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Abstract

The question of whether humans communicate with pheromones and what they might look
like has been in the focus of research for many years. Previous studies on this topic
investigated the expression of pheromone receptors and the presence of a vomeronasal
organ, the site where pheromone receptors are found in many other mammals or sought to
discover the activity of specific pheromone candidates through behavioural studies.

The purpose of this thesis is to gain information about the structure of possible human
pheromones, in case evolution had taken a different course, using the "reverse chemical
ecology" approach, that has emerged in recent years and was particularly successful in the
search for the pheromones of giant pandas. More specifically, this thesis investigated how
different ligands fit into the binding pocket of the "odorant-binding protein” (here called h-
SAL, two different sequences were found in literature), that transported pheromones from the
glands, where they are synthesised into the environment and from the environment to the
odorant-binding receptors in the common ancestor of humans and monkeys. Since the time
of these ancestors, 400,000 to 350,000 years ago, this protein is no longer transcribed due to
the gene sequence no longer being translated correctly because of a mutation at the splice
donor site of the second intron.

Since these different sequences were found, both proteins were studied. The difference
between them is four additional amino acids around the splicing site where the mutation
occurred. For this project, the shorter gene sequence was ordered as a synthetic gene and
the protein was expressed in E. coli. The purification was adapted to the specific properties
of this protein and binding experiments based on fluorescence quenching with different
ligands were performed. Thereafter, the 4 missing amino acids were inserted into the gene
sequence by means of PCR and the experiments were repeated.

In the end it could be shown, that none of the tested ligands binds the protein with
dissociation constants in the same range as other typical pheromone-odorant binding protein
complexes. One reason for this could be that either suitable ligands were not tested, or the
gene sequence has changed too much over the period, in which this protein was no longer
functional, and the original pheromones can no longer bind.



Zusammenfassung

Die Frage, ob Menschen mittels Pheromonen kommunizieren und wie diese aussehen
kénnten, beschaftigt die Forschung schon seit vielen Jahren. Bisherige Studien zu diesem
Thema suchten entweder nach dem Pheromonrezeptor und dem Vomeronasalen Organ,
dem Ort an dem die Pheromonrezeptoren in vielen anderen Saugetieren zu finden sind, oder
versuchten die Aktivitat spezieller Pheromonkandidaten durch Verhaltensstudien
herauszufinden.

In dieser Arbeit soll Mithilfe der Strategie der ,umgekehrten chemischen Okologie*, die sich
in den letzten Jahren besonders durch ihre Erfolge bei der Suche nach den Pheromonen von
grolien Pandas hervorgetan hat, versucht werden mehr Uber die Struktur mdglicher
menschlicher Pheromone herauszufinden. Genauer gesagt, sollte erforscht werden, wie
verschiedene Liganden in die Bindetasche des ,geruchsbindenden Proteins“ passen, das
diese Pheromone im gemeinsamen Vorfahren von Menschen und Affen von der Drise, in
der diese Synthetisiert werden in die Umwelt und von der Umwelt zu den
Pheromonrezeptoren transportierte (hier h-SAL genannt, es wurden in der Literatur zwei
unterschiedliche Sequenzen gefunden). Seit der Zeit, in der diese Vorfahren lebten, vor
400.000 bis 350.000 Jahren, wird dieses Protein nicht mehr transkribiert, da die Gensequenz
durch eine Mutation an der Spleildstelle des zweiten Introns nicht mehr korrekt lbersetzt
werden konnte.

Da sich die unterschiedliche Proteinsequenzen fanden, wurden beide Proteine bearbeitet.
Der Unterschied dabei betragt vier zusatzliche Aminosauren rund um die Spleil3stelle, bei
der die Mutation aufgetreten ist. Fur dieses Projekt wurde die kirzere Gensequenz als
synthetisches Gen bestellt und das Protein in E. coli exprimiert. Es wurde die Aufreinigung
an die Eigenschaften dieses Proteins angepasst und Bindungsexperimente, auf der Basis
von Fluoreszenzquenching, mit verschiedenen Liganden wurden durchgefihrt. Danach
wurden, mittels PCR, die vier fehlenden Aminosauren in die Gensequenz eingefligt und die
Experimente wiederholt.

In dieser Arbeit konnte gezeigt werden, dass keiner der getesteten Liganden mit dem Protein
eine Bindung eingeht, deren Dissoziationskonstanten in einem Bereich liegt, wie fur andere
Pheromon-bindende Proteinkomplexe Ublich. Ein Grund hierflr kbnnte sein, dass entweder
nicht die passenden Liganden getestet wurden oder sich die Gensequenz in den Jahren, die
dieses Protein nicht mehr funktionstlichtig war, durch zufallige Mutation zu stark verandert
hat und somit die urspriinglichen Pheromone nicht mehr binden kann.



1. Introduction

1.1 Pheromones

The name “pheromones” was proposed by Karlson and Lischer from the Greek words
“pherein”, which means “to transfer”, and “hormén”, which means “to excite”. They define this
class as substances, released to the outside by an animal, that induces a specific reaction in
an individual of the same species '. Pheromones can be composed of one or more
chemicals in a blend 2.

The original definition classified the pheromones into two categories: releaser and primer
pheromones. The first induce a specific behaviour while the later influence developmental
processes .

On the one hand, releaser pheromones can further be classified according to their function 2.
Some examples include 5-androst-16-en-3-one as the pigs (sus scrofa) sex pheromone °,
(+)-(1R,2S)-grandisol as the main component and (-)-(R)-terpinen-4-ol as the minor
component of the bark beetle Polygraphus punctifrons aggregation pheromone *, (-)-a-
pinene as the alarm pheromone of the aphid Megoura viciae °, glutamic acid as the host-
marking pheromone of the fruit fly Ceratitis rosa® and (Z)-pentacos-12-ene as the oviposition-
deterring pheromone of the coccinellid beetle Cheilomenes sexmaculata ’.

Primer pheromones on the other hand, typically affect endocrine or neuroendocrine systems.
Ethyl oleate, for example, is a primer pheromone of the honey bee (apis mellifera), which
delays the onset of foraging in young workers 2.

1.2 Odorant binding proteins (OBP)

The excretion of pheromones, as well as the uptake for detection, is aided by odorant binding
proteins. These proteins are typically small and can be present as monomers or dimers, with
subunit molecular weights around 20 kDa *'®"". The typical pl of odorant binding proteins is
between 4-5 ''. The sequence similarity of odorant binding proteins of different species is
low. Bovine OBPs share only 30 % of their amino acids with rat OBPs, for example "2.

Odorant binding proteins of vertebrates belong to the lipocalin family. These small, soluble
proteins can reversibly bind volatile odorants and pheromones . They can be present in
biological fluids such as saliva (pig) ", urine (mouse) ', vaginal discharge (hamster) ',
sweat (horse) '’ or tears (mouse) '8, but are also expressed in the nasal area. They were first
identified in the nasal mucosa "> ' 2°_ |t has been shown, that OBPs are loaded with

pheromones when secreted outside the nose '*?'.

The mechanism of action of OBPs has not yet been fully understood. However, Pelosi
proposed three hypotheses. First, the odorant binding proteins could assist the hydrophobic
pheromone by providing a hydrophobic space in the aqueous mucosa, from which the
pheromone might bind and dissociate, and thereby increase the amount of pheromone in this
phase. The pheromone might be released by a change in protein folding due to pH
differences ?*. Secondly, the pheromone might only be transported to the olfactory receptors
if aided by the OBPs. Thirdly, the olfactory receptors might recognize the OBP-pheromone
complex but not the pheromone alone 2.



1.3 Lipocalins

This diverse protein family consists of low molecular weight, soluble, extracellular proteins,
binding for the most part hydrophobic molecules %. They are found to be transport proteins
and bind to specific cell surface receptors ?*, but are also involved in transport of small
ligands, like the neutrophil gelatinase associated lipocalin %, in olfaction, for example, the
mouse maijor urinary protein ?', in the regulation of the immune response, like lipocalin 2 in
pulmonary mycobacterial infections °, in the cryptic colouration, for example, Crustacyanin
subunit A and C %, in the enzymatic synthesis of prostaglandins like the prostaglandin D
synthase ? and the mediation of cell homeostasis, for example, 24p3R #*%°.

The structure of lipocalins is barrel-like, built by eight antiparallel B-sheets and a short a-
helical segment close to the C terminus *. In a typical lipocalin, like in bovine b-lactoglobulin,
the ligand binding site has been found to be on the inside of the barrel *'. Although the amino
acid sequence similarity is quite low between members of the lipocalin family, there are three
common motives found, that aid to assign a protein to this family * (see figure 1 and figure
2).

<==-=- 8CR 1 --->
A BBP NVYHDGACPEVKPVDNFDWSNYHGKWWEVAKYPNS -~~~ - VEKYGKCGWAEYTPEGK-SVKVSNY
whkkkdkhkd ko kk o d LA a2 LR 2 22
INS GDIFYPGYCPDVKPVNDFDLSAFAGAWHEIAKLPLE----- NENQGKCTIAEYKYDGK-KASVYNS
et gl e e ke ok ol ik ek W LE R 2] LE 2 & R
RBP ERDCRVSSFRVKENFDEARFSGTWY AMAKKDPEGL--- -~ FLODNIVAEFSVDETGOMSATAK
A2 X2 2 22 X 222 ) e e LA
MUP AEASSTGRNFNVQK INGEWHTIILASDKREK IEDAGNFRLFLEQIHVLGN-SLVLAFH
==n BCR 1 -=->
<-===- SCR 2 ---->
BBP HVI----- HGKEYFIEGTAYPVGD---SKIGKIYHKLTYGGVT- - -KENVFNVLSTDNKNY IIGYYC
LR AR L &2 ke e de ol ol e e o ok o ke e
INS FVS----- NGVKEYMEGDLEIAPDAKYTKOGKYVMTFKFGQRV- - -VNLVPWVLATDYKNYATINYNC
LA A S 5 &R J LA 2 ST EE R TR R R R X 2 2 L)
RBP GRVRLLNNWDVCADMVGTFTDT~ -~~~ EDPAKFKMKYWGVASFLOKGNDDHWIVDTDYDTYAVQYSC
AERXATR® - hw LRSS EEE R RS RS LRSS
MUP TVA----- DEECSELSMVADKT----- AAAGEYSVTYD-----~--~ GFNTFTIPKTDY DNFLMAHLI
Cmmw= SCR 2 immen>

<- SCR 3 ->
BBP KYDED-KKGHQDFVWVLSRSKVLTGEAKTAVENYLIGSP-TVDSQKLVYSDFSEAACKVN

etk kR kW LA B & J

INS DYHPD-KKAHSIHAWILSKSKVLEGNTKEVVDNVLKTFSHLIDASKFISNDFSEAACQYSTTYSLTGPDRH

whkhkh AR r RS ek dr

RBP RLLNLDGTCADSYSFVFSRDPNGLPPQAQKIVRQROEE--LCLARQYRLIVHNGYC
LEE LA LS L AL S * Rk

MUP NEKD---GATFQLMGLYGREPDLSSDIKERFAQLCEE--HGITRANIIDLSAANRC
<- SCR 3 ->

figure 1: Alignment of different lipocalins. The protein sequences used are bilin-binding protein (BBP),
insecticyanin (INS), mouse major urinary protein (MUP) and retinol-binding protein (RBP). SCR1 -3 are
the three structurally conserved regions. Source: (Flower, North, Attwood. 1993) 32



figure 2: A: ribbon drawing of the lipocalin fold (mouse major urinary protein). B: Schematic of the
lipocalin fold (mouse major urinary protein). The strands of the (3-barrel are labelled A to I. The helices are
labelled 310 and A1. Source: (Flower. 1994) 30

1.4 Olfactory receptors

The receptors used to convey general odorant information are significantly different from the
ones used in pheromonic communication. The odorant receptors belong to the G-protein-
coupled receptor (GPCR) superfamily and are expressed in olfactory sensory neurons of the
main olfactory epithelium. They are seven-transmembrane domain proteins *. The receptors
used for pheromone recognition belong to the V1R gene family, which contains no introns
and the V2R gene family, which contains introns *. These receptors also belong to the G-
protein-coupled-receptor superfamily but share no significant sequence identity with the
odorant receptors. Also, they are expressed in a different location, namely the vomeronasal
organ * (see figure 3).

figure 3: The location of the vomeronasal organ (VNO), main olfactory system (MOE), main olfactory bulb
(OB) and accessory olfactory bulb (AOB) in the skull of a rat. Source: (Dulac, Axel. 1995) 3°



1.5 Vomeronasal organ

The vomeronasal organ also called Jakobson’s organ %, is part of the “vomeronasal organ
complex” ¥. In a functional state, it consists of the epithelial tubular organ (vomeronasal
organ), vomeronasal duct, seromucous glands, paravomeronasal ganglia, blood vessels,
vomeronasal nerve bundles, cartilage and accessory olfactory bulbs .

The vomeronasal organ has been found to be essential for certain pheromonic effects. A not
exhaustive list of examples includes reproductive behaviour: Clancy et al. found, that an
intact vomeronasal organ is necessary for the normal sexual behaviour and aggression in
male mice *. Puberty acceleration in female mice was found to be dependent on this organ
40 Another pheromonic effect is related to parental behaviour: Vomeronasal removal
increased maternal behaviour in virgin female rats *'. Also marking behaviour in some
species is dependent on an intact vomeronasal organ, like in the male opossum, as
differential scent marking was lost in male opossums after the vomeronasal nerve was cut *2.

However, while the vomeronasal organ is necessary for some pheromonic detection and
sexual behaviour, also the olfactory system plays a major role. As an example, Meredith
could show, that the olfactory and the vomeronasal input converge into a shared circuit in the
brain of male golden hamsters, controlling reproductive behaviour **. Halpern and Martinez-

Marcos suggest, that this shared circuit is used to provide appropriate context for behaviours
44

In some cases, the vomeronasal organ is also not even necessary for pheromonic
communication at all. In male rats, olfactory cues mediated via the olfactory system but not
the vomeronasal system are necessary to display penile erection in the presence of
inaccessible females in estrus. *°. Additionally, mice were found to be able to discriminate
between MHC-determined odour types without a functional vomeronasal organ “°. Another
case, where the pheromonal effect is mediated via the olfactory system is the nipple-search
behaviour of new-born rabbits *’.

However, some studies on sex pheromones have shown, that it makes a difference if the
animals were sexually experienced before the vomeronasal organ was removed.
Unfortunately, many studies do not indicate if this was the case with their experimental
animals or they use exclusively experienced animals % %°.

1.6 Pheromonic communication in humans (homo sapiens)

One of the most controversial questions is if humans possess pheromonic communication.
While one side claims to have found said pheromones or at least behavioural evidence, the
other side argues, that the physical requirements for pheromone detection are not met.

The first question and one of the main arguments against pheromonic communication in
humans is the presence and functionality of the different parts of the vomeronasal organ
complex. As stated in 1.5 Vomeronasal organ, Bhatnagar and Meisami found the whole
complex to be necessary for functionality. Therefore, different parts of it will now be
discussed.

The vomeronasal organ could be positively identified by Bhatnagar et al. in all their human
samples, using serial histology “°. The location of the vomeronasal organ can be seen in
figure 4.
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figure 4: The human skull with the approximate location of the human vomeronasal organ (VNO). Also
shown are the main olfactory bulb (MOE) and the olfactory epithelium (OE). Source: (Halpern, Martinez-
Marcos. 2003) **

The vomeronasal duct, on the other hand, was found by Witt et al. only in 15 of 23 samples,
when using serial histology *° and Knecht et al. stated in their review, that other groups got
similar results to Witt et al. °'.

The nerve bundles from the vomeronasal organ to the accessory olfactory bulb could not be
found by antibody staining against olfactory marker protein (expressed in vomeronasal
receptor neurons of other species) or protein S100 (expressed in Schwann cells, which
support neurons) *? or the olfactory marker protein and PGP 9.5 *° (a marker for certain
neurons 53). This led to the conclusion, that there are no functional vomeronasal nerve
bundles. Thus said, studying human embryos, Smith et al. concluded, that there is a
vomeronasal organ developed in embryonic humans, but likely loses some functional
components prenatally **.

In fact, no accessory olfactory bulb was found either *°, so in summary, it can be said, that
the vomeronasal organ appears to be non-functional in humans. However, since it has been
demonstrated, that a vomeronasal organ is not necessary for pheromonic communication,
the second question will be the presence and functionality of olfactory receptors of the VIR
and V2R gene family.

On the one hand, only five V1ir-like genes have been identified in humans and named
V1RL1-5. All other human V1R-like genes are found to be pseudogenes *°. From those five
genes, only VIRL1 has been found in the olfactory mucosa °’. However, the use of this
receptor in pheromonic communication has yet to be proven. The V2R gene family on the
other hand only comprises of pseudogenes in humans 2.

11



The third question concerns the human pheromones or what is believed to be an effect of
pheromonic communication. The main compounds, that might be pheromones in humans are

summarised in table 1 %,

table 1: Different compounds, described in the literature as putative human pheromones

Name

Structure

Additional information

4 16-androstadien-3-one

Activate the human
hypothalamus

, effect on autonomous
nervous system °',
modulates mood ©?

Estra-1,3,5(10),16-tetraen-3-
ol

Activate the human
hypothalamus %, modulates
mood %2

5a-Androst-16-en-3a-ol

Detection threshold lower in
g)geriod synchronized woman

5a-Androst-16-en-3-one

Females have a stronger
brain response to male body
odour when able to smell 5a-
androst-16-en-3-one *

(E)-3-Methyl-2-hexenoic acid

Found on the skin surface,
carried by ASOB1 and
apolipoprotein D,
Apolipoprotein D is a
lipocalin ©°

Though these putative pheromones are described in the literature, the findings must be taken
with caution, since the studies all share the problem of small sample size or time scale. In the
end, no bioassay guided thesis could prove to have found a true human pheromone to this
date, so only speculations can be made °°.

Nevertheless, some more effects are described, which are believed to be an effect of

pheromonic communication:

e Menstruation cycle regulation

e Mood effects

e Effect on Luteinizing Hormone

12




e Recognition of kin %
e Recognition of sex ™

e MHC - dependent mate choice """ "2

If these are really the result of pheromonic communication and which pheromones these
effects rely on is not proven up to this date. ** "> 7%

1.6.1 h-SAL
The protein, this work is based on will be called human salivary lipocalin (h-SAL). This is to

emphasize the relationship with the pig’s salivary protein. The gene, this protein is translated
from is called Major urinary protein pseudogene (MUPP), so the translated protein is also
called MUP in the literature ™. It is calculated to became a pseudogene in a hominid 400,000
to 350,000 years ago "°. MUPP is found in NCBI under the Gene ID 100129193 and h-SAL
under the GenBank accession number: EAW50553.1.

MUPP has no functional counterpart in the genome. It became a pseudogene by a splice
junction mutation, preventing the RNA from being correctly spliced. This mutation is located
at the splice donor site of the second intron "°.

The h-SAL protein sequence (GenBank), see figure 5, is found to be 59 % identical to Chain
A, odorant Binding Protein 3 of Ailuropoda melanoleuca (giant panda) (see figure 8) and 48
% identical to Chain A, Salivary Lipocalin of Sus scrofa (pig) (see figure 7) by using the
BLASTP program " "® on NCBI. These two have been chosen for multiple reasons. First, it is
known, that pheromonic communication exists in panda and pig. Secondly, the ligands for
the odorant binding proteins are also known. Thirdly, apart from the apes and monkeys,
whose proteins were more similar, the blast revealed decent similarities with the h-SAL
protein.

CLUSTAL multiple sequence alignment by MUSCLE (3.8)
GenBank MMLLLLCLGLTLVCAQEEENNDAVTSNFDLSKISGEWYSVLLASDCREKIEEDGSMRVEV
Zhang MMLLLLCLGLTLVCAQEEENNDAVTSNFDLSKISGEWYSVLLASDCREKIEEDGSMRVEV
hkhkhkhkhkhkkhkhkhkhkhhkkhhkhrhkhkhkhhkhhkhhkrhkhkhkhkhhhkhhkhrhkhkkhkhhkhrhkhhkhrhkhkkhkhhkrhkkhhhhkhkhkx*x
GenBank KHIDYLGNSSLTFKL----NGNCTEINLACKPTEKNAICSTDYNGLNVIDILETDYDNYI
Zhang KHIDYLGNSSLTFKLHEIENGNCTEINLACKPTEKNAICSTDYNGLNVIDILETDYDNYTI
khkkhkkhkhrkkhkkhkhkkkhkhkkk* khkkhkkhkhkhkhkkhkhkhkhkhhkkhhkhrhkkhkkhkhhkhrhkkhhkhrhkhkkhkhhkrhkkhkkhkhhhkhkx*x
GenBank YEYNKNIKNGETFLMLELYVRTPDVSSQLKERFVKYCEEHGIDKENIFDLTKVDRCLQAR
Zhang YEYNKNIKNGETFLMLELYVRTPDVSSQLKERFVKYCEEHGIDKENIFDLTKVDRCLQAR
Ak hkhkhhkkhhkhkhkrkhkhhkhhhkhkr kb hkhkhkhkrhkhhkhhkdhhkhkhk ok hhkkhhkhkhkrkhkhkhkhkhkhhkrkhkhkkhxkx
GenBank DEGAA
Zhang DEGAA
* Kk k% K

figure 5: h-SAL protein sequences and sources, the signal peptide (yellow) was identified using the
SignalP 4.1 web server 10319 The alignment was made using the MUSCLE alignment tool version 3.8.31

There is, however, a second sequence for the h-SAL protein, which contains 4 additional
amino acids. Zhang et al. reported in figure 3 (see additional information) of their paper, the
sequence, were the amino acids HEI are located just before the second intron and E after it
S Since it is not clear, which one is the correct sequence, both were used in this project.
When comparing protein models of the two h-SAL versions, the only clearly visible difference
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is the length of one loop (see figure 6). In this work, the protein sequence from the GenBank
will be further referred to as h-SAL and the sequence from Zhang et al. as h-SAL HEIE
mutation.

figure 6: overlap of the h-SAL protein from the gene bank (brown) and from Zhang et al. (blue) The protein
models W?re built using swiss model 79,80, 81,782, 83 and the figure was made using the program UCSF
Chimera

1.7 Pheromonic communication in pig (sus scrofa)

Pheromonic communication is mediated via the saliva in pigs. It contains the pheromones
5a-androst-16-en-3-one and 5a-androst-16-en-3a-ol % ' The odorant binding protein
associated with it is called salivary lipocalin (SAL1)™.

1.7.1 SAL1 protein:
The gene can be found on the NCBI webpage under the Gene ID 396739 and the protein

sequence on UniProt with the number P816080. In figure 7 the protein sequence is shown. It
is expressed in the boar's submaxillary glands, and in the nasal and vomeronasal area of
both sexes % 3. The ligands for the SAL1 protein are the pheromones 5a-androst-16-en-3-
one and 5a-androst-16-en-3a-ol ™.

>P81608|SAL PIG Salivary lipocalin
MKLLLLLCLGLTLASSHKEAGQDVVTSNEDASKIAGEWYSILLASDAKENIEENGSMRVFEF
VEHIRVLDNSSLAFKFQRKVNGECTDEFYAVCDKVGDGVYTVAYYGENKFRLLEVNYSDYV
ILHLVNVNGDKTFQLMEFYGRKPDVEPKLKDKFVEICQQYGIIKENIIDLTKIDRCFQLR
GSGGVQESSAE

figure 7: the sequence of the é)/gs salivary lipocalin, the signal peptide (yellow) was identified using the
SignalP 5.0 web server '

1.8 Pheromonic communication in panda (Ailuropoda melanoleuca)

Giant pandas possess a vomeronasal organ and mediate their reproductive behaviour via
pheromonic cues. Male pandas can distinguish estrus females from non-estrus ones by
investigating, displaying flehmen and licking female urine. Giant pandas also scent mark their
territory with a secretion from their anogenital gland . The structure of the pheromones they
use, is, however, not found yet. Zhu et al. tried to use the reverse chemical ecology approach
to form a hypothesis on pheromone candidates, by identifying the best ligands of the odorant
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binding protein 3, which is similar to pheromone carrying proteins in rodents, pig and rabbits
88

1.8.1 Odorant binding protein 3
The sequence of the protein can be found on UniProt under the number G1LK14 (see figure

8) and the three-dimensional structure of the OBP3 can be obtained from the Protein Data
Bank under the number 5NGH_A. It belongs to the lipocalin family and binds natural
terpenoids and long-chain unsaturated aldehydes, such as Cedrol, B-lonone, Citral, Safranal,
Z11-16-Aldehyde, E2-10-Aldehyde, Z9-16-Aldehyde, and Z9-14-Aldehyde.

>G1LK14 AILME Lipocln cytosolic_ FA-bd dom
MKLLVLCLGLILVCAHEEGNDVRRNEFDVSKISGYWYSVLLASDVREKTEENSSMRVEVNH
IEVLSNSSLLEFNMHIKVDGKCTEIALVSDKTEKDGEYSVEYDGYNVFRIVETDYTDYITIF
HLVNFKEKDSFOMMELSAREPDTSEEVRKREVEYCQKHGIVKENIFDLTEVDRCLQARGS
EKA

figure 8: the sequence of the pandas Odorant Binding Protein 3, the signal peptide (yellow) was identified
using the SignalP 5.0 web server '** 1%

1.9 Reverse chemical ecology

The classical chemical ecology approach aims to find the composition and chemical structure
of a chemical signal by first extracting secretions from the senders of the chemical signal.
Afterwards, these extracts are split into fractions and tested on the recipients of the chemical
signal. This is to find the active compounds. Finally, the chemical structure is identified, and
the signal can be imitated synthetically.

If this classical chemical ecology is not a viable approach, because secretions of the sender
are hard or impossible to come by, there is also the possibility to use the reverse chemical
ecology approach to find the putative chemical signal. In this approach, the genome is mined
for the odorant binding proteins of the species. The most promising are the proteins, which
are most similar compared to the pig's salivary lipocalin or other known pheromone binding
proteins. If proteomics can be used to detect these proteins in the receiving organ and
secretions of the sender (if available), it gives good clues on having found the right proteins.
Then the odorant binding proteins are recombinantly expressed and ligand binding is
investigated. Natural compounds, that are found to bind well inside the binding pocket are
good candidates for pheromones and can be further investigated in behavioural studies .

1.10 Objective

The aim of this thesis was to use the process of reverse chemical ecology to study the
human salivary lipocalin protein in order to gain insight about the pheromonic communication
of the hominids before the gene was switched off 350,000 to 400,000 years ago, thereby
studying how human pheromonic communication could have worked if this event had not
happened. This approach could provide new insights on the search for the pheromones of
humans and related species.

In order to study h-SAL, the process of reverse chemical ecology is used. There it is
necessary to express the protein recombinantly in E. coli and characterise its ligand-binding
properties. Since there is a difference of four amino acids between the sequence obtained
from GenBank and the paper from Zhang et al., both proteins are subject of this work. The
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ligand-binding experiments are carried out as a competitive fluorometric assay, which is a
well-established method for this kind of proteins.
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2. Materials and Methods

2.1 Materials

2.1.1 Chemicals

All Restriction enzymes and the suitable buffers were ordered from New England Biolabs,
except for the Dpnl Enzyme and the Fast Digest buffer, which were ordered from Thermo
Fisher. The Polymerases and Ligases, as well as the suitable buffers, were ordered from
Thermo Fisher, except for the T4 Ligase, which was ordered from Promega and the Taq
Polymerase, which was ordered from VWR. All other chemicals were ordered from Sigma
Aldrich. All enzymes and chemicals were used without any further purification. The water
used was purified by a MilliQ water purification system.

2.1.2 Competent cells
Competent E. coli DH5a and BL21 were prepared as RbCl - competent cells. The protocol

was comparable to the one found on OpenWetWare ®, with minor changes.

The main difference was the omittance of CaCl, and glycerol in RF1, the pH of 7.0 in RF2
and the preparation of competent cells from a previous stock instead from plate-streaked
colonies. The cells were frozen and stored at -80 °C directly.

2.1.3 LB and LB plates
The Lysogeny broth (LB) was prepared after the Miller recipe. For one Liter, 10g Tryptone,

5g Yeast extract and 10g NaCl was dissolved in MilliQ water and sterilised at 121°C for 20
minutes. For LB plates, 1.5 wt.% bacterial Agar was added before sterilisation and then
poured on sterile petri dishes. If necessary, antibiotics were added after sterilisation in the
following concentrations: 50 yM Ampicillin or 50 uM Kanamycin final concentration.

2.1.4 DNA
All DNA was stored at -20°C.

Plasmids

Plasmids were amplified by transforming DH5a cells with the desired plasmid and growing
them in the presence of a suitable antibiotic at 37 °C and shaking overnight. Then the
plasmids were extracted using the OMEGA plasmid extraction kit. Sterile MilliQ water was
used for elution of the plasmid. In this work, manly kanamycin resistance was used.

Primers
The T7 and the pET30rv primer were bought from Eurofins. The hSAL-HEIE-fw (forward) and
the hSAL-HEIE-rv (reverse) primers were bought from LGC Genomics.

table 2: primers and their sequences

Primer name Primer sequence (5 — 3’)

T7 TAA-TAC-GAC-TCA-CTA-TAG-GG

pET30rv TTG-TCG-ACG-GAG-CTC

hSAL-HEIE-fw CTG-CAT-GAG-ATT-GAG-AAT-GGC-AAT-
TGC

hSAL-HEIE-rv GCC-ATT-CTC-AAT-CTC-ATG-CAG-TTT-
GAA
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2.2 Methods

2.2.1 Agarose Gel electrophoresis

All agarose gels were prepared by dissolving 1 wt.% agarose in TAE buffer (see below) by
heating. 0.004 % gel red was used as a precast gel stain. 1 kb DNA Ladder from New
England Biolabs was used in a 1:10 dilution as the marker. DNA gel loading dye purple was
used to track DNA during the electrophoresis. Gels for gel extraction were run at 100 V,
analytical gels were run at 125 V. For visualisation, fluorescence imaging was performed.

10 times concentrated TAE Buffer composition: (48.4g Tris, 11.4 ml glacial acetic acid, 3.7g
EDTA disodium salt to 1L with MilliQ water)

2.2.2 Cloning of H-Sal into pET30a
A new synthetic gene was bought from Eurofins in the pEX-K168 standard vector, with Ndel

as 5’ restriction site and EcoRI as 3’ restriction site. This synthetic gene uses kanamycin
resistance.

Restriction digestion
The pET30a, as well as the pEX-K168-hSAL plasmid, was amplified, and restriction digestion
was performed at 37 °C for 2 hours.

table 3: reagents and amounts used for restriction digestion

pET30a pEX-K168-hSAL

Plasmid in sterile H,O 39 ul (approx. 4 ug) 25 ul (approx. 7,5 ug)

10 x CutSmart® Buffer 4,5 ul 3 ul
Ndel 1 ul (1 Unit) 1ul
EcoRI 1 ul (1 Unit) 1l

Gel extraction was performed after agarose gel electrophoresis (see above) from a 1 %
agarose gel. The gel slices were cut on a UV transilluminator and the extraction procedure
was performed using the OMEGA gel extraction kit.

Ligation
The h-Sal gene was ligated into the pET30a vector at 4 °C for 16 - 64 hours.

table 4: reagents and amounts used for ligation

pET30a-hSAL

10x Ligation Buffer

1l

Digested pET30a

1 ul (approx. 50 ng)

Digested h-SAL

2 pl (approx. 25 ng)

20mM ATP 1 ul
T4 Ligase 1 ul (1 Unit)
Sterile H,0O 4 ul

Transformation of DH5a

E. coli DH5a competent cells were transformed using the ligation mix. The transformation
procedure was performed using the heat shock method. For this, the E. coli cells were
thawed on ice and the ligation mix was added. Then they were incubated on ice for 1 hour
before they were heat-shocked for 1 minute ate 42°C. Afterwards, 300 ul LB was added and
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the cells were shaken at 37°C for one hour before they were spread on LB plates containing
the suitable antibiotic and incubated at 37°C overnight.

Colony PCR and sequencing

Colonies were picked and colony PCR was performed. An agarose gel was run to estimate
the size of the insert and colonies with the insert of right length were grown in LB with the
antibiotic overnight. The plasmid was extracted using the E.Z.N.A.® Plasmid Mini Kit | from
OMEGA and sent for sequencing.

table 5: reagents and amounts used for colony PCR

Taq PCR Mix (Master Mix) 50 vol%

10 yM T7 Primer 1 vol%

10 uM pET30rv Primer 1 vol%

25 mM Mg** 6 vol%

Sterile H,O To 20 pl/colony

table 6: PCR program for colony PCR

Number of cycles Step 1 Step 2 Step 3

1 95°C 5:00 min

35 95°C 0:30 min 50 °C 0:30 min 72°C  1:00 min
1 72°C 10:00 min

2.2.3 Mutagenesis
In order to mutate the amino acids HEIE into the h-SAL protein, two different strategies were

tested (see figure 9). The first one was using overlapping primers, including the mutation in
both primers according to Liu and Naismith®' and the second one was the two-step approach
with only one mutated primer. The mutated sequence lies in the middle of each the two
primers hSAL-HEIE-fw and hSAL-HEIE-rv.

figure 9: primer positions for mutagenesis. The mutated parts of the primers are coloured red. A:
approach with overlapping primers B: two-step approach using only one of the mutated primers

Overlapping primers
The PCR was set up in accordance with Liu and Naismith 9 With this method, the whole
plasmid is amplified, and the mutation is inserted at the same time.

table 7: reagents and amounts used for PCR with overlapping primers

1% try 2" try
Sterile H,0 35.5 i 32.5
5x Phusion HF Buffer 10 pl 10 pl
10 mM dNTPs 2 4l 2 4l
10 M hSAL-HEIE-fw 1l 2 4l
10 UM hSAL-HEIE-rv 1l 2l
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Plasmid pET30a-hSAL diluted
1:100

1 pl (approx. 10 ng)

1 ul (approx. 10 ng)

Phusion Polymerase 0.5 ul (1 Unit) 0.5 ul (1 Unit)

table 8: PCR program for mutation with overlapping primers

Number of cycles Step 1 Step 2 Step 3

1 95 °C 5:00 min

12 95 °C 1:00 min 50 °C 1:00 min 72°C 15:00 min
1 50 °C 1:00 min 72 °C 30:00 min

After PCR the mixture was digested with Dpnl to remove the methylated template.
Restriction digestion was carried out for 2 hours at 37 °C.

table 9: reagents and amounts for digestion with Dpnl

PCR Product 17 ul
Dpnl 1 ul (1 Unit)
10x Fast Digest Buffer 2yl

5 ul of the digested PCR product was transformed into DH5a cells using the heat shock
method and plated on kanamycin plates. The plates were incubated at 37 °C overnight.

Two-step approach
With this approach, the whole plasmid is amplified. Contrary to the approach with the two
overlapping primers, it is done in two steps.

table 10: amounts and reagents for the 1% PCR using the two-step approach

Sterile H,O 32 ul

5x Phusion HF Buffer 10 ul

10 mM dNTPs 2 ul

10 M Primer T7 2,5 ul

10 uM hSAL-HEIE-rv 2,5 pl

Plasmid pET30a-hSAL 0.5 pl (approx. 50 ng)
Phusion Polymerase 0.5 pl (1 Unit)

table 11: 1°' PCR program for mutation using the two-step approach

Number of cycles Step 1 Step 2 Step 3

1 95°C 5:00 min

35 95°C 0:30 min 50 °C 0:30 min 72°C  1:00 min
1 72°C  10:00 min

Gel extraction was performed after agarose gel electrophoresis (see above) from a 1 %
agarose gel. The gel slices were cut on a UV transilluminator and the extraction procedure
was performed using the E.Z.N.A.® Gel Extraction Kit from OMEGA. This served to purify
the small amplified products, which were used as primers in the next step.

table 12: amounts and reagents for the 2" PCR using the two-step approach

| Sterile H,0 | 13,9 ul
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5x Phusion HF Buffer

10 yl

10 mM dNTPs

2 ul

Primers from gel extraction

22.6 ul (approx. 280 ng)

Plasmid pET30a-hSAL diluted 1:100

1 pl (approx. 10 ng)

Phusion Polymerase

0.5 ul (1 Unit)

table 13: 2nd PCR program for mutation using the two-step approach

Number of cycles Step 1 Step 2

1 98°C 5:00 min

20 98°C 1:00 min 72°C 7:00 min
1 72°C  10:00 min

After PCR the mixture was digested with Dpnl to remove the methylated template.
Restriction digestion was carried out for 5 hours at 37 °C.

table 14: reagents and amounts for Dpnl digestion

PCR Product 17 ul
Dpnl 1 ul (1 Unit)
10x Fast Digest Buffer 2 ul

5 ul of the digested PCR product was transformed into DH5a cells using the heat shock
method and plated on kanamycin plates. The plates were incubated at 37 °C overnight.

Sequencing
Colonies were picked and grown in LB Kanamycin overnight. The plasmid was extracted
using the E.Z.N.A.® Plasmid Mini Kit | from OMEGA and sent for sequencing.

2.2.4 Protein expression
E. coli BL21 were transformed with 2 pl (100 — 200 ng) plasmid using the heat shock method

and a preculture was grown overnight. 10 ml of this preculture was added to 1L of LB
Kanamycin and grown at 230 rpm at 37°C to an ODgq of 0.6.

Protein expression was induced with 400 pl 1M IPTG for 2 hours. All the following steps were
carried out on ice. The cells were harvested by centrifugation at 3500 rpm at 4°C for 15 min
and the cell-pellet resuspended in 20 ml of 50 mM Tris buffer pH 7.4. No protease-inhibitors
were added since they could influence the binding experiments.

Cell disruption was induced by sonication.
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table 15: sonicator settings

4 Times — 5 min each

Output control 3

Duty cycle 50 %

The sample was kept on ice and there were 15 minutes break between each sonication to
allow the sample to cool down.

Then the lysed cell mixture was centrifugated again at 12000 rpm at 4 °C for 1 hour. An SDS
PAGE was run to find out if the protein was expressed in the supernatant or pellet. For
storage, the supernatant was frozen at -20°C and was purified after another 12000 rpm at 4
°C for 1 h centrifugation step. The pellet was resuspended in 10 ml of 8 M Urea and
incubated with 50 mM DDT for 1 hour at room temperature. It was then dialysed three times
for 8-16 hours at 4°C and purified after another 12000 rpm at 4 °C for 1 h centrifugation step.

2.2.5 SDS-PAGE
The 13 % acrylamide/bisacrylamide SDS Gel was used in accordance to Laemmli %. 2,2 2-

Trichloroethanol was added to the lower gel to enable fluorescence readout of proteins
containing tryptophan. As a molecular weight marker, peqGOLD Protein Marker | from VWR
and PageRuler™ Prestained Protein Ladder from Thermo Fisher were used to determinate
the molecular weight of the protein samples.

To solubilise and denature the protein samples they were heated in boiling water. For cell
cultures, 500 pl liquid culture was centrifugated at 12000 rpm for 1 minute at room
temperature and the pellet was resuspended in 50 ul sample buffer and boiled for 10
minutes. For protein samples, after cell disruption 1-10 ul were boiled for 7 minutes with 10 pl
sample buffer.

The gels were run at 200V and 20 mA/gel for 30-45 minutes.

Gel readout

Immediately after electrophoresis, a fluorescence readout was performed. Then the gels
were placed in stop-solution until the blue bands from the sample buffer de-stained and were
stained again using the Coomassie staining solution. The gels were incubated in the staining
solution overnight and de-stained by either boiling them in tap water or incubating them in
stop solution. The gels were photographed.

Buffers and Solutions for SDS-PAGE

table 16: reagents and amounts for 2 acrylamide/bisacrylamide gels

For 2 gels Lower Gel Upper Gel
Water 2.5 ml 1.5mL

30 % AA 3.5 ml 600ul
Lower gel buffer 2ml -

Upper gel buffer - 500ul
3-Chloro-EtOH 40 pl -

TEMED 10 ul 5ul

10 % APS 60 pl 30pl
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table 17: composition of buffers and solutions

Lower gel buffer: 0.5 M Tris (12,1g), HCI to pH 8.8, SDS 0.4 % (0.8 g), MilliQ water to 200
ml

Upper gel buffer: 0.5 M Tris (12,1g), HCl to pH 6.8, SDS 0.4 % (0.8 g), MilliQ water to 200
ml

Running buffer: Tris 3.03 g, Glycine 14.4 g, SDS 1g, MilliQ waterto 1 L

SDS sample buffer: 0.1 M Tris (0.6 g), HCI to pH 6.8, SDS 3 % (1.5 g), Mercaptoethanol 2.5
ml, Glycerol 5 mL, MilliQ water to 50 ml, Bromophenol blue a tiny spatula tip

Stop Solution: Acetic acid 100 ml, Ethanol 250 ml, MilliQ water to 1 L

Coomassie staining solution: Stop solution 100 ml, Coomassie blue R250 150 mg

2.2.6 Protein purification

Proteins were purified using FPLC with an anion exchange column as well as a size
exclusion column. The program for purification of the h-SAL protein was optimised during this
work. If the protein was purified more than once, the fractions of interest were dialysed
against 50 mM Tris buffer, pH 7.4 for 16 hours before loading again.

Anion-exchange chromatography
The column used was a HiPrep™ Q HP 16/10 from GE Healthcare, packed with Q
Sepharose High Performance anion exchange resin.

Buffer A was 50 mM Tris, pH 7.4 and Buffer B was 50 mM Tris, pH 7.4 with additional 0.5 M
NaCl. A gradient program was run, which was modified during the course of this work and
also Buffer B was switched to 50 mM Tris, pH 7.4 with 1 M NaCl. The flow rate was 2 ml/min.

Size-exclusion chromatography
The column used was Superose® 12 10/300 GL from GE Healthcare. It was run with an
isocratic program with 50mM Tris, pH 7.4 and 0.5 M NaCl as buffer.

Ammonium sulphate precipitation

This experiment was done in accordance with Wingfield “Protein Precipitation using
Ammonium Sulphate” ®. To check if the h-SAL protein precipitates from the once purified
supernatant at a certain ammonium sulphate saturation, different amounts of ammonium
sulphate were added to the sample. The aliquots were centrifuged at 4°C for 1h at 12000
rpm and the pellet resuspended in 100 ul 50 mM Tris pH 7.4. Then an SDS PAGE was run to
check the presence of the protein.

2.2.7 Protein characterization
The binding affinities of the purified proteins were characterised using fluorescence

spectroscopy. Quenching of the signal was measured and used to calculate dissociation
constants. Two different fluorometers were used during the course of this work. The first one
was the Perkin Elmer LS 55 Fluorescence Spectrometer, which was then upgraded to the
Perkin Elmer Fluorescence Spectrometer FL6500. Both fluorometers have been tested to
produce equal results after normalisation. The data was automatically background corrected.
For the experiments 2 uyM protein concentration was used in 50 mM Tris pH 7.4. 1-NPN, 1-
AMA and the different ligands were used as 1mM solutions in methanol. The data were
normalised to 100 % fluorescence intensity for the protein only if not otherwise stated.
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Competitive Binding assay

In the competitive binding assay, either 1-AMA or 1-NPN were used as a probe to bind in the
binding pocket. The fluorescence of this binding probes is significantly higher when bound to
the protein compared to in solution. The potential ligands quench the signal by competing for
the binding site. The intensity of the free fluorescence probe in solution (without protein
present) was deducted as additional background manually. The instrument settings for these
experiments can be found in table 18.

Tryptophan quenching

The fluorescence intensity, the wavelength at maximum intensity and the quantum yield of
tryptophan strongly depend on the polarity of the surrounding microenvironment. This is used
to distinguish tryptophan in the binding pocket of proteins from those facing the solvent. In
this experiment the fluorescence signal of the tryptophan in the binding pocket is measured.
It gets quenched when ligands bind®. The instrument setting can be found in table 18.

table 18: fluorometer settings for different experiments. A: also includes 1-NPN measurements for

background subtraction. B: includes 1-NPN measurements to find the dissociation constant and for
background subtraction

NPN Protein Protein 1-AMA | Protein Tryptophan
binding | binding h- binding h- binding | binding quenching
SAL ? SAL® h-SAL
HEIE
tr)nutation
Instrument LS 55 LS 55 FL6500 FL6500 | FL6500 LS 55
Emission start 380 380 380 460 380 310
[nm]
Emission end 450 450 450 550 450 380
[nm]
Excitation [nm] | 337 337 337 375 337 295
Scan rate 200 200 240 240 240 200
[nm/min]
Photomultiplier | low medium low 400 low 400 | Low 400 | medium
voltage (gain)
Excitation Slit 5 5 5 5 5 7
[nm]
Emission Slit 5 5 5 5 5 7
[nm]
Peaks 410 410 418 516 416 337
measured at
[nm]
Accumulation - - 1 1 1 -
number
Emission - - on On On -
correction
Gain PMT - - *1 *1 *1 -

2.2.8 Calculation of the Dissociation constants from the binding curves
For the graphs and the curve fittings the program Origin 2019 and Origin 2020 were used.

The calculations were done in Microsoft Excel.
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The dissociation constant of h-SAL and h-SAL HEIE mutation protein and 1-NPN and 1-AMA
For the calculation of the fluorescence probes dissociation constants the model of a protein,

Bmax*x

Pt Bax is the abbreviation
1

with one binding site was used. The formula used was: y =

for the total receptor number, expressed in the number of fluorescence intensity and k4 the
equilibrium dissociation constant, expressed in uM.

The ICs5, of different ligands
For the calculation of the I1C5, the normalized fluorescence intensity was plotted against the
ligand concentration. Then, assuming a simple dose-response relationship, the formula

A,— A
Y = A+ s
asymptote, A, is the bottom asymptote and log(xo) is the centre of the curve. A, was fixed to
100 % for all fittings since the fluorescence without ligand present was normalised to be 100

%. p is the parameter for the hill slope.

was used as a fit function. A; is the abbreviation for the top

The dissociation constants of protein and different ligands

ICs9
1+[L]/Kq’
concentration of the free fluorescent probe and K; is the measured dissociation constant of

the protein-fluorescence probe complex.

The formula obtained from literature *°. The formula is Kj;ss = where [L] is the
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3. Results

3.1 Theoretical predictions about the H-SAL protein and comparison with
OBP3 and SAL1

A model for the h-SAL protein was build using Swiss Model on-line software
amino acids in the binding pocket were examined manually using the program UCSF
Chimera®. The digital protein models for giant panda OBP3 ¢ and pig SAL * were obtained
from the PDB Database. figure 10- figure 12 were made using the program UCSF Chimera in
order to visualise the protein folding and gain first insights into the properties of the binding
pocket. However, this approach proved to be unsuccessful in finding possible pheromone
candidates, as the binding pocket of h-SAL differs significantly from both giant panda OBP3
and pig SAL.

79, 80, 81, 82, 83 The

figure 10: model of the giant pandas OBP 3. AS figure 12: the model of the pig SAL1. AS in the
in the binding pocket are shown. binding pocket are shown.

figure 11: the model of human h-SAL. AS in the
binding pocket are shown
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3.2 Cloning of h-Sal into pET30a

The h-SAL gene was cloned into pET30a for expression. This was done by first performing
restriction digestion on the pET30a vector and on the pEX-K168-hSAL vector with the
restriction enzymes Ndel and EcoRIl. The DNA was then cleaned up via agarose gel
electrophoresis and gel extraction and the insert was ligated into the digested vector.
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figure 13: agarose gel electrophoresis A: digested pET30a. B: digested h-SAL insert. C: colony PCR of
the colony with the right insert.

The ligation mixture was used to transform E. coli DH5a, which were then plated. To check
the result of cloning, colonies were picked, and colony PCR was performed. The sequence of
one colony, containing an insert of the right size, was confirmed by sequencing. The
sequencing result can be found in the supplementary data.

3.3 Protein expression of h-SAL

The h-SAL protein was expressed as described in chapter 2.2.4. It was carried out multiple
times since purification proved to be challenging. In figure 14 two exemplary SDS Pages can
be seen. In the first three expressions, the protein was found mainly in the supernatant.
However, in the other three expressions, there was approximately half of the h-SAL protein
found in the pellet, which made purification from the pellet possible. The protein was
expressed without any tag, as it would need to be removed before the ligand binding
experiments. Overexpression at the expected molecular weight was taken as indication, that
the desired protein was expressed.

27



kDa
116.0  e——
662 |
450 —
350 —
250 —
Y -
14.4 -
kDa p—
116.0 E—
66.2

450 —
35.0 -
25.0 -—
18.4 -
14.4 v

figure 14: SDS page after expression of h-SAL. A: fluorescence readout of the third expression. B:
Coomassie-stained gel of the third expression. C: fluorescence readout of the fourth expression. D:
Coomassie-stained gel of the fourth expression. 1: Marker. 2: bacterial sample before inducing. 3:
bacterial sample after inducing. 4: supernatant after sonication and centrifugation. 5: pellet after
sonication and centrifugation.

3.3.4 Protein purification

The initial purifications

The protein was initially purified from the supernatant. An exemplary chromatographic trace
can be seen in figure 15. There were some main issues with this purification: first, there were
lots of high molecular weight impurities still found in the sample, even after three purification
steps with the anion exchange column. Also, as seen in figure 19, purification with a size
exclusion column does not lead to increased purity. Furthermore, the protein peak tailed,
which lead to a substantial loss of protein over the course of multiple purifications.

Anion-exchange chromatography

The initial purification program can be seen in table 19. Buffer concentrations were 50 mM
Tris, pH 7.4 for Buffer A and 50 mM Tris, pH 7.4 and 0.5 M NaCl for Buffer B. The
chromatogram of the first purification can be seen in figure 15.
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table 19: the initial anion exchange program

ml %B

10 0

200 0-50
50 50-100
100 100

Run 43

ALA12  AN3-A2S  AR6-A/38  ABIASL  A/S2-A/64  AGS-ATT | A/T8-A/90 A (280 nm)

—_— g

3000 - ———

2000

A (280 nm) (mAU)
(wa/sw) Lpanonpuod

1000

0 40 80 120 160 200 240 280 120 360

Volume (ml) »

figure 15: chromatogram of the first purification run by anion exchange chromatography
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figure 16: fluorescence readout of the fractions from the first purification. The fractions are labelled with
fraction number. M: Marker

In figure 16 it can be seen, that, starting from fraction 61, the protein is eluted up until fraction
78 and in a small amount probably further. The amount of high molecular weight impurities
decreases with fraction number and the fractions with the most h-SAL protein are 67-70 in
this case (see figure 17 and figure 18).
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figure 17: fluorescence readout of fraction 62-67 figure 18: fluorescence readout of fraction 69-72
from the first purification. The fractions are from the first purification. The fractions are
labelled with fraction number. M: Marker. The labelled with fraction number. M: Marker. The
first half of the same gel as figure 18. second half of the same gel as figure 17.

Size-exclusion chromatography

Size exclusion chromatography was used after anion exchange chromatography in order to
separate the high molecular weight impurities from the h-SAL protein. The program run was
isocratic with a 50mM Tris, pH 7.4 and 0.5 M NaCl buffer (Buffer B).

For this purification step, no chromatogram can be shown, due to an air bubble in the
detection chamber.

A M 454647484950515253§B M1 2 3 45 6 7
Da §

R5.0

8.4
4.4

figure 19: Coomassie-stained gels. The lanes are labelled with fraction number. M: Marker A: fractions
after anion exchange. 46-50 were pooled and used for size exclusion chromatography. B: fractions after
size exclusion chromatography.

Fractions 46-50 after anion exchange chromatography were pooled and concentrated using
the ultrafiltration device on ice (see figure 19). Then the fractions were freeze-dried and
dissolved in 700 pl MilliQ water. This solution was centrifuged at 12000 rpm for 15 min at 4°C
before loading on the column. Protein was only found in fractions 5-7. This was verified by
running fractions 5-13 on another gel (not shown). It can be clearly seen, that size-exclusion
chromatography lead to no significantly improved purity of the protein fractions.
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Ammonium sulphate precipitation
A 1:10 times diluted protein fraction, obtained after an autosampler failure was used as the
sample. This fraction was pre-concentrated by ultrafiltration at room temperature for 12 h and
contained 0.5 M NaCl. 1 ml was used for each ammonium sulphate concentration.

kDa
116.0
66.2

45.0

35.0

25.0

18.4
14.4

M B 394652

L
. s

figure 20: fluorescence readout of SDS PAGE with redissolved pellets obtained at different Ammonium
Sulfate concentration. The Lanes are Labeld with Percentage of Ammonum Sulfate Saturation. M: Marker,
B: diluted protein fraction before the experiment. At 33% Ammonium Sulfate Saturation no pellet was

formed.

It was found that the h-SAL protein precipitates between 33 — 39 % ammonium sulphate
saturation (see figure 20), so the fractions were pooled and brought to 39 % ammonium
sulphate saturation. After centrifugation at 4 °C for 1h at 12000 rpm, the pellet was
resuspended in 4 ml of 50 mM Tris pH 7.4. and dialysed 3 times against 50 mM Tris pH 7.4
for 8-16 hours each before loading on the anion-exchange column. The chromatogram can
be found in figure 21.
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g

A (280 nm) (mAU)
5
8

A/1-A/8

A/9-A/16

A/17-A/25

Run 07
A/26-A/34 | A/35-A/43

120 140 160

Volume (ml) »

A/44-A/52

A/53-A/60

s
100 .
B
®

80

40

(wd/sw) Apanonpuod

20

A (280 nm)

figure 21: chromatogram of the purification by anion exchange chromatography after ammonium sulphate

precipitation
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figure 22: fluorescence readout of the SDS PAGE after anion exchange chromatography. The lanes are
labelled with fraction number. M: Marker. FF: follow-through while loading the column.

However, since there was a substantial amount of degradation of the protein found (see
double bands just above 18,4 kDa in figure 20 and figure 22), most likely due to the long
exposure to room temperature of these fractions, they were discarded.

The new purification-approach

The main difference to the initial purifications was the possibility to purify the protein from the
pellet, which was already containing fewer impurities at the start. The proteins were
solubilised in 8M Urea and the disulphide bridges of the proteins were reduced with 50 mM
DDT. The solution was then dialysed 3 times for 8-16 hours against 50 mM Tris pH 7.4. Then
the solution was centrifuged at 12000 rpm, at 4°C for 1 hour. Consequently, the protein
solution was purified by anion exchange chromatography. The main changes in the
chromatographic program were the switch to higher salt concentrations in buffer B. Initially it
was 0.5 M NaCl and was changed to 1M NaCl. The chromatographic program was
shortened between 0 and 0.27 M NaCl concentration and prolonged between 0.27 and 0.8 M
NaCl concentration to allow the h-SAL protein peak to get separated from the DNA peak
adjacent to it (see table 20). This lead, however, to more diluted protein fractions. A sample
chromatogram can be seen in figure 23 and the corresponding SDS PAGE in figure 24.

table 20: the new anion exchange program

ml %B

10 0

85 0-27
10 27

80 27-80
10 80-100
50 100
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figure 23: chromatogram after the first purification step with the new purification approach

M A 3637 3839 4041 42

55
40
35

25

10

figure 24: coomassie-stained SDS PAGE after purification with the new anion exchange program. The
lanes are labelled with fraction numbers. M: Marker. A: corresponding cell culture after inducing with IPTG
The main advantage of this chromatographic program is, that it yields up to 4 fractions of
pure protein, without substantial quantities of DNA (see table 21).

3.3.5 h-SAL protein characterization

Amount of protein obtained

The amount of protein in the fractions was calculated using the extinction coefficient obtained
from ExPASy . Given that all pairs of cysteines form cystines, the extinction coefficient at
280 nmis 19,285 M cm™ when measured in water.

The absorbance at 260 nm was also measured, to evaluate if the amount of DNA would
significantly influence the measurement at 280. The results of the different fractions can be

found in table 21.
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table 21: available fractions after purification, absorption at different wavelengths and amount of protein
calculated. Fraction volume 4 ml each for non-extracted fractions. Extracted fractions volume 1ml each
taken from the previously mentioned fraction.

Fraction Abs at 280 Abs at 260 [mol/l]
First purification from pellet

38 0.400 0.287 0.020
39 0.371 0.305 0.019
38 extracted pH 7.4 0.374 0.269 0.019
39 extracted pH 4 0.234 0.149 0.012

Third purification from pellet

36 0.155 0.113 0.008
37 0.226 0.154 0.011
38 0.285 0.186 0.015
39 0.269 0.183 0.014
40 0.199 0.162 0.010

Finding a suitable fluorescence probe

In order to evaluate the binding affinity of the fluorescence probes to the h-SAL protein,
different amounts of 1-NPN or AMA were added to a 2 uM solution of h-SAL in 50 mM Tris,
pH 7.4. Then the protein was extracted at pH 7.4 and at pH 4 with Dichloromethane to
investigate if there was a ligand already bound after bacterial expression, which would
influence the proteins binding capabilities. The results are summarised in figure 25 and table
22, as well as figure 26. For the 1-NPN measurements, the Ky was calculated as a mean of
three measurements, while for the 1-AMA measurements it was done from a single
measurement. This also applies to the background measurements for the respective
fluorescence probes.

250

2004
4 et / 3

A me

150

Fluorescence Intensity [AU]

m  Measurement 1-3
v Extracted pH 4
® Extracted pH 7.4

50 T T T
9] 5 10 15

Concentration of 1-NPN [uM]

figure 25: the 1-NPN binding experiment using the different h-SAL fractions
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table 22: fitted parameters from the 1-NPN binding experiments (see figure 25)

Measurement Mean 1-3 Extracted pH 7.4 Extracted pH 4
Bmax [AU] 320 298 260

0 Bmax [AU] 14 20 14

K¢ [UM] 8,7 6,6 5,6

o k4 [uM] 0,8 1,0 0,8

As table 22 demonstrates, that the dissociation constants only vary within the same order of
magnitude, which can be due to the typical data fluctuations with this kind of experiments.
Therefore, it can be said, that there is no already bound ligand, which would disturb further

binding experiments.

Concerning the binding curve with 1-AMA (see figure 26) it should be noted, that the
dissociation constant and also the standard deviation is significantly higher than the one
obtained with NPN binding (see table 22). Therefore, NPN was chosen as the fluorescence
probe for all further binding experiments.

G0 y=Bmax * x/ (k1 +Xx),
\ 1-AMA
Reduced Chi-Sqr 6572
Adj. R-Square 0,77 n
= Bmax 912 + 483
< K1 137 £12.6
ol -
= 400 ~ o
c
o =
£ | e
§ /
@ rd 1-AMA NH;
@ 200 4
5 /
> /.
L
]
0 T T T T T T
0 5 10 15
Concentration of 1-AMA [uM]

figure 26: the 1-AMA binding experiment and fitted parameters

Ligand-binding experiments

For the ligand-binding experiments 2 yM 1-NPN was used in a competitive assay with
different concentrations of ligand. The initial measurements were done only once. If the
fluorescence intensity went below 70 % at 16 uM ligand concentration, the measurements
were repeated and the mean of three measurements was plotted in the following graphs. The
exceptions to this are the ligands Piperonyl alcohol, which was measured only once,
Quercetin, which was measured four times instead of three times and Vanillylamine, which
was also measured three times. If the measurement has been done three or more times,
error bars corresponding to + one standard derivation have been reported. The curves
obtained from the initial measurements were not fitted, since they were measured only once.

In figure 27, the quenching curves with the ligands Retinol, B-lonone, Farnesol and Safranal
are shown. All three structures are similar, with B-lonone and Farnesol being like different

35



parts of Retinol. Safranal is also a terpenoid. B-lonone, Farnesol and Safranal bind to some
extent but Retinol binds the h-SAL protein well. This is somehow to be expected since, upon
many others, human lipocalins have been shown to bind retinoids®®

®  B-lonone

100 L] * Famesol N N N \

a0 4 Retinol
_ 1 ‘ T v Safranal
£ 50 # . -
-‘% 701 = ? . Retinol
5 u =
E 60 - u
= =

50 -
g CHs
% 40
§ 30 f CHs
T, I N . Safranal

104 CH; B-lonone

0 T T T T
0 5 10 15 CH, CHs CH,
Ligand concentration [pM]
HyC H
figure 27: quenching curves for Retinol, (-
lonone, Farnesol and Safranal Famnesol

figure 28: structures of Retinol, B-lonone,
Farnesol and Safranal
In figure 29, the quenching curves with the ligands Butyl benzoate, Hexyl benzoate, Octyl
benzoate and 3,7-Dimethyloctyl benzoate are displayed. The trend shows, that the longer
sidechains fit better into the binding pocket.

100 4 - |

90 s \/ \/\/ CHz
& 804 v I
— A
Z . . \”/ Butyl benzoate
£ 70 1
£ 80+ I i -
£ 4 v L]
8 50 4 v CH
(%) Y
8 : e \/\H/ L W
O 40
8
5 30
3 = Butyl benzoate /\ 0 Hexyl benzoate
" 204 & Hexyl benzoate .

10 4 Octyl benzoate I

v 3,7-Dimethyloctyl benzoate o] c
0 T T T T \/ \/\/\/\/ H3
0 5 10 15
Ligand concentration [uM]

Octyl benzoate
figure 29: quenching curves for Butyl benzoate, CH3
Hexyl benzoate, Octyl benzoate and 3,7-
Dimethyloctyl benzoate

H3 CH,

3,7-Dimethyloctyl benzoate

figure 30: chemical structures of Butyl benzoate,
Hexyl benzoate, Octyl benzoate and 3,7-
Dimethyloctyl benzoate
In figure 31, the quenching curves with the ligands (+) Butyl fenchol, (-) Butyl fenchol, a-
Santalol, 5a-Androstan-17(3-ol-3-one, Androstenone and Quercetin are shown. Only
Quercetin exhibits considerable probe displacement. The steroid compounds 5a-Androstane-

36



17B-0l-3-one and Androstenone do not bind the protein at all and therefore make other
steroids as putative pheromones unlikely. In the binding curve for Androstenone an increase
in fluorescence for ligand concentrations larger than 4 yM can be seen. This might be due to
micellar formation, which increases the fluorescence of trapped 1-NPN % & 190 The
terpenoids Butyl fenchol and a-Santalol might not bind well due to their bridged ring

structure.
100 R
. . N
90 | = .
—_ ¥ e . .
2 80 bt i
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Z 70 1 u
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3
O 40+
0
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L 53] 4 Androstenone
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figure 31: quenching curves for (+) Butyl fenchol,
(-) Butyl fenchol, a-Santalol, 5a-Androstan-17(-
ol-3-one, Androstenone and Quercetin

Androstenons

Quercetin

figure 32: chemical structures of (+) Butyl
fenchol, (-) Butyl fenchol, a-Santalol, 5a-
Androstan-178-ol-3-one, Androstenone and
Quercetin

In figure 33, the quenching curves with the ligands 1-Dodecanol, (Z)-11-Hexadecen-1-ol and
1-Hexadecanol are displayed. The linear alcohols bind the protein to some extent, but the
unsaturated (Z)-11-Hexadecaen-1-ol displaces the probe even less.
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figure 33: quenching curves for 1-Dodecanol,
(Z)-11-Hexadecen-1-ol and 1-Hexadecanol

ch\/\/\/\/\/\/.m

1-Dodecanol

1-Hexadecanol CH,

(Z)-11-Hexadecen-1-ol

figure 34: chemical structures of 1-Dodecanol,
(Z)-11-Hexadecen-1-ol and 1-Hexadecanol

In figure 35, the quenching curves with the ligands (Z)-13-Octadecenal, (Z)-9-Tetradecenal,
(2)-9-Hexadecenal, Dodecanal, 3,7,7-Trimetyloctanal and (Z)-11-Hexadecenal are shown.
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None of these aldehydes can be considered similar to the putative pheromone since they

don’t displace the fluorescence probe enough.
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figure 35: quenching curves for (Z)-13-
Octadecenal, (Z)-9-Tetradecenal, (Z)-9-
Hexadecenal, Dodecanal, 3,7,7-Trimetyloctanal
and (Z)-11-Hexadecenal

Dodecanal 3,7,7-Trimethyloctanal .

CHy

(Z)-9-Tetradec-S-enal

(Z)-13-Octadec-13-enal

(Z)-11-Hexadec-11-enal

figure 36: chemical structures of (Z)-13-
Octadecenal, (Z)-9-Tetradecenal, (Z)-9-
Hexadecenal, Dodecanal, 3,7,7-Trimetyloctanal
and (Z)-11-Hexadecenal

In figure 37, the quenching curves with the ligands Piperonyl alcohol, Homovanillic acid,
Coniferyl aldehyde and Vanillin are displayed. Coniferyl aldehyde shows good binding
affinities, vanillin binds a bit but Piperonyl alcohol and Homovanillic acid do not bind at all.
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figure 37: quenching curves for Piperonyl
alcohol, Homovanillic acid, Coniferyl aldehyde
and Vanillin
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figure 38: chemical structures of Piperonyl
alcohol, Homovanillic acid, Coniferyl aldehyde
and Vanillin

In figure 39, the quenching curves with the ligands Vanillylamine, Eugenol and Nonivamide
are shown. None of them displaces the probe significantly
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figure 39: quenching curves for Vanillylamine,
Eugenol and Nonivamide
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figure 40: chemical structures of Vanillylamine,
Eugenol and Nonivamide

In figure 41, the quenching curves with the ligands y-Undecalactone, Amylcinnamaldehyde,
2-Methoxycinnamaldehyde and Nonanoic acid are displayed. Only Amylcinnamaldehyde

binds the protein significantly.
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figure 41: quenching curves for y-
Undecalactone, Amylcinnamaldehyde, 2-
Methoxycinnamaldehyde and Nonanoic acid
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figure 42: chemical structures of y-
Undecalactone, Amylcinnamaldehyde, 2-
Methoxycinnamaldehyde and Nonanoic acid

In figure 43, the quenching curves with the ligands Disparlure, Cyclamen aldehyde, Ethyl
laureate, Dodecanoic acid are shown. None of these ligands can be considered similar to the
structure of the putative pheromone. The fluorescence increases when Disparlure is added.
This is most likely due to the hydrophobicity and low critical micellar concentration of

Disparlure.
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figure 43: quenching curves for Disparlure,
Cyclamen aldehyde, Ethyl laureate, Dodecanoic
acid
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figure 44: chemical structures of Disparlure,
Cyclamen aldehyde, Ethyl laureate, Dodecanoic
acid

In figure 45, the quenching curves with the ligands Citral, (+) Carvone and Geranyl acetone
are displayed. None of these ligands shows good affinities to the binding pocket of the

protein.
CH, CH,
100 | a
a NS
90 : N A N g b
- e . . g
E w0 < -
= . =
£ 70 G
=
2 60+
8 50
% HaC CHs HaC CHs
O 40+
173
@ '
g *1 Citral A Citral B
,_,—:_’ = Citral
201 @ (+)Carvone H.C Chy
104 4 Geranyl acetone
0 T T T T T T T T T H
2 0 2 4 & 8 10 12 14 16
- - HaC
Ligand concentration [pM] \ \ CH,
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figure 46: chemical structures of Citral A and
Citral B, (+) Carvone and Geranyl acetone
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Dissociation constants
For the Ligands, that reached below 50 % fluorescence intensity at 16 pM ligand, the

Dissociation constants were calculated. The graphs used for these calculations are the mean
of three measurements. The error bars represent + one standard derivation.
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figure 47: plot of the best quenching curves for the h-SAL protein. The parameters of the fitted curves can
be found in table 23. The values plotted are the mean of three measurements.
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figure 48: chemical structures of the best ligands for the h-SAL protein
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table 23: parameters of the fitted curves in figure 47. The parameter A2 was fixed to a value of 100 % for
all curves since these were the measurements without ligand present.

Quercetin | Octyl Coniferyl | Amyl- 3,7- Retinol
benzoate | aldehyde | cinnamaldehyde | Dimethyloctyl
benzoate
A1 [%] 25 51 45 42 54 23
oA1[%] |6 4 47 5 4 3
Logx0 3.8 2.6 4.7 3.6 3.4 1.6
[uM]
ologx0 0.8 0.6 0.8 0.8 0.9 0.4
[uM]
p -0.2 -0.3 -0.2 -0.2 -0.2 -1.1
op 0.1 0.2 0.1 0.1 0.1 1.2

table 24: calculated values for the dissociation constants. Kq = 8.7 uM (NPN) see table 22, [L] = 2 uM

Logx0 = IC50 [uM] | 1+[L])/K4 Kaiss [MM]
Quercetin 3.8 1.2 3.1
Octyl benzoate 2.6 1.2 2.1
Coniferyl aldehyde 4.7 1.2 3.8
Amylcinnamaldehyde 3.6 1.2 2.9
3,7-Dimethyloctyl benzoate 3.4 1.2 2.8
Retinol 1.6 1.2 1.3

Theoretical predictions

Docking experiments using the h-SAL protein model and 1-NPN, Retinol, B-lonone and
Quercetin were performed using SwissDock " "%, Only B-lonone was found to bind inside
the binding pocket with these docking experiments. The binding pocket of the protein model
is either smaller or the expressed protein changes conformation upon binding. Either way, it
can be concluded that there is a substantial difference between the theoretical model and the
folding of the expressed protein during binding.

figure 49: docking of the h-SAL protein with 1-

NPN

figure 50: docking of the h-SAL protein with
Retinol



figure 51: docking of the h-SAL protein with 3- figure 52: docking of the h-SAL protein with
lonone Quercetin

Tryptophan quenching
Tryptophan quenching experiments were done with Retinol and 3-lonone to investigate if the

1-NPN binding was influencing the ligand binding results. Both experiments were done as a
triple measurement.
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figure 53: tryptophan quenching experiments with Retinol. The parameters for the fitted curves can be
found in table 25

table 25: parameters of the fitted curves in Fehler! Verweisquelle konnte nicht gefunden werden.. The
parameter A2 was fixed to a value of 100 % for all curves since these were the measurements with the
lowest ligand concentration

Retinol Measurement 1-3

A1 [%] 36
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oA1 [%] 5
Logx0 [uM] 4.8
ologx0 [uM] 0.6
p -0.3
op 0.1

table 26: calculated values for the dissociation constants. [L] = 0

logx0 = 1C50 = K4 [uM]
Measurement 1-3 4.8
o 0.6
B-lonone
100 ]
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figure 54: tryptophan quenching experiments with $-lonone

Additionally, the data from the 1-NPN binding experiments for Retinol and B-lonone was
plotted and evaluated without using the datapoint for 0 uM ligand concentration, since this is
how the tryptophan quenching experiments were analysed.
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figure 55: 1-NPN quenching experiments for Retinol and B-lonone. The datapoint for 0 uM Ligand has
been omitted and 2 uM Ligand has been taken as 100 % fluorescence intensity in order to be comparable

to the tryptophan quenching data

table 27: parameters of the fitted curves in figure 55. The parameter A2 was fixed to a value of 100 % for

all curves since this is how the tryptophan quenching experiments were evaluated

Retinol B-lonone
A1 [%] 42 65
oA1 [%] 5 6
Logx0 [uM] | 4.9 7.6
ologx0 [uM] | 0.9 1.8
p -0.3 -0.2
op 0.1 0.1

The calculation of the dissociation constant for Retinol was I1Cso = Kgiss = logy, = 4.9 uM.

3.4 Protein expression of the h-SAL HEIE Mutant
3.4.1 Introduction of the HEIE mutation into hSAL

Overlapping primers:

This approach proved to be not successful. The PCR vyielded products of various length,
which lead to a smeared band and some precipitate in the pockets, when run on an agarose
gel and did not transform into E. coli DH5a. This can be seen in figure 56 and did not
improve by using double the amount of primers.
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figure 56: agarose gel electrophoresis M: Marker. a: 1st try before Dpnl digestion. (see table 7) b: 1st try
after Dpnl digestion. c: pET30a h-SAL

Two-step approach

This method could also be done in one step, without gel extraction of the elongated primers,

although the result proved to be more favourable if divided. This approach led to two

colonies, which were both grown and sent for sequencing. The sequencing results can be

seen in additional information. Both colonies contained the desired mutation.
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figure 57: agarose gel electrophoresis. M: Marker. A: after the first step and gel extraction. a: PCR tube 1
(used further) b: PCR tube 2 (discarded) B: after the second step. a: before Dpnl digestion b: after Dpnl
digestion. C: Plasmids grown from colonies a: Colony 5 (not used) b: Colony 6 (used further)

3.4.2 Protein expression

The h-SAL protein HEIE mutant was expressed as described in “2.2.4 Protein expression”.
More protein was found in the supernatant than the pellet (see figure 58). Still, the pellet was
purified since this approach led to more pure protein in the h-SAL expressions.

figure 568: SDS page after expression of h-SAL HEIE mutation. Coomassie-stained gel. M: Marker 1:
bacterial sample before inducing. 2: bacterial sample after inducing. 3: supernatant after sonication and
centrifugation. 4: pellet after sonication and centrifugation

3.4.3 h-SAL HEIE mutant protein purification

The proteins were solubilised in 8M Urea and the disulphide bridges of the proteins were
reduced with 50 mM DDT. The solution was then dialysed 3 times for 8-16 hours against 50
mM Tris pH 7.4. Then it was centrifugated at 12000 rpm, at 4°C for 1 hour. Consequently,
the protein solution was purified by anion exchange chromatography as described in 3.3.4 as
“The new purification approach”.
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figure 59: chromatogram of the purification run for the h-SAL protein HEIE mutation by the improved anion
exchange chromatography

M b 353637 38 39404142

figure 60: coomassie-stained SDS PAGE after purification with the improved anion exchange program.
The lanes are labelled with fraction numbers. M: Marker. b: corresponding cell culture after inducing with
IPTG

3.4.4 Protein characterization

Amount of protein obtained

The amount of protein in the fractions was calculated using the extinction coefficient obtained
from ExPASy %. Given that all pairs of cysteines form cystines, the extinction coefficient at
280 nm is 19,285 M cm™ when measured in water, which is the same extinction coefficient
as the non-mutated h-SAL protein.

The absorbance at 260 nm was also measured, to evaluate if the amount of DNA would
significantly influence the measurement at 280. Three sufficiently pure fractions were
obtained and mixed, in order to minimise errors associated with differences from the different
fractions. The result can be found in table 28.

table 28: available mixed fraction after purification, absorption at different wavelengths and amount of
protein calculated. Fraction volume of 12 ml in total.

Fraction Abs at 280 Abs at 260 [mol/1]

36-39 0.267 0.201 0.014
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Finding a suitable fluorescence probe:
The fluorescence probe 1-NPN was used in accordance with the previous experiments.
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figure 61: the 1-NPN binding experiment using the h-SAL HEIE mutation fraction

table 29: fitted parameters from the 1-NPN binding experiment using the h-SAL HEIE mutation fraction
(see figure 61)

Measurement Measurement 1-3
Bmax [AU] 15356

0 Brax [AU] 798

k¢ [UM] 6.6

o k¢ [UM] 0.8

It can be noted, that the dissociation constant is comparable to the one obtained from the h-
SAL measurements (see table 22).

Ligand-binding experiments

For the ligand-binding experiments 2 yM 1-NPN was used in a competitive assay with
different concentrations of ligand. Only ligands, that displayed binding with the h-SAL protein
were tested. The best ligands, namely Quercetin, Octyl benzoate, Coniferyl aldehyde, Amyl
cinnamaldehyde, 3,7-Dimethyloctyl benzoate and Retinol were measured in triplets. In the
following graphs, the mean of the three measurements is plotted. All other ligands were only
measured once, due to time constraints. An exception to this rule is Safranal and Hexyl
benzoate, which were also measured three times. If the measurement has been done three
or more times, error bars corresponding to + one standard derivation have been reported.
The curves obtained from the initial measurements were not fitted, since they were
measured only once.

In figure 62, the quenching curves with the ligands Retinol, B-lonone, Farnesol and Safranal
are displayed. As in the binding curves with h-SAL, Retinol is the best ligand.
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figure 63: chemical structures of Retinol, 3-
lonone, Farnesol and Safranal
In figure 64, the quenching curves with the ligands Butyl benzoate, Hexyl benzoate, Octyl
benzoate and 3,7-Dimethyloctyl benzoate are shown. The same trend as for h-SAL, longer
sidechains fitting better into the h-SAL HEIE mutation protein, can be observed.
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figure 64: quenching curves for Butyl benzoate, CH3
Hexyl benzoate, Octyl benzoate and 3,7-
Dimethyloctyl benzoate

H3 CHy
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figure 65: chemical structures of Butyl benzoate,
Hexyl benzoate, Octyl benzoate and 3,7-
Dimethyloctyl benzoate
In figure 66, the quenching curves with the ligands a-Santalol, Quercetin, 1-Dodecanol and
1-Hexadecanol are shown. Of these ligands, only Quercetin displays considerable probe
displacement. The other compounds bind the h-SAL HEIE mutation protein weaker.
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figure 66: quenching curves for a-Santalol,
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figure 67: chemical structures of a-Santalol,
Quercetin, 1-Dodecanol and 1-Hexadecanol

In figure 68, the quenching curves with the ligands Amylcinnamaldehyde, Coniferyl aldehyde
and Vanillin are shown. Of the three ligands, only Vanillin doesn’t reach below 50 %
fluorescence intensity at 16 uM ligand concentration.
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figure 68: quenching curves for

Amylcinnamaldehyde, Coniferyl aldehyde and

Vanillin
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figure 69: chemical structures of
Amylcinnamaldehyde, Coniferyl aldehyde and
Vanilli

51



3.4.5 Fitting of Dissociation constants

For the Ligands, that reached below 50 % fluorescence intensity at 16 pM ligand, the
Dissociation constants were calculated. The graphs used for these calculations are the mean
of three measurements. The error bars represent + one standard derivation.
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figure 70: plot of the best quenching curves for the h-SAL protein HEIE mutation. The parameters of the
fitted curves can be found in table 30. The values plotted are the mean of three measurements.

HaC CH,
TR Dy
H,C—0

Coniferyl aldehyde

Retinol

Quercetin

SUUIY

Octyl benzoate

Amylcinnamaldehyde

figure 71: chemical structures of the best ligands for the h-SAL protein HEIE mutant
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table 30: parameters of the fitted curves in figure 70. The parameter A2 was fixed to a value of 100 % for
all curves since these were the measurements without ligand present.

Quercetin Octyl Coniferyl Amyl- Retinol
benzoate aldehyde cinnamaldehyde

A1 [%] 35 53 41 45 42
oA1 [%] 6 4 6 5 2
Logx0 [uM] | 4.7 3.6 5.4 4.7 1.6
ologx0 [uM] | 0.9 0.9 1.1 1.0 04

p -0.2 -0.2 -0.2 -0.2 -1.1

op 0.1 0.1 0.0 0.1 1.2

table 31: calculated values for the dissociation constants. K4 = 6.6 uM (NPN) see table 29, [L] = 2 uM

Logx0 = IC50 [uM] | 1+[L)/Kd Kdiss [uM]
Quercetin 4.7 1.3 3.6
Octyl benzoate 3.6 1.3 2.8
Coniferyl aldehyde 54 1.3 4.2
Amyl-cinnamaldehyde 4.7 1.3 3.6
Retinol 1.6 1.3 1.2
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4. Discussion

4.1 Research question

The protein of interest, h-SAL, belongs to a group of proteins, known to carry pheromones in
other mammals. Using the reverse chemical ecology approach, the aim of this thesis was to
gain insight into the pheromonic communication of the hominids, in which the gene was still
functional and how pheromonic communication in humans would work, if this gene had not
been switched off. In order to do this, both protein sequences found have been expressed
and their ligand binding properties have been studied.

The main problem that could not be solved is, that random mutation changed the genomic
sequence in the approximately 400 000 years since the selective pressure on this gene has
been relaxed. This is the main reason, why the results of this thesis have to be taken with
caution. However, the best ligands from the binding studies might be taken as a starting point
when studying other humanoid and ape species.

4.2 Improvements in h-SAL protein purification

Starting from the initial purification approach there were two main improvements made. The
first one is the switch to purification from the pellet, instead of from the supernatant. The
main advantage of this approach was already highly reduced levels of impurities in the pellet
and therefore fewer purification steps needed to gain a pure fraction. The second
improvement was the modification of the chromatographic program. The main improvement
here was the switch to higher NaCl concentrations in Buffer B. This was necessary since the
protein-peak eluted at 100 % buffer B and tailed considerably at the lower salt concentration.
Another improvement was elongating the gradient between 27 and 80 % Buffer B (1M). With
the higher salt concentration, the DNA peak eluted close to the protein peak, resulting in with
DNA contaminated protein fractions. Elongating the gradient in this region lead to more and
less concentrated fractions, but also less contaminated fractions.

As for the size exclusion chromatography, it was showed that this approach did not result in
improved purity of the yielded fractions. A possible reason could be that the h-SAL protein
might form high molecular weight aggregates, which can’t be separated from the monomeric
molecule. This theory will be tested in further experiments.

Ammonium sulphate precipitation proved to be successful since the protein precipitates
between 33 and 39 % ammonium sulphate saturation. However, the following purification via
anion exchange chromatography needs to be improved, since there was a substantial
amount of protein not binding to the raisin at all. A possible reason could be that the dialysis
was not sufficient and dialysing for a longer time period could be worth trying. In the end,
ammonium sulphate precipitation was successful and could, after some improvements in the
subsequent chromatography, be included in future purification strategies.

After the purification it would be useful to verify the proteins identity by mass spectrometry
and the proteins folding with circular dichroism. Due to financial and organisational
constraints theses measurements were not part of this thesis. Overexpression of a protein of
the desired molecular weight was used as indication, that expression was successful.

4.3 Different approaches for introducing the HEIE mutation into h-SAL
Two different approaches were tested for introducing the mutation into the h-SAL gene. The

approach, using the overlapping primers was not successful. In figure 56 precipitate in the
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pockets of the agarose gel can be clearly seen. This might be due to the primer design since
the overlapping region on both ends of the primer, which flank the desired insert, are only 3
and 12 bases long in case of the forward primer and 6 and 9 bases long in case of the
reverse primer. Therefore, annealing of reverse primer to the forward primer instead of the
plasmid template might have been a problem.

The two-step approach solved this problem, but also produced a lot of undesired non-
mutated PCR product (the forward strand is synthesised without mutation in the first round of
PCR and also to a large extent in the following rounds). This is why it is common to use two
mutated primers. Although cleaning up the primers after the first steps of the PCR would not
be necessary in theory, it served to purify them. In the end, this work proves that using only
one mutated primer also leads to the desired product.

4.4-NPN fluorescence quenching vs. tryptophan quenching

Two different quenching experiments were set up, using the h-SAL protein, in order to
investigate if the usage of the fluorescence probe 1-NPN has an influence on the ligand
binding results.

4.4.1 Theoretical predictions and docking experiments
When comparing docking experiments with Retinol, Quercetin, 1-NPN and B-lonone, only 3-

lonone was found in the binding pocket on the inside of the protein. This could be due to the
inflexibility of the protein model and there could be a change in the 3-dimensional structure of
the protein when certain ligands bind. Since 1-NPN was also found outside the binding
pocket in this docking experiments, tryptophan quenching experiments were set up to verify
that Retinol does indeed bind the h-SAL protein better than B-lonone and the results
obtained can be considered trustworthy.

4.4.2 Retinol

table 32: comparison of fluorescence quenching experiments using 1-NPN or tryptophan quenching, with
Retinol as the ligand

Kdiss [UM]
1-NPN fluorescence quenching 4.9
Tryptophan quenching 4.8

The Dissociation constant obtained from the tryptophan quenching experiment does not
differ from the one obtained by 1-NPN fluorescence quenching when calculated with the
same ligand concentration set as 100 % fluorescence intensity. However, when using ligand
concentration 0 uM as the reference point the dissociation constant for Retinol is found to be
1.3 yM. This means the assumption that 2 uM ligand concentration lies on the plateau of the
quenching curve, which is used to enable comparable curve fitting, is fundamentally wrong
and the results obtained from this evaluation are wrong. Very low, as well as very high
concentrations of ligands should have been measured as this data would be needed for
normalisation of the curve. This was, however, not possible due to experimental difficulties
and a evaluation based on 1-NPN binding was chosen instead, since this method proved to
provide more reliable information.

4.4.3 B-lonone
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table 33: comparison of the mean values (n =3) for the 3-lonone 1-NPN and tryptophan fluorescence
quenching experiments

Ligand concentration [uM] 1-NPN fluorescence Tryptophan fluorescence
quenching quenching [%]
[%]

2 100 100

4 90 90

6 - 84

8 80 74

12 74 67

16 66 62

Though this normalisation can’t be used to gain any information about dissociation constants,
it can be seen that the data is comparable.

4.4.4 Conclusion
The aim of this experiment was to evaluate if the tryptophan quenching experiments and the

1-NPN fluorescence quenching experiments are comparable. Usually, it would have been
necessary to measure the binding curves at very low and very high concentrations of ligand
to be able to normalise and fit it correctly. In this case, this is not necessary since the
normalisation, though it does not give any additional reliable information, is sufficient for this
experimental question and shows that the measurements done with the 1-NPN fluorescence
quenching can be trusted.

4.5 h-SAL protein ligands

The aim of the binding experiments was finding a suitable ligand for the h-SAL protein. In
order to do so, different groups of ligands were used, and the dose-response curves were
measured by fluorescence quenching. Typically, the fluorescence decreases when the ligand
binds, since it displaces 1-NPN into the aqueous environment. The increase of fluorescence
at higher ligand concentration after the expected decline at lower concentrations, found in
some of the dose-response curves, was found to be due to the formation of micelles. These
provide a hydrophobic environment, in which encapsulated 1-NPN yields higher fluorescence
intensity % 88 100,

The best ligand tested was Retinol. It binds with a Kdiss of 1.3 pM. This was not unexpected
since Breustedt et al. * found that many human lipocalins bind retinoids. Since many
proteins bind Retinol, it is likely that in its original form, the protein bound also another ligand,
which is the pheromone.

The second-best ligand found was Octyl benzoate with a Kdiss of 2.1 uM. Octyl benzoate,
being a synthetic compound, should share structural similarities with the unknown ligand and
is similar to Retinol, in respect of possessing a ring-structure and a tail of similar length.
Retinols ring would be more flexible, due to not being aromatic. Interestingly, 3,7-
Dimethyloctyl benzoate which also shares the characteristic of having a phenyl group, as
well as a chain of the same length (10 atoms) binds with a Kdiss of 2.8. This could mean,
that there the two additional methyl groups can be accommodated in the binding pocket.
Shortening and bending (due to a cis-configured double bond) the hydrophobic chain, as in
the case of Amylcinnamaldehyde lead to an dissociation constant of 2.9. Also this structural
changes do not influence the dissociation constant significantly. Also, Hexyl benzoate does
not bind as well as Octyl benzoate, which means a longer hydrophobic chain is favourable.

56




Nonivamides binding ability is also worse than Octyl benzoate, though having a longer chain.
This could also be due to increased hydrophilicity on the phenyl ring.

Judging from the ligands, which did not display any notable binding capabilities with the h-
SAL protein, there are some groups of chemicals, which are unlikely to be the pheromone.
These are chemicals with only a linear chain of C10 or longer and some oxygen-containing
group, also if they contain one cis-configured double bond. Small ligands, like the terpenoids
Safranal, a-Santalol or Carvone are also unlikely. Although Quercetin binds with a Kgss of 3.1
and possesses some similarities to Androstenone and 5a-Androstan-173-ol-3-one, steroid
compounds are also unlikely to be the sought-for ligand, since the latter two display no
considerable binding to h-SAL.

4.6 h-SAL protein vs. h-SAL HEIE mutant protein

Since two different amino acid sequences were found for the h-SAL protein and there was no
indication on which would have been the original protein, both of them were analysed. It is of
interest if the two proteins differ significantly from another.

4.6.1 Comparison of protein models
When comparing the protein models, first it can be seen that their three-dimensional

structure overlaps very well, apart from one site where the B-sheet is elongated, and the loop
twisted. From this similar binding data would be expected.

4.6.2 Comparison of dissociation constants

table 34: comparison of dissociation constants for different ligands for the h-SAL protein and the h-SAL
protein HEIE mutation

h-SAL protein Kgiss [MM] h-SAL HEIE mutant protein Kiss
[uM]

Quercetin 3.1 3.6

Octyl benzoate 21 2.8

Coniferyl aldehyde 3.8 4.2

Amylcinnamaldehyde 2.9 3.6

3,7-Dimethyloctyl 2.8

benzoate -

Retinol 1.3 1.2

When comparing the Dissociation constants of h-SAL and h-SAL HEIE mutation (see

table 34), it can be noted, that the values are all similar. Though there is a difference
between those two proteins, it doesn’t influence the binding much.

4.6.3 Conclusion
Differing from another in four amino acids in the protein sequence, this is likely to account for

the differences in dissociation constants found. It might lead to a difference in the secondary
structure, possibly forming a bigger beta-sheet, which would be a plausible explanation for
the slight differences found. In this case a circular dichroism measurement could be useful.

4.7 Similarity to SAL1 (sus scrofa) and OBP3 (Ailuropoda melanoleuca)
The similarity between the h-SAL protein and the related proteins pigs SAL1 and giant
pandas OBP 3 could give valuable clues on which ligands could be used in further
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experiments and depict how the amino acids in the binding pocket could relate to potential
ligands.

4.7.1 Comparison of protein models
No valuable information could be gained from comparing the protein models. It should be

also noted, that the model for h-SAL is only based on calculation and might not correspond
with the real protein folding, while the models for SAL1 and OBP3 have been obtained from
crystal structure. It could also be useful to devise further experiments, in order to find out if
the protein was folded correctly after expression and purification.

4.7.2 Comparison of ligand binding experiments
The pigs SAL1 protein binds its pheromones, the steroid compounds 5a-androst-16-en-3-one

and 5a-androst-16-en-3a-ol. The giant pandas OBP3 has a completely different set of
ligands. It binds natural terpenoids and long-chain unsaturated aldehydes. Considering that
the best ligands for h-SAL found are Retinol and Octyl benzoate, and the steroid compounds,
as well as most terpenoids and long-chain unsaturated aldehydes, did not show significant
binding, it can be noted that the approximately 50-60 % sequence identity results in a
completely different binding behaviour.

4.7.3 Conclusion
From what was found in the experiments in this thesis, the three proteins are not similar

enough to expect implications for the ligand of h-SAL.

4.8 Outlook

The main issue with this research was the question, if the MUPP gene was, apart from the
splice junction mutation, still representative of the gene as it was in its functional form. There
is a possibility, that the original pheromone does not bind the protein anymore. Studies on
the pheromones of other ape species could give a clue on which amino acids have been
mutated and if they are responsible for a difference in ligand binding and if these studies
would reveal a putative pheromone, this would be a good candidate for further ligand binding
studies on h-SAL.
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5. Supplementary Data
5.1 h-SAL HEIE protein sequence source

$MUP
e EvemseiaeRRs s AT 3
Human chr9- — == ) — —
. . mron2 ., e
Human FUKHIDYLGNSSLTFKLHEI[at' ';t]ENGNCTEINLACKPTEKNAI
Chimp FVKHTDNLGNSSLTFKLHEI T T ENGNCTEINLTCKPTEEKNAI
Gorilla FVKHIDYLGNSSLTFKLHETI ENGNCTEINLACKPTEK---
Orangutan FVKHIDYLRNSSLTFKLHEI ENGNCTEINLACKPTEEKNAI
Rhesus FVEHIDYLGDSSLTFKLHEI ENGTCTEINLACKPTEEKNAI
Marmoset FVEHIGYQGESSLTFKLHEI ENGECTEINLACKPTEEKENAI
Tarsier FMEHIDFLDNSSLSFKFHEKI KENGECTEMYLVCDQTE ————
Mouse lemur FVERIYVLEHSSLYFKLHTI VNGECSEVPFVCDSTGKDGE
Bushbaby FVEQIQALKNSSLYFKYHTL ENGECSEISFVCDQTEKDGE
Mouse FVEHIHVLEN-SLAFKFHTV IDGECSEIFLVADKTEKAGE
Rat FVQHIDVLEN-SLGFTFRIK ENGVCTEFSLVADKTAKDGE
Guinea Pig FVESIEPVEDSALSFKFWAH ENGECKQISLICNRVAE-GV
Squirrel FVEYIHALKNSSLGFKFHII IKRECTEIFLVSNKTEKDGV
Rabbit FVEYIHVWKNSSLSFKFHTP VNGKCTELFLTCDPTEDNHV
Pika FVKQVDILKENSSLSYIYHII ENGQCAAHELVCDPTEEEGE
Alpaca FLEHIHAFDNSSLSLEKFHTK VNGECIEISLICVKAEEDGV
Dolphin FVEHVHALENFSLFFKFHTK VSGACTEMSLLSDKAGEDGV
Cow FVEYIDVLENSSLLFKFHTK VNGVCTELSLVSDSTGEDGV
Horse FVENIQPLDNSSLYFKFQRK GNEECSGFSLVADKTEEDAI
Cat FVEKEHIKALDNSSLSFVFHTK ENGKECTEIFLVADKT-KDGV
Dog FVKEKDIEVLSNSSLIFTMHTK VNGKCTKISLICNKTEEKDGE
Microbat FVESIQVLDNSSLSFEFHMK VNGECTEISFICDKTEEKGV
Megabat FREYMKLLDNSSLSFTFFVK ANGECIEGSLVCDKTEKDGE
Armadillo FLESIHVLPNSSLFFEFLIK TNGECISINFTCDKTEVQDE
Figure 3 The human-specific pseudogene of the major urinary protein, A G-to-A nudleotide substitution {with the reverse highlight) at the
donor site of the second intron (delineated by the underlined splicing sites) abelishes the ORF of the ceding sequence. The sequence
conservation is clearly discernable from the multiple sequence alignment of polypeptide sequences translated from partial exonic sequences
upstream and downstreamn of the splicing junction of MUP from 24 species.

figure 72: figure 3 from the “ldentification and analysis of unitary pseudogenes: Historic and contemporary
gene losses in humans and other primates*“ paper by Zhang et al. °

5.2 Physical and chemical protein parameters by ExPASy

5.2.1 Human SAL

MQEEENNDAYV TSNFDLSKIS GEWYSVLLAS DCREKIEEDGSMRVFVKHID YLGNSSLTFK
LNGNCTEINL ACKPTEKNAI CSTDYNGLNVIDILETDYDN YIYFYNKNIK NGETFLMLEL
YVRTPDVSSQ LKERFVKYCE EHGIDKENIF DLTKVDRCLQ ARDEGAA

Number of amino acids: 167

Molecular weight: 19,217.4

Theoretical pl: 4.54

Extinction coefficients:

Extinction coefficients are in units of M cm™, at 280 nm measured in water.
Ext. coefficient 19,285

Abs 0.1 % (=1 g/l) 1.004, assuming all pairs of Cys residues form cystines
Ext. coefficient 18,910

Abs 0.1 % (=1 g/l) 0.984, assuming all Cys residues are reduced
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5.2.2 Human SAL HEIE mutation

MQEEENNDAYV TSNFDLSKIS GEWYSVLLAS DCREKIEEDG SMRVFVKHID YLGNSSLTFK

LHEIENGNCT EINLACKPTE KNAICSTDYN GLNVIDILET DYDNYIYFYN KNIKNGETFL
MLELYVRTPD VSSQLKERFV KYCEEHGIDK ENIFDLTKVD RCLQARDEGA A

Number of amino acids: 171
Molecular weight: 19725.98
Theoretical pl: 4.54

Extinction coefficients:

Extinction coefficients are in units of M cm™, at 280 nm measured in water.

Ext. coefficient 19,285

Abs 0.1 % (=1 g/l) 0.978, assuming all pairs of Cys residues form cystines

Ext. coefficient 18,910

Abs 0.1 % (=1 g/l) 0.959, assuming all Cys residues are reduced

5.3 Sequencing results
5.3.1 h-Sal protein sequencing April 4, 2019

>hSALp30-9 T7 -- 15..1051 of sequence

CTCTAGAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGCAGGAAGAGGAAAAC
AATGATGCGGTTACCAGCAATTTTGACTTGTCCAAAATTAGCGGAGAATGGTATAGCGTT
CTGTTAGCGTCGGATTGTCGCGAGAAAATCGAGGAAGATGGGAGTATGCGCGTATTCGTG
AAACACATTGACTATCTCGGTAATTCGTCACTTACGTTCAAACTGAATGGCAATTGCACG
GAGATTAACCTGGCCTGTAAACCGACTGAAAAGAACGCGATTTGCAGTACAGACTATAAT
GGCCTGAACGTGATCGATATTCTCGAAACCGACTACGACAACTACATCTACTTCTACAAC
AAGAACATTAAGAATGGTGAAACCTTTCTGATGTTAGAACTGTATGTGCGTACTCCAGAT
GTCTCTTCCCAGCTGAAAGAACGGTTTGTCAAATATTGCGAAGAACATGGCATCGATAAA
GAGAACATCTTTGATCTGACCAAAGTAGATCGCTGTTTGCAAGCTCGTGATGAAGGTGCA
GCCTAAGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCA
CCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGC
TGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCT
GAAAGGAGGAACTATATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGC
GCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCC
GCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCT
CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAA
AACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCC

CTTTGACGTTGGAGTCA
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Translated Sequence

MQEEENNDAVTSNFDLSKISGEWYSVLLASDCREKIEEDGSMRVFVKHIDYLGNSSLTFKL
NGNCTEINLACKPTEKNAICSTDYNGLNVIDILETDYDNYIYFYNKNIKNGETFLMLELYV

RTPDVSSQLKERFVKYCEEHGIDKENIFDLTKVDRCLQARDEGAA-

5.3.2 h-SAL protein HEIE mutation sequencing July 18, 2019

Colony 5
>HSAL-M1-5 T7 -- 5..1064 of sequence

GGGGAAATTCCCTCTAGAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGCAGG
AAGAGGAAAACAATGATGCGGTTACCAGCAATTTTGACTTGTCCAAAATTAGCGGAGAAT
GGTATAGCGTTCTGTTAGCGTCGGATTGTCGCGAGAAAATCGAGGAAGATGGGAGTATGC
GCGTATTCGTGAAACACATTGACTATCTCGGTAATTCGTCACTTACGTTCAAACTGCATG
AGATTGAGAATGGCAATTGCACGGAGATTAACCTGGCCTGTAAACCGACTGAAAAGAACG
CGATTTGCAGTACAGACTATAATGGCCTGAACGTGATCGATATTCTCGAAACCGACTACG
ACAACTACATCTACTTCTACAACAAGAACATTAAGAATGGTGAAACCTTTCTGATGTTAG
AACTGTATGTGCGTACTCCAGATGTCTCTTCCCAGCTGAAAGAACGGTTTGTCAAATATT
GCGAAGAACATGGCATCGATAAAGAGAACATCTTTGATCTGACCAAAGTAGATCGCTGTT
TGCAAGCTCGTGATGAAGGTGCAGCCTAAGAATTCGAGCTCCGTCGACAAGCTTGCGGCC
GCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAA
GCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAA
CGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGCGAATGGGACG
CGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTA
CACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGT
TCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTG
CTTTACGGCACCTCGACCCCAAAAACTTGATTAGGGTGATGGTTCACGTAATGGGCCATC

GCCCTGATAGACGGTTTTCGCCCTTTGACGTTGGAATCCA

Translated Sequence
GNSL-NNFV-L-

EGDIHMQEEENNDAVTSNFDLSKISGEWYSVLLASDCREKIEEDGSMRVEFVKHIDYLGNSSLTFKLHEIENGNCT
EINLACKPTEKNAICSTDYNGLNVIDILETDYDNYIYFYNKNIKNGETFLMLELYVRTPDVSSQLKERFVKYCEE

HGIDKENIFDLTKVDRCLOARDEGAA-EFELRRQACGRTR

Colony 6
>HSAL-M1-6 T7 -- 4..1061 of sequence

TAGGGAAATTCCCTCTAGAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGCAG
GAAGAGGAAAACAATGATGCGGTTACCAGCAATTTTGACTTGTCCAAAATTAGCGGAGAA
TGGTATAGCGTTCTGTTAGCGTCGGATTGTCGCGAGAAAATCGAGGAAGATGGGAGTATG
CGCGTATTCGTGAAACACATTGACTATCTCGGTAATTCGTCACTTACGTTCAAACTGCAT
GAGATTGAGAATGGCAATTGCACGGAGATTAACCTGGCCTGTAAACCGACTGAAAAGAAC

GCGATTTGCAGTACAGACTATAATGGCCTGAACGTGATCGATATTCTCGAAACCGACTAC
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GACAACTACATCTACTTCTACAACAAGAACATTAAGAATGGTGAAACCTTTCTGATGTTA
GAACTGTATGTGCGTACTCCAGATGTCTCTTCCCAGCTGAAAGAACGGTTTGTCAAATAT
TGCGAAGAACATGGCATCGATAAAGAGAACATCTTTGATCTGACCAAAGTAGATCGCTGT
TTGCAAGCTCGTGATGAAGGTGCAGCCTAAGAATTCGAGCTCCGTCGACAAGCTTGCGGC
CGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGA
AGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAA
ACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGCGAATGGGAC
GCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCT
ACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACG
TTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGT
GCTTTACGGCACCTCGACCCCAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCAT

CGCCCTGATAGACGGTTTTCGCCCTTTGACGTTGGAAT

Translated sequence
-GNSL-NNFV-L-

EGDIHMQEEENNDAVTSNFDLSKISGEWYSVLLASDCREKIEEDGSMRVEFVKHIDYLGNSSLTFKLHEIENGNCT
EINLACKPTEKNAICSTDYNGLNVIDILETDYDNYIYFYNKNIKNGETFLMLELYVRTPDVSSQLKERFVKYCEE

HGIDKENIFDLTKVDRCLOARDEGAA-EFELRRQACGRTRA

5.4 Original fluorescence data
5.4.1 h-SAL protein

1-NPN
binding

Perkin Elmer LS 55 Fluorescence Spectrometer

slit Ex./Em 5
[nm]

excitation 337
[nm]

emission [nm] | 380 - 450

scan rate 200
[nm/min]

gain low

Blanc 1-NPN without protein

[NPN/uM] Emission Emission Emission
2 3 4 4
4 5 6 6
6 8 8 8
8 10 10 13
12 14 13 16
16 19 17 19

1-NPN

binding

[NPN/uM] Emission Emission Emission
2 75 63 63
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4 125 105 101
6 149 133 124
8 174 154 152
12 212 193 194
16 242 220 224
1-NPN extracted pH 7.4 | extracted pH 4.0
binding
[NPN/uM] Emission Emission
2 83 81
4 120 110
6 142 139
8 170 160
12 206 190
16 235 215
ligand binding
Perkin Elmer LS 55 Fluorescence Spectrometer
slit Ex./Em 5
[nm]
excitation 337
[nm]
emission [nm] 410
scan rate 200
[nm/min]
gain medium
Blanc 1-NPN without protein
[NPN/uM] Emission Emission Emission
2 28 21 22
4 44 34 35
6 59 47 47
8 72 69 72
12 107 88 97
16 156 112 114
(2)-11- (+) Carvone Dodecanal Dodecanoic acid
Hexadecenal
[Ligand/pM] Emission Emission Emission Emission
0 436 473 500 480
2 394 411 430 480
4 371 407 431 482
8 366 395 417 487
12 351 377 416 482
16 365 367 412 466
3-lonone 3-lonone 3-lonone Citral
[Ligand/pM] Emission Emission Emission Emission
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0 538 410 412 460
2 475 369 380 441
4 418 338 351 416
8 371 306 319 404
12 332 282 287 384
16 307 267 264 384
Retinol Retinol Retinol Eugenol
[Ligand/uM] Emission Emission Emission Emission
0 451 492 413 517
2 176 241 205 479
4 142 185 156 451
8 111 132 116 430
12 97 113 103 417
16 92 103 95 403
Safranal Safranal Safranal Androstenone
[Ligand/puM] Emission Emission Emission Emission
0 399 288 263 460
2 358 251 237 413
4 335 231 222 388
8 301 207 199 390
12 276 188 184 421
16 259 174 170 450
Quercetin Quercetin Quercetin Quercetin
[Ligand/puM] Emission Emission Emission Emission
0 514 389 253 269
2 390 295 195 197
4 310 244 155 159
8 207 180 111 119
12 150 138 86 90
16 112 105 67 69
1-Hexadecanol 1-Hexadecanol 1-Hexadecanol Ethyl laureate
[Ligand/pM] Emission Emission Emission Emission
0 573 4299 4066 571
2 523 3936 3768 508
4 488 3783 3578 503
8 438 3415 3325 566
12 414 3018 3143 648
16 384 3121 3080 660
(+) Butyl fenchol | (-) Butyl fenchol | (Z2)-11- y-Undecalactone
Hexadecenol
[Ligand/uM] Emission Emission Emission Emission
0 464 448 440 463
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2 421 402 381 421
4 402 382 368 389
8 378 361 338 373
12 364 346 338 362
16 354 334 338 351
1-Dodecanol 1-Dodecanol 1-Dodecanol Cyclamen
aldehyde
[Ligand/pM] Emission Emission Emission Emission
0 568 4190 4150 502
2 498 3683 3897 498
4 459 3594 3564 502
8 428 3388 3407 525
12 404 3091 3162 555
16 385 3104 3094 566
5a-Androstan- Farnesol Farnesol Farnesol
17B-0l-3-one
[Ligand/puM] Emission Emission Emission Emission
0 484 3959 3969 504
2 457 3778 3700 440
4 443 3587 3358 403
8 427 3544 3195 378
12 412 3160 3139 352
16 407 3064 3057 340
Geranyl acetone
[Ligand/pM] Emission
0 541
2 515
4 507
8 488
12 486
16 476
tryptophan binding
Perkin Elmer LS 55 Fluorescence Spectrometer
slit Ex./Em 7
[nm]
excitation 295
[nm]
emission [nm] 337
scan rate 200
[nm/min]
gain medium
Retinol Retinol Retinol
[Ligand/pM] Emission Emission Emission
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2 714 795 782
4 517 550 529
6 442 459 432
8 344 366 331
12 293 310 275
16 254 253 234
3-lonone 3-lonone 3-lonone
[Ligand/uM] Emission Emission Emission
2 689 734 746
4 628 647 673
6 578 623 623
8 516 536 556
12 470 484 506
16 425 454 461
ligand binding
Perkin Elmer Fluorescence Spectrometer FL6500
slit Ex./Em 5
[nm]
excitation 337
[nm]
emission [nm] 418
scan rate 240
[nm/min]
Photomultipie | low - 400
r voltage
Emission on
correction:
Gain PMT *1
Accumulation 1
number
Blanc 1-NPN without protein
[NPN/uM] Emission Emission Emission
2 261 317 429
4 548 598 656
6 964 932 982
8 1030 1096 1315
12 1466 1815 2128
16 2073 2281 2705
a-Santalol a-Santalol a-Santalol (Z2)-13-
Octadecenal
[Ligand/pM] Emission Emission Emission Emission
0 3232 3810 4145 3864
2 2796 3615 3801 3883
4 2743 3457 3513 3601
8 2524 3242 3297 3751
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12 2284 3119 3190 3584
16 2259 2972 3079 3883
Butyl benzoate Butyl benzoate Butyl benzoate (2)-9-
Tetradecenal
[Ligand/uM] Emission Emission Emission Emission
0 2735 3649 4012 3744
2 2357 3597 3754 3249
4 2224 3196 3697 3053
8 1964 3106 3285 2738
12 2024 2810 3311 2954
16 1767 2691 3174 2897
Hexyl benzoate Hexyl benzoate Hexyl benzoate (2)-9-
Hexadecenal
[Ligand/uM] Emission Emission Emission Emission
0 4120 3568 3747 3131
2 3469 3515 3396 3142
4 3022 3127 3199 2745
8 2841 2755 2962 2909
12 2415 2634 2690 2802
16 2294 2330 2312 2770
Octyl benzoate Octyl benzoate Octyl benzoate Disparlure
[Ligand/uM] Emission Emission Emission Emission
0 4027 4371 4369 3907
2 2901 3525 3641 4840
4 2582 2952 3104 5117
8 2360 2668 2788 6579
12 1989 2338 2513 8393
16 1895 2235 2198 9512
3,7-Dimethyloctyl | 3,7-Dimethyloctyl | 3,7-Dimethyloctyl | 2-
benzoate benzoate benzoate Methoxycinnam
aldehyde
[Ligand/pM] Emission Emission Emission Emission
0 3554 3750 3856 4565
2 2784 3094 3325 4173
4 2523 2950 2943 4045
8 2202 2538 2631 3722
12 1988 2418 2374 3528
16 1692 2177 2220 3361
Vanillin Vanillin Vanillin Nonanoic acid
[Ligand/pM] Emission Emission Emission Emission
0 4759 4015 3915 4274
2 4212 3370 3560 3871
4 3904 3322 3183 3649
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8 3410 2946 2608 3624
12 3137 2687 2445 3421
16 2634 2504 2321 3333
Coniferyl Coniferyl Coniferyl Nonivamide
aldehyde aldehyde aldehyde
[Ligand/uM] Emission Emission Emission Emission
0 4290 3882 3751 4655
2 3714 3122 3218 4101
4 3013 2828 2890 4095
8 2660 2238 2269 3891
12 2220 1883 2014 3609
16 2037 1577 1770 3540
Amylcinnamalde | Amylcinnamalde | Amylcinnamalde | 3,7,7-
hyde hyde hyde Trimethyloctanal
[Ligand/puM] Emission Emission Emission Emission
0 3847 3815 4133 4417
2 3356 3232 3296 4180
4 3133 2792 2894 3872
8 2559 2332 2260 3735
12 2195 2115 2101 3662
16 1957 1818 1703 3429
Vanillylamine Vanillylamine Vanillylamine Piperonyl
alkohol
[Ligand/puM] Emission Emission Emission Emission
0 4771 4108 4365 4269
2 4303 4045 4081 3823
4 4005 3875 4164 3576
8 3711 3552 3612 3256
12 3836 3391 3448 3204
16 3787 3509 3411 3089
Homovanillic acid
[Ligand/pM] Emission
0 4167
2 3699
4 3826
8 3456
12 3333
16 3294
1-AMA
binding
Perkin Elmer Fluorescence Spectrometer FL6500
slit Ex./Em 5
[nm]
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excitation 375
[nm]
emission [nm] 516
scan rate 240
[nm/min]
Photomultiplie | low - 400
r voltage
Emission on
correction:
Gain PMT *1
Accumulation 1
number
Blanc 1-AMA without protein
[AMA/uM] Emission
2 103
4 199
6 260
8 281
12 552
16 622
1-AMA
binding
[AMA/uM] Emission
0 168
2 347
4 574
8 729
12 898
16 1124

5.4.2 h-SAL protein HEIE mutation

ligand and 1-NPN binding

Perkin Elmer Fluorescence Spectrometer FL6500

slit Ex./Em
[nm]

5

excitation [nm]

337

emission [nm]

416

scan rate
[nm/min]

240

Photomultiplier
voltage

low - 400

Emission
correction:

on

Gain PMT

*1

Accumulation
number

Blanc 1-NPN w

ithout protein
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[NPN/uM] Emission Emission Emission
2 261 317 429
4 548 598 656
6 964 932 982
8 1030 1096 1315
12 1466 1815 2128
16 2073 2281 2705
1-NPN binding
[NPN/uM] Emission Emission Emission
2 3869 4649 4547
4 5913 6712 6609
6 7579 8398 8290
8 8779 9630 9656
12 11286 11729 11991
16 13370 13322 13789
Nonivamide Coniferyl aldehyde | Coniferyl aldehyde | Coniferyl
aldehyde
[Ligand/uM] Emission Emission Emission Emission
0 4576 4035 3893 4288
2 4546 3521 3407 3552
4 4387 3182 3131 3110
8 4393 2565 2407 2566
12 4225 2155 2194 2241
16 4094 1987 1641 1744
Amylcinnamaldeh | Amylcinnamaldeh | Amylcinnamaldeh | Vanillin
yde yde yde
[Ligand/puM] Emission Emission Emission Emission
0 4173 3690 3608 4124
2 3285 3233 3200 3573
4 2977 2826 2834 3309
8 2424 2297 2432 2944
12 2123 2004 2100 2560
16 1878 1715 1838 2359
3,7-Dimethyloctyl | 3,7-Dimethyloctyl | 3,7-Dimethyloctyl | Butyl
benzoate benzoate benzoate benzoate
[Ligand/uM] Emission Emission Emission Emission
0 3330 4242 3644 4816
2 2865 3373 3145 4418
4 2790 3007 2949 4174
8 2354 2691 2659 3854
12 2097 2527 2523 3735
16 1869 2134 2264 3667
Octyl benzoate Octyl benzoate Octyl benzoate a-Santalol
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[Ligand/pM] Emission Emission Emission Emission
0 4548 3597 3479 4247
2 3772 2902 2906 4066
4 3634 2541 2609 3964
8 3149 2158 2348 3534
12 2700 1937 2156 3359
16 2496 1806 1982 3260
Retinol Retinol Retinol Farnesol
[Ligand/uM] Emission Emission Emission Emission
0 4021 3983 3551 3748
2 2523 2277 2234 3469
4 2169 1995 1984 3235
8 1848 1701 1878 2969
12 1710 1712 1808 2771
16 1731 1592 1594 2982
Quercetin Quercetin Quercetin 3-lonone
[Ligand/uM] Emission Emission Emission Emission
0 3693 3969 3659 3841
2 3067 3193 3244 3558
4 2711 2590 2687 3387
8 1927 2126 2316 3075
12 1586 1657 1791 2920
16 1387 1410 1605 2788
Safranal Safranal Safranal 1-
Hexadecan
ol
[Ligand/puM] Emission Emission Emission Emission
0 3775 4204 3595 3854
2 3432 3977 3317 3752
4 3222 3834 3043 3324
8 2912 3224 2843 3241
12 2716 3073 2407 3083
16 2531 2964 2270 3043
Hexyl benzoate Hexyl benzoate Hexyl benzoate 1-
Dodecanol
[Ligand/pM] Emission Emission Emission Emission
0 4124 3768 3975 3629
2 3606 3315 3463 3390
4 3264 3072 3148 3238
8 2933 2746 2810 3000
12 2734 2530 2621 2955
16 2537 2283 2430 2891
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