM). When worms are day 1 adults, they are rinsed of the plates with S
basal for use in respiration ratetbermalactivity monitoring (TAM) experiments in 50 mL
falcons. They are left to skdtto the bottom of the tube after which they are washed twice by
removing the medium and adding newb&al on top. The worms are then transferred to
smaller 15 mL tubes and centrifuged for 4 minutes at 4,000 rpm (Eppendorf Centrifuge
5804R). The superrets is removed up to 4.0 mL and 8.0 mL of g@?sucrose is added.

The solution is mixed, after which 1.5 mL ofb@sal is carefully pipetted on top. After 3
minutes of centrifugation at@00 rpm the worms are floating in the toplfasal fraction and
canbe carefully pipetted into a new 15 mL falcon filled with 10 mL dfe&al buffer. They

are then washed 4 times withb&8sal, after which the supernatans is removed up to 2.2 mL.
900 pL of this solution will be used for respiration measurements, 2 tie@sll will be

used for protein concentration determination through BCA and 2 times 200 uL of this solution
will be used fothermalactivity monitoring.

8.2.Respiration rate measurement
The respiratiomateof worms is measured with a StrathKel@29 6Channel Oxygen System
(Strathkelvin Instruments, North Lanarkshire, Scotland) and accompanying software. The
instrument is first calibrated with oxygeaturated water. Atmospheric air is run through cold
water for 5 minutes. Then, 1 mL of saturategter is transferred to each cell. The sensors are
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placed in the respiration cells and any air bubbles are removed by rotating the sensor. The
oxygen system is calibrated for fAhigho using
To perform the actual respirati measurement, 900 pL of worm solution is first mixed with

4,100 pL of axenic mediuth 1.0 mL of worm suspension is pipetted into gimsion cell,

the suspension is mixed by rotating the magnetic rod and the sensors are placed in the
respiration cells. The measurement is started and allowed to register the use of oxygen for 20
minutes. All measurements are performed in technicaldatds. The slopes of oxyg&vels

in all different samples are calculated using the Strathkelvin 928 Oxygen System software.
These slopes are subjected to wmpaired parametric-iled ttests assuming unequal

standard deviations GraphPad Prism.6

8.3. Thermal Activity Monitoring

Thermal activity of worms is measured with a 2277 Thermal Activity Monitor (TA
instruments, New Castle, DE, USA) and accompanying software. Glass bottles are prepared
for a TAM-measurement by adding a Watmann paper (ca. 1 adwed by 200 uL of

worm suspension. The cap is placed on the bottle and tightened with a clam. The bottle is
placed in a free slot of the Thermal Activity Monitor and measurement is started using the
accompanying software. The thermal activity of the m®is measured over the span of 6
hours. A time frame of 1 hour thitrelatively stable for all measurements is selected and the
average heat production within that time frame is calculated. The averages are subjected to an
unpaired parametric-tailed ttests assuming unequal standard deviatiorGraphPad Prism

6.
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CResul t s

1. Fluorescenceguantification

1.1GST-4

The relative expression of GST'is measured by observing the fluorescence intensity of a
gst4p::GFP transcriptional fusion construct integrated in the genome of the worms (see
B.2.7). The observed GFfuorescence is a measure for therzivo expression of GSH'.

The fluorescence intensity is observed for worms reared on4§latds containing royalactin

(1.6 pg/mL NGM) and control worms reared on normal NGM, using two independent
methods. Firstly by selecting individual worms on fluorescence microscope images and
measuring the intensity, secondly by automatically measuring the fluorescence intensity in a
microplate reader. For detailed descriptions of both method8.3deandB.3.2..

As shown in figure8A, The fluorescence intensity gst4p::GFP worms is significantly
higher (+13.2%; prwest < 0.0001)in royalactinfed worms whercompared to untreated control
worms. This experiment was performed 114 hours after plating outrtdelameaning that

the worms were day 2 adults.

Figure 8Bshows a similar result obtained using the microplate method. Fluorescence intensity
of gst4p::GFP is again significantly higher (+45.0%ptst = 0.0062) in royalacthiied
worms. In this experient, two positive controls (20 min incubation in 1 mGzor 10 mM

H,O,) are also included. The weaker positive control (1 mbMOH did not results in a
significantly st = 0.4687) increased fluorescence intensity, when compared to untreated
control worms. The stronger positive control (10 mMOR) did result in a significantly
(+50.2%;prtest = 0.0031) increased fluorescence intensitgst4p::GFP when compared to
cortrol worms. This experiment was performed 66 hours after plating out L1 larvae, meaning
that the worms were day 0 adults.
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gst-4p:.GFP fluorescence intensity
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Figure8: gst-4p::GFP fluorescence intensity is higher in royalaetid wormswhen compared to control worms, as shown
in (A individual quantification of fluorescence (at day 2 of adulthood)n(g = 182, Ryaiacyin= 153) andB.) automated
quantification of fluorescence (at day 0 of adulthood)offiHzo2= 8, NmmH202= 8, Rontrol = 5, Moyalactyin= 5). The 3axis of
eacd graph was adjusted for clearer representation. Error bars = SEM.

1.2HSP-16.2

The relative expression of HSIB.2 is measured by observing the fluorescence intensity of a
hsp-16.2p:GFP transcriptional fusion construct integrated in the genome of the we®es (
B.2.7). The observed GFfuorescence is a measure for timevivo expression of HSP
16.2°

The fluorescencentensity is observed as described above for @STTwo separate
microplate experiments were carried out. As shown in fi@érethe fluorescence intensity of
hsp16.2p:GFPis not significantly different between royalactin and control worpags(=
0.6108). This experiment was performed 45 hours after plating out L1 larvae, meaning that
the worms were in the L4/young adult stage. This experiment was repeated with a different
result. As shown in figuré®B, fluorescence intensity @st4p::GFP worms isslightly but
significantly ¢3.7%; prtest < 0.0001) lower in royalactified worms, compared to control
worms.
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hsp-16.2p::GFP fluorescence intensity
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Figure9: hsp-16.2p:GFP fluorescence intensitig not significantly different in royalactirffed worms when comparedo
control worms in day O adults in the absence of a Fefaick. A.) (Nontol = 112, Ryyatactyin= 67) and B.) (Neonwol = 143,
Nioyalactyin= 228). The4axis of each graph was adjusted for clearer representation. Error bars = SEM.

When both conditns are heathocked at 35°C for 2 hours, there is a larger but less
significant difference between royalactin and control worr2gl.2%; prest = 0.045), as
shown in figurelO, with royalactinfed wormsshowing a lower fluorescence intensi#s
expectd due to heat stresbsp16.2p:GFP fluorescence intensitys significantly higher
(+789.6%; prtest < 0.0001) in the heathocked control when compared to the untreated
control. This experiment was performed 69 hours after plating out L1 larvae, méaaing
the worms were day 0 adults.

hsp-16.2p::GFP fluorescence intensity
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Figure10: At 20°Chsp-16.2p:GFP fluorescence intensity
is not significantly different in royalactfied worms when
compared to control worms, buihen subjecting both
conditions to a 35°C heat shock, there issanall but
significant difference between royalactified and
control worms in day 0 adultS(Ncontrol = 9, Royalactyin= 9,
NrcontrolHs= 9, Noyalactinns= 9) Error bars = SEM.
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1.3HSP-4

The expression of HSR, an indicator of ER stre¥s is measured in the same way as
described above.

As shown in figurel1A, hsp4:GFP fluorescence intensity significantly lower {14.8%;p:.

est= 0.0034) in royalactified worms when compared to contrabmms. This experiment was
performed 67 hours after plating out L1 larvae, meaning that the worms were day O adults.
Figure 4B shows a similar result obtained using the microplate metmsuit:GFP
fluorescence intensitis again significantly lower-29.1% prw.st = 0.0134) in royalacthufed
worms. As a positive control, both royalaeted worms and control worms are incubated in 5
mM DTT for 2 hours. As expectetisp4:GFP fluorescence intensity significantly higher
(+140.3 %; priest = 0.0002) in DTFHreated worms when compared to untreated control
worms.hsp4:GFP fluorescence intensity also significantly lower-80.1%;p.test= 0.015) in
royalactin worms incubated in DTT when compared to control worms incubated in DTT. This
experiment was perfored 71 hours after plating out L1 larvae, meaning that the worms were
day O adults.

hsp-4::GFP fluorescence intensity
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Figure1l: hsp4:GFP fluorescence intensitig lower in royalactinfed wormswhen compared to control worms in day O
adults, as shown byA() individual quantificatiorof fluorescence (ol = 54, Royaacyin= 90) B.) automated quantification

of fluorescence. As a positive control, both royaladtid and control worms were incubated in 5 mM DTT for 2 hours
(Nrcontrot = 10, Royalactin = 7 Meontral+smmM DTT= 8, Moyalactin + 5mM DTT 9). The yaxis of the left graph was adjusted for clearer
representation. Error bars = SEM.

1.4HSP-6

Similar to the use ofisp4::GFP to measurelSP4 expressioras an indicator oER stress,
we used &hsp6::GFP strain to measutdSP-6 expressioras an indicator omitochondrial
stres&>.
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Two separate microplate experiments were carriedAsishown in figurel2A, hsp6:GFP
fluorescence intensitis significantly lower {30.3%; prest = 0.0042) in royalactin worms
when compared to control worms. This microplate experiment was performed 70 hours after
plating out L1 larvae, meaning that the worms were day O adults. In a repetition of the
experiment, shown in figurg2B, worms are alsacubated in 20 mM §D, for 20 minutes as

a positive control for HSB expression Again, hsp8:GFP fluorescence intensitys
significantly lower (-20.1%; prwest = 0.0231) in royalactin worms when compared to control
worms. hsp8:GFP fluorescence intensitly worms treated with 20 mM 4@- is significantly

higher (+35.9%p.«st= 0.0406) when compared to untreated control worms. This experiment
was performed 71 hours after plating out L1 larvae, meaning that the worms were day O
adults.

hsp-6::GFP fluorescence intensity
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Figure12: hsp@:GFP fluorescence intensitg lower in royalactinfed worms when compared to control worms in day O
adults. (A) (rh)ntrol =12, rr‘oyalactyin: 12) and&.) (n:ontrol =10, I'r’oyalactyin: 10, Bomm H202= 11)- In ﬁgure&-) control worms are
subjected to 20 mM }D, for 20 minutes as a positive controfhe yaxis of the left graph was adjusted for clearer
representation. Error bars = SEM.

1.5S0D-3

The relative expression of SG®is measured by observing the fluorescence sitieof a
sod3p::GFP transcriptional fusion construct integrated in the genome of the waess (
B.2.7). One microplate experiment was carried out. As a positive control, weereheat
shocked(35°C, 2h) As shown in figurel3, the fluorescence intensity edd3p::GFP is not
significantly different between royalactin and control wormse{= 0.6102). Furthermore,
no significant difference is observed between the negative and positivesifloeked) ontrol
(Prtest= 0.8408).
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sod-3::GFP fluorescence intensity
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Figure 13: sod-3p::GFP fluorescence intensityis not
significantly different in in royalactifed worms when
compared to control worms.

1.6 EOR-1 mutant
The relative expression of GSTis measured in a mutant lackinguactional EOR1
transcription factorgor-1(cs28) by observing the fluorescence intensity gfsa4p::GFP
transcriptional fusion construct integrated in the genome of the wesaB.2.7). As a
positive controlwormsareincubatedwvith 20mM H,O, for 20 minutes
As shown in figure 14he fluorescence intensity gét4p::GFP is not significantly different
between royalactin and control wornpg:s;= 0.8693. There is a significant increase
(+63.8%,pr-test= 0.0078) in the positive control when compared to the negative cortisl.
experiment was performed hours after plating out L1 larvae, meaning that the worms were
day O adults.

gst4p::GFP fluorescence intensity in gst4p::GFP X eor-1(cs28)
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Figure 14: gst-4p::GFPfluorescence intensity in a mutant lacking

functional EORL (eor-1(cs28) is not significantly different i

royalactinfed worms. Worms were incubated in 10 mM,8&, as ¢ 45
positive control.



2. Purification of royalactin from royal jelly

2.1.Purification of royalactin through HPLC
The purification of royalactin from royal jelly consisted of several (ultra)centrifugation steps,
followed by HPLC (here performed in two separate runs). For each run, the absorbance was
detected at two wavelengths: 214 nm (i.e. absorbance wavelengtptiokd®onds; measured
in channel 1) and 280 nm (i.e. absorbance of tryptophan and tyrosine residues; measured in
channel 2). The resulting spectra are shown in figderhe volumes corresponding to the
royalactin peaks are indicated with X1, X2 and X3he3e fractions are collected,
concentrated and the presence of royalactin is confirmed througlP88§& (seeB.2.2.) and
peptide mass fingerprinting (PMF) (s&2.3.). A seeond HPLC run showed a similar
chromatogram. The royalactoontaining fractions of this run were labeled 2, 3, 4, 5 and 6.
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Figurel5: HPLC spectra of royal jelly purified by multiple rounds of ultracentrifugatidhe large royalactin peak starts at
minute 31. Three separate royalactiiontaining fractions, indicated with X1, X2 and X3, are collected. A second HPLC run
showed a similar chromatogram. On thewyis the absorbance is depicted (in arbitrary units).

2.2SDSPAGE of HPLC fractions

The HPLC fractions collected i@.2.1.are put on an SDBAGE gel to evaluate the presence
of royalactin, as shown in figurg6. For a detailed description, se4.3. The thick band
above the 50 kDa mark correspondsagalactin (~57 kDa).
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Figure16: SDSPAGE of the HPLC fractions of purified royalactianes X1 to X3 contain

the HPLC fractions corresponding to the royalactin peak in the first run. Lanes 2 to 6
contain the HPLC fractions corresponding to the ragtidapeak in the second run. The
ladder is unstained Precision Plus Protein Standardré®ip The contrast of this image
was increased for a clearer visualization of bands with low intensity.

2.3ldentification of tryptic royalactin peptides with peptide mass fingerprinting
The presence of royalactin (MRJP1_APIME) in several of the HPLC fradsarmnfirmed
through mass spectrometry (getde PMF through MALDITOF). For a detailed description,
seeB.4.7.. Table 2 summarizes the MALRIata.
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