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Abstract

1 Abstract

The gas ethylene has a wide influence on various physiological and developmental processes
within plants including senescence and abscission of petals, leafs and fruits. The plant hormone
is also known as a mediator of biotic and abiotic stress responses upon flooding, drought or
pathogen infection. Genetic studies in the model plant Arabidopsis thaliana revealed that
binding of ethylene occurs at specific receptor proteins located at the endoplasmic reticulum.

To ultimately understand how these membrane proteins perceive and transmit the ethylene
signal throughout a complex network and to elucidate potential interactions with other proteins
of the signalling cascade, it is essential to analyse and characterise the receptors at the protein

level.

Within the first part of this thesis, monitoring of intrinsic tryptophan fluorescence was used in
addition to a radioactive assay to characterise ligand binding and phosphorylation events in the
ethylene receptor protein ETR1 from Arabidopsis thaliana. Fluorescence based studies indicated
interaction of the receptor protein with the copper cofactor necessary for binding of ethylene.
Phosphorylation experiments revealed that phosphorylation can occur on further residues in the
kinase and receiver domain of the receptor other than the putative sites H353 and D659. In this
context, preliminary tests were carried out to use *P-NMR in future experiments to assign these
residues.

The second part of this thesis aimed to a structural characterisation of the receptor protein by
X-ray crystallography. For the first time, it was possible to obtain crystals of the full-length
ethylene receptor AtETR1. The crystals diffracted to a resolution of about 11 to 12 A, but data
could not be used for structure determination due to the high mosaicity and anisotropic spot
distribution. Comprehensive optimisation including protein modification and variations of the
experimental setup was tried but did not improve diffraction quality.

For that reason the crystallisation study was expanded to orthologous ETRI1s from the moss
Physcomitrella patens subsp. patens and the tomato Lycopersicon esculentum. Expression and
purification protocols were established for both proteins, and first crystallisation screens already
gave spherulitic crystals. Although these crystalline structures are not suitable for diffraction

analysis, they outline starting conditions for future crystallisation approaches.






Zusammenfassung

2 Zusammenfassung

Ethylen greift als Pflanzenhormon in eine Vielzahl von physiologischen und entwicklungs-
relevanten Prozessen der Pflanze ein. Hierzu gehdren unter anderem die Seneszenz und
Abszission von Bliiten und Bléttern, sowie die Forderung der Fruchtreife. Ethylen kann
auflerdem spezifische Stressantworten auslosen, die durch biotische und abiotische Umweltreize
wie z.B. Pathogenbefall oder Trockenheit initiiert werden.

Die Wahrnehmung eines Ethylensignals erfolgt iiber Rezeptorproteine am endoplasmatischen
Retikulum. Der genaue Mechanismus, mit dem die Signalerkennung und -weiterleitung auf
molekularer Ebene iiber ein komplexes Proteinnetzwerk verlauft, ist noch nicht hinreichend
bekannt. Sowohl die funktionelle Charakterisierung der beteiligten Proteine als auch
strukturbiologische Ansétze kénnen dazu beitragen, den Signaltransduktionsmechanismus weiter
zu entschliisseln.

Im ersten Teil der vorliegenden Arbeit wurden funktionelle Studien am Rezeptorprotein ETR1
aus Arabidopsis thaliana durchgefithrt: In einem fluoreszenzbasierten Ansatz liefl sich iiber
Anderungen in der Fluoreszenzintensitit intrinsischer Tryptophanreste eine Interaktion
zwischen dem Rezeptorprotein und dem fiir die Bindung von Ethylen notwendigen Kupfer-
Kofaktor nachweisen. Phosphorylierungsstudien mit radioaktiv markiertem ATP zeigten
auflerdem, dass neben den bereits beschrieben Aminosduren (H353 und D659) in der Kinase-
bzw. Empfangerdoméne von ETR1 weitere Reste phosphoryliert werden koénnen. In diesem
Zusammenhang wurden Vorversuche durchgefiihrt, um zukiinftig *P-NMR zur Identifizierung
der entsprechenden Reste anzuwenden.

Der zweite Teil der Arbeit umfasste die Kristallisation des Ethylenrezeptors AtETR1. Erstmals
konnten Kristalle des kompletten Membranproteins geziichtet werden. Diese streuten bis zu
einer Auflésung von 11 bis 12 A. Allerdings konnten die Daten aufgrund der vorhandenen
Mosaizitat und anisotropen Verteilung der Reflexe nicht zur Strukturlosung herangezogen
werden. Da eine Verbesserung dieser Eigenschaften auch durch vielfaltige Variationen der
Kristallisationsparameter und durch Modifikationen des Proteins nicht erzielt werden konnte,
wurden zwei weitere orthologe Rezeptoren in die Studie aufgenommen: ETR1 aus dem Moos
Physcomitrella patens subsp. patens und der Tomate Lycopersicon esculentum. Nach
Etablierung von Expressions- und Reinigungsprotokollen zeigten beide Proteine in ersten
Kristallisationsscreens bereits die Bildung von Sphérolithen, so dass diese Bedingungen als

Ausgangspunkt fir zukiinftige Studien dienen kénnen.






Introduction

3 Introduction

3.1 Plant hormones: Communication is all!

Because of their sessile lifestyle, plants need to adapt to a wide
range of environmental stimuli like temperature, light or water.
Corresponding physiological and developmental processes have
to be coordinated throughout the plant—an aspect that equally
affects giant organisms like the coast redwood (Sequoia
sempervirens) or tiny species like the spotless watermeal
( Wolffia arrhiza), see Figure 1.

Many of the physiological processes are regulated by the
classical plant hormones auxin, cytokinin, abscisic acid,
gibberellin and ethylene!’. Nevertheless, the group of regulatory
effective compounds is still expanding, and apart from small
chemical substances also peptides have been discovered to have
an impact on plant growth'?.

The spectrum of action of the plant hormones is broad and
ranges from induction of cell elongation and proliferation to
pathogen induced defence mechanisms® 4.

Based on genetic analyses, various proteins were identified for
each plant hormone to be involved in perception or
transduction of the specific signal. These studies also revealed
distinct cross-talk between individual pathways and thereby
illustrated the complex network necessary for maintaining

&)

biological processes'”.

3.2 The plant hormone ethylene

Figure 1: Images of (A) coast

redwood, Sequoia sempervirens
(cc, Martina Pauerova) and (B)
spotless  watermeal,  Wolffia

arrhiza (cc, Christian Fischer).

The biological activity of ethylene was first observed in the early 20" century as illuminating

gas caused senescence and abscission of leafs from plants grown in green houses®. About

30 years later, it was possible to show that the plant itself can produce the hormone. Today,

ethylene is one of the best studied plant effectors!”.

11



Introduction

Due to its chemical nature—ethylene is the simplest olefin—it is soluble in the aqueous cytosol,
but it can also easily pass through lipidic layers such as the cell membrane. As it is gaseous at
ambient temperature, ethylene can also diffuse and trigger responses between different organs or

even individual plants.

3.2.1 The role of ethylene in plant life cycle

Ethylene has a regulatory effect on various processes in the plant life cycle. A known and crucial
aspect that is also of agricultural importance is its impact on fruit ripening of climacteric fruits
such as apples, bananas or tomatoes. During ripening, the fruit pulp softens and flavouring
occurs. Contemporaneously, photosynthetic pigments are degraded—a process that is also
observed during senescence of leafs and petals. Finally, cellulases and polygalacturonases are
activated at the nodes to induce abscission™".

Ethylene is also important in plant growth where it can regulate cell elongation and is
responsible for the formation of the apical hook that protects the sensitive apical meristeme of a
seedling when passing trough the soil'. Also the formation of adventitious roots and root hairs
has been described to be triggered by the plant hormone as well as sex determination and seed
germination' 13,

Furthermore, ethylene has been described to play a major role in stress responses. The trigger
might either be of abiotic nature like flooding, drought, wounding or hypoxia or biotic such as a
pathogen infestation™. In the latter case, synthesis of phytoalexins can be induced by the plant

hormonel'® 19,

3.2.2 Ethyvlene biosynthesis

In plants, the immediate precursor of ethylene is 1-aminocyclopropane-1-carboxylic acid (ACC),
which is synthesised from S-adenosyl methionine (SAM) by the ACC-synthase. SAM itself is
produced by the SAM-synthase from the amino acid methionine and ATP. ACC is degraded by
the ACC-oxidase to release ethylene. This step is oxygen dependent and is completely abolished
under anaerobic conditions.

ACC-synthase does not only catalyse the formation of SAM but also participates in regeneration

of methionine by producing methylthioadenosine (MTA), which is converted back to methionine

12



Introduction

during the Yang cycle. This mechanism ensures that ethylene synthesis is not reduced due to
limitation of methioninel”.

The rate by which ethylene is produced is mainly dependent on the concentration and activity
of ACC-synthase. The enzyme is not constitutively expressed, but synthesis is induced through

endogenous and exogenous stimuli™.

3.2.3 The ethylene signalling pathway in Arabidopsis thaliana

Dark grown seedlings exhibit a typical phenotype when exposed to ethylene. The so-called triple
response is characterised by a reduced growth of the hypocotyl and the root due to inhibition of
internode elongation. An increased apical hook and thickening of the hypocotyl are observed,
tool'l,

These characteristics were used in genetic studies with Arabidopsis thaliana to identify proteins
involved in ethylene signalling. Analysis of mutant plants that showed insensitivity towards
ethylene or displayed the triple response in absence of the hormone, led to discovery of five
receptor proteins and further components of the signalling pathway!'?.

These proteins were brought into a hierarchic dependence by epistasis analysis and allowed for
postulation of two different signalling pathways, the first one involving a MAPKK kinase

cascade and the second being similar to two-component signalling as known from bacteria® !,

3.2.3.1 Ethylene receptor proteins

The five receptor proteins ETR1, ETR2, ERS1, ERS2 and EIN4 share a sequence similarity of
up to 80 % and can be divided into two subfamilies (Figure 2) according to their structural
composition? %,

Subfamily I comprises ETR1 and ERS1. Both proteins possess a highly conserved kinase domain
including the phosphate acceptor histidine and an ATP-binding motif (N-, G1- and G2-box).
The N-terminal part of the receptors is composed of three transmembrane helices and is
required for ethylene binding. A GAF domain of unknown function is connecting the
transmembrane domain and the kinase domain. Subfamily II members ETR2, ERS2 and EIN4
contain an additional N-terminal helix, but they do not show all characteristics typical for a
histidine kinase. The essential histidine residue is only present in EIN4, and ATP-binding motifs

are almost completely missing. Nevertheless, the three subfamily II receptors and ERS1 have

been reported to exhibit autophosphorylation on serine/threonine residues®!.

13
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trans-
membrane GAF kinase receiver
domain domain domain domain

Figure 2: Modular composition of ethylene receptors from Arabidopsis thaliana. Members of subfamily I (ETR1 and

ETR2

EIN4

ERS1) are characterised by three N-terminal helices and a conserved histidine kinase domain. Members of
subfamily IT (ETR2, ERS2 and EIN4) contain an additional transmembrane helix and have a less conserved kinase

domain.

The C-terminal receiver domain, as known from bacterial two-component systems, is present
only in receptors ETR1, ETR2 and EIN4.

For the five receptor proteins, a redundancy was observed regarding their functionality. A loss
of one member of subfamily I can be compensated by the remaining receptors. However, when
both, ETR1 and ERS1, are missing, plants will show the typical triple response. Deletion of all
subfamily II members did not produce such phenotype indicating that ETR1 and ERS1 play a

superior role in ethylene signalling in Arabidopsis thaliana®'.

3.2.8.2 Ethylene perception by receptor protein ETR1

Ethylene receptor ETR1 from Arabidopsis thaliana is the best characterised component of the
ethylene signalling network. The N-terminal domain of the protein comprises three helices by
which the receptor can localise to the ER membrane®’. In its functional state, the receptor
forms a dimer: Cystein residues C4 and C6, that are situated outside the membrane, are
involved in disulfide bonding. Both residues are necessary for dimerisation and are conserved in
all five receptors?”.

Apart from homodimers, the association of receptors from different subfamilies was observed.
Extracts from Arabidopsis thaliana membranes contained all possible combinations of complexes

of subfamily I and IT members. Though, the preferential combination was made up from ETR1

14
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and ERS1. It turned out that these complexes could be dissolved with SDS indicating that non-
covalent binding might also occur among the receptors. One possible candidate for promoting
the association is the GAF domain as identified by yeast two-hybrid analysis®.

Prior to binding of the plant hormone, the receptor dimer has to be loaded with copper(I).
Complexion of the metal ion occurs also in the transmembrane domain: Residues C65 and H69
were identified to be crucial for ethylene binding. Upon dimerisation, a hydrophobic pocket is
formed that stabilises the metal ion and allows for subsequent binding of the hormone®.

It is assumed that residues C65 and H69 are not the only residues responsible for ethylene
binding. Alanine scanning mutagenesis revealed further residues in helices I and II that might
play minor roles in binding of the hormone as their substitution decreased but did not abolish
ethylene binding. The sequence motif for ethylene binding is not just conserved in land plants
but also in green algae, fungi and cyanobacteria®’.

The mechanism by which the signal is transferred throughout the receptor is not fully

understood, but it is assumed that a conformational change is induced due to the presence of

the olefin that could forward the signal®.

3.2.8.8 Signal processing within receptor protein ETR1

The C-terminal domain of ETR1 holds two important elements for signalling: the kinase domain
and a receiver domain. In the first domain, a conserved histidine residue (H353) is described to
be autophosphorylated upon an internal trigger. The phosphoryl group in then transferred to an
aspartate (D659) residue in the connecting receiver domain®®!. Autophosphorylation of all five

2.3 yet no information is available how exactly the

receptor proteins was monitored in wvitrol
signal is processed to downstream components of the signalling pathway. Though both residues
are not conserved in all receptors, it was shown that they could all activate protein kinase
CTR1 suggesting that further residues including serines and threonines might be also a target

for phosphorylation.

3.2.8.4 MAPKK kinase cascade

Ethylene receptor proteins ETR1, ETR2, ERS1, ERS2 and EIN4 act as negative regulators and

22 However, for binding of the plant

are inactivated upon binding of the plant hormone
hormone, copper(I) is needed and is provided by the P-type ATPase copper transporter RAN1

located at the Golgi apparatus® 3! (Figure 3).

15
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Another component that has been reported to localise at the Golgi membranes as well as at the
ER is the putative membrane protein RTE18 39, Tt is suggested that RTE1 acts on the ethylene
binding domain and thereby might promote or stabilise the signalling “on” state of receptor
ETR1. RTE1 could bind to an intermediate state of ETR1 in which ethylene is already bound

but signalling is not yet turned off. For this change in state, most probably, a conformational

Golgi membrane

ER membrane

cytoplasm
AHPs
1
|
I v
v
ARRs ‘ o EIN3/EILs
’ |
v
ethylene ' nucleus
response
ERF1
l_
<=~
—
ethylene

response genes

Figure 3: Schematic diagram of the ethylene signalling pathway in Arabidopsis thaliana. The five receptor proteins
ETR1, ETR2, ERS1, ERS2 and EIN4 are located at the endoplasmic reticulum (ER). In absence of ethylene, the
receptors activate CTR1 which inactivates EIN2, also located at the ER (dotted lines and arrows). For binding of
ethylene, a copper ion (red dot) is necessary which is provided through RANT1, located at the Golgi membrane. Upon
binding of ethylene, the receptors and CTR1 are inactivated. In consequence, EIN2 can trigger an ethylene response
by activation of transcription factors EIN3/EILs which activate further components involved in transcription of
ethylene response genes. Apart from regulation of CTRI1, the receptor proteins can activate AHPs which regulate
response regulators (ARRs). Interactions occurring upon binding of ethylene are indicated by solid arrows.
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Introduction

change is necessary that might be prevented by RTE1 arresting the receptor in its “on” state
though ethylene is bound. However, the mechanism by which this transition is influenced still
remains unclear®’.

Downstream of ETR1 acts the negative regulator CTR1, a Raf-like serine/threonine kinase.
Interaction of the N-terminus of CTR1 with receptor proteins ETR1 and ERS1 via their kinase
domain was demonstrated in wvitro, and co-localisation with ETR1 at the ER was observed by

%3 Due to the similarity of CTR1 with mitogen

sucrose density gradient centrifugation!
activated protein (MAP) kinases, it is supposed that CTRI1 represents the starting point of a
multi step phosphorylation dependent MAP kinase cascade. In absence of ethylene, CTR1
represses further downstream components of the signalling pathway by inhibition of EIN2.

EIN2 is a positive regulator of ethylene signalling!’l. In the presence of the hormone, it activates
the ethylene response through EIN3 and EIN3-like (EILs) transcription factors. These proteins
accumulate in the nucleus where they can induce expression of further transcription factors such
as ERF1. Finally, a transcriptional cascade is initiated that decides over the expression or
repression of ethylene response genes!*!l.

The initial starting point of this cascade, EIN2, has recently been demonstrated to localise at

2,4 Tt was

the ER membranes and physically interact with all ethylene receptor proteins!
further postulated that in presence of ethylene, the non-phosphorylated receptors tightly bind to
EIN2 preventing its ubiquitin targeting by proteins ETP1 and ETP2 for proteasome-dependent
degradation!.

The N-terminus of EIN2 consists of 12 putative transmembrane helices and shows similarities to
Nramp metal ion transporters!'!. Indeed, interaction with calcium was proven in vitro, though,
its meaning remains unclear.

Signals arsing from the ethylene receptor finally converge on transcription factors EIN3 and
EILs™. It appears that almost all ethylene responses are mediated through these regulators with
one exception: Inhibition of growth is divided into four phases. A first, rapid and a slowed
second inhibition phase are separated by a lag phase before recovery occurs when ethylene is
removed. In double mutant eindeill, the first inhibition phase was still present indicating that
this response was not regulated on a transcriptional level*> 9,

EIN3 and EIN3-like transcription factors are under the control of two F-box proteins (EBF1
and EBF2). The latter ones belong to E3 ligases and target the transcription factors for

26S proteasome degradation in absence of the plant hormonel™ 9,

17



Introduction

3.2.8.5 Two-component signalling cascade

Two-component signalling systems are common in bacteria but are also found in fungi and

[19.50] 'Tp the simplest case, the system consists of a histidine kinase composed of an input

plants
and transmitter domain and a second, individual module, the response regulator that holds a
receiver and output domain (Figure 4A). Upon a specific signal, the kinase domain
autophosphorylates on a conserved histidine residue, and the phosphoryl group is subsequently
transferred to an aspartate residue in the receiver domain of the response regulator.

In the multi step phosphorelay, the histidine kinase is fused to an additional receiver element in
which an aspartate residue is acceptor for the phosphoryl group, internally transferred from the
histidine in the kinase domain (Figure 4B). The signal is further transferred by phosphorylation
of an individual histidine containing transfer protein (HPt) that initiates phosphorylation of an
aspartate in the response regulator. Similar to the single step system, this trigger might result in
a conformational change of the second module (the output domain) and might activate or
inhibit further elements of a signalling network.

While ethylene receptors ERS1 and ERS2 are similar to the histidine kinases from the single
step system, ETR1, ETR2 and EIN4 show structural compositions like the hybrid kinases®!.

(A) N T T

ATP P P
sl — D C=El —— oo

input  transmitter receiver output

histidine kinase response regulator 4

(B) /\4/\4/_\4/\4

o - 0 <>

input  transmitter receiver receiver output
HPt

hybrid kinase protein response regulator

Figure 4: Schematic diagram of single (A) and multi step (B) two-component signalling systems. When a signal is
perceived by the sensory input domain, the kinase autophosphorylates on a histidine in the transmitter domain. The
phosphorylation is subsequently transferred to an aspartate residue in the receiver domain of the response regulator.
This finally triggers the response. In multi step signalling (B), the kinase is fused to an additional receiver domain and
the transfer of the phosphoryl group is mediated by a histidine containing transfer protein (HPt).
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It is assumed that upon signal input—in case of ETR1 this corresponds to ethylene being absent—
the kinase domain can autophosphorylate on a conserved histidine residue. The phosphoryl
group might further be transferred to an aspartate residue within the receiver domain of the
hybrid kinase and subsequently to an HPt protein.

In Arabidopsis thaliana five phosphotransfer proteins were identified (AHP1 to AHP5) that
might play a role in ethylene signalling®”. Indeed, physical interaction of ETR1 and AHP1 was
confirmed in vitro by fluorescence spectroscopy!®.

Apart from the AHPs, 23 response regulators (ARRs) were identified in Arabidopsis thaliana.
These regulators can be divided into two classes: Type-B regulators act predominantly as
transcription factors, type-A regulators can act in a negative feedback loop of the phosphorelay
by inhibiting gene expression’®”. With the receptor proteins locating at the ER membrane and
ARRs accumulating in the nucleus, AHPs might act as shuttle system between the two

compartments®.

3.2.4 Cross-talk between ethylene and other plant hormones

Signalling pathways for individual plant hormones should not be considered separately. It is
obvious that most physiological and developmental processes are not affected by a single
hormone but require an interplay of several components to provoke a specific response. Thus,
the hormones can act both in a signal amplifying manner and antagonistically.

Auxin for example has been shown to increase the transcription level of ACC-synthase, thereby
enhancing ethylene production. Furthermore, both hormones are responsible for the formation of
the apical hook. In contrast, auxin can slow down ethylene induced senescence and ripening
processes®® 77,

Cytokinin, another classical plant hormone, can also elevate ethylene biosynthesis®®. The
receptor itself shows similarities to the two-component systems and utilises AHPs as described
for ethylene signalling. This indicates a direct cross-talk between the two pathways rather than
effects on transcription levels of response genes for synthesis of the respective hormonel®”.

Auxin and cytokinin also act in an antagonistic mechanism to control meristemic activities/®”.

Taken together these examples show the complexity of plant hormone signalling and illustrate

its exciting scientific impact.
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3.2.5 Obijectives of this thesis

Molecular genetic studies identified several residues in receptor protein ETR1 from Arabidopsis
thaliana that are important for signal perception and subsequent changes in the phosphorylation
status. However, the mechanism by which the signal input is transferred by the receptor protein
still remains unclear. Conformational changes due to binding of ethylene and phosphorylation
events in the kinase and receiver domain are discussed but could not be proven on a molecular
level.

To date, it is possible to show in wvitro receptor activity by incorporation of **P phosphate upon
phosphorylation. Also effects of ethylene and of agonists and antagonists were monitored by this
method. Though, the technique has a main drawback. Densitometric measurements are difficult
to quantify reliably and require large amounts of protein which is always a bottleneck when
working with membrane proteins.

To overcome this challenge, a highly sensitive method based on intrinsic tryptophan
fluorescence should be established allowing quantitative analysis of ligand binding and
phosphorylation of the receptor.

Further insights into the signal transfer mechanism might also be revealed by the three
dimensional structure of the receptor protein. In a comprehensive crystallisation study, growth
conditions for protein crystals suitable for X-ray diffraction analysis and subsequent structure
determination should be acquired.

Apart from promoting the understanding of signal transduction in ethylene receptor ETR1, both
approaches might also provide a receptor model that could be used to design and test

substances with potential plant physiological effects.
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4  Materials & Methods

4.1 Materials
4.1.1 Equipment

Table 1: Devices and instruments (basic laboratory equipment is not listed)

Instrument

Manufacturer

AKTAexplorer™ 100 chromatography system

GE Healthcare Furope GmbH (Munich)

Awvanti® J-26 XP centrifuge

Beckman Coulter GmbH (Krefeld)

Bench-top centrifuges 5810R and 5702

Eppendorf AG (Hamburg)

BioDocAnalyze® gel documentation system

Biometra GmbH (Goettingen)

Biomek® 3000 automation workstation

Beckman Coulter GmbH (Krefeld)

600 MHz Bruker BioSpin NMR spectrometer

Bruker BioSpin GmbH (Rheinstetten)

Circular dichroism spectropolarimeter Jasco-715

Jasco GmbH (Grof$-Umstadt)

Crystallisation incubators

Molecular Dimensions Limited (Newmarket, UK)

DU 800 UV /visible spectrophotometer

Beckman Coulter GmbH (Krefeld)

Electroblotting system PerfectBlue

peglab Biotechnologie GmbH (Erlangen)

Fluorescence spectrometer LS 55

PerkinElmer (Rodgau)

Fluorescent image analyzer FLA-3000

Fujifilm Europe GmbH (Duesseldorf)

French®Pressure Cell Press with 40k standard cell

Heinemann (Schwaebisch Gmuend)

Gel systems Mighty Small IT

Hoefer Scientific Instruments (San Francisco, USA)

Gel systems (large)

manufactured at University of Duesseldorf

Incubator shaker INNOVA J/R

New Brunswick / Eppendorf AG (Hamburg)

Luminescent image analyzer LAS-1000

Fujifilm Europe GmbH (Duesseldorf)

Milli-Q® Gradient water system

Millipore GmbH (Schwalbach)

Moticam 2300 (digital microscope camera)

Motic Deutschland GmbH (Wetzlar)

Optima™ L-80 XP preparative ultracentrifuge

Beckman Coulter GmbH (Krefeld)

Rotors: JA-10, JA-25.50, Type 70.1 Ti, SW 55 Ti,
SW 28 Ti

Beckman Coulter GmbH (Krefeld)

Steam steriliser Varioklav S75

H+P Labortechnik (Oberschleiffheim)

Stereoscopic zoom microscope SMZ-1000

Nikon GmbH (Duesseldorf)

Thermocycler TProfessional

Biometra GmbH (Goettingen)

Ultrasonic homogeniser Branson Sonifier® 250

Branson Ultrasonics (Danbury, CT, USA)
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4.1.2 Chromatography supplies

Table 2: Columns, media and molecular weight markers used for affinity, ion exchange and size

exclusion chromatography

Chromatography supplies

Manufacturer

HiPrep 16/60 Sephacryl S-200 and S-300 HR
PD-10 desalting columns
HiTrap™ @Q Sepharose™ XL column

GE Healthcare Furope GmbH (Munich)

Ni-NTA agarose
HIS-Select® nickel affinity gel
Protino® Ni-IDA resin

Qiagen GmbH (Hilden)
Sigma-Aldrich Chemie GmbH (Munich)
Macherey-Nagel GmbH & Co. KG (Dueren)

Gel filtration molecular weight markers
(29.000-700.000 Da)

Sigma-Aldrich Chemie GmbH (Munich)

4.1.3 Crystallographic supplies

Table 3: Crystallisation screens

Screen

Manufacturer

Classics, MbClass and PEGs (Suites I and II, respectively)

JCSG* Suite

Qiagen GmbH (Hilden)

JBScreen Membrane 1, 2 and 3

Jena Bioscience GmbH (Jena)

Molecular Dimensions Limited

The Lipidic-Sponge Phase™ Screen, MemStart Screen

(Newmarket, UK)

Table 4: Crystallisation plates

Name

Manufacturer

72-well Terasaki plates
96-well IMP@QCT™ plates

Greiner Bio-One GmbH (Frickenhausen)

FEasyXtal 15-/24-well plates
NeXtal Evolution uplate

Qiagen GmbH (Hilden)

Table 5: Cryocrystallography equipment

Name

Manufacturer

MicroLoops™ and MicroMeshes™

MiTeGen LLC (Ithaca, NY, USA)

Mounted CryoLoops™

Hampton Research Corp. (Aliso Viejo, CA, USA)

EMBL/ESRF sample changer kit with
CryoCaps and CryoVials

Molecular Dimensions Limited (Newmarket, UK)
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4.1.4 Kits

Table 6: For routinely performed applications like preparation of DNA or determination of
protein concentration, the following kits were used according to the manufacturers’ protocols.

Name Manufacturer

QIAprep Spin Miniprep Kit
QIAquick Gel Extraction Kit

Qiagen GmbH (Hilden)

tllustra GFX™ PCR DNA and Gel Band Purification Kit ~ GE Healthcare Europe GmbH (Munich)

Bio-Rad Protein Assay Kit Bio-Rad Laboratories GmbH (Munich)

BCA Protein Assay Kit Pierce / Thermo Fisher Scientific (Bonn)

4.1.5 Filters and Membranes

o Amicon Ultra® centrifugal filter units (Millipore GmbH, Schwalbach) with a molecular
weight cut-off of 10 kDa, 30 kDa and 50 kDa, respectively, were used to concentrate dilute
protein solutions.

« Aqueous solutions were sterile filtered through 0.2 pm cellulose acetate membranes
(Schleicher & Schuell GmbH, Dassel).

o For western blotting two types of transfer membranes were used: Protran BA 88 cellulose
nitrate membrane, 0.2 pm ( Whatman International Ltd., Maidstone, UK) and Sequi-Blot
PVDF membrane, 0.2 pm (Bio-Rad Laboratories GmbH, Munich).

4.1.6 Chemicals and Buffers

All buffers were prepared with deionised water that was sterile filtered through a 0.22 pm
polyethersulfone membrane by a Milli-Q® Gradient water system.

If not stated otherwise, all chemicals were obtained in analytical grade from the following
companies: Anatrace Inc. (Maumee, OH, USA); Acros Organics (Geel, Belgium); AppliChem
GmbH (Darmstadt); Becton Dickinson GmbH (Heidelberg); Carl Roth GmbH & Co. KG
(Karlsruhe); Diagonal GmbH & Co KG (Muenster); Fisher Scientific GmbH (Schwerte); Fluka
AG (Buchs, Switzerland); Glycon Biochemicals GmbH (Luckenwalde); Merck KGaA
(Darmstadt); Millipore GmbH (Schwalbach); peqlab Biotechnologie GmbH (Erlangen); Riedel-de-
Haén GmbH (Seelze); Roche GmbH (Mannheim); Serva Electrophoresis GmbH (Heidelberg);
Sigma-Aldrich Chemie GmbH (Munich); VWR International GmbH (Darmstadt)
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4.1.7 Radiochemicals

Isotopic labelled nucleotide y-**P-ATP was purchased from Hartmann Analytic GmbH

(Braunschweig) with a specific activity of 110 TBq/mmol and 3000 Ci/mmol, respectively.

4.1.8 Enzymes

Restriction enzymes and polymerases for molecular biological applications as well as proteases

for biochemical usage were obtained from Finnzymes Oy (Espoo, FIN), Invitrogen GmbH
(Darmstadt), New England Biolabs GmbH (NEB, Frankfurt/Main), Novagen®/Merck KGaA
(Darmstadt), peglab Biotechnologie GmbH (FErlangen) and Sigma-Aldrich Chemie GmbH

(Munich). All enzymes were used in their appropriate buffer as specified by the manufacturer.

Table 7: Features of enzymes used for molecular and biochemical applications. Recognition

sequences of restriction enzymes and proteases are in superscript.

DNA modifying enzymes Application / Features Manufacturer

peqGOLD Pwo DNA polymerase Amplification of DNA (proofreading) peqlab

Phusion® high-fidelity DNA

uston EH-HACHLY Amplification of DNA (proofreading) Finnzymes

polymerase

Taq DNA polymerase Amplification of DNA (no proofreading) NEB

T4 DNA polymerase 3’— 5’ exonuclease activity to create 5’ NEB
overhangs for SLIC

T4 DNA ligase Ligation of DNA fragments NEB

BamHI G|GATCC

Ncol CICATGG Restriction of DNA NEB

Ndel CA|TATG

Antarctic phosphatase Removal of 5' phosphates from DNA NEB

Protein modifying enzymes Application / Features Manufacturer

ACTEV® ENYFQG Removal o.f Hisip-tag present at proteins Invitrogen
expressed in vector pTEV-16b

Factor Xa TFORX Removal of Hisio-tag present at proteins Novager®

Thrombin “VPRIGS

expressed in vector pET-16b
Proteolysis of AtETR1

Sigma-Aldrich
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4.1.9 Antibodies

Table 8: Features of primary and secondary antibodies

Primary Antibodies Application / Features

Manufacturer

Detection of HHHH-epitope in
Tetra His antibody, mouse IgG

proteins (e.g. affinity His-tags)
Hexa His antibody, conjugated Detection of HHHHHH-epitope in

with horseradish peroxidase proteins (e.g. affinity His-tags)

Qiagen GmbH (Hilden)

Miltenyi Biotec GmbH
(Bergisch-Gladbach)

Detection of heat shock protein

Hsp70/DnaK antibody, mouse IgG
DnaK

Calbiochem / Merck
KGaA (Darmstadt)

Identification of AtETR1

ETR1 (HRR) antibody, rabbit IgG
(epitope: aa 401-738)

kindly provided by
A.B. Bleecker (Univ. of

Wisconsin-Madison, USA )"

Secondary Antibodies

Manufacturer

ECL mouse IgG, peroxidase-linked
antibody

Rabbit IgG, peroxidase-linked
antibody

GE Healthcare Europe GmbH
(Munich)

4.1.10 Oligonucleotides

Oligonucleotides were synthesised by MWG-Biotech AG (Ebersberg) or by Sigma-Aldrich

Chemie GmbH (Munich). The lyophilised and desalted oligonucleotides were dissolved in sterile

water at a concentration of 100 pM and stored at -80 °C.

Table 9: Oligonucleotides used as primers to amplify or mutate gene sequences

Name Sequence (57 to 8’) Application

T7-Promotor TAATACGACTCACTATAGGG Sequencing of

T7-Terminator GCTAGTTATTGCTCAGCGG T7-plasmids
ATTTTGTTTAACTTTAAGAAGGAGATATAC

Tquﬁjbr CATGGGCCATCATCATCATCATCATCATCA RepkmhugﬁmtmﬁXasme

TCATCACAGCAGCGGCCATG
TTCCTTTCGGGCTTTGTTAGCAGCCGGATC
TEV16-rev CTCGAGCATATGTCCCTGAAAATACAGGTT

TTCATGGCCGCTGCTGTGAT

by TEV site in vector
pET-16b

AtETR1-for GTAATTCATATGGAAGTCTGCAATTG
AtETR1-rev TCCCGTAACTTCCTAGGCCC

Amplifying AtETR1
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Name

Sequence (5 to 3’)

Application

AtETR1-TEV16-for

AtETRI1-MD-TEV16-for

AtETRI1-TEV16-rev

CATGAAAACCTGTATTTTCAGGGACATATG
GAAGTCTGCAATTGTATTGA

CATGAAAACCTGTATTTTCAGGGACATATG
ACTACACTTGTTGAGCTTGG

TTTGTTAGCAGCCGGATCCTCGAGCATATG
TTACATGCCCTCGTACAGTA

SLIC-primer for AtETR1
with/without membrane
domain in pETEV-16b

AtETR1-Seql1-for
AtETR1-Seq2-for
AtETR1-Seq3-for
AtETR1-Seq-for

TTCTTGAAAAATAAAGCT

CTTTGATGGTTTTGATGCTT

CAATCTGATAAAGCCTATAG

CTTGGGATCTCAGAACGTTC

Sequencing of AtETR1

AtETR1-L55W-rev
AtETR1-F58W-rev
AtETRI1-L64W-rev
AtETR1-L70W-rev
AtETR1-L73W-rev
AtETR1-F26 W-rev
AtETR1-F27W-rev
AtETR1-F33W-rev

AtETR1-C65A-H69A-rev

ACCAAACTGAACCCATACAAATCTATA
GATAAAAGCACCCCACTGAACAAGTAC
AGTTGCTCCACACCAAACGATAAAAGC
AAATAAGTTAATCCAATGAGTTGCTCC
AGTGAAAGTAAACCAGTTAATAAGATG
AATCGCAATGAACCAATCGGAGATGTA
CGCAATCGCAATCCAGAAATCGGAGAT

AAGAGGAATCGACCAATACGCAATCGC

AAATAAGTTAATAAGCGCAGTTGCTCCCGC
AAGAACGATAAAAGC

Amino acid substitutions

in transmembrane domain
of tryptophan-less
AtETRI1 as indicated

AtETR1-V350W-rev
AtETRI1-N352W-for
AtETR1-N352W-rev
AtETRI1-R356W-for
AtETR1-R356W-rev

N352W-H353A-for

N352W-H353A-rev

N352W-H353E-for

N352W-H353E-rev

TTCATGGTTCATCCACGCTAGGAAATC
CTAGCGGTTATGTGGCATGAAATGCGA
TCGCATTTCATGCCACATAACCGCTAG
AACCATGAAATGTGGACACCGATGCAT

ATGCATCGGTGTCCACATTTCATGGTT

TTCCTAGCGGTTATGTGGGCGGAAATGCG
AACACCG

CGGTGTTCGCATTTCCGCCCACATAACCGC
TAGGAA

TTCCTAGCGGTTATGTGGGAAGAAATGCG
AACACCG

CGGTGTTCGCATTTCTTCCCACATAACCGC
TAGGAA

Amino acid substitutions

in kinase domain of
tryptophan-less AtETR1
as indicated

LeETR1-TEV16-for

LeETR1-MD-TEV16-for

LeETR1-TEV16-rev

CATGAAAACCTGTATTTTCAGGGACATATG
GGCAGTCTGCTGCGTATGAA

CATGAAAACCTGTATTTTCAGGGACATATG
GATCGCCACACGATCCTGAA

TTTGTTAGCAGCCGGATCCTCGAGCATATG
TTAACTTTCCAGAACCACGC

SLIC-primer for LeETR1
with/without membrane
domain in pETEV-16b
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Name

Sequence (57 to 3’)

Application

LeETR1-Seql-for
LeETR1-Seq2-for

GCCGGGCGAAGTGGTTGCGG

ACCGATCTGACGCCGGAACA

Sequencing of LeETR1

PpETR1-TEV16-for

PpETR1-MD-TEV16-for

PpETRI1-TEV16-rev

CATGAAAACCTGTATTTTCAGGGACATATG
GATTCTTGCAATTGTGTGGA

CATGAAAACCTGTATTTTCAGGGACATATG
GATCGTCAGACGATCCTGAA

TTTGTTAGCAGCCGGATCCTCGAGCATATG
TTAGGTTTTGCGACGGGTTT

SLIC-primer for PpDETR1
with/without membrane
domain in pETEV-16b

PpETR1-Seql-for
PpETR1-Seq2-for

GCACCGAACTCTCCGGTGTG

GAACAGCGTAGCATGGTGGA

Sequencing of PpETR1

4.1.11 Custom gene synthesis

Gene sequences of ethylene receptor ETRI1 from Physcomitrella patens and Lycopersicon

esculentum were ordered codon optimised for E. coli from GenScript USA Inc. (Piscataway, NJ,

USA). The sequences were supplied in vector pUC57.

4.1.12 Vectors

e pET-15b and pET-16b (Novagen®/Merck KGaA, Darmstadt)

Vector pET-15b (5708 bp) carries an N-terminal hexa His-tag sequence followed by a

thrombin recognition site and the MCS including sites for Xhol, BamHI and Ndel. Vector

pET-16b (5711 bp) has a sequence for an N-terminal deca His-tag that can be cleaved by

factor Xa. The MCS includes the same three recognition sequences as for pET-15b.

Expression of genes cloned into these vectors is under the control of the T7-promoter.

Additionally both vectors carry an ampicillin resistance gene (ampR) for selection.

« pRARFE (Novagen®/Merck KGaA, Darmstadt)

The pRARE plasmid carries sequences for tRNAs that are rare in FE. coli (proL, leuW,

argW, glyT, argU and ileX). Thereby, a deficiency of these amino acids can be compensated

when expressing heterologous genes. The plasmid mediates a chloramphenicol resistance.

On basis of expression vectors pET-15b and pET-16b several constructs harbouring either the

complete ¢cDNA sequences of AtETR1, PpETR1 and LeETR1 or fragments lacking the

transmembrane domain as well as tryptophan-less mutants and those carrying single tryptophan
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mutations were cloned during and prior to this thesis. Typically, tryptophan was substituted by
leucine or phenylalanine because all three amino acids have hydrophobic side chains and are of
similar size. If the primary sequence did not allow for such substitution, residues with a side

chain size comparable to tryptophan were selected.

Table 10: List of expression vectors that were previously constructed by J. Voet van Vormizeele
(University of Duesseldorf)™. Vector maps of all constructs can be found in the appendix (9.2).

Vector designation Protein designation Mutations
pET-16b:: AtETR11.75sWT AtETRI1 none
W11L, W53F, W74F, W182L
ET-15b: AtETR 1173 Wree AtETRI Wik ' | : ’
PET-15D AUETR Lz Wi CETRI[Wi] W265L, W288L, W563L
W11L, W74F, W182L, W265L
ET-15b:: AtETR 1174 AtETRI1 ’ ’ ’ ’
p 5b::AtETR11.7sW5H3 tETR1[W53] W28SL, W563L
pET-15b:: AtETR11.7sH353A AtETRI1[H353A] as indicated
pET-15b:: AtETR11.7:sD659A AtETR1[D659A] as indicated
pET-16b:: AtETR 116573 W'T AtETR1s.738 none
pET-16b:: AtETR1165-73sH353A AtETRLigs.7s[H353A] as indicated

Table 11: List of expression vectors constructed in this study. Vector maps of all plasmids listed
can be found in the appendix (9.2). For construction of vector pTEV-16b, please refer to section
4.3.6.

pTEV-16b:: AtETR1L1 75s Wi N352W/H353A  AtETR1[N352W /H353A]

Vector designation Protein designation Mutations
pET-15b:: AtETR 11735 Wi F26 W AtETRI1[F26W)]
pET-15b:: AtETR 11735 Wi F2TW AtETRI1[F27W)]
PET-15b:: AtETR 11738 Wiee F 33W AtETRI1[F33W]
PET-15b:: AtETR 11738 Wiee LHSW AtETRI1[L55W]
PET-15b:: AtETR 11738 Wiee F58W AtETRI1[F58W]
pET-15b:: AtETR 1173 Wiee LEAW AtETR1[L64W] WIIL, W53F, W7AF, W182L,
pET-15b:: AtETR11.7ss Wi LTOW AtETRI[L70W] W265L, W288L, W563L and as
PTEV-16b:: AtETR 1738 Wire LTOW AtETR1[L70W]-TEV indicated
PET-15b:: AtETR 11738 Wiee LT3W AtETRI1[L73W]
PET-15b:: AtETR 11738 Wiee V350W AtETR1[V350W]
PET-15b:: AtETR 11738 Wiee N352W AtETR1[N352W]
PET-15b:: AtETR 11738 Wiee R356 W AtETRI1[R356W]
[
[

pTEV-16b:: AtETR1175sWiN352W/H353E  AtETR1[N352W /H353E]

" In AtETRI[L70W] the His-tag is linked to the receptor by a thrombin protease recognition sequence.
The receptor itself holds an intrinsic thrombin site, so construct AtETRI1[L70W]-TEV was cloned to
replace the thrombin site by a TEV protease recognition sequence in order to remove the tag.
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Vector designation Protein designation Mutations

W11L, W74F, W182L, W265L,

pTEV-16b:: AtETR117sW53/C65A /H69A  AtETR1[W53/C65A /H69A] W2SSL. WAL and o indicated

pTEV-16b:: At ETR 1165738 Wiee V350W AtETR 165735 V350W]

W182L, W265L, W288L, W563L
pTEV-16b:: AtETR 116573 Wiee N352W AtETR 165735 N352W)] .

and as indicated
pTEV-16b:: At ETR 1165738 Wi R356 W AtETRLies 733 R356 W]

ET-16b:AtETR1 SER AtETR1 SER 18 amino acid substitutions (see
P L-2bb 1o 1o 6.1.2.2 for details)
pTEV-16b::PpETR11.7%7 PpETR1.77 none
pTEV-16b::PpETR 115877 PpETR 15877 none
pTEV-16b::LeETR 11754 LeETR11754 none
pTEV-16b::LeETR 1173754 LeETR1173.75 none

4.1.13 Bacterial strains: Escherichia coli

4.1.13.1 Host strain for cloning

o XLI1-blue (Stratagene Inc., La Jolla, CA, USA)
Genotype: recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F’ proAB laclqZAM15
Tnl0 (Tetr)]

4.1.18.2 Strains for protein expression

. BL21 (DE3) (Stratagene Inc., La Jolla, CA, USA)
Genotype: B F dem ompT hsdS(rg mg ) gal A(DE3)
o BL21-Gold (DE3) (Stratagene Inc., La Jolla, CA, USA)
Genotype: B F ompT hsdS(rs ms ) dem* Tet" gal A(DE3) endA Hte
. (41 (DE3) and C43 (DE3)
Genotype: F~ ompT gal hsdSB (rgmps) dem lon A(DE3) and two uncharacterised

mutations!®

Cells of all three strains can express T7-RNA polymerase upon induction with IPTG. This
makes them suitable expression systems in combination with pET-vectors. While BL21 (DE3)
and BL21-Gold (DE3) are mainly used for expression of soluble proteins, strains C41 (DE3) and
C43 (DE3) can facilitate the expression of toxic membrane proteins. Both strains are derivatives
of BL21 (DE3) that carry two uncharacterised mutations that are assumed to prevent cell death

upon expression of recombinant proteins/®.
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4.2  Microbiological methods

4.2.1 Media for cultivation of E. coli cells

Liquid cell cultures of E. coli were grown in 2YT medium (0.5 % NaCl, 1 % yeast extract, 1.6 %
tryptone, all w/v). Solid media were additionally supplied with 1.5 % (w/v) agar'®.

All media were sterilised by autoclaving for 20 min at 120 °C. If necessary, appropriate
antibiotics were added prior to use: For cells harbouring pET-15b and pET-16b based vectors,
ampicillin was added at a concentration of 100 pg/ml. Cells containing the plasmid pRARE
were selected by 34 pg/ml chloramphenicol.

4.2.2 Preparation and transformation of chemically competent E. coli cells

This protocol is a modification of Hanahan et al.l* %)

A liquid culture of 100 ml 2YT medium was inoculated with 1 ml of an o/n culture. The cells
were grown to ODgy of 0.5 at 37 °C and 180 rpm and then centrifuged (2,000 x g, 4 °C, 5 min).
The resulting cell pellet was resuspended in 20 ml pre-cooled TFB-1 buffer and incubated on ice
for 5 min. After centrifugation (2,000 x g, 4 °C, 5 min) the pellet was resuspended in 4 ml
chilled TFB-2 buffer and incubated on ice for another 30 min. Aliquots of 50 ul were transferred

to sterile 1.5 ml reaction tubes, flash-frozen in liquid nitrogen and stored at -80 °C.

Chemically competent cells (50 pl) were thawed on ice, mixed with 100-300 ng DNA and
incubated on ice for 10 min. The cells were heat shocked for 30 sec at 42 °C and then placed on
ice for further 2 min. After addition of 400 pl 2YT medium, the cells were shaken at 37 °C for
30-60 min. The cell suspension (50-150 pl) was plated onto 2YT-agar plates supplied with

appropriate antibiotics and incubated at 37 °C o/n.

TFB-1, pH 5.8: 30 mM potassium acetate, 10 mM CaClz, 100 mM RbCl, 50 mM MnCly, 15 % (w/v) glycerol
TFB-2, pH 6.5: 10 mM MOPS, 75 mM CaClz, 10 mM RbCl, 15 % (w/v) glycerol
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4.3 Molecular biological methods

4.3.1 Amplification and isolation of plasmid DNA from FE. cols

Depending on the downstream application, plasmid preparations were either performed with
Qiagen’s QIAprep Spin Miniprep Kit according to the manufacturer’s manual or by precipi-
tation with ethanol. The use of the commercial kit resulted in high purity of the samples as it
was need for sequencing whereas the preparation without kit gave higher yields of DNA with
slight impurities by proteins.

To amplify plasmid DNA, XL1-blue cells were transformed with the appropriate vector
(see 4.2.2) and 5 ml o/n cultures were set up with a single colony. For preparations without kit
4 ml of an o/n culture were centrifuged for 2 min at 14,000 x g, and the pellet was resuspended
in 100 pl buffer DP1. Buffer DP2 was added (200 nl) and mixed by inversion. Then, 150 pnl of
3 M potassium acetate buffer, pH 5.5 were added and mixed as before. The turbid solution was
centrifuged for 10 min at 14,000 x g, and the supernatant was transferred to 900 pl of 100 %
(v/v) ethanol. Centrifugation was repeated, and the resulting pellet was washed with
70 % (v/v) ethanol. Centrifugation was repeated once again and the pellet was dried and

resuspended in 30-50 pl buffer 10 mM Tris/HCI, pH 8.5.

DP1, pH 8.0: 50 mM Tris/HCl, 10 mM EDTA, 100 pg/ml RNAse A
DP2: 200 mM NaOH, 1 % (w/v) SDS

4.3.2 Determination of DNA concentration

Concentration of DNA in solution was determined spectrophotometrically based on the

absorbance at 260 nm. For dsDNA an ODsg of 1 corresponds to a concentration of 50 pg/ml®.

4.3.3 Polymerase chain reaction to amplify DNA

The proofreading polymerases Pwo from Pyrococcus woesei and the modified Phusion® were
used for amplification of DNA fragments for cloning strategies because of their low error rate
(2x10°° for Pwo and 4.4x107 for Phusion, respectively). For colony-PCRs, the non-proofreading
Taq polymerase from Thermus aquaticus was used. Standard PCR reactions contained the
components listed in Table 12. Annealing temperatures and elongation times were adjusted to

primer and template composition and the size of the amplificate (Table 13).
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Table 12: Composition of PCR reactions

Component Cloning PCR (Pwo)  Cloning PCR (Phusion)  Colony PCR (Taq)
Template DNA 100-300 ng 50-100 ng one colony
5’ Primer (10 pM) 2 nl 2.5 ul 1l

3’ Primer (10 pM) 2 nl 2.5 ul 1l
dNTPs (10 mM) 0.5 ul 0.5-1 ul 0.25 ul
Pwo polymerase 0.5U

10x ‘complete’ buffer 5 pul

Phusion® polymerase 10

5x HF buffer 10 pl

Taq polymerase 1.25U
10x ThermoPol buffer 2.5 nl

Ad.just with sterile water to 50 pl 50 pl 95 pl
a final volume of:

Table 13: Thermal cycling profile for cloning and colony PCRs

Component Cloning PCR (Pwo) Cloning PCR (Phusion) Colony PCR (Taq)
Initial denaturation 5 min / 95 °C 30 sec / 98 °C 5 min / 95 °C
Denaturation 30-60 sec / 95 °C 10 sec / 98 °C 30-60 sec / 95 °C
30-60 sec / 10-30 sec / 30-60 sec /
Annealing 30x primer specific primer specific primer specific
temperature temperature temperature
Elongation 2 min per kb / 72 °C 15-30 sec per kb / 72 °C 1 min per kb / 72 °C
Final elongation 10 min / 72 °C 10 min / 72 °C 10 min / 72 °C

4.3.4 Agarose gel electrophoresis

DNA samples from PCR reactions as well as restriction assays were analysed by agarose gel
electrophoresis. Agarose gels (1 %, w/v) prepared with 1x TBE buffer and 0.5 pg/ml ethidium
bromide were used to separate DNA fragments from 100 bp to 10 kb. Depending on the
expected size of the fragments, two types of DNA size markers were applied: 100 bp DNA
Ladder and 1 kb DNA Ladder (NEB GmbH, Frankfurt/Main), respectively. All samples were
mixed with 10x DNA loading dye prior to loading. Electrophoresis was carried out at a constant
voltage of 150 V. Afterwards DNA bands were visualised by UV transillumination at 254 nm

and documented with the BioDocAnalyze® gel documentation system.

10x TBE, pH 8.2-8.4: 10.8 % (w/v) Tris/HCL, 5.5 % (w/v) boric acid, 0.93 % (w/v) EDTA
10x DNA loading dye: 50 % (v/v) glycerol, 0.1 % (w/v) bromophenol blue
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4.3.5 Cloning, Mutagenesis and Sequencing

4.8.5.1 Standard cloning: restriction and ligation of DNA

Vectors pET-15b and pET-16b were linearised with restriction endonucleases Ndel and BamHI
and remaining 5 phosphate groups were removed by antarctic phosphatase to prevent self-
ligation. The gene of interest—the insert—was amplified (see 4.3.3) using primers that introduced
an N-terminal Ndel recognition site and a C-terminal BamHI site to allow directed integration
into the vector of choicel®. After agarose gel electrophoresis (see 4.3.1) the amplificate was
digested with both restriction enzymes.

In a ligation reaction the vector was mixed with a five-fold molar excess of insert and incubated
together with T4-DNA ligase. The reaction mix was then transformed into XL1-blue cells (see
4.2.2) and colonies were tested for successful integration of the insert by colony PCR (see 4.3.3).
DNA from positive clones was amplified and isolated according to section 4.3.1 and sequenced
at either StarSEQ® GmbH (Mainz) or GENterprise GENOMICS GmbH (Mainz).

This standard cloning method was used to create single tryptophan substitution mutants of
tryptophan-free AtETR1. For insertion of tryptophans in helices I and II of the receptor (F26W,
F27W, F33W, L55W, F58W, L64W, L70W and L73W) 3’ mutagenesis primers were applied
together with 5 primer AtETRI1-for (Table 9, page 25) to amplify small fragments of about
100-250 bp. These fragments were used as 5’ primers in a second PCR together with 3’ primer
AtETR1-rev to amplify the whole gene.

For insertion of tryptophans within the kinase domain s—> = 5

of tryptophan-free AtETR1 (V350W, N352W and 3¢ 4‘_“:_“‘ — 5

R356W) overlap extension PCRs were performed!®. .. 1.PCR N
_—

Two complementary mutagenesis primers were designed 3¢ e ¢ 2. PCR

per amino acid substitution, each of which was used in

an independent PCR reaction together with AtETR1-for 5 —> N —
3¢ [ — <+ 5¢
and AtETRI-rev primers, respectively. Corresponding 3 PCR
5 ) 3¢
fragments (25 ng each) were combined in a third PCR 3 — ¢

reaction as template DNA together with the primers
Figure 5: Schematic representation of

AtETR1-for and AtETRI1-rev to amplify the complete the three steps of overlap extension
PCR. The mutation site is indicated as

gene sequence (Figure 5). Subsequently, cloning of all red box, arrows represent primers.

mutated sequences was performed as described before.
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Restriction reaction (30-40 pnl): Vector and insert DNA (1-6 ng) was digested for 2-3 h at 37 °C with 40 U Ndel in
NEBuffer 3 supplied with 100 pg/ml BSA. After inactivation of Ndel by heat shock (10 min at 65 °C), 40 U BamHI
were added and the mix was incubated at 37 °C for further 2-3 h. After a second heat shock, 5 U of antarctic
phosphatase were added to samples containing vector DNA. Incubation continued for 1 h up to o/n at 37 °C and was
terminated by a third heat shock as before.

Ligation reaction (10-15 pl): Vector DNA (25-50 ng) was mixed with a five-fold molar excess of insert DNA and

supplied with 400 U T4-DNA ligase in the appropriate reaction buffer. Samples were incubated at 16-20 °C for
10 min up to o/n.

4.3.6 SLIC: Sequence and ligation independent cloning

In sequence and ligation independent cloning 5’ ssDNA overlaps of insert and vector DNA are
generated by an 3’ exonuclease and are reassembled by in vitro homologous recombination and
single-strand annealing. The vector of choice is linearised by restriction enzymes, and the gene
of interest is amplified by PCR wusing primers that create an additional 30 bp overlap

corresponding to the vector sequence (Figure 6).

Both fragments are treated with T4-DNA R
2 & Introducing
polymerase, which has a 3= 5 exonuclease <= compatible
activity in absence of nucleotides. The reaction is (e 3 sequences
terminated by addition of a single ANTP. Vector
and insert DNA are combined in a ligation 5
xene 5‘

. . . L Exonulcease

reaction lacking the enzyme ligase as it is not treatment

needed for recombination. The ligation mix is

then transformed into XL1-blue cells as described

in 4.2.2. Plasmid after

, \
. transformation
For SLIC, an expression vector was created based NS 7 in E. coli

on Nowagen’s vector pET-16b. This vector was

cleaved with restriction enzymes Ncol and Figure 6: Preparation of insert and vector for
sequence and ligation independent cloning.
BamHI to cut out the deca His-tag, the factor Xa Primers are indicated as arrows.

recognition site and the multiple cloning site. In

this gap a fragment was cloned via SLIC that contained a new deca His-tag followed by a TEV
recognition sequence (ENLYFQG) and sites for Ndel and Xhol. This new vector-designated
pTEV-16b—was used for all further cloning. Maps of all plasmids constructed with pTEV-16b

are listed in the appendix (9.2).
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SLIC-PCR: PCRs for preparation of gene sequences were performed as described in 4.3.3 with a split thermal
cycling. The annealing temperature for the first 10 cycles considered only the sequence corresponding to the gene of
interest. For the remaining 20 cycles, the complete primer sequence (including the 30 bp overhang) was taken into

account.

Exonuclease treatment (20-40 pl): Vector and insert DNA (400-1,000 ng) were individually mixed with 1-2 U
T4-DNA polymerase in NEBuffer 2 supplied with 50 pg/ml BSA. Samples were incubated at 22 °C for 40 min. The
reaction was terminated by addition of 1 mM dCTP.

Annealing (10 pl): Vector DNA (50-150 ng) was mixed with a five-fold molar excess of insert DNA in a buffer
containing 50 mM Tris/HCI pH 7.5, 10 mM magnesium chloride, 1 mM ATP and 10 mM dithiothreitol. Samples were

incubated at 37 °C for one hour.

4.4 Protein biochemical methods

4.4.1 Protein quantification

The concentration of a protein sample in solution was determined colorimetrically either by
Bio-Rad’s Protein Assay based on the method of Bradford®™ or by Pierce’s BCA Protein
Assay® according to the manufacturers’ instruction. The choice which assay to use was
depending on the composition of the sample buffer and possible interferences with the respective
assay.

Proteins in buffers containing n-dodecyl-p-D-maltopyranoside or FOS-CHOLINE® based
detergents were quantified using bicinchoninic acid (BCA) whereas the Bradford test was
applied to protein solutions with up to 8 M urea or more than 1 mM DTT.

In both cases, reference curves were setup with BSA over a range of 0-10 or 0-20 mg/ml
depending on the expected protein concentration. To correct for background, the reference
samples were prepared using the same buffer the protein was diluted in. By standard, protein
concentrations were determined in triplicate.

The concentration of highly pure protein solutions was determined spectrophotometrically by
reading absorption at 280 nm considering protein specific absorption coefficients that were

calculated based on the primary sequence using EzPASy's ProtParam™ software.
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4.4.2 SDS polvacrylamide gel electrophoresis

Purified protein samples and those from expression studies as well as potential protein crystals
were analysed by discontinuous SDS-PAGE™. For up to 15 samples, small gels with a size of
9 x 10 x 0.1 cm were used. Large gels (32 x 20 x 0.1 cm) could separate 40-60 samples at once.
Gels were composed of a 5 % (w/v) acrylamide stacking gel and a 10-15 % (w/v) acrylamide
separating gel. Prior to use, all samples were supplied with 4x loading buffer. Samples from
expression studies were incubated at 95 °C for 10 min to break the cells.

Depending on the downstream application, Bio-Rad’s Precision Plus Protein Standards were
used either as unstained variant when gels were silver stained or as two-coloured variant when
western blotting was performed after electrophoresis. SDS-PAGE was carried out at constant
current (30-50 mA) and maximum voltage (600 V) within 1-2 h for small gels and o/n for large

gels, respectively.

Composition of SDS-PAGE gels (percentage in w/v)

Stacking gel: 16.7 % Rotiphorese® Gel 30, 0.2 % TEMED and 1.3 % APS in stacking gel buffer

10% Separating gel: 33.3 % Rotiphorese® Gel 30, 0.1 % TEMED and 0.7 % APS in separating gel buffer
12% Separating gel: 40 % Rotiphorese® Gel 30, 0.1 % TEMED and 0.7 % APS in separating gel buffer
15% Separating gel: 50 % Rotiphorese® Gel 30, 0.1 % TEMED and 0.7 % APS in separating gel buffer

Composition of stock solutions (percentage in w/v)

Acrylamide stock solution: Rotiphorese® Gel 30 (30 % acrylamide with 0.8 % bisacrylamide)

2.5x Separating gel buffer, pH 8.9: 1.875 M Tris/HsPOu, 0.25 % SDS

5x Stacking gel buffer, pH 6.7: 0.25 M Tris/HsPOu, 0.5 % SDS

4x Loading buffer: 30 mM Tris, 30 mM boric acid, 0.7 mM EDTA, 50 mM DTT, 6.7 % SDS, 5 mM MgCls,
16.7 % sucrose, 0.16 % bromophenol blue

10x Electrophoresis buffer: 0.25 M Tris, 1.92 M glycine, 0.5 % SDS

4.4.3 Silver staining of SDS-PAGE gels

With a detection limit of 50-100 pg the silver staining method is a very sensitive method to
verify even slight amounts of protein in a SDS-PAGE gel™.

After electrophoresis, gels were incubated in fixation solution for 30-60 min followed by
treatment with sensitising solution for another 30 min. The gels were washed three times with
deionised water for overall 60 min. Staining solution was applied for 30-60 min, and the gels
were subsequently washed with water. The staining process—the reduction of silver ions—was
initiated by addition of developing solution and was terminated by 2.3 M citric acid. Incubation

times apply to large gels. Times were reduced to 10 min for each step for small gels.
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Fixation solution: 30 % ethanol, 10 % acetic acid (both technical quality, v/v)

Sensitising solution: 30 % ethanol (tech. quality, v/v), 0.5 % (w/v) sodium acetate, 0.2 % (w/v) sodium thiosulfate
Staining solution: 0.1 % (w/v) silver nitrate, 0.02 % (v/v) formaldehyde

Developing solution: 2.5 % (w/v) sodium carbonate, 0.02 % (v/v) formaldehyde

4.4.4 Waestern blotting

Electrophoretically separated protein samples were transferred from acrylamide gels to either
cellulose nitrate (NC) or polyvinylidene fluoride (PVDF) membranes by semi-dry western
blotting!™.

After electrophoresis gels were initially incubated with shaking in transfer buffer for about
10 min. PVDF membranes were rinsed with 100 % (v/v) ethanol prior to use. All membranes
and blotting papers were briefly wetted in transfer buffer, and the blot sandwich was assembled
as follows: Three sheets of paper, the transfer membrane, the gel and finally three more sheets
of blotting paper were placed inside a semi-dry electroblotting system with the membrane facing
the anode. Protein transfer was performed at a constant current of either 1 mA/cm* for
1.5 hours or 0.2 mA/cm?® over night. After blotting, the protein transfer was confirmed by
staining with Ponceau S solution. Before proceeding with the immunodetection of bound

proteins (see 4.4.6), membranes were rinsed with deionised water to destain.

Transfer buffer: 25 mM Tris, 190 mM glycine in 10 % (v/v) ethanol

Ponceau S staining solution: 0.5 % (w/v) Ponceau Sin 1 % (v/v) acetic acid

4.4.5 Dot blotting

Dot blots are a variant of western blotting (see 4.4.4) and were performed with protein samples
that were not previously separated by SDS-PAGE.

A grid was drawn on dry cellulose nitrate membrane with a square size of approximately
1 x 1 cm. Protein samples were prepared with 4x loading buffer (see 4.4.2) and pipetted onto
the membrane not exceeding a drop volume of 10 pl. Membranes were dried at room

temperature and immunodetection was carried out as described in 4.4.6.
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4.4.6 Immunodetection

Transfer membranes from western and dot blotting applications (4.4.4 and 4.4.5) were further
analysed by immunodetection. If not stated otherwise, all incubation steps were carried out on a
laboratory shaker at room temperature. At first, membranes were placed in 1 % (w/v) casein-
TBS solution to saturate free binding sites of the membrane. After 60 min of incubation,
membranes were washed twice with TBT buffer and once with TBS buffer; each step lasting
10 min. Primary antibodies (Table 8, page 25) were diluted in 1 % casein-TBS solution
according to the manufacturers’ instructions and were applied to the membrane for 60 min at
room temperature or o/n at 4 °C. Membranes were washed again three times for 10 min with
TBT buffer and once more with TBS buffer. The second antibody (also diluted in 1 % casein-
TBS solution) was applied for 60 min. Then, washing with TBT and TBS buffer was repeated
as before. Bound secondary antibodies were detected via the linked enzyme horseradish
peroxidase using Millipore’s Immobilon™ Western Chemiluminescent HRP  Substrate.
Luminescent signals derived from the oxidation of luminol were detected and quantified with

the luminescent image analyzer LAS-1000 and the corresponding software Image Gauge 3.0.

TBS buffer, pH 7.5: 10 mM Tris/HCl, 150 mM NaCl
TBT buffer, pH 7.5: 20 mM Tris/HCl, 500 mM NaCl, 0.05 % (v/v) Tween® 20

4.4.7 Proteolytic cleavage

4.4.7.1 Remowal of the deca His-tag from AtETRI (factor Xa proteolysis)

Purified receptor protein AtETR1 (see 4.7.1.1) was treated with factor Xa protease to cleave the
N-terminal affinity tag from the fusion protein.

AtETRI1 (< 1.6 mg) was diluted in a total reaction volume of maximum 5 ml. The protease-
protein ratio was adjusted to 0.05 U/pg fusion protein and the sample was incubated at 4 °C on
a shaker o/n. Factor Xa was removed by Xarrest® agarose (Novagen®/Merck KGaA, Darmstadt)
according to the manufacturer’s protocol. Cleaved His-tags and undigested tagged AtETR1 were
bound to Ni-NTA pre-equilibrated twice with 1 CV buffer KA. The sample was added to the
affinity agarose and placed on a shaker for 15 min at room temperature. The mixture was

applied to an empty column and cleaved AtETR1 was eluted with the flow-through.

Buffer KA, pH 7.5: 50 mM Tris/HCI, 100 mM KCl, 0.1 % (w/v) DDM
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4.4.7.2 Removal of the deca His-tag from AtETR1[L70W]-TEV (AcTEV® proteolysis)

AtETR1[L70W]-TEV was purified as described in section 4.7.1.1 and was treated with AcTEV®
protease to remove the N-terminal deca His-tag. Proteolytic cleavage was performed in buffer
KAD at a protein concentration of 0.8 mg/ml. AcTEV® protease was applied in a
protease/protein ratio of 0.33 U/pg fusion protein. Samples were incubated at 10°C to 20 °C
o/n. Non-digested protein, cleaved affinity tags and the protease that contained a His-tag itself
were removed with 4 ml Ni-NTA pre-equilibrated with 5 CV buffer KA. The affinity agarose
was incubated with the protein solution for 15 min at room temperature, and then

AtETR1[L70W]-TEV was collected with the flow through.

Buffer KAD, pH 7.5: 50 mM Tris/HCI, 100 mM KCI, 0.1 % (w/v) DDM, 1 mM DTT

4.4.7.3 Proteolysis of AtETR1, AtETR1[H353A] and AtETR1[D659A] with thrombin

Wild type and mutant receptor protein was purified according to 4.7.1.1 and was treated with
thrombin in a protease-protein ratio of 0.2 U/pg receptor protein. Reactions were setup at 25 °C
in buffer TD in a final volume of 50-80 pl with the receptor at a concentration of 0.4 mg/ml.
Samples were taken after 0 and 4 hours and cleavage with thrombin was terminated by addition
of 0.02% (w/v) PMSF in 100 % (v/v) ethanol. All samples were analysed by SDS-PAGE
(4.4.2) using 4-20 % Tris/glycine gels from biostep GmbH (Jahnsdorf). Western blotting was

performed as described in sections 4.4.4 and 4.4.6.

Buffer TD, pH 7.5: 50 mM Tris/HCl, 100 mM KCl, 0.1 % (w/v) DDM, 1 mM MnClz, 0.2 mM ATP

4.5 Expression of recombinant proteins in E. coli

4.5.1 Expression of full-length receptor protein AtETR1

C43 (DE3) cells were transformed with vector pET-16b:: AtETR1,.75sWT or a plasmid containing
coding sequences for mutated AtETR1 full-length receptor proteins (Table 10 and Table 11,
page 28) following the protocol described in 4.2.2. Pre-cultures were set up with a single colony
in 500 ml 2YT medium supplied with 100 pg/ml ampicillin in non-baffled 11 flasks and were
incubated o/n at 30 °C with shaking at 180 rpm. Each main culture (500 ml 2YT medium,

150 pg/ml ampicillin in baffled flasks) was inoculated with 40 ml of pre-culture, and cells were
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grown to an ODgyp of 1. Protein expression was initiated by addition of IPTG to a final
concentration of 0.5 mM. About 6-8 hours after induction, cells were harvested by centrifugation

(10,000 x g, 6 min, 4 °C), flash-frozen in liquid nitrogen and stored at -80 °C.

4.5.2 Expression of the extramembrane domain of AtETR1

With the exception of the surface entropy reduced mutant, named AtETRIis.7sSER, all
AtETR165.735 constructs lacking the membrane domain were expressed in BL21 (DE3) cells
harbouring the plasmid pRARE. In contrast, AtETR1ig.73sSER was expressed in BL21-
Gold (DE3) cells co-transformed with pRARE.

Cells were transformed as described in section 4.2.2 and pre-cultures (500 ml 2YT medium
supplied with 100 pg/ml ampicillin and 34 pg/ml chloramphenicol) were set up in non-baffled
11 flasks. Cultures were inoculated with a single colony and grown o/n at 37 °C with shaking at
180 rpm. Each main culture (500 ml 2YT medium with antibiotics in final concentrations as
indicated above) was supplied with 40 ml of pre-culture, and cells were grown in baffled flasks
to an ODgy of 0.7 (for mutant AtETR165.733SER ODgoo ~ 3.0) before induction was started by
addition of 0.5 mM IPTG. Protein expression continued for 4 hours (for mutant
AtETR1i65.735SER only 2.5 h). Then, cells were harvested by centrifugation (10,000 x g, 6 min,

and 4 °C). The cell pellets were flash-frozen in liquid nitrogen and stored at -80 °C.

4.5.3 Expression of PpETRI1 and LeETR1

Analytical expression studies to test for optimal expression conditions were performed with
bacterial strains C41 (DE3), C43 (DE3) and BL21 (DE3): Pre-cultures (5 ml 2YT medium)
supplied with 100 pg/ml ampicillin were inoculated with a single colony and incubated with
shaking at 180 rpm o/n at 37 °C. Pre-cultures were used to inoculate main cultures (100 ml
2YT /ampicillin medium in baffled 250 ml flasks) to an ODgg of 0.05. These cultures were grown
shaking at 30 °C until they reached an ODgyp of 0.5-0.8. Protein expression was induced by
addition of 1 mM IPTG, and samples for SDS-PAGE and western blot analysis were taken 0
and 4 hours upon induction.

Preparation of expression samples for SDS-PAGE: An aliquot of 500 i cell culture was centrifuged for 5 min
at 14,000 rpm. The supernatant was discarded and the cell pellet was resuspended in 50 ul 4x loading buffer (see

4.4.2) and 150 pul H20O. Samples were boiled at 95 °C for 10 min. Sample volumes to apply to an SDS-PAGE gel were
calculated based on the ODgoo of the cell culture: 15/0ODgo0 = sample volume in pl.
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For preparative expression of PpETR1 and LeETR1 pre- and main cultures were scaled up to
500 ml 2YT medium (including ampicillin in a final concentration of 100 pg/ml). The IPTG
concentration was reduced to 0.1 mM for the constructs lacking the membrane domain while
expression duration was extended to 6 hours. Full-length PpETR1 and LeETR1 were expressed
o/n at 16 °C, and for LeETR1 the IPTG concentration was also reduced to 0.1 mM.

4.6 Purification of recombinant proteins from E. coli — general methods

4.6.1 Cell disruption

Cells were thawed on ice and resuspended in protein specific buffer. High pressure disruption
was performed with a pre-cooled French pressure cell press at 1,200 to 1,500 psi. By standard,

the cell suspension was passed through the system twice.

Composition of cell disruption buffers (percentage is in w/v)
AtETRI1, pH 8.0:
50 mM Tris/HCI, 200 mM NaCl, 15 % glycerol , 2 mM DTT, 0.002 % PMSF [per gram cells: 2.5 ml buffer]

AtETR116s.738, pH 6.0:
100 mM Bis-tris propane/HCI, 150 mM NaCl, 20 mM 2-mercaptoethanol, 8 M urea [per gram cells: 5-6.25 ml buffer]

PpETR1158.767 and LeETR1173.754, pH 7.5:
50 mM Tris/HCI, 200 mM NaCl, 10 mM DTT, 10 % glycerol, 0.002 % PMSF [per gram cells: 5 ml buffer]

PpETRI11.7¢7 and LeETR11.754, pH 8.0
50 mM Tris/HCI, 200 mM NaCl, 10 % glycerol, 10 mM DTT, 0.002 % PMSF [per gram cells: 2.5 ml buffer]

4.6.2 Isolation and solubilisation of E. coli membranes

E. coli C43 (DE3) cells were disrupted as described in 4.6.1, and membranes were separated by
centrifugation at 40,000 x g and 4 °C for 30 min. Disrupted cells of strain BL21 (DE3) were
centrifuged at 230,000 x g to form a solid pellet.

Depending on the downstream application, membrane proteins were either solubilised in a buffer
containing 8 M urea, or a native approach referring to Ren et al.™ was chosen using a set of 24
detergents (appendix 9.2.7) to test for appropriate solubilisation conditions.

Therefore, membrane pellets corresponding to 7 g of fresh cells were resuspended in 10 ml
buffer S. Samples with a volume of 400 pl were set up with 1 and 2 % detergent, respectively,
and incubated for 2 hours at 20 °C with slight shaking. Samples were then centrifuged at
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150.000 x g and 4 °C for 30 min. The supernatant was collected, and the pellet was resuspended
in 400 pl buffer S. Aliquots of each sample (10 pl) were supplied with 4x loading buffer (see

4.4.2), and dot blots with final immunodetection were performed according to 4.4.5 and 4.4.6.

Buffer S, pH 8.0: 50 mM Tris/HCI, 100 mM NaCl and 0.002 % (w/v) PMSF

4.6.3 Isolation and purification of inclusion bodies

E. coli cells were disrupted as described in section 4.6.1, and the crude extract was centrifuged
at 10,000 x g and 4 °C for 30 min. Pellets were resuspended in an equal volume of buffer
IB-DOC, and the inclusion bodies were sonicated on ice five times for 30 sec with a 30 sec pause
in between. Centrifugation was repeated as before, and the resulting inclusion body pellet was
resuspended in an equal volume of buffer IB. Sonication and centrifugation were performed once
again as described above. The pellet was finally resuspended in an equal volume of buffer IB,
and aliquots of 10 ml were centrifuged for 15 min at 10,000 x g and 4 °C. The supernatant was
discarded, and the inclusion body pellets were flash-frozen in liquid nitrogen and stored at
-80 °C.

Buffer IB-DOC, pH 7.5: 50 mM Tris/HCI, 100 mM NaCl, 1 % (w/v) sodium deoxycholate, 0.002 % (v/v) PSMF
Buffer IB, pH 7.5: 50 mM Tris/HCl, 100 mM NaCl

4.6.4 Solubilisation of inclusion bodies

Each aliquot of purified inclusion bodies was resuspended in 10 ml buffer IB (see 4.6.3) and
sonicated on ice five times for 30 sec with a 30 sec pause in between. Small scale samples were
set up to test for optimal solubilisation conditions. Aliquots of the suspension (250 ul) were
transferred to 1.5 ml reaction tubes and centrifuged at 10,000 x g and 4 °C for 15 min. The
supernatant was discarded, and 1 ml of solubilisation buffers SB-1 to SB-18 (modified after
Patra et al.™) was added to the inclusion body pellet. The pellets were completely dissolved in
the buffer by dispensing with a brush, and the suspension was incubated for 30 min at 25 °C
with slight shaking. Centrifugation was repeated as before. The supernatants were collected and
the pellets resuspended in buffer IBS. SDS-PAGE analysis was performed according to 4.4.2 and
4.4.3 with 10 pl of each sample supplied with 4x loading buffer.
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Buffer IBS, pH 7.5: 50 mM Tris/HCl, 100 mM NaCl, 1 % (w/v) SDS

SB-1, pH 7.0: 50 mM Tris/HCI, 100 mM NaCl SB-10, pH 10.0: 50 mM NaHCOs3, 100 mM NaCl
SB-2, pH 7.0: 50 mM Tris/HCI, 100 mM NaCl, 2 M urea SB-11, pH 10.0: 50 mM NaHCOs3, 100 mM NaCl, 2 M urea
SB-3, pH 7.0: 50 mM Tris/HCI, 100 mM NaCl, 8 M urea SB-12, pH 10.0: 50 mM NaHCOs3, 100 mM NaCl, 8 M urea
SB-4, pH 8.0: 50 mM Tris/HCI, 100 mM NaCl SB-13, pH 11.0: 50 mM NaHCOs3, 100 mM NaCl
SB-5, pH 8.0: 50 mM Tris/HCI, 100 mM NaCl, 2 M urea SB-14, pH 11.0: 50 mM NaHCOs3, 100 mM NaCl, 2 M urea
SB-6, pH 8.0: 50 mM Tris/HCI, 100 mM NaCl, 8 M urea SB-15, pH 11.0: 50 mM NaHCOs3, 100 mM NaCl, 8 M urea
SB-7, pH 9.0: 50 mM Tris/HCI, 100 mM NaCl SB-16, pH 12.0: 50 mM Na;HPOy, 100 mM NaCl
SB-8, pH 9.0: 50 mM Tris/HCI, 100 mM NaCl, 2 M urea SB-17, pH 12.0: 50 mM Na:HPOy, 100 mM NaCl, 2 M urea
SB-9, pH 9.0: 50 mM Tris/HCI, 100 mM NaCl, 8 M urea SB-18, pH 12.0: 50 mM Na:HPO,, 100 mM NaCl, 8 M urea

4.6.5 Refolding of proteins solubilised from inclusion bodies

The buffers used for releasing proteins from inclusion bodies were rather harsh either because of
a high pH value or the chaotropic reagent urea (see 4.6.4 for details). In consequence, a buffer
exchange was performed after solubilisation to allow for proper refolding of the proteins. A set
of 15 buffers was prepared according to the QuickFold™ Protein Refolding Kit from Athena
Environmental Sciences, Inc. (Baltimore, MD, USA) to test for optimal refolding conditions.
Composition of refolding buffers RB-1 to RB-15 can be found in appendix 9.4.

Before refolding, solubilised protein samples were diluted to a concentration of 5 mg/ml.
Refolding buffers RB-1 to RB-15 (950 nl) were transferred to 1.5 ml reaction tubes, and 50 pl of
the diluted protein solution were added. Samples were mixed by inversion and incubated for
30 min at 4 °C. Samples were centrifuged for 15 min at 20,000 x g and 4 °C. Then, the
supernatants were collected, and the pellets were resuspended in an equal volume of buffer
RF-8M. Samples from the supernatant and pellet fractions (10 nl) were supplied with 4x loading
buffer and analysed by SDS-PAGE according to 4.4.2 and 4.4.3.

Buffer RF-8M, pH 8.0: 50 mM Tris/HCI, 100 mM NaCl, 8 M urea

4.6.6 Size exclusion chromatography

Analytical size exclusion chromatography was used to determine composition and homogeneity
of a protein sample. By standard, a HiPrep 16/60 Sephacryl S-200 column from GE Healthcare
FEurope GmbH (Munich) was used. Analytical SEC was performed with a flow rate of
0.5 ml/min at room temperature with an AKTAezplorer™ system. Prior to use, the column was

equilibrated at a flow rate of 0.5-1 ml/min with 1.5-2 CV of the appropriate buffer. Calibration
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was carried out with proteins from Sigma-Aldrich’s Gel Filtration Molecular Weight Markers
Kit ranging from 29 kDa to 700 kDa.

Choice of buffer composition and sample volume were protein specific and are listed in Table 14.
Sample loops were only partially filled (max. 50 %) to ensure all protein was applied to the

.
column .

Table 14: Protein specific conditions for size exclusion chromatography

Protein Buffer composition Sample volume Fraction size
AtETR 16538 50 mM Tris/HCI pH 8.0, 150 mM 0.2-2 ml 1 ml
AtETR1i573SER NaCl, 0.04 % (w/v) DDM 250-750 pl 1-2 ml
PpETR 15877 50 mM Tris/HCI pH 8.5, 150 mM 1 ml 1 ml

LeETR Lirsoes NaCl, 0.04 % (w/v) DDM

4.6.7 Removal of DnaK contamination

In case of DnaK contamination after IMAC purification, two approaches were tested to
eliminate the impurity by the heat shock protein. In the first approach, the target protein (still
bound to Ni-NTA) was incubated four times for 10 min each in buffer DR-1 on a shaker at
room temperature. In between each incubation step, the suspension was applied to an empty
column to remove the buffer. Afterwards, purification and elution of the target protein was
proceeded according to the individual protein preparation protocols (see 4.7).

In a second approach, the elution fraction after IMAC purification was concentrated to 5 ml by
ultra filtration and diluted with an equal volume of buffer DR-2. The solution was incubated on
a shaker for 60 min at 4 °C and then concentrated again to a final volume of 2.5 ml by ultra
filtration. Buffer exchange to buffer DR-3 was performed by PD-10 column. The eluate was
concentrated to 1 ml and centrifuged for 30 min at 14,000 x g and 4 °C.

An anion exchange chromatography was applied using a 1 ml HiTrap™ @ Sepharose™ XL
column on AKTAexplorer™ to separate released DnaK and target protein. With a flow rate of
1 ml/min the column was equilibrated with 10 CV buffer DR-3. After sample application, a
linear gradient up to 100 % was run for 10 CV with buffer DR-4 while fractions were collected
with a volume of 0.5 ml. Aliquots of each fraction were analysed by SDS-PAGE (4.4.2 and

4.4.3) regarding their protein composition.

" Complete filling of a sample loop will result in a loss of protein as the solution will not move even
through the tubing but rather in an arrow-head like manner due to friction within the sample loop, with
the effect of applying protein solution to the waste bottle instead of the column.
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Preparation of denatured E. coli proteins: E. coli lysate from a membrane preparation of AtETR1 (see 4.6.2)
was diluted into buffer DR-0 resulting in a protein concentration of 2 mg/ml. The diluted lysate was incubated for
10 min in a water bath at 65 °C. Precipitated proteins were pelleted by centrifugation at 12,000 x g for 10 min. The
cleared supernatant was stored at -20 °C.

Buffer DR-0, pH 8.0: 50 mM Tris/HCI, 150 mM NaCl, 0.002 % (w/v) PMSF

Buffer DR-1, pH 8.0: 50 mM Tris/HCI, 150 mM NaCl, 0.002 % (w/v) PMSF, 0.1 mg/ml denatured E. coli proteins,
5 mM ATP, 5 mM MgCla

Buffer DR-2 pH 8.0: 20 mM Tris/HCl, 100 mM NaCl, 0.5 M arginine, 0.002 % (w/v) PMSF, 0.015 % (w/v) FOS-
CHOLINE®-14

Buffer DR-3 pH 6.5: 50 mM Bis-tris propane/HCl, 10 mM NaCl, 0.5 M arginine, 0.015 % (w/v) FOS-CHOLINE®-14
Buffer DR-4 pH 6.5: 50 mM Bis-tris propane/HCl, 1 M NaCl, 0.5 M arginine, 0.015 % (w/v) FOS-CHOLINE®-14

4.7 Purification protocols for individual proteins

4.7.1 Purification of full-length receptor protein AtETR1

4.7.1.1 Purification in 8 M urea

Membrane pellets prepared as described in section 4.6.2 were resuspended in 10 ml buffer U and
incubated for 90 min at 37 °C with slight stirring. After centrifugation at 40,000 x g and 20 °C
for 30 min, the supernatant was collected by a pipette, and imidazole was added to a final
concentration of 20 mM.

Two plastic columns with an inner diameter of 0.75 cm were each filled with 2 ml Ni-NTA and
equilibrated with 5 CV buffer U. The columns were positioned on top of each other, and the
protein sample was applied to the upper column. When the sample had completely passed
through, the resin was washed with 10 CV buffer U followed by 30 CV of buffer U supplied with
50 mM imidazole. For both washing steps a tubing (approx. 40-50 cm) was connected to the
column outlet to accelerate flow. The target protein was eluted with 6 CV buffer U prepared
with 250 mM imidazole.

The eluate was concentrated to 1 ml by ultra filtration in an Amicon Ultra® filter unit with a
molecular weight cut-off of 50 kDa. The protein solution was diluted once with 10 ml buffer U
and concentrated again to approximately 2 ml. The protein concentration was determined by
the Bradford assay (4.4.1) and adjusted to 0.8 mg/ml with buffer U.

Aliquots of 500 nl were transferred to 15 ml reaction tubes, and 50 pl of 1 M DTT were added
to each tube. After addition of 10 ml pre-cooled buffer R1 the solution was mixed by inversion
and centrifuged for 30 min at 230,000 xg and 4 °C. Supernatants were pooled after
centrifugation and were concentrated to 1 ml by ultra filtration at 8 °C. Samples were diluted

once again with buffer R2 in a ratio of 1:10 and finally concentrated to a volume of 2.5 ml.
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Buffer exchange to buffer KA was performed by a PD-10 column. The eluate was concentrated
by ultra filtration (final volume < 500 pl), and the protein sample was finally centrifuged for

30 min at 150,000 x g and 4 °C.

Buffer U, pH 8.0: 20 mM Tris/HC], 100 mM NaCl, 8 M urea

Buffer R1, pH 8.0: 55 mM Tris/HCI, 264 mM NaCl, 11 mM KCl, 0.1 % (w/v) DDM, 10 mM DTT, 1.1 mM EDTA,
0.002 % (w/v) PMSF

Buffer R2, pH 8.0: 55 mM Tris/HCIl, 264 mM NaCl, 11 mM KCI, 0.1 % (w/v) DDM, 2 mM DTT

Buffer KA, pH 7.5: 50 mM Tris/HCI, 100 mM KCl, 0.1 % (w/v) DDM

4.7.1.2 Native purification of AtETR1

Membrane pellets prepared as described in section 4.6.2 were dissolved in 10 ml buffer SF14.
Solubilisation of membrane proteins was promoted either by incubation at room temperature for
2 hours with slightly stirring or by sonication on ice for 20 min with 50 % duty cycle. The
solubilisate was then centrifuged for 20-30 min at 150,000-230,000 x g and 4 °C. The
supernatant was collected, and sodium chloride was added to a final concentration of 2 M.
Ni-NTA (4 ml) was filled in a plastic column with an inner diameter of 1.5 cm and equilibrated
with 10 CV buffer N2M. The supernatant from centrifugation was mixed with the resin in a
50 ml reaction tube and placed on a shaker for 15 min at room temperature. The suspension
was filled into the column, and the resin was washed with 20 CV buffer N2M followed by 20 CV
of buffer N2M supplied with imidazole in a final concentration of 50 mM. Bound target protein
was eluted with 5 CV buffer NFI.

The protein solution was concentrated to a final volume of 2.5 ml by ultra filtration (MWCO
50 kDa) at 8 °C. Buffer exchange was performed by PD-10 column into buffer NF. The eluate
was concentrated again (final volume < 500 pl), and the protein solution was finally centrifuged

for 30 min at 150,000 x g and 4 °C to remove aggregated proteins.

Buffer SF14, pH 8.0: 50 mM NaP;, 100 mM NaCl, 0.002 % (w/v) PMSF, 1 % (w/v) FOS-CHOLINE®-14

Buffer N2M, pH 8.0: 50 mM NaP;, 2 M NaCl, 0.002 % (w/v) PMSF, 0.015 % (w/v) FOS-CHOLINE®-14

Buffer NFI, pH 7.5: 50 mM NaPi 150 mM NaCl, 0.002 % (w/v) PMSF, 0.015 % (w/v) FOS-CHOLINE®-14,
250 mM imidazole

Buffer NF, pH 8.0: 50 mM NaPi, 150 mM NaCl, 0.002 % (w/v) PMSF, 0.015 % (w/v) FOS-CHOLINE®-14
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4.7.2 Purification of the extramembrane domain of AtETRI1

Receptor proteins AtETR 1165735, AtETR1165.73s[H353A] and AtETR1165.73sSER were expressed in
inclusion bodies, so purification was performed under denaturing conditions in 8 M urea.

Cell pellets (4-5 g wet weight) were resuspended, and cells were disrupted as described in section
4.6.1. The crude extract was centrifuged at 40,000 x g and 20 °C for 20 min. The supernatant
was collected by a Pasteur pipette, and an equal volume of buffer T9 was added.

A plastic column with an inner diameter of 1.5 cm was filled with 6.5 ml HIS-Select® nickel
affinity gel, and the resin was equilibrated with 5 CV buffer T75. The amount of the resin was
reduced to 2 ml/4-5 g wet weight cells for mutant AtETR165.73sSER, which was expressed at a
lower level compared to the other truncated proteins. The protein was applied to the affinity gel
and incubated on a shaker at room temperature for 20 min. The resin was then allowed to settle
and 5 CV buffer T75 were applied as the first washing buffer followed by 10 CV buffer T75
supplied with 30 mM imidazole. Bound protein was eluted with 3 CV of buffer T75 with
200 mM imidazole.

The eluate was concentrated to 1 ml in an Amicon Ultra® filter unit (MWCO 30 kDa) and
diluted to 2.25 ml with buffer T75. N-ethylmaleimide dissolved in dimethyl sulfoxide was added
(250 pl of 100 mM NEM) and incubated for 15 min at room temperature. The buffer was
exchanged to buffer T75 by a PD-10 column to remove NEM. The eluate was submitted to
centrifugation at 150,000 x g and 10 °C for 30 min.

Protein refolding was initiated by dilution with pre-cooled buffer R3 in a ratio of 1:10. The
protein solution was again centrifuged for 30 min at 230,000 x g and 4 °C. The supernatant was
collected and concentrated by ultra filtration to a volume of 1 ml. The remaining concentration
of urea was reduced to 80 mM by diluting and concentrating the sample twice in a ratio of 1:10
with buffer R3. The protein solution was finally concentrated to 100-500 pl and centrifuged to
remove aggregated proteins (150,000 x g, 4 °C and 30 min).

Buffer T9, pH 9.0: 50 mM Tris/HCI, 150 mM NaCl, 8 M urea

Buffer T75, pH 7.5: 50 mM Tris/HCI, 150 mM NaCl, 8 M urea

Buffer R3, pH 8.2: 50 mM Tris/HCl, 10 mM NaCl, 1 mM KCl, 10 mM DTT, 0.1 % (w/v) DDM, 0.002 % (w/v)
PMSF
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4.7.3 Purification of full-length PpETR1 and LeETR1

4.7.8.1 Native purification

Native purification of full-length proteins PpETR1i7; and LeETR1i74 was performed as
described for the receptor protein ETR1 from Arabidopsis thaliana (see 4.7.1.2).

4.7.8.2 Purification in 8 M urea

Membrane pellets were prepared from 7-8 g of cells as explained previously (see 4.6.2). The
crude extract was clarified by centrifugation (30 min, 230,000 x g and 4 °C), and the pellet was
resuspended in 10 ml buffer PLU. The solution was stirred at 37 °C for 30 min. Then,
centrifugation was repeated with the temperature increased to 20 °C. Supernatants were
collected, and sodium chloride was added to a final concentration of 2 M. Ni-NTA (4 ml) was
filled into a plastic column with an inner diameter of 1.5 cm and was equilibrated with 10 CV of
buffer U2M. The resin was mixed with the supernatant in a 50 ml reaction tube and placed on a
shaker for 15 min at room temperature. The suspension was filled back into the column and the
resin was washed with 20 CV buffer U2M followed by 20 CV of buffer U2M supplied with
50 mM imidazole. The bound target protein was eluted with 5 CV buffer PLU supplied with
250 mM imidazole.

Buffer PLU, pH 8.0: 50 mM NaPi, 150 mM NaCl, 8 M urea
Buffer U2M, pH 8.0: 50 mM NaP;, 2 M NaCl, 8 M urea

4.7.4 Preparation of truncated PpETRI1 and LeETR]1 from inclusion bodies

Inclusion body pellets isolated as described in 4.6.3 were resuspended in 10 ml buffer IBU by
stirring at room temperature for 30 min. Non-solubilised material was removed by 15-min
centrifugation at 10,000 x g and 20 °C. The protein concentration of the supernatant was
determined by the Bradford assay (4.4.1) and was set to 5 mg/ml with buffer IBU.

To promote refolding of the denatured proteins, 500 ul aliquots of the protein solution were
diluted to 10 ml with buffer IBR and mixed by inversion. Incubation continued at 8 °C for
30 min on a shaker before aggregated protein was removed by centrifugation (30,000 x g, 4 °C,
15 min). The supernatant was concentrated to 1 ml (Amicon Ultra® filter unit, MWCO

30 kDa), diluted once in a ratio of 1:10 and finally constrained to 2.5 ml. Depending on the
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downstream application, a buffer exchange was performed using a PD-10 column and protein

aggregates were removed by final centrifugation at 150,000 x g and 4 °C for 30 min.

Buffer IBU, pH 7.5: 50 mM Tris/HCI, 100 mM NaCl, 8 M urea
Buffer IBR, pH 8.5: 50 mM Tris/HCl, 10 mM NaCl, 1 mM DTT, 0.04 % (w/v) DDM

4.8 Protein characterisation

4.8.1 In vitro kinase assay

An amount of 25 ng receptor protein was purified as described before (4.7.1 to 4.7.4) and was
incubated at room temperature for 10 min in 50 pl buffer KA supplied with 1 mM manganese
chloride. Phosphorylation was initiated by the addition of 0.2 mM ATP mixed with radioactive
labelled y**P-ATP to result in a specific activity of 10 nCi/25 pg protein. The assay was further
incubated at room temperature for 30 min until the reaction was terminated by addition of
4x DDThee loading buffer. Samples were stored o/n at -20 °C before analysis by SDS-PAGE and
western blotting was performed (4.4.2 and 4.4.4). Prior to loading, all protein samples were
supplied with 60 mM DTT. After western blotting, the transfer membranes were dried, exposed
to a phosphor imaging plate for 4-7 days and analysed using Fujifilm’s image analyzer
FLA-3000 and the corresponding software Image Gauge 3.0 for quantification of radioactive

signals.

Buffer KA, pH 7.5: 50 mM Tris/HCI, 100 mM KCl, 0.1 % (w/v) DDM
4x DDTgee loading buffer: 30 mM Tris, 30 mM boric acid, 0.7 mM EDTA , 6.7 % SDS, 5 mM MgCly, 16.7 %
sucrose, 0.16 % bromophenol blue (all w/v)

Testing of inhibitory effects by KCN or ethephon

Protein samples were incubated for 10 min at room temperature with 100 nM of copper(II)
chloride. Then, 1 mM manganese chloride, buffer KA and KCN or ethephon were applied in a
final concentration of 100 pM. The samples were incubated for further 10 min. The
phosphorylation reaction was started by addition of ATP/y**P-ATP, and samples were treated

and analysed as described before.
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4.8.2 Circular dichroism spectroscopy

4.8.2.1 Setup and data collection

Far-UV CD spectra were recorded with a Jasco-715 spectropolarimeter in quartz SUPRASIL®
cuvettes (Hellma GmbH & Co. KG, Muellheim) with a path length of 1 mm and a volume of
160 pl. All measurements were performed at room temperature in buffer KP; at a protein
concentration of 0.1-0.3 mg/ml. Spectra were recorded from 260-195 nm with a step resolution
of 1 nm and a bandwidth of 2 nm. The scan speed was set to 50 nm/min and by standard

10 spectra were accumulated.

Buffer KP;, pH 7.5: 50 mM potassium phosphate, 0.05 % (w/v) DDM

4.8.2.2 Evaluation of CD data

All spectra were corrected for buffer absorption prior to analysis. Measured ellipticity (mdeg)

was converted to mean residue weight ellipticity ©uwr by the following equation:

MWR
c.

O, = 0100

(deg x cm? x dmol™) (Eq. 1)

Here, © is the observed ellipticity in degrees, MWR the mean residue molar weight of the
protein (molecular mass in daltons/number of residues), ¢ the protein concentration in mg/ml
and d the optical path length in cm. Quantitative secondary structure estimation was carried
out with the software package CDPro including the three programs CONTIN, SELCONS3 and
CDSSTR™.

4.8.3 Fluorescence spectroscopy

4.8.5.1 Intrinsic tryptophan fluorescence

Protein intrinsic tryptophan fluorescence was measured with the fluorescence spectrometer
LS 55. The excitation wavelength was set to 295 nm to selectively excite tryptophan residues.
With a scan speed of 100 nm/min emission spectra were recorded within a range of 310-400 nm.
By standard, five spectra were accumulated and corrected for buffer absorption. Settings of
excitation and emission slits were adjusted to result in bandwidth of 4 nm and 5 nm,

respectively.
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4.8.8.2 Monitoring phosphorylation status ETR1

Wild type and mutant full-length receptors were applied at a concentration of 2.4 nM,
truncated receptors were used at a concentration of 3.0 pM. Samples (60 nl) were incubated
with 1 mM manganese chloride for 10 min. If required, ATP was added at a final concentration
of 200 pM and incubation continued for further 30 min. Control samples were also set up
without manganese chloride but with 0.2 mM ATP and incubated as before. Afterwards samples
were measured in an ultra-micro cell (Hellma GmbH & Co. KG, Muellheim) with an optical

path length of 3 mm and a volume of 45 pl.

4.8.8.8 Monitoring ligand binding to ETR1

Wild type and mutant full-length receptors were applied at a concentration of 2.4 pM. Samples
(60 pnl) were incubated with 100 pM copper(Il) chloride for 10 min. If required, ethephon was
added to a final concentration of 100 pM and incubation continued for further 10 min. Control
samples were set up containing ethephon but not the cofactor Cu®t. Afterwards, samples were
measured as described before.

For titration of ETR1 with ligands, measurements were carried out in a quartz SUPRASIL®
macro/semi-micro cell (PerkinElmer, Rodgau) with an optical path length of 4 mm and a
volume of 500 pl. Mutant full-length receptors of ETR1 were applied at a concentration of
2.4 ptM and were titrated with increasing concentrations of ligands as specified in the results
section. Changes in fluorescence intensity were determined by collecting emission spectra as

described before.

4.8.4 3P-NMR spectroscopy

NMR spectra were recorded at room temperature with a 600 MHz Bruker BioSpin NMR
spectrometer. Deuterium oxide was supplied in concentrations of 5 to 10 % (v/v) with every
sample to allow for locking. Orthophosphoric acid (85 %, v/v) was used as external standard.
Data were processed and analysed with MestReNova® 6.2 (Mestrelab Research, Escondido, CA,
USA).
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4.8.5 Protein crystallography

Structure determination by X-ray crystallography requires the production of protein
monocrystals. When exposed to X-radiation, electrons from the proteins in the crystal will
scatter the X-rays and produce diffraction patterns. These data are subsequently used to
calculate electron density maps, from which a protein structure can be build.

Proteins can crystallise from a supersaturated solution as depicted in the phase diagram in
Figure 7. When protein and precipitant reach a critical concentration, nucleation events can
This

occur. is wusually achieved by raising the

concentrations due to water evaporating from the

\ precipitation
supersaturation zone

aqueous phase.

By formation of nuclei, the actual concentration of

nucleation
zone

the soluble protein in the system is slightly reduced.

[protein]

This results in a stop of nucleation events, and the

metastable

actual crystal growth is initiated (see metastable zone
in the phase diagram).

Slight changes in the ratio of protein and precipitant

zone
undersaturation

[precipitant]

concentration can decide over the fate of a Figure 7: Simplified phase diagram for

C . . . crystallisation of proteins. Crystals can
crystallisation drop and produce diverse liquid and Y P s
only form from supersaturation, right to

the solubility curve (blue line).

solid phenomena as shown in Table 15 (page 55).

4.8.5.1 Crystallisation techniques

Microbatch under oil™

Protein and precipitant solutions were combined in a small Dust cover

H20

drop (1-2 pl final volume) in either 72-well Terasaki plates or

96-well IMP@QCT™ plates. The plates were covered with

Mineral oil

Crystallisation drop

mineral oil to limit evaporation and stored at 4 °C, 15 °C and

20 °C, For

Microbatch

Evaporation of water from the

Figure &: setup.

respectively. temperature screenings

PCR plates with

using
crystallisation drop is limited by

Biometra’s thermocycler TProfessional,

a thin layer of mineral oil.
V-bottom were prepared with protein and precipitant, and
the drops were individually covered with 30 ul of mineral oil. Drops in standard microbatch

plates were set up either manually or using the Biomek® 3000 automation workstation.
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Vapour diffusion techniques: hanging and sitting drop crystallisation™

In the sitting drop techniques drops of protein solution and crystallisation buffer (0.75 pl each)
were pipetted on small platforms within the wells of the crystallisation plates (NeXtal Fvolution
pplate). The wells also contained a separated reservoir that was filled with 70 pl of precipitant
solution. Plates were sealed with Crystal Clear Sealing Tape from Hampton Research Corp.
(Aliso Viejo, CA, USA) and stored at a temperature of choice.

For hanging drop crystallisation, Qiagen’s FasyXtal plates

Lid ) o '
v\\ were used. A drop of protein and precipitant solution was set
|7 Crystallisation drop

H,0 up on the lid, and the cover was placed upside down over a

Reservoir solution

reservoir filled with the appropriate crystallisation buffer (200-

Lid 750 pul).
H:0
,i - wstallisation dr In both techniques, water will start to evaporate from the
Crystallisation drop
Reservoir solution protein containing droplet as its precipitant concentration is

lower than in the reservoir. The system will equilibrate

Figure 9: Setup of crystallisation

chambers for hanging  drop creating a supersaturated condition in the drop increasing

(upper figure) and sitting drop protein and precipitant concentration and the chance of

(lower figure) techniques.

crystal growth.

Sponge Phase Crystallisation

The Lipidic-Sponge Phase™ Screen from Molecular Dimensions Ltd. (Newmarket, UK) was set
up in the vapour diffusion technique. The wells of an FasyXtal plate were filled with 500 ul of
reservoir solution (0.01 % (w/v) sodium/potassium phosphate, 0.55 M sodium acetate, 0.75 M
HEPES, pH 6.3). The sponge phase (1 ul) was pipetted to the corresponding lids, and 1 ul of

protein solution was added without mixing. The plates were sealed and stored at 21 °C.

4.8.5.2 Microseeding

Microseeding was performed for wild type AtETR1 with Hampton’s Seed Bead™ kit. A crystal
obtained from a microbatch experiment with buffer TPN was transferred to a 1.5 ml reaction
tube prepared with 50 pl of AtETR1 (1 mg/ml in buffer TPN) and a PTFE bead. The crystal
was sonicated twice for one minute, and another 450 ul of protein solution were added. This
stock solution was diluted five times in a 1:10 ratio with buffer TPN, and new microbatch trials

were set up with 2 pl drops for every dilution. Plates were incubated at 4 °C and 20 °C.

Buffer TPN, pH 8.5: 100 mM Tris/HCl, 11 % (w/v) PEG 1500, 0.5 % (w/v) sodium cholate
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4.8.5.8 Reductive methylation of proteins

Reductive methylation of lysine residues is used to alter the crystallisation properties of
proteins™ . Wild type AtETR1.s73s was prepared according to section 4.7.2, and the buffer
was exchanged to buffer HN by a 0.5 ml Zeba Desalt Column from Pierce/Thermo Fisher
Scientific (Bonn). The protein concentration was adjusted to 1 mg/ml, and 20 nl of ABC
solution as well as 400 pl of 1 M formaldehyde were added per ml protein solution and
incubated at 4 °C for two hours. This step was repeated once. Finally, 100 nl ABC solution
were applied per ml protein solution and incubation was continued o/n. The supernatant was
collected after centrifugation at 230,000 x g and 4 °C for 30 min, and a buffer exchange was
performed into buffer TN by a PD-10 column. The eluate was concentrated to 100 pl by ultra
filtration (MWCO 30 kDa) and diluted once with buffer R4 in a ratio of 1:40. The protein
solution was concentrated again to a final volume of 70-80 pl and centrifuged at 18,000 x g and
4 °C for 30 min.

Buffer HN, pH 7.5: 50 mM HEPES/NaOH, 250 mM NaCl

Buffer TN, pH 7.5: 20 mM Tris/HCI, 200 mM NaCl

ABC solution: 1 M dimethylamine-borane complex
Buffer R4, pH 8.2: 50 mM Tris/HCI, 10 mM NaCl, 1 mM KCl, 0.1 % (w/v) DDM, 0.002 % (w/v) PMSF

4.8.5.4 Interpretation of crystallisation results

All crystallisation plates were examined using a stereomicroscope. A score was established for
interpretation according to Table 15. The control intervals were chosen depending on the
crystallisation method. Due to the nature of the screen, plates from sponge phase crystallisation
experiments were observed on a weekly basis for the first four weeks, and then a monthly cycle
was chosen. Crystallisation experiments from vapour diffusion or microbatch techniques were
examined in shorter intervals of several days during the first month as equilibration in these
setups occurred more quickly.

When crystals appeared, they were probed for protein or salt. The simplest yet most invasive
method was to test the crystal texture with a thin needle: While salt crystals appear hard and
will break with an audible cracking sound, protein crystal have a very soft texture and will not
split but rather smear when probed with the needle. However, this method will definitely
destroy the crystal, and it is therefore only useful when several crystals were grown at the
condition tested. In a more sophisticated approach, diffraction characteristics of potential

protein crystals were tested by X-ray diffraction analysis as described in 4.8.5.6.
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Crystals were also analysed by SDS-PAGE. A crystal was washed three times in the same buffer
that was used for crystallisation and was finally transferred to 5 pl 4x loading buffer. Extensive
washing was necessary to remove any remaining protein solution from the crystal to avoid false
positive results. SDS-PAGE and silver staining was carried out as described earlier (see 4.4.2
and 4.4.3).

The first two methods will only discriminate whether a crystal is protein or salt. But SDS-
PAGE analysis will also give information on the protein composition. This might be of special

interest when the protein to be crystallised consists of different subunits.

Table 15: Classification of crystallisation experiments.

Description Ezxamples

Clear drop

Upon phase separation small droplets of highly concentrated protein form

within the aqueous phase. This typically occurs when organic additives, such

as PEG, are added to a solution containing high salt concentrations.

Skin is a form of precipitate that builds a layer between crystallisation drops
and oil in the microbatch technique.

Precipitate can appear with a white to brownish colour. While light
precipitate might redissolve and promote nucleation, dark, amorphous

precipitate usually represents denatured protein.

Non-amorphous crystalline precipitate can act as a precursor to crystals.

Spherulites show radial pattern formation, sometimes appearing as droplets 9
or clusters.

B

Plates result from crystal growth in two dimensions. These rather thin N W
crystals often occur in a stacked form.

y
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Description Ezamples

When crystal growth is favoured in only one dimension, needles may form
and build clusters.

Amorphous crystals are three dimensional structures that show poor

symmetry and contain sharp edges as well as spherical parts.

Three dimensional crystals show a high degree of internal order that can be (. 0\
described by symmetry operations. These structures show sharp edges in all ) @
dimensions.

4.8.5.5 Freezing and storage of protein crystals

For transport and storage crystals, were harvested with nylon loops or meshes mounted to
magnetic caps and flash frozen in liquid nitrogen. The caps were covered with a plastic vial to
avoid uncontrolled contact with the crystal and were stored in liquid nitrogen.

If necessary, crystals were transferred to buffers with cryoprotectants prior to freezing to
prevent damage arising from dehydration as well as radiation damage upon exposure to X-rays.

The composition of these cryobuffers is specified in the corresponding result section.

4.8.5.6 Collecting diffraction data

Screening for crystals suitable for structure solution was performed at beamlines X177 and X712
at the European Molecular Biology Laboratory (EMBL), Hamburg as well as beamlines ID 25-1,
ID 23-2, ID 14-1 and ID 14-2 at the FEuropean Synchrotron Radiation Facility (ERSF) in
Grenoble, France. Crystals obtained from initial screenings were also tested with in-house

Bruker AXS diffractometer system at a temperature of 100 K.
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4.8.6 Bioinformatics methods and software tools

« Sequence similarity searches were performed with BLAST algorithm®! accessing databases
UniProtKB® *) and NCBI’s non-redundant protein sequence database.

« For multiple alignments of protein and nucleotide sequences, ClustalW®!, Clustal W2,
MultAlin® and COBALT®" were used. Alignments were visualised with Jalview 2.6%.

o Translation of nucleotide sequences was done with Translate. For computing physico-
chemical properties of a protein, the program ProtParam was used. Potential cleavage sites
for proteases were identified with PeptideCutter. All three programs are part of FxPASy’s
proteomics tools!™.

« Vector maps were created using the web server PlasMapper Version 2.0

o Fluorescence spectra were processed and analysed with FL WinLab™ software from
PerkinElmer (Rodgau)

o Molecular graphics images of protein structures deposed at the protein database RCSB PDB
(www.pdb.org) were produced with the UCSF Chimera package™.
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5 Part A: Functional studies on ethylene receptor ETR1 from

A. thaliana

In wvitro kinase activity of ETR1 from Arabidopsis thaliana was first demonstrated for the
recombinant extramembrane domain of the receptor. In 1998, Gamble et al. showed
incorporation of **P phosphate into the soluble histidine kinase domain of ETR1%%.

Ten years later Groth and Voet van Vormizeele extended the autoradiographic assay for the
full-length receptor and demonstrated effects of ethylene, cyanide and the antagonist
1-methylcyclopropene, which are proposed to bind in the transmembrane domain of ETR153.
However, the applied technique exhibits several disadvantages. The method combines multiple
working steps: the initial enzyme assay, followed by SDS-PAGE analysis and western blotting.
With every step, error-proneness is increased. Hence, a single step assay would be preferable.
Furthermore, the method leaves radioactive waste to dispose of, a fact that should also be
considered. Another major drawback is that exact densitometric analysis of an autoradiographic
image is complicate due to diffuse protein bands, often characteristic for membrane proteins®!.
Figure 10 shows the results of a phosphorylation assay performed with full-length receptor

AtETRI1. The left lane in the autoradiographic

Q
S \&@“o image displays a signal from **P phosphate bound
& o . . .
S> & Q@ §\® to the receptor protein. The middle and the right
& O .
& lane depict effects of cyanide and ethephon'.

KN
k i l autoradiography Qualitatively, the signals appear weaker, but due

_ membrane staining to the shape of the spots and the background

intensity, it is difficult to perform highly accurate
Figure 10: Phosphorylation assay with AtETR1
showing incorporation of **P phosphate into the densitometric analysis.
receptor protein  (signals in aumradmgr?p y) However, the autoradiographic assay is still
The control refers to the standard assay without
potassium cyanide and ethephon. Staining of the applied as a more exact measuring system is not
transfer membrane with Ponceau S (lower

figure) identified equal amounts of protein in available yet. For that reason, an improved,

each lane and visualised a protein band fluorescence-based system should be developed in
(75 kDa) from the protein marker.
the first part of this thesis. In this new approach

" Ethylene is highly volatile and was therefore replaced by potassium cyanide and ethephon in
phosphorylation assays with receptor protein ETR1. Potassium cyanide has been suggested to interact
92-94_ Ethephon is a
chemical compound that releases ethylene, phosphate and a chloride ion in an aqueous solution above
pH 4.

with the ethylene signalling pathway as it can induce ethylene responses in plantd
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ligand binding and phosphorylation events should be determined by monitoring changes in

fluorescence intensity.

5.1 Intrinsic tryptophan fluorescence to resolve ligand binding and
conformational changes in ETR1

When electrons are excited to a higher quantum state (S; or S..i) and subsequently relax to
their ground state (S)), energy will be emitted in form of light or heat between the lowest
vibration level of S; and the ground state (Figure 11). In fluorescence, the relaxation process
involves both, emission of heat (vibration) and light. Therefore, the wavelength of the emitted
light is longer and less energetic.

The transition between individual states as well as the intensity of fluorescence can be
influenced by several interactions. So-called quenching is characterised by a decrease in
fluorescence intensity. In collision (dynamic) quenching, a molecule (the quencher) absorbs
energy from the excited fluorophore upon contact before relaxation and emittance of light from
the fluorophore can occur. Depending on size and electronic properties of quencher and
fluorophore, the intensity of emitted light is either decreased or annihilated. Apart from collision
quenching, static quenching can also occur. Here, the fluorophore and the quencher from a non-
fluorescent complex during

the ground state Sy preventing

excitation of the fluorophore. 3
p —> excitaion (absoprtion)

The latter effect is utilised to S

— fluorescence
determine interactions be-
— non-radiative quenching
tween the target protein, the
. == RET donor
fluorophore, and putative

ligands that might bind to the "% RET acceptor

JW\, vibrational relaxation

protein affecting its fluore- g (2R
0

scence properties!®”.
. . Figure 11: Jablonski diagram showing different relaxation modes
Another mechanism  that is after excitation. By absorption of energy a fluorophore is excited
accompanied by a loss of from the ground state (So) to a higher vibration energy level (0 to 3
in the scheme) of state Sip. Due to vibration, the fluorophore relaxes
fluorescence intensity is to the lowest energy level in state Si. Starting here, further
resonance energy transfer relaxation can be achieved by fluorescence or non-radiative
quenching. It is also possible to transfer energy from a donor

(RET). This occurs when the molecule to an acceptor molecule with a lower excitation state Sia.
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emission spectrum of one fluorophore (the donor) overlaps with the excitation wavelength for a
second fluorophore (the acceptor). Energy transfer does not require the emission of actual light

from the donor. A non-radiative transfer is common when both molecules are in close proximity

(30 to 60 A)b9,

In proteins, the three aromatic amino acids tryptophan, tyrosine and phenylalanine contribute
to the UV fluorescence. Their absorption maxima in water occur at 258 nm (Phe), 275 nm (Tyr)
and 280 nm (Trp). Typically, a wavelength in the range of 295-300 nm is chosen to selectively
excite tryptophan®.

Tryptophan emission is affected by the surrounding environment, especially by the polarity of
the solvent. Upon hydrogen bonding to the imino group a red shift in emission spectra can be
observed indicating the solvent exposure of the amino acid®.

This parameter is used to detect conformational changes in proteins upon folding process or
binding interactions with other proteins or DNA. The method was used, for example, to show
binding of calmodulin to a human neuronal receptor peptide and interactions of the FE. coli

single-stranded binding protein (SSB) with DNA 100,

5.1.1 Cloning of single tryptophan substitution mutants

In the transmembrane domain of AtETR1 two residues have been identified to be involved in
ethylene binding. C65 and H69 may form a hydrophobic pocket and coordinate a copper ion
(Cu™) that is supposed to mediate binding of the gaseous molecule ethylene.

To examine binding characteristics for both, the hormone and the co-factor, single tryptophan
residue were cloned into helices I and II of the tryptophan-free mutant AtETR1[Wi.]. The first
two helices were chosen because Wang et al. have identified several residues by alanine scanning
mutagenesis that seem to play an important role in ethylene perception. Substitution of these
residues almost completely abolished ethylene binding in the respective mutantst.

MEMSATS3 algorithm, which uses a neuronal network for scoring amino acids typically found in
helices and the adjacent cap regions, was applied for topology analysis to create a schematic

101-103]

model of the first two helices (Figure 12)! :
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©) e
()
o EOEe

Figure 12: Topology model of transmem-
brane helices I and II of wild type
AtETRI. Blue residues show amino acids
necessary for coordination of Cu® prior to
ethylene binding. Yellow coloured amino
aids were identified by alanine scanning
mutagenesis to play an important role in
binding of the hormone. The green
residues were mutated to tryptophan,
except for the naturally occurring W53.
Core regions of predicted helices are in
dark grey, cap regions are coloured in light

grey.

Leucin and phenylalanine residues in close proximity
of the identified amino acids were selected for
tryptophan substitution because all three amino acids
have hydrophobic side chains and are of similar size.
Mutagenesis was carried out using the sequence and
ligation independent cloning method as described in
section 4.3.6.

In total, 9 mutants were created (F26W, F27TW,
F33W, L55W, F58W, L64W, L70W and L73W)
including a receptor variant based on AtETR1[W53].
In this mutant both residues necessary for Cu'
coordination were replaced by alanine (C65A and
H69A). Although mutants W53, L55W and F58W
have no nearby residues in helix II that have been
reported to be important for ethylene signalling they
might be in contact with such residues from helix I
(Y32, I35 and P36) if both helices are in close
proximity (Figure 12).

Further mutants were created based on AtETR1[Wic]
to monitor the phosphorylation state of the receptor.
These mutants contained single tryptophan residues in
the kinase domain close to H353, which is suggested to
be phosphorylated upon kinase activity®?.

As no crystal structure is available for the soluble

histidine kinase domain of AtETR1 yet, a homology

model was created to identify residues that might be suitable for mutagenesis. A BLAST search

on structures deposit in the protein data base (PDB) with the sequence of the kinase domain of

ETR1 (aa 350-585) from A. thaliana as query gave several hits for bacterial histidine kinase

proteins®. The cytosolic part of a sensor histidine-kinase protein from Thermotoga maritima

(PDB accession code: 2C2A) shares about 50 % sequence similarity over a range of 226 amino

acids and was chosen for homology modelling with Modeller/ EasyModelle
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Figure 13 shows the calculated model for AtETR1. The putative phosphorylation site is located
in the N-terminal helix. Together with the following helix, this domain might dimerise with a
second monomer as it has been shown for the sensor histidine-kinase protein from Thermotoga

maritimal'"’

I. In consequence, trans phosphorylation of residue H353 might be possible upon
dimerisation of AtETR1 if bound ATP and the phosphate acceptor histidine are brought in
close proximity. However, a cis phosphorylation mechanism might also occur: There is a large
loop adjacent to the two N-terminal helices that might pull these helices towards the C-terminal
part upon a trigger, like binding of ATP in an induced fit mechanism. This is highly speculative

and evidence for one or the other approach might be confirmed with a crystal structure of

AtETRI1 in different states of the phosphorylation process.

From the model, three residues were chosen for mutagenesis and were substituted by
tryptophan including N352, which is next to H353, as well as V350 and R356, which are about
one helix turn apart. These three mutants were also cloned as truncated receptor variants
missing the transmembrane domain because heterologous expression and purification of
truncated AtETR1 yielded about tenfold more protein on average (1 mg/g cells) compared to
the full-length constructs (see chapter 5.1.2).

Additionally, mutants were cloned into AtETR1[N352W] with amino acid substitutions H353A
and H353E. While the alanine mutant should represent a non-phosphorylatable protein, mutant
H353E mimics a phosphorylated protein by providing a negative charge through its carboxyl

group.

V350

H353

Figure 13: Cross-eye stereo image of the modelled kinase domain of AtETR1. The N-terminal part is comprised of
two helices which are connected to the C-terminal part by a large loop. Bound ADP in the C-terminal part of the
protein and phosphate bound to H353 were adopted from the template structure, a sensor histidine-kinase protein
from Thermotoga maritima (PDB accession code: 2C2A) and are highlighted as ball and stick models. Residues
selected for substitution mutagenesis as well as catalytic H353 are displayed in stick mode and coloured in dark red.
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5.1.2 Expression and purification of recombinant ETR1

Wild type AtETR1 and mutant full-length receptor proteins were expressed in cells of bacterial
strain C43 (DE3) as described in section 4.5.1. The proteins were purified by IMAC under
denaturing conditions (8 M urea) and were subsequently refolded by dilution into an
appropriate buffer (see 4.7.1.1). Individual purification steps of wild type AtETR1 are shown in
Figure 14A.

Purification at denaturing conditions was necessary in order to remove contamination by the
chaperon DnaK, which could not be removed from detergent solubilised AtETR1. The impact of
this contamination will be discussed in detail in chapter 6.2.2.

Ethylene receptor proteins lacking the transmembrane domain—-AtETRI1ie.733 and mutant
constructs—were expressed in BL21 (DE3) cells harbouring the additional plasmid pRARE,
which encodes for rare E. coli t--RNAs (see 4.1.12). A denaturing strategy was chosen for
purification (Figure 14B) as most protein was expressed in inclusion bodies®.

On average, about 0.1 mg purified full-length receptor protein was obtained per gram cells.
Yields for the truncated constructs were about tenfold higher, an observance that is not unusual
for membrane protein production. Due to highly hydrophobic membrane domains, these proteins
are more difficult to handle in an aqueous environment such as the cytosol of bacterial host

cells. Thereby, aggregation and degradation will occur and result in a lower overall protein

yield.
A“.)% ‘33%
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Figure 14: (A) Purification of wild type receptor protein AtETR1 (85 kDa) and (B) truncated AtETRIissrss
(66 kDa). The proteins were solubilised in 8 M urea and the cleared lysates were applied to IMAC (Ni-NTA).
Samples from the flow through fractions, wash steps 1 (no imidazole) and wash steps 2 (A: 50 mM imidazole, B:
30 mM imidazole) were analysed by SDS-PAGE. The right lanes in each gel show protein samples before and after
refolding of the receptor constructs (indicated by arrow).
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5.1.3 Characterisation of single tryptophan substitution mutants

Before the wild type and single tryptophan substitution mutants of AtETR1 were subjected to
fluorescence studies, all proteins were tested for kinase activity to confirm that functionality was
regained after refolding upon denaturing purification. Furthermore, all receptor proteins were
analysed by CD spectroscopy. This characterisation should give estimation on the secondary
structure composition and evaluate if amino acid substitutions caused changes or defects in the

protein structure.

5.1.3.1 Monitoring kinase activity by incorporation of **P phosphate

Kinase activity of wild type and mutant receptor constructs was determined to check whether
all proteins regained functionality after refolding. This assay was not performed with
AtETR1[N352W/H353E] as this mutant could not be purified in sufficient amounts.

The kinase assay was performed according to methods section 4.8.1, and signals from
3P phosphate were densitometrically quantified. Figure 15 shows the effects of cyanide and
ethephon on the kinase activity of each wild type and mutant receptor protein. For each protein
the kinase assay was performed without the regulatory substances, and resulting activity was set
to 100 % (internal reference, see black bars). For reasons of clarity, these reference activities are
displayed only once for all full-length and truncated proteins.

Receptor variants comprising a transmembrane domain clearly showed a reduced activity upon
treatment with cyanide (blue bars) and ethephon (green bars). Kinase activity is reduced to
about 40 to 60 % in both cases. These effects were expected with exception of mutants
AtETR1[W53/C65A /H69A] and AtETR1[N352W /H353A].

In the second mutant the putative phosphorylation site H353 is substituted by alanine. Thus,
phosphorylation should be abolished in this mutant. However, this phenomenon has been
observed before and might indicate alternative phosphorylation sites corresponding to serine,
threonine or tyrosine residues®™. In close proximity to H353 such residues can be found at
position 357 (threonine) and 366/367 (serine).

In mutant AtETR1[W53/C65A/H69A] both amino acids that have been described to be
essential for copper mediated ethylene binding are substituted by alanine. Hence, the observed
inhibitory effects of potassium cyanide and ethylene in form of ethephon are surprising.

However, copper binding might not exclusively depend on residues C65 and H69.
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(A)

no inhibitor

AtETR1
AtETR1[W,_]
AtETR1[F26W]
AtETR1[F27W]
AtETR1[F33W]
AtETR1[L55W]
AtETR1[F58W]
AtETR1[L64W]
AtETR1[L70W]
AtETR1[L73W]
AtETR1[W53]
AtETR1[W53/C65A /H69A]
AtETR1[V350W]
AtETR1[N352W]
AtETR1[R356W]

AtETRI1[N352W /H353A]
no inhibitor

AtETR 65 735

AtETR g5 755 V350W]

AtETR, g -45[N352W]
AtETRI, g o [R356W]

Kinase activity [%]

20 40 60 80 100 120

autoradiography

mmmmm o inhibitor
mEmmm 100 pM KCN
mmmm 100 pM ethephon

full-length receptors

receptors lacking the

transmembrane domain

Figure 15: Monitoring kinase activity of full-length and truncated AtETR1 and mutant protein constructs by 2P

assay. (A) shows inhibitory effects of cyanide and ethylene released from ethephon. All receptor proteins were

additionally subjected to a phosphorylation assay without regulatory substances. Signals from *P incorporation (B)

were densitometrically quantified and results for the controls without ethephon or potassium cyanide were set to

100 % for each protein to allow for comparison of individual receptors. These references are shown once for each set

of full-length and truncated receptors for reasons of clarity and thereby do not show error bars (mean error: 5 %).

All measurements were performed in duplicate.
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By alanine scanning, Wang et al.?” have shown that further residues are conceivably involved in
binding of the plant hormone including residues D25, Y32, 135, P36 and 162 (Figure 12,
page 62). These amino acids are still present in mutant AtETR1[W53/C65A/H69A] and might
favour binding of ethylene and agonistic cyanide.

The truncated receptor variants which are missing the ethylene binding domain showed nearly
no effect upon treatment with both inhibitors as expected. Kinase activity was maintained
between 80 to 100 % (Figure 15). These minor variations might be explained with the exactness

of densitometric analysis as described in chapter 4.1.

In summary, all receptors showed incorporation of *P;. Full-length proteins even showed a
reduced activity upon addition of ethephon and potassium cyanide indicating that refolding of

the receptors was successfully.

5.1.8.2 Secondary structure analysis by CD spectroscopy

CD spectra of all proteins were recorded over a range of 260-195 nm as described in section
4.8.2. Prior to measurement, proteins were diluted into 50 mM potassium phosphate buffer
supplied with 0.05 % (w/v) DDM. Typically, low protein concentrations of 0.2 to 0.25 mg/ml
were chosen to allow for measurements to 195 nm.

The CD spectra for full-length wild type AtETR1 and the tryptophan-less mutant
AtETR1[Wie| as well as for the truncated wild type AtETR1165.73s are shown in Figure 16. The
spectra for the both full-length constructs are almost identical and comprise the formation of
secondary structure elements upon refolding. The CD spectrum of the ethylene receptor lacking
the membrane domain is less distinct.

However, with the minimum at 209 nm and zero crossing between 200 and 201 nm, all spectra
indicate a strong o-helical content when compared to o-helical reference peptides (minima at

W The fact that the second minimum at 222 nm is not

208 and 222 nm, cross point at 202 nm)!
very distinct might point to the influence of B-strands and random coil structures.

All spectra were processed with the software package CDProl™ to give quantitative estimation
on secondary structure composition of the tested receptors. CDPro comprises the three
algorithms CDSSTR, SELCON38 and CONTIN, which use reference sets of up to 48 proteins to
estimate the secondary structure content of an unknown protein.

PSIPRED™ M secondary structure prediction method was used to calculate theoretical values

for a-helices, B-strands and random coil structures based on the amino acid sequence of wild
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type AtETR1 and AtETR1165735. The
algorithm wuses neural networks to
estimate secondary structure
elements by analysing the output of
position specific iterated BLASTs. In
a similar strategy BetaTPred?2 was
used to estimate B-turn elements in

the protein structures!'?,

The first striking fact from the data
in Table 16 is that experimental
values for each set of full-length
proteins and those missing the
transmembrane domain are highly
consistent and show a predominant
a-helical content. The only exception

is mutant AtETR1[N352W/H353E],

18000

14000 — AtETRI
10000 - AtETRl[Wfrcc]

6000 — AtETR1igsms

2000

-2000

-6000

Ovwr (deg x em? x dmol™)

-10000

-14000
195 205 215 225 235 245 255

wavelength [nm]

Figure 16: CD spectra obtained for the receptor proteins
AtETR1, AtETRI1[Wie] and AtETRligsms. Measured
ellipticity (mdeg) was converted to mean residue weight

ellipticity Ouwr to allow for comparison of all spectra. For

reasons of clarity, it was renounced to depict spectra of

which should mimic a phosphory- individual single tryptophan substitution mutants. However,

lated receptor protein secondary structure content of these mutants as calculated

from the spectra is summarised in Table 16 (page 65).

In mutants based on the full-length

receptor, the amount of a-helices is

slightly increased by about 5 %. This result is in accordance to expectation as the N-terminal
domain that is missing in constructs based on AtETRI1ies73s is comprised of three putative
transmembrane helices. However, a clear disparity is apparent for the a-helical content of both
receptor populations obtained from experimental data and calculations with PSIPRED.
Theoretical values are about 5 % higher for truncated receptor proteins and about 10 % for full-
length constructs compared to the values calculated from experimental data.

The overall accuracy of the PSIPRED algorithm accounts for approximately 80 % as

1011 However, accuracy varies for

determined by a set of proteins with known crystal structure!
each secondary structure element. For example, a-helices that show a strong and characteristic
signal in circular dichroism can be estimated with an accuracy of more than 95 %. The CD
spectrum of B-sheets and B-turns is weaker and depends on the length of respective structures.

In consequence, accuracy for these elements accounts to 50 to 70 %! 114,
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Experimental data is subject to wvariation, too. Correct determination of the protein

concentration is crucial for calculating Oywr (mean residue weight ellipticity), which is
necessary for estimation of the secondary structure composition and comparison of individual

151 All spectra in this thesis were recorded in duplicate and were consistent

CD spectral
(0.5 < RMSD < 4.2)" over the range of 240 nm to 195 nm, which was used for secondary

structure estimation by algorithms implemented in CDPro.

Table 16: Secondary structure composition of wild type and mutant AtETR1 and AtETR 165735
constructs as calculated from the amino acid sequence and from experimental data. All values
are given in %.

Protein Data source a-helices [-strands f-turn Random coil
AtETRI theoretical 12 - 13 21 — 22 19 — 20
experimental 17 19 - 21 28 — 29
AtETRI[Wired] experimental 17 - 18 19 - 21 28 — 29
AtETR1[F26W] experimental 17 - 18 18 — 21 28 — 29
AtETR1[F27W] experimental 18 - 19 19 — 22 28 — 29
AtETRI1[F33W] experimental 17 - 18 19 - 21 28 — 29
AtETR1[L55W] experimental 16 — 18 18 — 21 27 - 29
AtETR1[F58W] experimental 15 - 18 18 — 20 27 — 28
AtETR1[L64W] experimental 19 — 20 20 — 22 28 — 29
AtETR1[L70W] experimental 18 - 19 20 — 22 28 — 29
AtETR1[L73W] experimental 16 — 18 19 - 21 28 — 29
AtETR1[W53] experimental 16 — 19 18 — 21 27 - 29
AtETR1[W53/C65A/H69A] | experimental 17 -19 19 - 21 27 - 29
AtETR1[V350W] experimental 16 — 19 19 - 21 27 - 29
AtETR1[N352W] experimental 16 — 18 18 — 21 27 - 29
AtETR1[R356W] experimental 16 — 18 18 — 21 27 - 29
AtETRI[N352W/H353A] experimental 19 - 21 19 - 22 28
AtETRI[N352W/H353E] experimental 16 — 22 27 - 33
ACETR L1 e theoretical 16 23 — 24 23 - 24
experimental 28 - 31 21 20 — 22 29
AtETR1 165735 V350W] experimental 28 - 31 20 - 21 20 - 23 28 — 30
AtETR1165-735[N352W] experimental 29 - 32 19 - 21 19 — 22 29
AtETR1165-735[ R356 W] experimental 28 - 31 19 — 23 20 - 22 28 - 29

n 2
Ei:l (xl,i - xZ,i)

" Equation for calculation of root mean square deviation: RMSD = \/
n
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However, the high correlation of experimental data indicates that all receptors are folded in a
similar way and allows for the assumption that they probably hold a native structure as kinase
activity was observed for these proteins (see previous chapter). If misfolding occurred, it might
be supposed that individual proteins exhibit individual structures, and data obtained are
expected to show high variation.

There is only one mutant showing a complete different secondary structure composition:
Receptor protein AtETR1[N352W/H353E| has a much reduced a-helical content of only 6 to
22 % depending on the algorithm used. It was further observed that this mutant yielded hardly
any protein after purification (< 0.05 mg/g cells). Hence, it is reasonable to assume that
aggregation of misfolded protein has occurred.

First interpretation of the AtETR1[N352W/H353E] CD data was that the introduction of a
negative charge disturbs proper folding of the mutant protein. All other mutations affected large
but non-charged residues (leucine, phenylalanine and tryptophan). Thus, it might be possible
that this unique substitution altered the structure of the receptor remarkably. Assuming that
phosphorylation is coupled to a conformational change, it might be possible that this pseudo-
phosphorylated state cannot fold from scratch but requires a correctly folded un-phosphorylated
protein as a starting point. It is most obvious that this information gets lost during the
denaturing purification.

However, interim published data of a mutant receptor with the single H353E substitution
showed no conformational difference compared to the wild type protein as determined by CD

116

spectroscopy™®. For that reason, it is rather likely that mutagenesis of the two adjacent amino

acids caused structural defects due to steric disorder.
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5.2 Ligand binding to ethylene receptor ETR1

5.2.1 Binding of copper cofactor and ethylene

Mutant receptor proteins of AtETR1 that carry single tryptophan residues in close proximity to
the putative ethylene binding site (C65 and H69) were subjected to fluorescence measurements
to probe for binding of the copper cofactor and the plant hormone ethylene. Measurements were
performed as described in section 4.8.3.1. The receptor proteins were pre-incubated with 100 pM
copper(II) chloride for 10 min". In samples testing ethylene binding, the plant growth substance
ethephon was added at a final concentration of 100 pM and incubation was continued for
further 10 min. With these incubation steps the setup was identical to the activity assay with
2P_ATP, except no nucleotide was added here. A concentration of 100 pM ethephon was chosen
because it decreased receptor activity to about 40 to 60 % as determined by the
autoradiography assay (see 5.1.3.1).

All samples were measured with a fluorescence spectrometer. Tryptophan residues were
selectively excited at 295 nm. Emission spectra were recorded over a range of 310-400 nm, and
the emission maximum was found at 348 nm. For each receptor, control samples were set up
containing only the protein. Fluorescence intensities of these references were set to 100 % for
each protein, and corresponding samples containing copper(Il) chloride and/or ethephon were
referred to the individual basis fluorescence intensity.

Figure 17 shows effects of treatment with copper(II) and ethephon on the fluorescence intensity
of the receptor proteins. Noticeably, upon incubation with the metal ion, the fluorescence
intensity decreased to about 70 to 80 % in all cases (blue bars). In contrast, upon treatment
with just ethephon (orange bars), fluorescence intensity was maintained at almost 100 %
compared to samples that contained only the receptor protein (black bar). When ethephon was
applied after treatment with copper(II), no distinct quenching effect was observed (green bars).
Minor changes were detected within the error range, except for mutant AtETR1[L70W], which

showed a further slight decrease of 5 % in its fluorescence intensity (blue circle in Figure 17).

" Coordination of a copper ion is necessary for binding of ethylene binding in ETR1. Typically copper(I)
is described in literature. However, Kikuchi et al. detected copper(Il) in the binding domain by X-ray
absorption spectroscopy and Rodriguez et al. successfully applied copper(II) sulfate in their in wvitro
binding studies® 7. Because copper(I) chloride is hardly soluble in water, it was replaced by copper(II)
chloride throughout the complete study.
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fluorescence intensity [%]
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Figure 17: Fluorescence intensity measurements at 348 nm
emission wavelength with mutant AtETR1 proteins.
Changes in fluorescence intensity upon incubation with
100 pM copper (II) chloride (green bars) and/or ethephon
(blue and orange bars) were determined and correlated to
each internal reference (protein without additives and with
fluorescence intensity at 348 nm set to 100 %). Note that
these references are not given for each protein for reasons of
clarity, but a representative bar is depicted once on top of
the figure (black bar). Effects of copper(II) chloride and
ethephon on mutant AtETR1[L70W] are highlighted by a
blue circle.

Measurements were preformed in duplicate for F26W,
F27W, F33W and W53. All other mutants were measured
in triplicate.
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It cannot be stated which type of
quenching is induced by the metal
ion. Binding of copper(II) might
trigger the formation of a non-
fluorescent complex like in static
quenching. A conformational change
in the mutant receptor proteins could
also be induced by binding of the
metal ion and might alter the solvent
exposition of the tryptophan probes.
Such change in environment can
either be displayed by a wavelength
shift of the absorption maximum-—
which was not observed—or by an
increase or decrease in fluorescence
intensity.

The minimal change in fluorescence
intensity that was observed for
mutant AtETR1[L70W] might be due
to a ligand induced conformational
change. However, fluorescence changes
in this order will not be suitable for
concentration dependent measure-
ments. Nevertheless, mutant receptor
AtETRI[L70W] might be wused to
qualitatively test binding of potential
plant growth substances in principle.
For the other mutants, no additional
quenching effect was observed after
treatment  with  ethephon  and
copper(I). This might indicate that
the tryptophan probes were not
placed correctly to monitor

conformational changes. Alternatively,



Part A: Functional studies on ethylene receptor ETR1 from A. thaliana

the effect by copper(Il) might be stronger than that for ethephon, thereby masking any further
changes in fluorescence intensity. This would also explain why the effect of ethephon was only
minimal for mutant AtETR1[L70W].

The observed quenching effect for mutant AtETR1[W53/C65A/H69A] is surprising but might
be explained with the cofactor and the plant hormone binding to the receptor at sites other
than the postulated C65-H69 site. This assumption is based on the results of Wang et al. who
identified further residues involved ethylene binding as described in the previous chapter®. To
further investigate the observed quenching effect, mutant AtETR1[W53/C65A/H69A] was used
in titration studies with copper(Il). The results will be discussed in section 5.2.2.

The copper ion could also target the His-tag, which is carried by all recombinant proteins in this
study. With the N-terminal tag being a flexible structure, it could come close to helices I and II
with their respective tryptophan residues and affect their fluorescence characteristics.
Fluorescence measurements were repeated with tag-free mutant AtETRI1[L70W]-TEV to
determine the impact of the affinity tag and to rule out that the observed reduction in
fluorescence intensity was due to static quenching caused by copper binding to the His-tag (see

chapter 5.2.3).

In summary, the fluorescence measurements revealed interaction of copper(II) with the receptor
proteins. Although it remains unclear by what quenching mechanism the observed decrease in
fluorescence intensity was induced. The anticipated monitoring of ethylene binding to a mutant
AtETR1 was only partially accomplished: Only one mutant, AtETR1[L70W], was identified to
show a second minor change in its fluorescence intensity after treatment with ethephon. Because
the effect is only minimal (5 %) quantitative binding studies will not be possible, but the

mutant might be used to reflect binding of further potential regulatory substances in principle.
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5.2.2 Characterisation of the quenching effect

As outlined in the previous chapter the mutant receptor protein AtETR1[W53/C65A/H69A]
showed a quench in fluorescence intensity upon treatment with copper(II). This observance was
contrary to expectation as the amino acids necessary for complexion of the metal ion were
replaced in this mutant. For that reason, mutants AtETR1[W53/C65A/H69A] and
AtETR1[W53] were both titrated with copper(Il) chloride over a range of 0,5 utM to 5 mM to
evaluate if the monitored changes in fluorescence intensity were due to collisional or static
quenching (see methods section 4.8.3.3).

The Stern-Volmer plot in Figure 18 shows the correlation of changes in fluorescence and the
concentration of the quencher copper(Il) chloride. Both, collisional and static quenching can be

described by the Stern-Volmer equation:

F
FO -1+ K, [0] (Eq. 2)
Ky =k, (Eq. 3)

Here, Fy and F are the fluorescence intensities in the absence and the presence of the quencher
Q, with Ksy being the quenching constant (Kgsy will be replaced by Kp for collisional/dynamic
quenching and Ky for static quenching). The quenching constant is composed of k, the
bimolecular quenching constant, and 7, that represents the lifetime of the fluorophore in absence
of the quencher.

If only one type of quenching occurs, the Stern-

Volmer plot will describe a linear correlation of 25 F
E —— AtETRI[W53/C65A /H69A]
. Ce 20 E i
quencher concentration and F,/F. To distinguish S AtETRI[WSs] o
between static and dynamic quenching, it is m 15 F
~ -
necessary to determine the lifetime of the ~ 0 E
fluorophore: ~ The lifetime dependence on 5 F
quencher concentration will be constant in static 0 _. il
quenching as quencher and fluorophore build a 0 1 2 3 4 5 6
. CuCl,[mM
non-fluorescent complex, thereby decreasing the uClmMj
number of excitable fluorophores. In dynamic Figure 18: Stern-Volmer plot showing copper(II)
quenching on receptors AtETR1[W53] (blue)
quenching, the lifetime will be reduced due to and AtETR1[W53/C65A /H69A] (orange).

energy transfer upon collision of quencher and

fluorophore.
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The correlation of copper(II) concentration and fluorescence intensity changes for mutant
AtETR1[W53/C65A /H69A] describes a concave curve (x*.a = 0.05) that indicates combined
dynamic and static quenching (orange curve in Figure 18)". Actually, no static quenching was
expected for this mutant due to fact that the residues necessary for copper binding are
substituted by alanine (see chapter 5.2.1). In accordance, Stern-Volmer constants Kp and Kg
reveal predominantly dynamic quenching (Kp=1.9 + 0.2 nM, K3=0.13 £ 0.03 nM™).
Complexion of copper (II) by the affinity tag might be in charge of the observed weak static
quench. Furthermore, based on the topology model (Figure 12, page 62), in close proximity of
residue W53 there are several residues (D25, Y32, 135, P36 and 16) that have been shown to be
involved in ethylene binding, too. Those amino acids were not substituted in the mutant, so it
might be possible that the metal ion was trapped in the binding site by these residues causing a
static quench upon titration with copper(II) chloride.

Data for mutant AtETR1[W53] were also fitted on the assumption that the fluorophore is
quenched statically and dynamically. However, the hyperbolic Stern-Volmer plot (3%« = 0.35)
as well as the negative constant Ks (-0.10 £+ 0.02 nM™') indicated the existence of two
populations of fluorophores that are not equally exposed to the quencher (see blue curve in
Figure 18). For that reason, a modified Stern-Volmer equation was used to estimate the amount
of each fluorophore population and their respective Stern-Volmer constants for static and

dynamic quenching.

With two populations of fluorophores (a and b), the total fluorescence in absence (F)) and

presence (F) of the quencher is composed of

F0:F0a+F0b (Eq. 4)
F=F +F (Eq. 5)

The fraction f of each fluorophore population (fa and fb) contributing the this initial

fluorescence is given by
f _ FOa,b _ FOa,b
ab -
by Iy, +E,

(Eq 6) a’nd FOa,b = fa,b 'FO (Eq 7)

" Data were fitted on the assumption of one fluorophore being quenched both, statically and dynamically:

I
FO = (l +K, [Q])(l + K [Q]) with Fy and F being the fluorescence intensities in absence and presence of

the quencher @ and Kp and Ky being the quencher constants for dynamic and static quenching. The
reduced chi-squared (y*.q) is given by %? divided by the number of degrees of freedom that is defined by
the number of data points minus the number of variables in the equation.
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Combined dynamic and static quenching for one population is given by

e

* = (1+K, [0)1+k[0) (Eq. 8)

|

where Kp and K are the quencher constants for dynamic and static quenching and @ is the
quencher concentration. Rearrangement of this equation describes the initial fluorescence

intensity
F, = (l +K, [Q])(l +K [Q]) F (Eq. 9)

Combined with equation 4, the initial fluorescence intensity F, for two populations a and b is

given by
Fo = (l +KDa [Q])(l +KSa [Q]) Fa + (l +KDb [QD(l +KSb [Q])Fb (EQ- 10)

In consequence of equation 5 and 9, the overall observed fluorescence F, as sum of F, and F} is

described by

FOa + FOb
(1+ & [0D0+ K [o) - (1+ K, 0D+ K, [0D

(Eq. 11)

Subtraction of the total observed fluorescence F' in presence of the quencher (equation 11) from
the total initial intensity Fjy (equation 4) yields AF, the actual difference in fluorescence

intensity

1 1
A ‘F{1‘<1+KD(,[Q1><1+KSQ[QD]'FO“ *[l‘<1+KDb[Qm+KSb[Q1>]'F°b (B 12)

Substituting Fy, and Fy by equation 7 finally yields

AF

o [l_ (1+KDa[Q];(1+KSa[Q]))'f“ J{l_ (1+KDb[Q];(1+KSb[Q])]'ﬁ’

With f, =1- f, equation 14 is given

(Eq. 13)

AF 1 1
F [l (+K, 0N+ K, [Q])] St [l 1+ K,[0D+ K, [Q])] (1= 1.) (Eq. 14)

K
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Data for mutant receptor protein AtETR1[W53]
were fitted according to equation 14 and are
shown in Figure 19. The curve-fitting on the
assumption of two populations of fluorophores
being quenched statically and dynamically
yielded a slightly improved y%.a of 0.0007
compared to the fit considering only one
fluorophore population” (y%«a = 0.004). The
difference between the goodness of both fits is
not distinct enough to confirm one or two
fluorophore populations.

However, although AtETR1[W53] holds only one

fe=l
=
=
o
[l
B

— 2 fluorophore populations

0.2 --- 1 fluorophore population

[ Y Y Y

0 1 2 3 4 5 6
CuCl,[mM]

Figure 19: Modified Stern- Volmer plot showing
copper(I) quenching for AtETRI[W53]. Data
were fitted on the assumption of one
(%%a=0.004) or two (y%%.a=0.0007) populations of
fluorophores being quenched statically and

dynamically (equation 14).

tryptophan residue, it is possible that two

populations of fluorophores are present. These fluorophores could be minor contamination or
degradation products not detectable by SDS-PAGE analysis. The two populations could also
represent different conformations of AtETR1[W53] as a result from copper(II) binding: One
fraction might correspond to protein that is loaded with the metal ion while the other fraction is
not. Upon binding of copper(Il) a conformational change might alter the solvent exposition of
residue W53 that could be reflected in a change of its fluorescence intensity.

Furthermore, it is possible that upon excitation at 295 nm deprotonated tyrosines (tyrosinates)
are excited in addition to the single tryptophan. Those residues show excitation and emission
characteristic such as tryptophans (absorption maximum at 295 nm, emission maximum at
345 nm) and might thereby contribute to the observed fluorescence!!™® "%, Side chains like
aspartate and glutamate residues can act as proton acceptors at neutral pH and favour the

120

formation of tyrosinates!®!. Also the alkaline pH of 8.0 of the medium might have promoted
deprotonation of tyrosine residues. Although the quantum yield of tyrosinates is about tenfold
lower than that of tryptophans (®@pw = 0.015 compared to ®py) = 0.14, at neutral pH),

96, 121—123]‘ In mutant

tyrosinate fluorescence has been reported for tryptophan-free proteins!
AtETR1[W53] the copper ion is supposed to be complexed by C65 and H69. Assuming that
helices I and II are in close proximity of each other, residues Y20, Y22 and Y32 (see Figure 12,
page 62) are possible candidates to form tyrosinates. Their fluorescence might be affected upon

binding of copper(II) to C65 and H69 resulting in a static quench of the fluorescence.

" Data were fitted with equation 14 considering only one population of fluorophores (£,=0).
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The collisional quench that was observed for both mutants is probably owed to the localisation
of residue W53 in the cap region of helix II where it is probably exposed to the solvent and

soluble quenchers.

5.2.3 Effect of His-tag on copper binding

In order to remove the N-terminal His-tag after purification of AtETR1[L70W] a new construct
containing a TEV cleavage site was cloned into vector pTEV-16b. This new construct,
AtETRI1[L70W]-TEV, was subjected to analytical TEV cleavage experiments to determine a
condition most efficient for removal of the affinity tag (see 4.4.7.2).

Figure 20 shows SDS-PAGE analysis of protein samples taken upon setup of the cleavage
reaction as well as 4 hours later and over night. Though the reaction was performed at up to
20 °C, complete removal of the affinity tag was not obtained. Even after incubation over night,
a minor fraction of AtETRI[L7T0W]-TEV still contained the affinity tag as shown by
immunodetection. Such reduced cleavage efficiency is not uncommon for detergent solubilised
membrane proteins. It has been

reported that either the detergent
AtETR1[L70W]-TEV

itself might inhibit the protease or $ | N
® 10 °C 20 °C i
the detergent-protein  complex kDa  0h 2h om Oh 2h om &
could prevent proper cleavage due 100
. . 75 - e e e
to steric occlusion* 1%,
50
However, for preparative cleavage, 37

AtETR1[L70W]-TEV was treated
with AcTEV® over night at 20 °C

25

as this condition yielded mostl
Y Y Figure 20: Removal of deca His-tag from AtETRI[L70W]-TEV.

tag-free receptor protein. Non- The receptor (24 ng) was incubated with AcTEV® protease at a
ratio of 0.33 U/pg target protein at 10 °C and 20 °C. Samples

cleaved protein as well as removed taken upon setup as well as after 2 hours and over night (o/n)

tag peptides and the His-tagged were analysed by western blotting and immunodetection (His-
antibody). The white box indicates signals from the receptor
protease itself were removed by protein, the white arrow points to those from His-tag labelled

IMAC. The mutant receptor was AcTEV® protease.

subsequently applied to fluore-
scence measurements as described for the tagged AtETR1[L70W] mutant before. Samples were
set up with 100 pM copper(II) chloride and/or 100 pM ethephon. Also a control sample was

prepared that contained only the protein. Fluorescence intensities of all samples were
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determined and related to the sample without additives (set to 100 %). Figure 21 shows data
obtained with the tagged receptor AtETRI[L7T0W] and the tag-free mutant
AtETRI1[L70W]-TEV. Results for the cleaved protein are almost identical to those of the
unmodified receptor. Again, a decrease in fluorescence intensity to about 70 % is observed after
treatment with copper(II) chloride (green bars). However, this quench was neither enhanced nor
reduced upon further incubation with the plant growth regulator ethephon (blue bars). This
indicates that the affinity tag is not responsible for the monitored decrease in fluorescence

intensity.

fluorescence intensity [%)]
0 20 40 60 80 100 120

AtETR1[L70W]

with His-tag no additives

100 uM CuCl, and 100 pM ethephon
100 pM ethephon
100 pM CuCl,

AtETR1[L70W]-TEV
without His-tag

Figure 21: Fluorescence intensity measurements at 348 nm emission wavelength with mutant AtETR1[L70W]
(containing the His-tag) and tag-free AtETRI1[L70W]-TEV. Changes in fluorescence intensity upon incubation with
100 pM copper(II) chloride (green bars) and/or ethephon (blue and orange bars) were determined and correlated to
each internal reference (protein without additives and with fluorescence intensity at 348 nm set to 100 %; see black

bars in upper figure). All measurements were preformed in duplicate.

Although distinct effects of ethephon—in terms of activity regulation—were demonstrated by
autoradiography, it remains unclear why binding of the plant growth regulator could not be
proven to the same extent in the fluorescence assay. As already stated, it might be assumed
that the quenching effect of copper is masking any effects of further applied substances. Hence,
measurements were also performed with AtETR1[L70W], which was incubated with 100 pM
copper(II) chloride, but prior to monitoring fluorescence intensity, the excess metal ion was
removed by size exclusion chromatography. The protein solution was then treated with
ethephon as before. Analysis of the fluorescence data revealed no changes in intensity upon
application of the plant growth substance (data not shown). This means that either the cofactor
was removed from the receptor protein during buffer exchange or that binding occurred, but if
it was accompanied by a conformational change, it was not detectable by the incorporated

tryptophan probes.
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In summary, the previous experiments revealed that the affinity tag was not responsible for the
observed quench. Mutant AtETR1[L70W] showed the same fluorescence intensity changes upon
treatment with copper(II) independent of the presence of its affinity tag.

When the protein was pre-incubated with copper(II) and measurements were performed in
copper-free buffer, no quench was detected at all. To determine whether loading of the receptor
protein with the metal ion was actually successful, alternative detection methods, for example,
EPR spectroscopy have to be used.

Apparently, without any structural information on the transmembrane domain, allowing a
correct placement of an intrinsic reporter, the fluorescent approach will not be suitable to
replace the autoradiography assay in terms of quantitative ligand binding analysis. As already
outlined in the previous chapter, mutant AtETRI1[L70W]| showed a minimal decrease in its
fluorescence intensity after treatment with ethephon and might be used to reflect fundamental
binding of potential regulatory substances. However, this mutant is not suitable for
determination of concentration dependent parameters. In measurements with AtETR1[L70W], a
concentration of 100 pM ethephon resulted in a reduction of only 5 % in its fluorescence
intensity. This implies that the resolution in the fluorescence measurements is not high enough

to allow for quantitative binding analysis of potential plant growth regulators.

5.3 Characterisation of the ETR1 phosphorylation state

Reversible phosphorylation of a protein kinase is mostly coupled to a conformational change.
Due to its charge, the phosphoryl group can alter the properties of amino acids and introduce
hydrophilic moieties that can induce a structural change in the protein. This effect has been
observed for various proteins and was monitored by changes in fluorescence properties. In
similar approaches, the activation of p47°™*, a subunit of NADPH oxidase, was studied!.
Similarly, the activation mechanism of the chloride channel CTRF (cystic fibrosis
transmembrane conductance regulator) was addressed by fluorescence quenching studies*".

In order to probe conformational changes in ETR1 that might occur upon phosphorylation,
single tryptophan mutants were created carrying tryptophan residues in close proximity to the

putative phosphate acceptor H353. These mutants would be suitable to evaluate new ethylene

agonists and antagonists by fluorescence spectroscopy in a quick and sensitive assay.
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5.3.1 Conformational changes upon phosphorylation of ETR1 probed by engineered

Trp reporter groups

Phosphorylation experiments were performed as endpoint measurements according to section
4.8.3.2. Wild type and mutant receptor proteins of AtETR1 and AtETR1i.733 with single
tryptophan substitutions close to residue H353 were incubated with 1 mM manganese(II)
chloride and 0.2 mM ATP to initiate autophosphorylation as observed by autoradiography (see
5.1.3.1). Samples were set up in triplicate and incubated at room temperature for 30 min before
fluorescence intensity was measured. Tryptophan residues were selectively excited at 295 nm.
Emission spectra were recorded over a range of 310 to 400 nm.

Analysis of the spectra revealed an emission maximum at 348 nm. Control samples were set up
for each receptor containing only the protein. Fluorescence intensities of these samples were set
to 100 % for each protein and corresponding samples containing manganese(II) chloride and/or
ATP were compared to the internal reference of each protein variant.

As shown in Figure 22 fluorescence intensity was maintained at almost 100 % in all samples.
Minimal changes were within the standard deviation. Neither incubation with manganese(II)
chloride (green bars) nor with ATP (orange bars) or a combination of both (blue bars)
corresponding to the setup in the radioactive kinase assay had any effect on the fluorescence
intensity.

The fact that no fluorescence quench was detectable upon incubation of the receptor mutant
with ATP and the manganese cofactor might be explained by the fact that phosphorylation did
not occur. However, this is quite unlikely as all proteins were treated as in the radioactive
phosphorylation assay where clear incorporation of *P; in the receptor protein was detectable
reflecting the autokinase activity of ETR15> .

Alternatively, phosphorylation occurred but was not accompanied by a conformational change.
Then again, the conformational change was too small to be monitored by the fluorescence probe.
However, it is also possible that the selected tryptophan probes were not placed in a proper
location of the receptor to sense structural changes. If phosphorylation did not occur at residue
H353 as postulated but at positions 357 (threonine) or 366/367 (serine) as described earlier (see
5.1.3.1), the tryptophan residues might be too far apart to detect any conformational changes.
ETRI is a multi domain receptor protein (Figure 23). With its N-terminal part—including the
kinase domain—and the C-terminal receiver domain, it shows similarity to bacterial two-
component signal transduction systems that signal by  histidine to aspartate

32, 128, 129]

phosphotransfer! . Each of the two structural domains of ETR1 contains a putative
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phosphorylation site: residue H353 in the sensory kinase domain and residue D659 in the

(1129 Tpdividual phosphorylation at both sites was shown in witro, but the

receiver domain
intramolecular phosphoryl transfer between both domains was not demonstrated yet®?.
The absence of any detectable quench in the ethylene receptor protein upon addition of ATP

(Figure 22) might be also explained by the fact that the phosphoryl group does not remain at

fluorescence intensity [%]

0 20 40 60 80 100 120

no additives 7] wmmm o additives
== phosphorylation assay:
AtETR1 1 mM MnCl, and 200 pM ATP
=== 200 xM ATP
AtETRI1[V350W] mmm | M MnCl,
AtETRI1[N352W)]
AtETR1[R356W] full-length receptors
AtETRI1[N352W /H353A]
no additives m
AtETRI g5 o5
AtETRI, 45 15[ V350W] receptors without
transmembrane domain
AtETRI, ., [N352W]
AtETR1, ., [R356W]

Figure 22: Fluorescence intensity measurements at 348 nm emission wavelength with mutant AtETRI1 and
AtETR 5738 receptors carrying single tryptophan residues in close proximity to the putative phosphorylation site
His353. Changes in fluorescence intensity upon incubation with 1 mM manganese(Il) chloride (green bars) and/or
200 pM ATP (blue and orange bars) were determined and related to an internal reference (protein without additives,
fluorescence intensity at 348 nm set to 100 %, see black bars). All measurements were preformed in triplicate. For
reasons of clarity, references (black bars) are depicted only once for each set of full-length and truncated constructs.
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residue H353 but is directly transferred to the aspartate in the receiver domain. In consequence,
the residues selected for substitution to tryptophan are too distant to reveal conformational
changes in the other domain. In this context, time-resolved fluorescence spectroscopy might
grasp phosphorylation events at residue H353 before the phosphoryl group is intramolecularly

transferred to residue D659.

5.8.1.1 Phosphoryl transfer in ETR1: a hypothesis based on proteolysis of radiolabelled receptors

In an attempt to identify the phosphorylation site in ETRI, kinase activity assays with
radiolabelled **P-ATP were performed with wild type AtETR1 and mutant proteins where
phosphoryl group acceptors H353 and D659 were substituted by alanine. Because these protein

variants would give information only which residue is phosphorylated but would not show the

10x His factor Xa ™ GAF kinase E receiver (A)
tag site helices domain domain : domain
) H353  © D659
69 kDa : 15kDa
. AtETRI1
& & AETRL + thrombin (B)
O 1T 1
kDa 7 gn 4no/m  4h o/m
100 - [P |
T . EE .
5O | ee— ha - —
37  EE =
pa— 5.
25 - po— —
20

Figure 23: (A) Schematic domain structure of AtETR1. The N-terminal 10x His-tag is linked to the target protein by
a factor Xa recognition sequence (blue). The three predicted N-terminal helices (red) are followed by a GAF domain
(green). Due to a thrombin recognition sequence (red dotted line), the protein can be cleaved into a 69 kDa fragment
(including residue H353) and a second fragment with the size of 15 kDa (including phosphoryl group acceptor D659).
Efficiency of proteolysis of AtETR1 with thrombin was analysed by SDS-PAGE (B). Samples were taken upon setup
and after 4 h as well as over night (o/n). From top to bottom, white boxes label protein bands of the full-length
protein, the 69 kDa fragment and the 15 kDa product. The black arrow points to protein bands attributed to
thrombin (29 kDa).
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transfer of the phosphoryl group from the kinase to the receiver domain, it was necessary to
analyse both parts of the protein individually.

Due to a thrombin protease cleavage site present in all three receptor forms, it was possible to
split the protein into a 69 kDa sized N-terminal part carrying H353 in the kinase domain and a
smaller fragment of 15 kDa that comprises the receiver domain including residue D659 (see
Figure 23A). The receptor proteins were treated with thrombin as described in section 4.4.7.3.
The cleavage reaction was carried out at room temperature as the kinase assay was performed
at the same temperature. Complete cleavage of the receptor proteins could not be achieved, but
incubation for 4 h yielded distinct fractions of both fragments as shown for the wild type

receptor (Figure 23B).

Phosphorylation studies according to the protocol described in 4.8.1 were carried out before and
after treatment with the protease. In the latter case, thrombin was inhibited by 1 mM PMSF
prior to the radioactive assay. Individual phosphorylation events in the full-length proteins and
the fragments comprising the kinase or the receiver domain are summarised in Table 17.

The radioactive assay showed that all full-length receptor proteins are able to incorporate
radiolabelled *’P. For wild type AtETR1 and the mutant AtETR1[D659A] this result was
expected as both proteins hold the putative H353 phosphorylation site. In case of the mutant
H353A phosphorylation might be explained by threonine or serine residues in close proximity to
the substituted histidine 353 as outlined in chapter 5.1.3.1.

Cleavage with thrombin after phosphorylation further revealed incorporation of **P phosphate
into each fragment (see schematic models in Table 17). For mutant AtETRI1[D659A]
incorporation of the label in both domains indicated that there have to be residues in addition
to D659 that can act as an acceptor for the phosphoryl group. According to the crystal
structure of the receiver domain, the active site is comprised by residues D616, E617 and D659

130 In consequence,

and both aspartates are in close proximity (Figure 25, page 91)
phosphorylation of amino acid D616 instead of D659 might occur in the D659A mutant. To
verify this hypothesis, additional mutants have to be tested in further phosphorylation studies.
As the phosphorylation reaction was not inhibited by cyanide prior to thrombin cleavage, the
isolated kinase domain seems to be still able to autophosphorylate explaining the incorporation
of the radiolabel in the kinase domain fragments of all receptors.

Another remarkable result of the autokinase assay was that a transfer of phosphoryl groups

from the split kinase domain to the receiver domain was observed for wild type AtETR1 and

mutant AtETRI1[D659A]. This observation corresponds to phosphotransfer in typical two-
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component systems known from prokaryotes: An ATP-binding kinase domain, which is typically
located to a plasma membrane, serves as the first component whereas the second element that is
usually found in the cytoplasm is a regulatory receiver domain™*'. Obviously, the information to
operate individually is still implemented in the combined module found in the plant hybrid
histidine kinases. Signalling might be processed faster in the combined hybrid system as

recruitment of individual components is not necessary.

Table 17: Putative phosphoryl transfer in wild type AtETR1 and mutants AtETR1[H353A] and
AtETRI1[D659A] before and after treatment with thrombin. Domains coloured in green indicate
phosphorylation. The orange coloured domain did not contain **P phosphate. Phosphorylatable
residues in each domain other than H353 (kinase domain) and D659 (receiver domain) are
marked by asterisks.

Ezxperimental setup AtETR1 AtETRI1[H353A] AtETR1[D659A]

1. phosphorylation

kinase receiver
domain domain

2. proteolysis

1. proteolysis ®

2. phosphorylation “ m - -

%
0

The question that still remains is why a phosphoryl group transfer was not detected between
the cleaved domains in the AtETR1[H353A] mutant. Bacterial two-component systems show an
exclusive phosphoryl group transfer from histidine to aspartate. Hence, phosphotransfer between
the individual elements in the split plant system might not be feasible from a serine or threonine
to the aspartate in the receiver component. This hypothesis might be explained by a unique
conformation of the kinase domain caused by phosphorylation of H353 that might be a crucial
prerequisite for binding of the cleaved receiver domain. Such a crucial induced conformational
change was found for the two component system CheA/CheY involved in the bacterial
chemotaxis signalling pathway™!. Upon phosphorylation of other residues in the kinase domain
of AtETRI1, a slightly different conformation might be adopted which in consequence prevents
binding of the receiver domain and transfer of the phosphoryl group to D659.
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In summary, experiments presented in this section revealed a phosphotransfer between the
putative phosphorylation sites H353 in the kinase domain and the receiver domain (D659) of
AtETRI1. In addition, phosphorylation of other residues seems to occur when the primary
phosphorylation targets H353 and D659 are substituted by alanine.

In the context of the fluorescence quenching studies, these results indicate that the tryptophan
probes placed in close proximity of H353 were not capable to monitor the phosphorylation state
as they were not located at the final phosphorylation site in the receiver domain. All
fluorescence measurements were carried out 30 min after incubation with ATP, so most of the
protein was probably already phosphorylated at residue D659. A modified approach using time-
resolved fluorescence spectroscopy to monitor fluorescent changes immediately after application
of ATP might elude this issue and reveal structural changes due to phosphorylation at residue
H353. If conformational changes are still not detectable, further mutants should be created with
tryptophan probes placed close to the active site of the receiver domain. A crystal structure of
this component is already available facilitating steric reasonable substitution of residues by

tryptophan®”,

5.3.2 3'P-NMR spectroscopy to assign the phosphorylation sites in ETR1

In the previous chapter, individual phosphorylation of the kinase and receiver domain was
observed by a radioactive kinase assay. Experiments with mutants AtETR1[H353A] and
AtETRI1[D659A] indicated that residues other than H353 and D659 are potential targets for

phosphorylation. In order to assign these residues *P-NMR was applied*?.

Nuclear magnetic resonance (NMR) arises when certain nuclei are placed in a magnetic field and
are excited with an electromagnetic pulse. This phenomenon is not elicited by all atomic nuclei
but those with a so-called spin resulting from individual spins of protons and neutrons in the
nucleus. This spin induces a magnetic moment that is responsible for interferences with an
external magnetic field. When such a field is applied to nuclei with an overall spin of % ('H, **C,
YN and *'P), the nuclei can either align parallel or anti-parallel to the external field. Transition
between these two orientations is induced by electromagnetic radiation. Upon subsequent
relaxation, energy is emitted at a specific resonance frequency. Obtained data are processed by
Fourier transformation to give typical NMR spectra as shown in Figure 24.

These spectra contain several information: The chemical shift (8, expressed in ppm) is

characteristic for functional groups in a specific environment. Integration of the peak area gives
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information on the amount of the respective chemical group and spin-spin coupling (recognisable
by splitting of peaks into multiplets) will provide information on the chemical environment as
individual nuclei can interact with each other™.

While this information is usually used to assess the structure of chemical compounds, peptides
and small proteins (< 30 kDa), it was used here to identify and assign phosphorylated amino
acids. The major advantage of *P for NMR analysis is its natural abundance of 100 % that
obviates expensive or inconvenient labelling of proteins. This procedure is necessary for isotopes
1C or N, which both occur at lower natural rates of only 1.1 and 0.4 %. Compared to ‘H-, *C-
or "N-NMR, *P spectra show less signals facilitating their interpretation. Obtained signals are
only caused by externally applied *P as proteinogenic amino acids do not contain phosphor.
However, *P-NMR experiments require several milligrams of highly concentrated protein. This
might not be a drawback for soluble proteins but membrane proteins that usually express at a

low level and are prone to aggregation at high concentrations**".

SP-NMR measurements were performed with the truncated wild type receptor AtETR1,65 735 in
a phosphorylation assay. In addition, individual reference spectra were recorded with 100 mM
AMP, ADP and ATP supplied with 10 % (v/v) deuterium oxide (see section 4.8.4).

Figure 24 shows individual spectra for nucleotides and for the kinase assay. AMP (blue
spectrum) gave one distinct signal at 3.5 ppm corresponding to the “P atom. ADP (green
spectrum) showed two signals, one for P and the other one for PP (-10.7 and -6.6 ppm at pH
7.5). Both signals were in accordance to published data (-11.0 and -5.6 to -6.2 ppm at pH
8.0)"%, Furthermore, two small peaks appeared at 3.4 ppm and 1.9 ppm. The first signal was in
accordance to AMP and the second one was assigned to orthophosphate (reference data: 2.3 to
3.0 ppm) indicating ADP hydrolysis. The red spectrum shows three signals for “P (-11.0 ppm),
P (- 21.5 ppm) and P (-6.0 ppm), which correspond all to published data for ATP (-11, -21.0
to -23.0 and -5.6 to-6.2 ppm). The nucleotide reference spectra were collected to obtain
chemical shifts for each phosphate species in the kinase assay buffer.

Subsequently, the phosphorylation assay was set up with the receptor protein (75 uM), 1 mM
manganese(II) chloride, 43 mM ATP and 5 % (v/v) deuterium oxide. The ATP concentration
was increased by the factor of 215 compared to the **P assay to give distinct signals in the NMR
spectrum. The sample was measured after 10 minutes incubation at room temperature.
Although the ¥P assay is usually incubated for 30 minutes, it was tested if a signal was already
detectable at that point. Strikingly, the sample showed only noise (see black spectrum in Figure

24). Even the ATP typical signals were no longer detectable.
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Figure 24: 3P-NMR spectra of AMP (blue), ADP (green) and ATP (red), 100 tM each nucleotide supplied with
10 % D-O. Structural formulas are given for each nucleotide and individual peaks are assigned to °P, PP and "P in
the respective spectrum. The black spectrum at the bottom was recorded for AtETR1i6s5-733 supplied with 1 mM
manganese(II) chloride, 43 mM ATP and 5 % deuterium oxide 10 minutes after setup of the phosphorylation assay.

The chemical shift is given in ppm.

Analysis of all buffer components revealed that the observed noise signal and the elimination of
the three ATP signals was caused by manganese(II). In fact, manganese(Il) is used as a shift
reagent in *P-NMR to probe the lamellarity of phospholipid vesicles. With its paramagnetic
nature the metal ion affects the phosphate groups in the lipids of the external layer of vesicles
causing peak broadening. In multilamellar vesicles the effect is neglectable, in unilamellar
vesicles the *'P signal will be significantly reduced™®".

Nevertheless, it is not principally impossible to carry out *P-NMR measurements in the
presence of manganese(Il). However, it is necessary to adjust the ratio of the NMR active
species, the substrate ATP and the shift reagent. With the appropriate adjustments, *P-NMR
might turn out as a valuable tool to identify phosphorylation sites in ethylene receptor ETR1.

" Shift reagents are paramagnetic ions that affect nuclei in NMR spectroscopy by inducing an internal,

local magnetic field. This effect is utilised to separate peak signals!'*.
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5.4  Synopsis

Functional studies on ethylene receptor ETR1 from A. thaliana were performed to elucidate two
main aspects of ethylene signalling: perception of the gaseous hormone in the sensor domain and
the related phosphorylation in the kinase and receiver domain of the receptor.

In order to address signal perception, mutant receptor proteins were generated carrying single
tryptophan residues in close proximity of the putative ethylene binding site located at C65 and
H69. Binding of the plant hormone is described to occur via a copper ion. Hence, the receptors
were pre-incubated with this cofactor and subsequently supplied with the growth regulator
ethephon. It turned out that the initial fluorescence signal from the protein was substantially
decreased by copper. Further distinct quenching effects of the plant hormone were not
detectable. Only mutant AtETR1[L70W]| showed minimal decrease in its fluorescence intensity
upon treatment with ethephon. However, the observed effect is too small to enable ligand
binding studies considering quantitative analysis. Though, the mutant might be used to reflect
binding of potential plant growth substances in principle.

Mutant AtETR1[W53/C65A/H69A], which was assumed not to bind the metal ion because
residues C65 and H69 were substituted by alanine, showed a distinct reduction in fluorescence
intensity. Titration studies with copper(II) on this mutant and AtETR1[W53] revealed static
and dynamic quenching effects for both mutants. This indicates that both receptors could bind
the metal ion. Binding of copper to the histidine affinity tag was disproven in controls with
receptor proteins lacking the tag. However, there are further residues in the transmembrane
helices I and II (D25, Y32, 135, P36 and 162) that have been reported to play a role in binding
of ethylene and presumably also in copper binding®".

Based on the data obtained in the fluorescence quenching studies, the strategy of applying
internal reporters such as tryptophan residues to monitor binding of ethylene agonists and
antagonists seems not suitable. It is obvious that copper is interfering with the measurement,
thereby preventing the significant detection of possible effects due to further substances.

An alternative to the tryptophan fluorescence spectroscopy seems to be electron paramagnetic
resonance (EPR) spectroscopy. This method reveals information on type, structure and local
environment of paramagnetic species which are characterised by unpaired electrons as in
copper(II). The principle of EPR spectroscopy is similar to NMR, however, the spin of electrons
is observed and transition between individual states is induced by micro waves instead of radio
waves. The electrons are influenced by the local environment, so the presence or absence of

further ions or ligands will be reflected in individual EPR spectra.
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EPR spectroscopy has been applied successfully to show copper mediated binding of inhibitors
to laccase from Rhus vernicifera as well as binding of cyanide and azide to the copper site of a
dopamine B-monooxygenase!®® ¥, Receptor protein AtETR1 might be applied in similar
measurements to prove binding of the copper ion and to analyse binding of ethylene agonists or
antagonists. Binding of these substances will most probably be reflected in the EPR spectra.
However, copper (II) EPR spectroscopy requires protein concentration of at least 100 to
250 pMB% 149 For AtETRI1 this corresponds to about 9 to 20 mg/ml. With the established
expression and purification protocols for AtETR1 (yielding 0.1 mg receptor protein per gram
cells), preliminary EPR studies might be performed, but comprehensive measurements will
require a modification of the preparation method to obtain more protein.

Similar to the fluorescence quenching studies applied for probing ligand binding, experiments
were carried out to monitor the phosphorylation state of the receptor by quenching of
tryptophan residues that have been placed close to the putative phosphorylation site H353 in
the kinase domain of the ethylene receptor. Although fluorescence studies with these mutants
were performed according to the radioactive assay, no changes in fluorescence intensity were
detected.

The conclusion drawn from these experiments is that intermolecular phosphoryl group transfer
from H353 to D659 had occurred in the in vitro experiment. To evaluate this hypothesis, the **P
assay was carried out with wild type AtETR1, which had been proteolytically cleaved between
the kinase and the receiver domain. By this approach, phosphorylation of the two individual
domains was demonstrated reflecting a typical split two-component signal transduction system
as found in bacteria.

Phosphorylation of mutant receptors AtETR1[H353A] and AtETRI1[D659A] suggests that the
kinase domain as well as the receiver domain contain additional residues in close proximity of
the already described residues H353 and D659 that can be phosphorylated, too (see 5.3.1.1).
UP-NMR was applied to identify these residues. Preliminary measurements revealed that the
original setup of the *P assay cannot be used as the manganese(Il) cofactor serves as a
paramagnetic metal ion disturbing the magnetic field and repressing any *P characteristic
signals. Although the NMR spectroscopic studies could not successfully be completed yet, the
method has high potential to identify the phosphorylation sites in ETR1 by replacing
manganese(II) with the non-paramagnetic magnesium or by reducing the concentration of
manganese(II) to prevent quenching of the NMR signal. A modification of expression and
purification protocols might be necessary, too, in order to increase the yield of recombinant

receptor protein required for NMR measurements.
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6 Part B: Crystallisation of ETRI1 from A. thaliana

Mueller-Dieckmann et al. have crystallised the cytosolic C-terminal receiver domain (amino
acids 604-738) of the ethylene receptor ETR1 from Arabidopsis thaliana in 1999™%. The
structure was solved at a resolution of 2.5 A and revealed first insights into a eukaryotic
receiver domain. The core is build from five stranded B-sheets that are clasped on two sides by
two and three a-helices (Figure 25).

In the crystal structure the receiver domain is dimerised. The dimerisation interface partially
comprises the C-terminal part of the molecule. Three residues form an additional B-strand that
can slot between two other B-strands from the core of the second monomer. The active site is
comprised of residues Aspl4, Glulb and Asp57, which provide an acidic pocket and together
with Lys112 contribute to a hydrogen-bonding network where Asp57 (Asp659 in full-length
ETR1) can be phosphorylated.

The receiver domain of ETR1 is lacking an output domain as found in many bacterial response
regulators where dimerisation typically regulates their activity. For that reason it has been
suggested that phosphorylation dependent dimerisation of the receiver domain affects inter-
action of the receptor with downstream components of the ethylene signalling cascade™.

To further understand this mechanisms as well as the perception of the gaseous signal molecule
and the phosphoryl transfer within the receptor protein (His353 to Asp659), it is necessary to
obtain a structure for full-length ETRI1. In this thesis both, the complete receptor and a
truncated variant lacking the transmembrane sensor domain (aa 165-738) were subjected to

crystallisation studies.

Figure 25: Cross-eye stereo image of the receiver domain of AtETR1 (pdb code: 1DCF). B-sheet structures are
coloured red; o-helices are in dark cyan. Noticeably, the C-terminus sticks out of the core structure of the receptor
allowing for dimerisation. Residues forming the active site (top view) are displayed in stick mode and coloured in

green.
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6.1 Crystallisation of the extra membrane domain of ETR1

Successful identification of appropriate crystallisation conditions for AtETRI1i65.73s lacking the
transmembrane domain was obtained by Thomas Classen in his bachelor thesis™!. This initial
study screened about 800 crystallisation buffers by microbatch under oil technique using
Qiagen’s Classics and PEGs Suites I and II, the JCSG* Suite, the PACT Suite and the AmSO/
Suite.

A buffer composed of 11 % 10x His factor Xa GAF kinase  receiver
tag site domain domain  domain
(w/v) PEG 1500 and 100 mM

Tris/HCl, pH 8.5 mixed with

an equal volume of the purified Figure 26: Schematic model of truncated ethylene receptor AtETR1

receptor gave hexagonal crystal (amino acids 165-738). The N-terminal 10x His-tag is linked to the
protein by a factor Xa protease recognition sequence. Both parts are
plates (about 15x 60 pm). coloured blue. The receptor (green) has an N-terminal GAF domain

However, the plates formed followed by a kinase domain and the C-terminal receiver domain.

stacks and were unsuitable for

diffraction analysis. Nevertheless, SDS-PAGE demonstrated that the crystals contain
AtETR116573s. Based on this initial hit, the crystallisation project was continued in the present
thesis.

First setups were performed identical to the initial parameters including protein preparation
(IMAC under denaturing conditions, see 4.7.2), crystallisation technique (microbatch under oil),
incubation temperature (20 °C), equipment (IMPQCT™ and Terasaki crystallisation plates) as
well as the protein-precipitant drop size (2 pl final volume).

However, crystals grown from the initial buffer showed a different morphology than those
observed in the first trials (Figure 27A). The crystals (1 to 5 per well in 5 % of all wells) were
rather large with an edge length of about 200 to 500 pm and appeared usually within 1 to 5
days after crystallisation setup. Viewed laterally the crystals mimicked a hexagonal shape, but
viewed from the top they showed an almost circular form.

The crystals were harvested, washed twice in buffer to remove any residual protein solution and
were subsequently analysed by SDS-PAGE. In silver stained polyacrylamide gels the crystals
showed distinct proteins bands corresponding to the molecular weight of the purified ethylene
receptor (Figure 27B).

Despite their morphology the crystals were tested for their diffraction quality and typically
revealed patterns as shown in Figure 27C with a maximum resolution of 11 to 12 A. Even at

that low resolution secondary structure elements like a-helices might be allocated in an electron
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density map. However, indexing of all collected diffraction patterns with iMosflm/Mosflm!*
failed preventing processing of collected data. This is probably due to the high mosaicity of the
crystals that is reflected in the smeared form of individual spots on the diffraction image: The
more centred the spots are located, the more streaked they appear. This phenomenon is based
on irregular crystal packing causing a shift in the crystal lattice. This effect can be observed in
the diffraction pattern. Spots are not focussed to circular points but rather appear in an oval

shape. This makes it difficult for analysing software to find the centre of each spot—a

gl143]

prerequisite to index a set of image

(©)

Figure 27: Crystal (A) obtained in 11 % (w/v) PEG 1500 and 100 mM Tris/HCl, pH 8.5. The image was taken
7 weeks after setup. (B) Analysis of crystal content by SDS-PAGE. AtETR1i6s.733 was identified by comparison of a
harvested crystal to a reference sample of purified receptor protein (lane AtETR1i6s5738). Figure (C) shows a typical
diffraction image collected at beamline ID 23-2 at ESRF, Grenoble. Outer spots appear at about 11-12 A resolution.

Mosaicity is often enhanced during flash freezing of protein crystals, which are crossed by
solvent containing channels. Crystalline ice may form inside upon freezing increasing disorder in
crystal packing. To overcome this problem, the solvent in the crystal is replaced by a
cryoprotectant that allows for vitrification®*!. These agents usually comprise glycerol and small
to large molecular weight PEGs. Oils such as Paratone-N (Hampton Research) are also used to
coat the crystals minimising dehydration during crystal handling.

No visible ice was detected on AtETRI116573s crystals upon freezing, most probably because the
crystals were grown under oil. Further cryoprotectants were tested for their effect on mosaicity
and diffraction: Glycerol was applied in concentrations above 50 % (w/v), otherwise crystals
immediately dissolved. Higher molecular weight PEG 4000 was also tested and the crystals were
stable for freezing up to concentrations of 25 % (w/v). The crystals were dragged through

Paratone-N in order to coat them with an additional outer layer.
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However, all attempts did not improve diffraction quality. Mosaicity—judged by eye, as it was
still not possible to index the images—was not reduced and the resolution was still in the range
of 11-12 A.

Temperature annealing is another chance to reduce mosaicity!'*”. Here, the cryo stream in which
crystals are placed during X-ray measurement to prevent radiation damage is blocked briefly.
The crystal can thaw and refreeze, eventually improving overall diffraction quality by realigning
the protein molecules within the lattice. Again, this method did not work for AtETRI1i6s73s
crystals.

Another major problem occurring with crystal growth and probably also a reason for the low
scattering quality observed for AtETR1:6573s is related to the fact that almost all crystals stuck
firmly to the crystallisation plates. Only minor defects caused by touching them with a nylon
loop during harvesting could easily damage the internal order which would explain the observed
diffraction results. Treatment of the plates with n-decane prior to crystallisation setup did not

prevent the attachment of the crystals to the plastic surface.

6.1.1 Optimising crystallisation conditions

Although crystals were grown for truncated ethylene receptor
protein AtETR1i6573s, these crystals were unsuitable for data 63 m ":
B —

collection and structure determination. Furthermore, about

Figure 28: Globular structures
grown in 11 % (w/v) PEG
rather than crystals (Figure 28). In order to improve crystal 1500 and 100 mM Tris/HCI,

75 % of all wells contained amorphous, spherulitic structures

pH 8.5. Scale bar corresponds

quality, a comprehensive optimisation study was performed. to 100 pm

First, modifications of the crystallisation conditions were tested
including buffer composition and crystallisation setup. Later, these studies were accompanied by

chemical and genetic modification of the receptor protein.

6.1.1.1 Crystallisation buffer composition

The protein concentration was maintained between 5 to 10 mg/ml depending on protein yield
after IMAC purification (see 4.7.2). The protein concentration had only a minor effect on
crystallisation. Basically, the more protein present in a setup the more crystals or spherulites

appeared.
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Several components of the crystallisation buffer were varied during optimisation:

o Starting with 100 mM Tris/HCI buffer at pH 8.5 supplied with 11 % (w/v) PEG 1500, a
factorial screen was set up covering buffer strength in a range of 25 to 175 mM and PEG
concentration from 3 to 19 % in increments of 25 mM and 2-3 %, respectively.

o Tris buffer was substituted by Tricine and Bicine in a range of 10 to 500 mM while the pH
was maintained at 8.5 using hydrochloric acid for adjustment. The PEG 1500 concentration

was not changed in this approach.
Additives were added to the initial buffer composition for different reasons:

o Nickel sulfate was applied in concentrations from 1 ptM to 5 mM to complex the N-terminal
His-tag of the receptor to give this flexible domain a more rigid structure which otherwise
might prevent ordered crystal packing.

o 2-mercaptoethanol (1 to 100 mM) was added to create a reducing environment and inhibit
formation of unspecific disulfide bonds. Although the transmembrane domain which is
postulated to be responsible for dimerisation via amino acids Cys4 and Cys6 is missing,
further cysteines in the protein might bind and cause a heterogeneous protein composition®”.

e« Up to 10 % ethanol (v/v) was applied to lower the dielectric constant of water, thereby
reducing protein solubility. This may result in crystal growth as solid states of
macromolecules are favoured. In contrast, aggregation is also possible/*,

o AMP-PNP (adenosin-5'-(B,y-imido)triphosphate) is a non-hydrolysable ATP analogue. The
molecule can bind to the ATP-binding domain in the histidine kinase domain of ETR1 and
thereby arrest the enzyme in a rigid state more suitable for crystallisation. The ATP

analogue was applied in a concentration of 0.5 mM.

Optimisation attempts were carried out with wild type AtETRlisrs and the mutant
AtETR1165.735[H353A]. The mutant protein might show better homogeneity as the wild type can
occur in phosphorylated and non-phosphorylated states that will probably adopt different
conformations.

Individual results for every optimisation step are listed in Table 18. All variations of the
crystallisation buffer did not affect the morphology of the crystals. If crystals appeared, they
were shaped like a short sharpened pencil. While the buffering substance had no influence on
crystallisation, the PEG concentration could decide the fate of each crystallisation setup. The
drops remained clear at concentrations less than 11 % (w/v). When increased up to 13 %,

precipitate occurred, and at concentration between 13 and 19 % spherulites and few crystals
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were formed. The results from the optimisation study are in clear contrast to the first
crystallisation experiments where crystals were obtained at a PEG 1500 concentration of 11 %.
This discrepancy illustrates the low reproducibility of the crystallisation trials. The reason might
rather be the protein than the crystallisation buffer: Even when the buffer composition was kept
constant, different crystallisation results for AtETR165.73s were obtained in setups with protein
from different preparations. This indicates that the protein quality varied between individual
preparations. In order to favour protein homogeneity, several additives that could interfere with
the receptor were tested regarding their influence on crystal formation.

AMP-PNP, 2-mercaptoethanol and nickel sulfate did not improve crystallisation but had a
rather negative effect as the formation of precipitate was observed in various setups. Ni*" might
have introduced a conformational change in the protein due to disruption of salt bridges or
formation of coordinate-covalent bonds. The reductant 2-mercaptoethanol might prevent the
formation of unspecific disulfide bonds but might also inhibit those necessary for proper tertiary
structure. Only the addition of ethanol had a positive effect on the crystallisation. The crystal
shape did not change, but the overall number of crystals and spherulites almost doubled when
ethanol was applied in a concentration of 10 % (v/v). Ethanol will reduce solubility and
enhance electrostatic interactions between protein molecules, thereby favouring crystal
growth®”. However, as diffraction of crystals grown at this condition showed no improvement,

this approach was not further continued.

Table 18: Effects of buffer components on crystallisation of wild type AtETR1i5735s (WT) and
the mutant AtETR1is.73s[H353A] (HA). The only component showing a positive effect is
highlighted in blue. Percentages are given in (w/v).

Parameter Effect Crystallisation Result Protein
. . WT
Ton strength of Tris/HCI buffer none Spherulites and crystals HA
<11 % cl
. concentration o cleat . WT
PEG 1500 concentration 11 % - 13 % precipitate
dependent . HA
> 13 % spherulites, few crystals
Substitution of Tris by Bicine/Tricine | none Spherulites and crystals WT
. . . . WT
Nickel sulfate negative Spherulites and precipitate HA
. Spherulites and precipitate, WT
2-mercaptoethanol none / negative
few crystals HA

Increased number of crystals,
Ethanol positive . y. . WT
less spherulites and precipitate

AMP-PNP none Spherulites and few crystals HA
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Even though the results from the buffer optimisation study indicated that the reason for the low
quality of obtained crystals was rather due to the protein itself than external factors, several
approaches were made considering crystallisation setup and storage. For all experiments the

initial buffer composed of 100 mM Tris/HCI, pH 8.5 and 11 % (w/v) PEG 1500 was used.

6.1.1.2 Variation of incubation temperature

A temperature gradient from 5 to 35°C in increments of 2.5 °C was applied to the
crystallisation trials. Crystals grown at 20 °C usually appeared 24 h after setup and grew to
large sizes (up to several hundred pm) within a few days. On one hand, a decrease in
temperature should slow down this process to favour an ordered crystal packing. On the other
hand, an increase in temperature might influence crystallisation by affecting solubility and
supersaturation of the sample and the precipitants. Christopher et al. showed temperature
dependence on crystal growth for 30 proteins proving that only minor changes in temperature
can have a huge effect on the outcome of a crystallisation experiment. a-Amylase, for example,
will produce crystals from 4 to 17 °C. However, when increasing the temperature to 18 °C, only
precipitate will be formed™?.

In the case of the truncated wild type ethylene receptor, the gradient was set in a PCR thermal
cycler. For that reason crystallisation plates had to be substituted by PCR plates with V-shaped
bottom. Each well was filled with 2 pl of protein-precipitant solution and was individually
covered with 30 pl mineral oil.

Within the first 5 days, precipitate formed in all setups no matter which temperature was
applied. Even at 20 °C neither spherulites nor crystals were grown. This supports the conclusion
that the PCR plate itself caused the precipitation. It is possible that surface interactions
between protein, precipitant and the material of the plate caused the precipitation of all protein.
Indeed, when incubated in a Terasaki or IMP@CT™ plate at constant 4 °C, crystals appeared
though slightly smaller but with the same shape as before. In summary, no crystal improvement

was obtained by varying the incubation temperature.

6.1.1.8 Heterogeneous nucleating agents

As already described, harvesting of crystals was rather difficult as they stuck to the surface of
the crystallisation plates. Touching with a nylon loop damaged crystals in most cases. To

overcome this problem, the application of a heterogeneous nucleating agent was tried. Small
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polystyrene particles from a grounded Terasaki plate were added to the crystallisation buffer in
a ratio of 0.5 png/ul prior to crystallisation setup. These small particles were supposed to initiate
nucleation as it was observed that crystals preferentially grew on impurities within a
crystallisation drop!™?. If the particles were small enough, a crystal attached to it might have
been harvested with the synthetic grain.

Nevertheless, this approach ultimately failed. On one hand, crystals with known shape still
adhered to the wall of the wells, but no crystals were detected attached to the particles. On the
other hand, grains from the Terasaki plate were rather large (several hundred pm) although
they were prepared in a mortar filled with liquid nitrogen. It is possible that during this process
the surface of the plastics was altered disfavouring crystal growth. However, even if crystals had
been grown there, it is questionable if harvesting them together with the particles was possible

at all.

6.1.1.4 Crystallisation in agarose gels

Though offering quite remarkable properties, the use of agarose gels in protein crystallography is
rather seldom reported in literature® !,

Agarose matrices create an environment that avoids sedimentation of crystals or precursors as
these are trapped inside the pores of the gel. They can further promote nucleation, favour a high
internal order and can generate crystals with low mosaicity. The main reason for this is a
reduced convection inside the gelatinous matrix that allows for controlled crystal growth in
three dimensions. It has also been observed that agarose gels could eliminate twinning of ADH
crystals and prevent the incorporation of impurities!'®?. With all these characteristics, agarose
gels seemed to be most suitable for crystallisation of ETRI1.

Agarose solutions (Roti®garose MEEQO, Carl Roth GmbH) were prepared with demineralised
water in concentrations of 0.6 to 3.0 % (w/v) in increments of 0.6 %. These solutions were
briefly boiled to solve the agarose and then cooled down to 40 °C. Crystallisation buffer
(100 mM Tris/HCI, pH 8.5 and 11 % (w/v) PEG 1500) was also pre-warmed to 40 °C and
mixed with the agarose solution in equal amounts. 2 pl of the gel solutions were mixed in a
microbatch plate with 1 pl of protein solution (5 mg/ml). Plates were covered with mineral oil
and stored at 21 °C. To evaluate if the temperature of the pre-warmed agarose-precipitant mix
had an influence on crystal growth, controls were set up with protein solution without agarose

that was briefly incubated at 40 °C.
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The results of this screen are shown in Figure 29. Crystals with known amorphous shape were
obtained only in agarose-free crystallisation drops. Also heavy precipitate was found here, most
probably due to denatured protein upon incubation at 40 °C. All other drops remained clear in
terms of crystalline structures. However, the gelatinous texture of the agarose is visible.

Though no improvement was made for crystals of truncated AtETR1, it might be considered to
expand this study. It is obvious that concentrations above 0.4 % (w/v) agarose lead to rough
structured matrices, probably unsuitable for crystallisation.

In setups with less than 0.4 % (w/v) agarose the gel looks uniform and although no crystals
were obtained, precipitate was not formed either. The fact that formation of disordered
structures such as denatured protein is inhibited is a good indicator that the agarose gel serves
its purpose.

Evidently, the composition of the initial crystallisation buffer was altered by the water in which
the agarose was solved probably preventing potential crystal growth. Though setting up the
agarose screen with water was according to published protocols™™ *2 it might be worth testing

if crystal growth can be achieved for lower concentrations of agarose solved in crystallisation

buffer.

Figure 29: Crystallisation of wild type AtETRLigsrss in 0.2 to 1 % (w/v) agarose gels. Images were taken 30 days
after setup. The scale bar corresponds to 400 pm. The condition without agarose (0 %) yielded crystals with known
shape.

Among the optimisation trials presented in the previous sections, changes in crystallisation
setup including different crystallisation methods (micro batch, hanging and sitting drop vapour
diffusion) and use of a pipetting robot were compared. Unfortunately, none of these strategies

did improve crystal growth and diffraction quality, respectively.
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6.1.2 Protein modification

Variation of several external factors did not improve crystal growth. Thus, two approaches were
taken to modify the receptor protein to improve crystallisation. It is obvious that flexible parts
of a protein will obstruct formation of highly ordered crystals. These flexible structures might
either be protein internal domains that can perform conformational changes, for example, upon
phosphorylation or low structured loops and surface exposed flexible side chains. To eliminate
such flexibility in AtETRI1ie.s, the purified receptor protein was either genetically or

chemically modified.

6.1.2.1 Reductive methylation

A very common approach to chemically alter a protein surface is reductive methylation of

(79, 80

primary amines in lysines and the N-terminus This method has been proven to initiate

crystal growth for various proteins that did not crystallise in the first place including virulence
factors of Yersinia pestis and the head portion of myosin (subfragment-1) from chicken!'* %4,
The target protein is treated with formaldehyde, which forms a Schiff base with the g-amino

group of a lysine residue (Figure 30A). Under reducing conditions, this intermediate reacts to a

secondary amine. The reaction is repeated, and a second methyl group is added.

reduction

(A)  LysNH,+ CH,0 —» Lys N=CH,+ H,0 —— Lys NH CH,
. CH.
reduction 3

(B)  Lys NHCHy + CH,O —> Lys N-CH,OH ———> Lys N
CH,4

CH,

Figure 30: Reaction scheme of reductive methylation of lysine residues. During the first reaction (A) the amino group
of a lysine residue is reduced to a secondary amine. The reaction is repeated to result in di-methylated lysine (B).

AtETRI116573s was subjected to reductive methylation as described in section 4.8.5.3. Protein
modification was accompanied by a significant loss of protein (over 75 %) due to precipitation.
This effect is rather common when methylation is performed at protein concentrations
> 1 mg/ml but not with the low protein concentration used with AtETR1,6.735. Nevertheless,
the modification of a protein surface alters its pl and thereby its solubility which might explain
the observed aggregation™.

Remaining protein was used in Qiagen’s Classics Suite I. Additional setups were prepared in

microbatch with the known buffer (100 mM Tris/HCl, pH 8.5 and 11 % (w/v) PEG 1500). It
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turned out that neither crystals nor spherulites were grown in the Tris-PEG buffer. All drops
remained clear over a period of several weeks until they finally dried up. This result indicates
that methylation had a huge impact on crystallisation properties of the truncated receptor
protein. Obviously, the modifications did alter its structure strongly, so a comprehensive buffer
screening would have to be applied to find a new suitable crystallisation condition. However,
due to the low yield of methylated protein only the Classics I screen was applied, which showed

heavy precipitate but no crystalline structures.

6.1.2.2 Surface entropy reduction

To overcome disordered crystal packing, the truncated ETR1 receptor was genetically modified
aiming to reduce the surface entropy of the protein. This effect is usually achieved by
substituting clusters of two or three residues with large, flexible and solvent exposed side chains
by amino acids with lower conformational variability. Typically, lysine, glutamic acid and

15 This modification can ultimately initiate

glutamine residues are replaced by alanine
crystallisation by providing homogenous protein surfaces that can form intermolecular contacts

and pack tightly to a crystal lattice as shown in Figure 31.

NHs*

NHs*

.\/\/ "

NHs*

—» ChHs CHs CH:  Chs —»

Figure 31: Effect of surface entropy reduction on crystal packing. Lysine side chains on protein surfaces (green
spheres) are mutated to alanine residues favouring packing of the molecules into a tight crystal cluster (right).

Identification of highly entropic side chains in a target sequence is done by web-based SERp

156, Submitted sequences (amino acid or DNA) are analysed from three aspects. These

server!
include secondary structure prediction by PSIPRED': 10 a PSI-BLAST search to identify
conserved residues that may be of involved in functional sites and a side chain conformational
entropy profile. The latter one produces an entropy score for each amino acid considering

allowed conformations of residues and their solvent exposure frequency as determined from
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known structures. The PSIPRED algorithm uses neural networks to estimate secondary
structure elements by analysing the output of position specific iterated BLAST searches. In this
approach, not structured elements like a-helices and B-sheets are of interest but flexible loops
with potential solvent exposed amino acids.

Taken together, these three processes can identify residues suitable for mutation studies.
Typically, these residues are non-conserved and clustered in protein regions that are predicted
to be highly entropic, such as surface exposed amino acids. Refinement of the obtained results
includes a meta search on the PDB database to identify solvent exposed residues in proteins of
known structure.

Using the surface entropy reduction method, several structures of proteins were solved that did
not produce crystals in the wild type form including human choline acetyltransferase and Hsp33

from B. subtilis!'®" %8,

In case of AtETRI1i573s 18 residues in eight clusters
mkTTLVELGRTLAL E EcatwmptrToLELQ
LSYTLRHQHPVEYTVPIQLPVINQVFGTSRAV were recognised to potentially interfere with
KISPNSPVARLRPVSGKYMLGEVVAVRVPLLH
LSNFQINDWPEL STKRYALMVLMLPSDSARQW
HVHE LELVEVVADQVAVAL SHAATLEESMRAR
DLLMEQNVALDLARREAETATRARNDFLAVMN

crystallisation and ordered crystal packing (Figure 32).

In consequence, all amino acids were mutated to
HEMRTPMHAIIALSSLLQETELTPEQRLM ! ’

VETILKSSNLLATLMNDVLDLSRLEDGSLQLE . U .
Q alanine by sequence and ligation independent cloning

LGTFNLHTLFREVLNLIKPIAWKKLPITL

T I e (see methods section 4.3.6), and the construct was

FSKQGSISVTALVTKSDTRAADFFWPTGS designated AtETR16573sSER.
HFYLRVKVKDSGAGINPQDTIPKIFTKFAQTQS

LATRSSGGSGLGLAISKRFVNLMEGNIWIESD The standard expression protocol for wild type
cLakecTaTrovkLaIsErsnes K Qscrpk .
VPATPRHSNFTGLKVLVMDENGVSRMVTKGL L AtETR1is573 was employed, but analysis of the

VHLGCEVTTVSSNEECLRVVSHEHKVVFMDVC

MPGVENYQIALRIHEKFTKQRHQRPLLVAL expression samples by SDS-PAGE and western

sanToksTIK EK cmsFaLbeviLkpyvsLon blotting revealed that no protein of the mutant was
IRDVLSDLLEPRVLYEGM

produced at this condition (data not shown).

Figure 32:  Amino acid sequence of

receptor protein AtETR1isms. Residues Successful production of the SER mutant was obtained

identified by the SERp web server are by replacing the expression strain BL21 (DE3) to
highlighted bold red.

BL21-Gold (DE3) and a rather late induction of
protein production at ODgyo ~ 3.0. Cells continued to grow for about 2-3 hours at these
conditions, and target protein was faintly visible in silver stained acrylamide gels (Figure 33A).
There is no rationale why the derivate strain BL21-Gold (DE3) yielded protein but BL21 (DE3)

did not. The improved variant is just lacking endonuclease I which makes this strain suitable for

cloning but should have no influence on protein expression.
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Isolation of the mutant receptor was carried out using denaturing IMAC purification as
described for the wild type receptor (see 4.7.2). Purification steps of the wild type protein and
samples of both proteins after refolding are shown in Figure 33B. On average, preparation
yielded about 3 mg highly pure wild type AtETRI1ig.73s per litre cell culture. Yields for the

mutant protein were noticeably lower and amounted to less than 1 mg/1.

hours upon induction: Qg—é
0
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Figure 33: (A) SDS-PAGE analysis of samples from expression of wild type and mutant AtETR1iss7s. Boxes
indicate the protein bands corresponding to receptor protein in silver stained acrylamide gels. In the lower figure
(B) purification of wild type receptor protein is shown. Cleared lysate after centrifugation was applied to Ni-NTA
matrix and samples from the flow through fraction, two wash steps and the elution fraction were analysed by
SDS-PAGE. Buffer for washing step 1 did not contain imidazole. Buffer for washing step 2 was supplied with
30 mM imidazole. Elution of bound target protein was achieved by 200 mM imidazole. Both proteins were
refolded by dilution and samples are shown in the two right lanes of figure (B) indicated by arrow. Figure (C)
displays an autoradiography showing incorporation of **P phosphate into receptor protein AtETR1i6s5.738 and the
SER mutant. Chemical denaturation of both proteins prior to phosphorylation was achieved by incubation with

SDS. These proteins showed no incorporation of radiolabelled 32P.

Both proteins regained functionality after refolding as proven by incorporation of *P
phosphate upon autokinase activity (Figure 33C). To determine possible structural changes
caused by the genetic modification, CD spectra were recorded over a range of 260-195 nm as
described in section 4.8.2. Proteins were diluted to 0.25 mg/ml into 50 mM potassium
phosphate buffer supplied with 0.05 % (w/v) DDM. Recorded spectra were processed with

the software package CDPro as described earlier to give estimation on secondary structure
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composition. Data were compared to those calculated by PSIPREDM and BetaTPred2''? and

are summarised in Table 19.

Table 19: Secondary structure composition of wild type AtETRI1i6573s and the surface entropy
reduced mutant AtETRI1ie.733SER as calculated from the amino acid sequence and from
experimental data. All values are given in %.

Protein Data source a-helices [-strands f-turn Random coil
experimental 28 - 31 21 20 — 22 29
AtETRLigs78

theoretical 16 23 — 24 23 — 24

experimental 16 — 17 19 - 21 28 — 29
AtETRhes.mgSER
theoretical 15 - 16 21 - 23 24 — 25
e [0 0% [0 % [ 0y I

Even though the three putative transmembrane helices are missing, AtETR1ig.73s and the
mutant protein still show a strong a-helical content of over 30 %. Experimental values for the
wild type receptor show about 5-8 % less a-helices as predicted by PSIPRED algorithm. In
contrast, the amount of B-sheets is increased by that figure. These minor changes might be due
to the accuracy of data processing as outlined in chapter 5.1.3.1. Predicted and experimental
data for the surface entropy reduced mutant AtETR1:65.753SER show better agreement.

In summary, the CD measurements indicate that substitution of the 18 residues that are
supposed to favour surface entropy and amount to 3 % of the receptor’s total amino acids did

not significantly alter the structure of the receptor protein.

Prior to use in crystallisation setups, the mutant AtETRI1e;mssSER protein was further
characterised by size exclusion chromatography (see 4.6.6). Approximately 2 mg of wild type
protein and about 0.4 mg of the mutant receptor, both diluted in the same volumes, were
applied to a HiPrep 16/60 Sephacryl S-200 column (effective molecular weight range: 5 —
250 kDa).

Figure 34A illustrates that the wild type protein eluted almost completely in the void volume of
the column indicating severe aggregation of the receptor. A second minor protein peak at about
60 kDa can be assigned to monomeric AtETR145.735, which has a calculated molecular weight of
66.3 kDa (including the affinity tag). Figure 34B shows the results for the SER mutant
(65.3 kDa). Here, three peaks are detectable in the chromatogram that can be assigned
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molecular weights of 260, 131 and 59 kDa. Apart from protein eluting in the void volume—-as for
the wild type receptor—the two other peaks could account for receptor monomers and dimers,
respectively. The fact that the second and the third peak gave hardly any signal in SDS-PAGE
analysis might be due to the overall low amount of protein that was applied to size exclusion
chromatography.

Though looking promising, it turned out that aggregation of the SER mutant receptor was
concentration dependent and increased dramatically with higher protein concentrations. In
preparative approaches, the protein concentration was set to 8 mg/ml to allow for application of
a small sample volume to avoid dilution and peak broadening upon chromatography.
Furthermore, this concentration was chosen to be used in later crystallisation studies. When
performing SEC under this condition, almost all protein eluted in the void volume producing a
chromatogram like AtETR165735 in Figure 34A.

Aggregation of the SER mutant was quite unexpected as wild type AtETRI1i6573s formed
precipitate already during concentration, but no aggregation was observed for the mutant

receptor at this point. Hence, it was expected that the mutant receptor was less prone to

aggregation.
300 7~ 260 kDa (A) 30 1 (B)
. ~260 kDa
= 200 - 20 -
E 131 kDa
< 100 - 10 - 59 kDa
60 kDa
0 0

30 40 50 60 70 30 40 50 60 70
= M M
2 1 ¥ W 75 L E
= 4 |1 K
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30 40 50 60 70 30 40 50 60 70

volume [ml] volume [ml]
AtETRI g5 4 AtETR1,; -4SER

Figure 34: Size exclusion chromatograms of receptor proteins AtETR 1165738 (A) and AtETR1165.73sSER (B). Samples
from elution fractions were analysed by SDS-PAGE. The gels are aligned with the chromatograms to show protein

composition of each peak. Note that magnitude of ordinates differs by a factor of 10. M = protein marker
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The results from size exclusion chromatography and CD spectroscopy support two conclusions.
First, the severe aggregation of wild type AtETR1i65.738 is probably in charge for the observed
amorphous crystal growth. If the crystal is mainly build from precipitated protein, an ordered
lattice cannot form even if partially monomeric protein is present.

Second, it is highly probably that reduction in surface entropy altered the proteins secondary
and eventually tertiary structure. However, it did not prevent precipitation at high
concentrations. Membrane proteins often contain hydrophobic patches on their surface. If these
regions are brought together in spatial proximity, aggregation could still occur. The fact that
this event did not occur in solution, at least not visibly, might indicate that a trigger is needed

to initiate precipitation like surface-induced aggregation caused by the column matrix**.

In spite of the problems with the SER mutant at high concentrations, the receptor protein was
applied to microbatch crystallisation at a concentration of 5 mg/ml (see 4.8.5.1). Qiagen’s
Classics Suites I and II, the JCSG' screen and the standard Tris-PEG buffer, which had
already produced crystals for the wild type were used. Crystallisation drops were set up in
IMP@CT™ plates by mixing equal shares of protein and precipitant solution to a final volume
of 1.5 pl. Plates were layered with mineral oil and stored at 21 °C. Over a period of 1 to 3
months, the drops were examined for potential crystal growth until they finally dried up.

Inspection of the crystallisation trials revealed amorphous
shaped structures in several conditions including the Tris-PEG
buffer (Figure 35). These structures formed within the first
week after setup. Other conditions containing PEGs almost
exclusively formed a skin, a phenomenon often observed in

membrane protein crystallography where polyethylene glycols

together with detergent and denatured protein can create a

layer covering the drop and preventing further equilibration!"®. Figure 35: Amorphous crystals

of receptor AtETRI1i65.738SER
grown in 100 mM sodium
Taken together, the SER approach did not improve phosphate citrate pH 4.2, 40 %

(v/v) ethanol and 5 % (w/v)
PEG 1000. The image was

productive effect. While the wild type protein crystals showed taken 14 days after setup.
The scale bar corresponds to

100 pm.

crystallisation of the receptor but had a rather counter-
minor symmetry at least, the bulky structures obtained with

the SER mutant missed edges and visible order and were not

suitable for diffraction analysis.
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6.2 Crystallisation of full-length ETR1

In spite of many efforts on optimising crystallisation conditions for the soluble kinase and
receiver domain of the ETRI, the receptor protein did not produce crystals suitable for
diffraction studies.

Parallel to crystallisation experiments with truncated AtETR1165.735, the full-length receptor was
subjected to crystallisation trials with the standard Tris-PEG buffer (100 mM Tris/HCI pH 8.5,
11 % (w/v) PEG 1500) supplied with 1-2 % (w/v) sodium cholate, n-octyl-B-D-glucopyranoside
and n-dodecyl-B-D-maltopyranoside. It turned out that a buffer containing sodium cholate
induced crystal growth of full-length receptor. The crystals obtained showed a morphology
similar to that of the truncated receptor fragment and are characterised as barrel-like structure
with edges at top and bottom (Figure 36A). The crystals gave distinct protein bands in SDS-
PAGE analysis corresponding to the molecular weight of the purified full-length receptor
AtETR1 (Figure 36B). Albeit this familiar forms, further structures grew showing a more
angular shape. As with the crystals of the kinase and receiver domain, the crystals were very
fragile and stuck firmly to the crystallisation plates. Diffraction measurements revealed a low
resolution of about 12 A, anisotropic scattering and high mosaicity preventing indexing and
processing of the data obtained (Figure 36C). Anisotropic diffraction is often observed for
membrane proteins and is caused by inherent flexibility of the proteins and disordered detergent

molecules that interfere with crystal packing!®!l.

00

20°

Figure 36: Crystals (A) obtained in 100 mM Tris/HCI1 pH 8.5, 11 % (w/v) PEG 1500 and 1 % (w/v) sodium cholate.
Images were taken 7 days after setup. (B) Analysis of crystal content by SDS-PAGE. Receptor AtETR1 was
identified by comparison to a reference sample of purified full-length receptor (lane AtETR1). Figure (C) shows
diffraction images collected at an interval of 20°. Outer spots appear at about 12 A resolution.
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Comprehensive optimising efforts like with the truncated receptor AtETR1165.73s were applied to
improve diffraction. However, all approaches to improve crystal quality failed.

In addition, microseeding was tested as another variation of the external parameter. Formation
of a protein crystal is a two step process: First, nucleation occurs followed by crystal growth.
However, both events will require different solution conditions. In order to obtain large, well-

162 Tn microseeding, a previously

ordered crystals, it might be necessary to separate both events!
grown crystal is pulverised, and a dilution series is set up in mother liquor with the crystalline
particles. These seeds are then introduced to new crystallisation setups with a reduced protein
or precipitant concentration to allow crystal growth but no nucleation.

According to methods section 4.8.5.2 an AtETRI1 crystal was grounded, and the resulting
particles were introduced to new crystallisation drops. Plates were incubated at 4 °C and 20 °C
but did not produce any solid structures. Over a period of 3 months the drops stayed clear until
they finally dried up. It can only be assumed that the mother liquor was too dilute in terms of
protein concentration. So, supersaturation necessary for crystal growth was not achieved.

In consequence, further efforts focussed on modifications of the receptor protein starting with

the removal of the affinity tag.

6.2.1 Effect of histidine affinity tag

Conformational variability in a protein is mainly caused by flexible, low structured regions like
loops. Affinity tags such as the deca His-tag in case of AtETR1 can also contribute to the
overall entropy as they do not exhibit an ordered secondary structure.

Full-length receptor protein

prepared under denaturing condition 0 U/ng 0.05 U/pg
(see 4.7.1.1) was subjected to kDa M C Oh th3ho/n  Oh1h 3ho/n
. . . 100~ .- (A)
cleavage with factor Xa'. Analytical T emm W W wee ww
studies identified a protease-protein m e | (B)

ratio of 0.05 U/pg protein and

Figure 37: SDS-PAGE analysis (A) and western blot (B) of
incubation at 4 °C over night as samples from analytical digest of full-length AtETR1 with
optimum cleavage condition (Figure protease factor Xa. The condition chosen for prepa}rative
cleavage is framed. C = control sample (AtETR1 without

37). Undigested protein as well as protease), M = marker, o/n = over night.

" Wild type AtETR1 was cloned into vector pET-16b. There, the N-terminal deca His-tag is linked to the

target protein by a factor Xa protease recognition sequence.
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the peptide tags were removed by Ni-NTA chromatography. This subsequent purification by
IMAC resulted in a major loss of protein (approximately 50 to 75 %) yielding less than 0.05 mg
tag-free ETR1 per gram cells.

The tag-free receptor protein was concentrated to 5-8 mg/ml and applied in microbatch
crystallisation setups (2 pl final drop size) with Tris-PEG buffer supplied with 1 % (w/v)
sodium cholate. The plates were stored at 21 °C as before, and crystals with the known
barrel-like structure were obtained. Of course, removal of the tag might change the
crystallisation characteristics of a protein in principle. Hence, further crystallisation conditions
were screened applying crystallisation kits JBScreen Membrane 1 and 2 and MemStart from
Molecular Dimensions. However, none of the other conditions resulted in crystals during the
next threes months. In summary, these experiments indicate that the affinity tag is not in

charge for the amorphous shape of the crystals.

6.2.2 Influence of the purification method on crystallisation of ETR1

A native purification protocol was established for AtETR1 to allow for non-destructive
solubilisation of the receptor protein from its bacterial host membranes. The aim of this
approach was to avoid complete lipid depletion of the receptor protein.

In their native environment, lipids can play a structural role on integral membrane proteins. For
the light harvesting complex of photosystem II (LHC-II) from pea chloroplasts, delipidation of

163

LHC-II completely abolished crystal growth'®¥. A similar effect was observed for the cytochrome

bef complex from the cyanobacterium Mastigocladus laminosus. When structural important

lipids were absent, the complex would only crystallise in a proteolysed form4.

To identify a surface-active agent most suitable for solubilisation, a set of 23 detergents covering
non-ionic and zwitter-ionic substances was incubated with bacterial membranes containing
receptor AtETR1 (see 4.6.2). Depending on their chemical properties, detergents were applied in
concentrations of 1 to 2 % (w/v) according to appendix 9.3.

As shown in Figure 38A two detergents, FOS-CHOLINE®-13 and -14, effectively released the
receptor from its bacterial host membranes. Eventually, FOS-CHOLINE®-14 was chosen because
of its lower CMC (0.0046 %, compared to 0.027 %).

Solubilised proteins were applied to Ni-NTA for subsequent purification according to section
4.7.1.2. Binding to the affinity matrix was only possible when ion strength of the buffer was

165]

increased to 2 M NaCl, thereby promoting hydrophobic interactions!**”.
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Figure 38: (A) Dot blot for detection of AtETRI solubilised from E. coli membranes. Supernatant fractions after
centrifugation were applied, and solubilised protein was identified by a His antibody. The following detergents were

used in concentrations of 1 or 2 % (w/v):

1) ANAPOE®-20, 2) ANAPOE®-35, 3) ANAPOE®-58, 4) ANAPOE®-C10E6, 5) ANAPOE®-X-114,
6) ANAPOE®-X-405, 7) ANZERGENT®-3-10, 8) ANZERGENT® 3-12, 9) ANZERGENT® 3-14,
10) C-DODECAFQS™, 11) CYCLOFOS™-4, 12) CYCLOFOS™.5, 13) CYCLOFOS™-6,

)
14) CYCLOFOS™.7, 15) FOS-CHOLINE®-9, 16) FOS-CHOLINE®-10, 17) FOS-CHOLINE®-11,

18) FOS-CHOLINE®-12, 19) FOS-CHOLINE®-13, 20) FOS-CHOLINE®-14, 21) n-octyl-B-D-glucopyranoside
22) n-dodecyl-p-D-maltopyranoside, 23) n-octyl-B-D-thiomaltopyranoside, 24) no detergent

(B) Purification of solubilised full-length AtETR1 by IMAC. Washing buffer 1 did not contain imidazole. Buffer 2
was supplied with 50 mM imidazole. Release of bound target protein was achieved by iterative elution with 250 mM

imidazole.

The purified protein was tested for autokinase activity, and CD spectroscopy demonstrated a
secondary structure composition highly similar to AtETR1 purified under denaturing condition
(data not shown).

The native purification protocol was used to isolate ETR1 orthologs from Physcomitrella patens
and Lycopersicon esculentum, too (see section 7.2.2.1). In those preparations a contamination
with heat shock protein Hsp70 (DnaK) was observed. Analysis of proteins samples from purified
AtETRI1 revealed the same contamination (Figure 39). In conventional SDS-PAGE the
chaperon was not detected as AtETR1 and DnaK run at

the same apparent molecular weight although they differ AtETR1

about 15 kDa in their calculated size (DnaK: 70 kDa,
AtETRI1 antibody

AtETRI: 85 kDa). This gel shifting is a phenomenon often

observed for membrane proteins where helical structures DnaK antibody

may be embedded in SDS micelles rather than being

Figure 39: Western blot analysis of

unfolded. In consequence, these more compact structures ) .
samples from native purification of

facilitate faster migration in acrylamide gels!'*. full-length AtETRI.
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The cross contamination of the natively purified ETR1 receptors by DnaK might result from
the specific affinity of the chaperone to the connector peptide region of pET-vectors!'’. The
binding motif for DnaK consists of a core formed by 4-5 hydrophobic residues (preferably a
random combination of Leu, Ile, Val, Phe and Tyr). Two adjacent regions of four residues with
basic amino acids favour the binding of the chaperone. This motif is rather common and occurs

168 In folded proteins, these motifs are

on average every 36 residues in a protein sequence!
usually not exposed. Hence, DnaK binding is commonly considered at non-structured regions
such as the affinity tag including the linker region.

Expression vector pET-16b:: AtETR1,.75sWT does not hold such a motif in its starting sequence
(MGHHHHHHHHHHSSGHIEGRH...). There is only one hydrophobic amino acid present (Ile)
that probably cannot affect DnaK binding on its own.

In contrast, in cloning vector pTEV-16b, which was used for expression of PpETR1 and
LeETRI1, this sequence is composed of MGHHHHHHHHHHSSGHENLYFQGH... which is fused
N-terminally to the target protein and thereby provides a putative hydrophobic core region
(underlined sequence). The basic His residues present in the left and right region might promote
the observed DnaK binding (see section 7.2.2.1).

As the contamination with the chaperon was equally present in preparations of AtETRI,
LeETR1 and PpETRI, there have to be further reasons for the presence of DnaK. A straight
forward is that the chaperone assists in protein folding as AtETR1 and its orthologs might

169, This possibility cannot be ruled out because

contain unfolded or misfolded regions!
aggregation due to exposure of hydrophobic regions is a phenomenon common in heterologous
expression. When synthesis occurs faster than folding, non-folded protein will accumulate in the

host cell and is targeted by DnakK.

To overcome the contamination with DnaK, two non-invasive approaches were tested for

0 release of DnaK can be promoted

receptor protein AtETR1. According to Rial et Ceccarelli
by incubation of the target protein with Mg®"*ATP because substrate binding and release of
DnaK is coupled to its ATPase activity. By binding of ATP, a conformational state with low

17 To enhance

substrate affinity is induced while this effect is reversed when ADP is bound!
release of DnaK from a target protein, denatured proteins can be provided as a kind bait for
DnakK.

169 incubation of the target protein with

In a second approach referring to Pastorino et al.
0.5 M arginine might remove DnaK contaminations, too. Arginine has previously been described

as useful additive for refolding and stabilising of recombinant proteins, thereby reducing
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1”2 showed that arginine could prevent aggregation but did not

aggregation. Ishibashi et al!
induce protein denaturation at concentrations up to 2 M. The mechanism of this effect is not
understood yet. It is proposed that arginine may interact with z-electrons of aromatic side
chains through its guanidinium group, thereby suppressing interaction with amino acid residues
of DnaK!'™l. Tt is also possible that due to the chaotropic effect of arginine, hydrogen bonds that
are responsible for binding of the chaperon to the protein are broken.

Both methods were performed according to section 4.6.7. The advantage of the first method is
that it can be performed while the target protein is still bound to a Ni-NTA column. This does
not work for the second method as protein binding to the affinity matrix is prevented by
arginine. For the second approach anion exchange chromatography was used to trap released
DnaK (pI 4.8) whereas AtETR1 (pI 7.7) should elute with the flow trough. However, both
methods did not remove the heat shock protein. Obviously, affinity of DnaK for the receptor
protein was stronger than for the denatured E. coli proteins. Probably, these bait proteins were
aggregated in solution leaving no contact area for the chaperon which in consequence bound to
AtETR1 again. Furthermore, it is possible that aromatic side chains were covered with
detergent, thereby preventing possibly interactions of arginine with side chains of DnaK

participating in binding.

With no option to remove the contaminating chaperon, it was considered to subject AtETRI1 to
crystallisation studies on a trial basis and accept the contamination in a kind of co-
crystallisation approach. This is certainly a very hypothetic assumption, but the addition of
soluble proteins in crystallisation setups had previously been successful in favouring crystal
growth and improving diffracting qualities!'™. However, in those cases, proteins were
intentionally brought together rather than accepting a contamination that might not be
eliminated. On one hand, antibody fragments are often applied to enlarge hydrophilic parts of
membrane proteins to promote intermolecular forces between individual protein molecules!™.
On the other hand, a second protein which has been identified as putative interaction partner
can bind to the target protein and lock it in a defined structure, thereby enhancing ordered
crystal packing!'™.

Crystallisation studies with natively purified AtETR1 were done with two different detergents:
the zwitter-ionic FOS-CHOLINE®-14 used for solubilisation of the receptor and the non-ionic
detergent n-dodecyl-B-D-maltopyranoside (DDM), which is often successfully applied in
membrane protein crystallography™™. Detergent exchange from FOS-CHOLINE®-14 to DDM

was performed during IMAC purification while the receptor was still bound to the affinity
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matrix. Subsequent concentration of eluted protein showed that the sugar-based detergent
promoted precipitation of AtETR1. Typically, about 0.5 mg purified receptor were obtained per
gram cells when solubilised in FOS-CHOLINE®-14. Application of DDM reduced the yield by
approximately 75 %.

Protein loss is probably related to an excess in detergent. Due to its size (~ 75 kDa) empty
micelles of DDM are concentrated together with receptor containing micelles in ultra filtration
units with a molecular weight cut-off of 50 kDa. Increasing detergent will remove structurally
important lipids that stick to the target protein at a moderate concentration resulting in
destabilisation and aggregation of the proteins!™. FOS-CHOLINE®-14 micelles are distinct
smaller (~ 40 kDa). So, they can pass through the filtration unit and will not induce
delipidation.

Receptor AtETR1 in FOS-CHOLINE®-14 or DDM containing buffer was applied in microbatch
crystallisation trials using Qiagen’s MbClass and PEGs Suites I and II as well as JBScreen
Membrane 1, 2 and & kits from Jena Bioscience. Crystallisation drops were set up in
IMP@CT™ plates by mixing equal amounts of protein and precipitant solution to a final drop
volume of 1-2 pl. Plates were layered with mineral oil and incubated at 21 °C. AtETR1 in FOS-
CHOLINEP-14 was also tried to crystallise with the Lipidic-Sponge Phase™ Screen from
Molecular Dimension (see section 4.8.5.1). In protein crystallography, sponge phases are
composed of lipids, usually monoolein, that form flexible liquid bilayers in solution that mimic a
native membrane environment and are therefore used to promote crystallisation of integral
membrane proteins!!™ 1%,

Within one day salt crystals appeared in various microbatch conditions containing either
magnesium or calcium chloride. These crystals were most probably phosphate crystals as the
protein solution contained sodium phosphate. Further growth of sharp-edged crystals was not
observed over a period of 80 days. However, spherulites as shown in Figure 40 were obtained in

several conditions. Their formation did not depend on the detergent applied in the screen.
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Figure 40: Pictures (A) to (C) were taken 24 hours after crystallisation setup and show spherulites grown in (A)
50 mM MES pH 6.5, 100 mM zinc acetate, 1 M ammonium sulfate; (B) 100 mM HEPES pH 7.5 and 1.5 M lithium
sulfate; (C) 100 Tris pH 8.5 and 1.5 M lithium sulfate. Black scale bars correspond to 100 pm.
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Spherulitic growth is by far not the favoured trend in protein crystallisation because spherulites
show only minor order in crystal packing and are thereby unsuitable for X-ray diffraction
analysis. Nevertheless, crystallisation conditions that lead to these structures might guide to the
right condition for getting crystals with a distinct higher order.

Spherulites usually grow from a core of either heterogeneous impurities or microscopic droplets

181

formed as the result of phase separation®l. Alternatively, the spherulite cores might be of
crystalline precipitate. Thus, an option is to spin down the crystallisation sample after setup to
remove initial aggregates. In further crystallisation trials, it might also be advisable to develop a
factorial screen based on the conditions given in Figure 40. Often only slight changes in pH or
precipitant concentration can have a huge impact on crystallisation and might favour
optimisation of crystal growth!s% 183,

Sharp edged crystals with a size of about 100 pm edge length (Figure 41, A-C) were obtained
with two Lipidic-Sponge Phase™ conditions. The crystals appeared two months after setup, but

when exposed to X-rays they revealed diffraction corresponding to salt (Figure 41D).

Figure 41: (A) and (B) show images of crystals grown in monoolein, Tris pH 9.0, sodium chloride, magnesium
chloride and PEG 400 (concentrations are not given by the manufacturer). In condition (C) PEG 400 was
substituted by PEG 1500. Black scale bars correspond to 100 pm. Images were taken 8 weeks after setup. Image (D)
shows few intense spots, typical for salt crystals (B). Outer spots appear at a resolution of 1.9 A.
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6.3 Synopsis

Two ETRI1 constructs from Arabidopsis thaliana were expressed, purified and subjected to
crystallisation studies. The shorter variant is lacking the transmembrane sensor domain whereas
the other variant is the full-length protein.

Purification of the truncated variant AtETR1165.738, which was expressed in inclusion bodies was
performed by denaturing IMAC with subsequent refolding by dilution®. On average, 1 mg
protein was obtained from 1 g of cells.

With a buffer composed of 100 mM Tris/HCI pH 8.5 and 11 % (w/v) PEG 1500 crystals were
grown with a barrel-like structure and a lateral hexagonal shape. Crystals with this morphology
showed anisotropic diffraction to a maximum resolution of about 11 A and were not suitable for
structure solution because processing of collected data was not possible. Various efforts were
taken to optimise these crystals including changes of external parameters, like buffer
composition or experimental setup as well as modification of the protein itself (reductive
methylation and surface entropy reduction by amino acid substitution).

A change of these parameters did not improve crystal shape and diffraction. Thus, focus was
put on the full-length receptor protein AtETRI1. When purified under denaturing conditions
according to Voet van Vormizeele and Groth® typical protein yields of 0.1 mg/g cells were
obtained.

Purified full-length AtETR1 crystallised under similar conditions as the truncated receptor
variant (100 mM Tris/HCI pH 8.5 and 11 % (w/v) PEG 1500 and 1-2 % (w/v) sodium cholate).
The crystals showed the known barrel-like morphology and did not allow collection of diffraction
data suitable for structure analysis. The low quality of crystals obtained might be related to
packing defects caused by partially disordered protein rather than flexible domains. These
protein defects might be explained with complete delipidation of the receptor protein upon
denaturing purification resulting in removal of structural important lipids/'™.

For that reason a native purification protocol was established by solubilising the receptor in
FOS-CHOLINE®-14 micelles followed by subsequent metal affinity chromatography. However,
the heat shock protein DnaK was co-purified and could not be removed. Accepting the chaperon
as co-crystallisation reagent, natively prepared ETR1 was subjected to further crystallisation
trials. Several conditions produced spherulitic crystals that are not suitable for diffraction

analysis but might indicate a starting point for further screening.
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7 Part C: Crystallisation of ETR1 orthologs from P. patens and
L. esculentum

An alternative approach to solve the structure of a particular protein that resists crystallisation
or shows only poor diffraction is to screen for orthologs of this protein from different organisms.
This approach was taken for the tRNA-modifying enzyme QueA (S-adenosyl-methionine:tRNA
ribosyl transferase/isomerase). From 12 orthologs of different eubacteria only the protein from
Bacillus subtilis yielded crystals that diffracted to 3.2 A resolution allowing for structure
determination of QueAl™Y,

In this thesis, crystals were obtained for ETR 1 from Arabidopsis
thaliana. However, these crystals diffracted only to about 11 A
resolution and their diffraction could not be improved by
numerous variations of extrinsic and intrinsic parameters.

For that reason ETR1 orthologs from two other organisms, the
moss Physcomitrella patens (subsp. patens) and the tomato
Lycopersicon esculentum, both plants being subject to current

research/'8% 186

, were selected for heterologous expression in E. coli
and crystallisation studies.

ETRI1s from A. thaliana and L. esculentum show a sequence
identity of 80 % and a similarity of 90 %. For the moss P. patens

these values are slightly lower. PpETR1 has a sequence identity

of 63 % compared to the other species, the sequence similarity
amounts to 77 % compared to L. esculentum and 78 % in
comparison to ETR1 from A. thaliana.

Ethylene receptor proteins from other organisms show higher
identity to AtETR1. ETR1 from the wild cabbage (Brassica
oleracea), for example, has a sequence identity of about 95 % as

identified by BLAST search®™.

The observed variation in sequence identity is not surprising

Figure 42: Images of (A)
considering taxonomic distances of the different organisms. While inflorescence of Arabidopsis

. . thaliana (cc, A. Salguero),
A. thaliana and  B. oleracea  share the same family ) ( gue )
(B) fruits of Lycopersicon

(Brassicaceae), the moss P. patens is more distantly related to esculentum (cc, L. Chiesa)

and the moss Physcomitrella

the other organisms. The evolutionary separation occurred patens (C).

between phylum and class with the Brassicaceae and
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L. esculentum as a representative of the Solanaceae belonging to the Tracheophyta (vascular

plants) whereas P. patens is associated to the Bryophyta (mosses).

However, ethylene receptors from P. patens and L. esculentum were chosen precisely because of

their

lower conservation to AtETR1. This fact might be reflected in the three dimensional

structure which might lead to better crystallisation of these receptors compared to orthologs

with higher identity.
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43: ClustalW2 alignment of ETR1 from A. thaliana, L. esculentum and P. patens. The Zappo colour scheme

was set to colour amino acid residues according to their physicochemical properties. A conservation index of 50 %

was chosen to show conservation by modifying the colour intensity at each amino acid position. The most conserved

regions appear in a darker colour than those regions with low conservation. In addition, conservation is also indicated

by vertical bars. The height of the bar corresponds to the degree of conservation. Putative catalytic residues at
positions 369 (H/Y) and 703 (D) are encircled. The predicted transmembrane helices from AtETR1 and the
beginning of the GAF domain are indicated by coloured boxes.
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An alignment of ETR1 sequences from the three organisms is shown in Figure 43. Remarkably,
the sequence similarity varies between different regions of the proteins. The transmembrane part
with its three predicted helices as well as the sequence up to the GAF domain shows the highest
conservation, despite the fact that LeETR1 has an extended N-terminus of 14 residues. In
particular helix 2, which harbours the putative ethylene binding site (C65 and H69 in AtETR1),
is completely identical in all three sequences emphasising the importance of this region.

Interestingly, not both putative phosphorylation sites of AtETR1 (H353 and D659) are
conserved in all three sequences. H353 (position 369 in alignment, encircled) is substituted by
tyrosine in PpETRI1. In contrast, D659 (position 703 in alignment, encircled) is found in all
sequences. Substitution of histidine by tyrosine in the putative kinase domain is not unusual as
tyrosine is the third most common amino acid that gets phosphorylated apart from serine and

threonine7.

7.1 Cloning and expression of receptor constructs

The main bottleneck in crystallisation of membrane proteins is the production of protein

134 Especially if no automated systems are

amounts sufficient for initial crystallisation trials!
available allowing setups in the nanoliter range, several milligrams of the target protein are
required for first screenings.

However, when protein production is carried out in a heterologous expression system, the codon
bias of host and target organism is crucial for an effective expression. The relative usage of
codons is organism specific and can severely vary among different species. For Physcomitrella
patens and Lycopersicon esculentum the mean difference in codon bias compared to Escherichia
coli is approximately 26 %.

To overcome the problem of a limited expression level in E. coli caused by a foreign codon bias,
it is possible to provide the bacterial host with an additional expression plasmid encoding for
rare tRNAs to compensate the host’s deficiency in these amino acids (see description of plasmid
PRARE in section 4.1.12). In a more sophisticated approach the complete DNA sequence of a
gene is modified by silent mutations to adopt the codon usage of the host organism. In case of
PpETR1 and LeETRI1 the second approach was chosen, and both sequences were artificially

synthesised with an optimised codon usage for E. coli.
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7.1.1 Cloning of receptor constructs

Following the approach for crystallisation of AtETRI1 different constructs of both receptor
proteins were designed. Initially, a modified expression vector, designated pTEV-16b, was
created to express fusion proteins with an N-terminal deca His-tag that is linked to the target
protein by a TEV protease recognition site (ENLYFQ|G) for cleavage of the affinity tag (see
section 4.3.6).

For the moss as well as for the tomato, full-length constructs and truncated versions lacking the
membrane domain of the receptor proteins were cloned into vector pTEV-16b by the SLIC
method (see 4.3.6). Even though removing the membrane associated part of a protein will not
guarantee formation of a soluble variant, it might help to reduce hydrophobic parts that could
initiate aggregation of expressed protein within the host cell*®.

Four expression vectors were constructed for PpETR1 and LeETRI1 according to Table 11
(page 28). Figure 44 illustrates the schematic structure of the full-length constructs and the

truncated variants.

10x His TEV ™ GAF kinase receiver

tag site helices domain domain domain
I -

le His TEV GAF kinase receiver

site domain domain domain

o -

Figure 44: Schematic representation of truncated and full-length receptor proteins of PpETR1 and LeETRI1. The
upper figure (A) shows the different domains of the full-length receptors PpETR1i7r and LeETR1i7s4. The N-
terminal 10x His-tag is linked to the target protein by a TEV protease recognition sequence, both parts are coloured
blue. The receptor protein (green) has an N-terminal transmembrane (TM) domain consisting of three putative helices
(red). Next to this transmembrane domain is a GAF domain followed by a kinase domain and the C-terminal receiver
domain. At the bottom (B) a schematic picture of the receptor proteins lacking the membrane domain is given. This
model refers to PpETR1iss.767 and LeETR1173.754.

7.1.2 Expression studies

Analytical expression studies were performed with bacterial strains C41 (DE3), C43 (DE3) and
BL21 (DE3) according to protocol 4.5.3. Liquid cultures of 2YT medium with a volume of

100 ml were set up at 30 °C. Protein expression was induced by the addition of IPTG to a final
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concentration of 1 mM. The objective of these expression studies was to test whether the
proteins can be expressed in E. coli: Membrane proteins are often toxic to their host cells. In
consequence, the protein yield might be very low due to cell death, or the proteins might form

aggregates within the cells in form of inclusion bodies!** %

. For receptor constructs giving
positive results in this initial expression screening, conditions should be further optimised to
allow maximum production of the functional protein.

In the analytical expression studies, both constructs lacking the three putative membrane
helices were overexpressed in all host cells tested. However, the expression level was highest in
BL21 (DE3) as shown in Figure 45B.

The protein gels show clear expression bands at a molecular weight range of 60 to 70 kDa
corresponding to the calculated molecular sizes of PpDETR1155.77 (71.2 kDa, including the affinity
tag) and LeETRIlizms (67.4 kDa, also with deca His-tag). This result was confirmed by

detection of the 10x His-tag in western blot analysis (Figure 46).

kDa
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75

50

37

PpETRI, 767 LeETR117754 PPETR1 55 767 LeETR1,73 754

Figure 45: Separation of cell culture samples from analytical expression studies with full-length and truncated
PpETR1 and LeETRI1; SDS-PAGE analysis with a 12 % silver stained gel. Expression samples were taken upon
induction and four hours (*) later. Boxes indicate the molecular weight range in which protein bands from expressed
receptor proteins were expected.

Western blot analysis revealed that further proteins in the range of 40 to 50 kDa were detected
in cells of BL21 (DE3) upon IPTG induction. These proteins might correspond to degradation
products as the N-terminus was detected by the affinity tag. Alternatively, the target proteins

were not fully translated.
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Protein bands for the full-length constructs were expected at 89.1 kDa (PpETRI1,77) and
87.1 kDa (LeETR1,74). No protein expression was detectable for both receptors in the silver
stained SDS-PAGE gel (Figure 45A), but analysis of expression samples by western blotting
revealed that full-length protein was expressed in BL21 (DE3) (Figure 46).

This result is surprising as BL21 (DE3) is usually used for expression of soluble proteins. In
contrast, E. coli strains C43 (DE3) and C41 (DE3) are derivatives selected precisely for
expression of toxic membrane proteins/®?.

The expression level for full-length constructs was very low compared to the truncated receptor
proteins (equal amounts of cell culture samples were tested by western blot analysis, Figure 46).
While samples of PpETR 115877 and LeETR1173.754 showed clear signals after 30 seconds exposure
time, membranes with samples of the full-length receptors had to be exposed for 10 min to show
faint luminescent signals.

Based on these first results, expression conditions were optimised independently for both types

of constructs as described in the following sections.
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PpETR1, 75; LeETR1ysy PPETR1i5576; LeETRI1 75754

Figure 46: Western blot analysis of liquid culture samples from analytical expression of full-length and truncated
ethylene receptor ETR1 from P. patens and L. esculentum. Heterologously expressed proteins were detected with
HRP-labelled antibodies directed against the deca His-tag. All samples were taken 4 hours after induction with
1 mM IPTG.
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7.1.2.1 Optimisation of expression of constructs lacking the transmembrane sensor domain

Analytical expression studies have shown the highest expression level in E. coli strain BL21
(DE3). However, a minor part of the protein was degraded as determined by western blot
analysis. In order to obtain high expression with reduced degradation, the cell culture volume
was scaled up to 500 ml 2YT medium, but the inductor concentration was reduced to 0.1 and
0.5 mM. Controls were induced with 1 mM IPTG (see section 4.5.3).

Cell pellets were analysed for inclusion body formation—a common phenomenon when expressing
membrane proteins'*~that was observed at expression of AtETR1,5735. The bacterial cells were
disrupted (see 4.6.1), and the crude extract was subjected to differential centrifugation. During
a 15 minute spin at 2,000 x g, non-disrupted cells and cell debris were removed. The next step,
30 min at 10,000 x g, was used to separate inclusion bodies while large membrane systems
typically found with C43 (DE3) and C41 (DE3) were pelleted at 30,000 x g (30 min). A final
centrifugation step was performed at 150,000 x g for 60 min to collect small membrane
fragments and associated proteins. Equal volumes of pellet and supernatant samples were
analysed by SDS-PAGE and western blotting (see protocols 4.4.2 - 4.4.6).

As shown in Figure 47 most of the protein accumulated as inclusion bodies or was removed with

the cell debris fraction. This result indicates that cell disruption was incomplete, and non-
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Figure 47: Cellular localisation of LeETR 117754 and PpETR11ss76r in BL21 (DE3) host cells induced with 0.1 mM
IPTG. Separation of pellet and supernatant (*) fractions was performed by SDS-PAGE on 12 % acrylamide gels and
western blot analysis with an antibody directed against the fused affinity His-tag.
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disrupted cells with inclusion bodies were detected in this step or that these fractions already
contained isolated protein aggregates. Because the efficiency of the differential centrifugation
dependents on the size of the inclusion bodies, an overlap with the cell debris fraction might

have occurred™!

I. Western blot analysis showed a faint signal for PPETR 1153767 in the membrane
fraction indicating that a small amount of the receptor was located to the cytoplasmic
membrane, probably due to hydrophobic domains in the receptor that associate with the
membrane.

The formation of inclusion bodies was detected in all induced BL21 (DE3) cells whether or not
protein expression was initiated by high (1 mM) or low (0.1 mM) inductor concentrations.

The accumulation of protein aggregates can be reduced by a decrease in temperature. Cell

192,198 Tp

cultures were grown at 16 °C to slow down the cellular protein production machinery!
addition, 2 % (v/v) ethanol was added to the culture as exposure to organic solvents will
upregulate synthesis of up to 30 heat shock proteins in E. coli to prevent cellular damage.
Though the function of many heat shock proteins is still unknown, several have been
characterised as chaperones and chaperonins involved in protein folding and prevention of
protein aggregation?.

However, neither the reduced incubation temperature nor the addition of ethanol decreased or
prevented accumulation of inclusion bodies for PpETRI1iss7r or LeETR1i73754. Therefore,
preparative expression of both receptor fragments was obtained in liquid cell cultures of 500 ml
2YT medium at the initial

30 °C. The inductor IPTG was hours upon induction:

kDa 01 2 3 4 5 6 01 2 3 4 5 6
used at a reduced concentration

of 0.1 mM (see 4.5.3 for details). 122 : T ! -
Figure 48 shows the expression =R ¥~-:-—-—-'-"'
level for both proteins at 50 & — oo 9
different times after induction. —— - —— — v
Expression of LeETRI175.754 was 37 -

usually slightly lower than for PpETR1 54 767 LeETR1,73 754
PpETR1i587%7, but both con- Figure 48: Analysis of cell culture samples from preparative

. expression of PpETRliss7er and LeETRlizzma by SDS-PAGE
structs showed an equal increase (12 % silver stained gel). Samples were taken every hour upon
in protein expression after induction with IPTG for six hours in total. Sample volumes to

apply were calculated based on the optical density of the culture
induction. For the receptor to allow comparison of expression levels dependent on expression

construct of P. patens a duration.
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decreased expression level was observed six hours after induction. Thus, the cell cultures were

terminated at that point and typically yielded 3.5 to 4.0 g cells per litre medium.

7.1.2.2 Optimisation of the expression of full-length receptors

Initial studies have shown that full-length ETR1 from P. patens and L. esculentum was
expressed to minor amounts in BL21 (DE3). Further analytical expression studies were
performed with the bacterial strains BL21 (DE3), C41 (DE3) and C43 (DE3) in order to test
whether synthesis of the full-length receptors can be triggered by wvariation of external
parameters.

Cell cultures were grown at a reduced temperature (16 °C) and IPTG concentration (0.1 mM).
It turned out that the decrease of the incubation temperature had a major impact on protein
expression. As shown in Figure 49 expression of both receptor proteins was found in
BL21 (DE3) as demonstrated by silver stained SDS-PAGE gel and confirmed by western blot
analysis. Cell growth was severely slowed down at 16 °C. Hence, expression was extended to
24 hours to increase cell masses to a maximum of 3 g per litre medium for LeETR1,.754 and up
to 6 g per litre for full-length ETR1 from the moss P. patens. Even at these optimised
conditions no expression was detected in cells of C43 (DE3) and C41 (DE3).

hours upon induction:
0 3 6 24 0 3 6 24 0 3 6 24

7 =2 ey e

SEeD [1HEE ===
. . __4;_;..

S o s e g e o g
e S ®)
— - e S ——
(B)
30 °C 6°C | 30°C 16 °C
PpETR1, LeETR1, 754

Figure 49: Expression of full-length ethylene receptor ETR1 from P. patens and L. esculentum in BL21 (DE3) at
30 °C and 16 °C. IPTG concentration was maintained at 1 mM. Samples from liquid cell cultures were examined on
a 12 % silver-stained SDS-PAGE gel (A) and protein bands corresponding to recombinant receptor proteins were
identified by western blot analysis (B) using an antibody directed against the deca His affinity tag. Sample volumes
applied were calculated based on the optical density of the cell culture to allow comparison of expression levels.
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To enhance growth of cells harbouring plasmid pTEV-16b::LeETR174, the inductor
concentration was reduced to 0.1 mM as afore-mentioned. The main problem with the lactose
analogue IPTG—-apart from its high costs—is its influence on the growth rate of E. coli. It can
cause a stress response by acting as a competitive inhibitor of 8-galactosidase disturbing
glucose/lactose metabolisms in E. coli'.

For LeETR1,.754 cell yields were only minor affected by IPTG, and the cell mass per litre culture
volume was only increased to a maximum of 4 g/l by reduction of the inhibitor (starting
condition: 3 g/l). The effect of a tenfold lower inductor concentration was also tested for
PpETRI1,.76;. However, no protein expression was found at these concentrations.

Summarised, both full-length receptor proteins were heterologously expressed in E. coli strain
BL21 (DE3). Expression conditions had to be modified compared to analytical studies. The
incubation temperature was reduced to 16 °C, and expression was extended to 24 hours after
induction with IPTG. As expected the expression level was low compared to the truncated
receptor variants (Figure 48). On one hand, this might be related to the fact that the full-length
proteins are larger (approximately by 20 kDa) requiring more cellular resources for synthesis.
On the other hand, there are distinct hydrophobic domains in the full-length receptors that have

to be integrated into E. coli membranes to avoid aggregation in the host cell.

7.2 Purification and characterisation of PpETR1 and LeETR1

7.2.1 Receptor constructs lacking the membrane domain

7.2.1.1 Purification from inclusion bodies

The truncated receptor variants were expressed in E. coli BL21 (DE3) as described in section
4.5.3. Localisation studies have shown that both receptor fragments were expressed as protein
aggregates in the cytoplasm (Figure 47, page 123). This effect is often observed when
overexpressing heterologous proteins in prokaryotic hosts. Incomplete or incorrect folding during
protein synthesis can result in aggregation and accumulation of the recombinant protein®® 17,
In the past, these encapsulations have been considered as dead-end of protein synthesis. Now it
is known that these cellular entrapments often contain partially correctly folded proteins with

9] There are several methods to release functional active protein

distinct secondary structures!
from these inclusion bodies. In vivo approaches use chloramphenicol to arrest protein synthesis

and allow refolding of the target protein by components of the bacterial protein folding
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machinery within the cell™®. Also the S F &
application of organic solvents (such as &QQJ& @bo Q}Q,bx ‘&25;& ij&%
ethanol, tested in this study) might kDa 0‘2}\%&‘?’&? -@‘)O: QOC: Q&\\
upregulate chaperone activity and could %gg 4

therefore prevent or reverse aggregation of 122 2

recombinant proteins4. T - W = = PpETRLgqy
In this study an in vitro approach was chosen 50 -

to isolate and refold the C-terminal fragments B

of the ethylene receptors. Although e

aggregation of protein is not intended,

inclusion bodies bring along two major %gg:

advantages: First, they usually consist of 1(;2:

highly pure recombinant protein and second, ——e W @ LeETRlioy
they can easily be isolated by centrifugation 50 —

due to their size".

BL21 (DE3) cells containing PpETRI1iss.767 T

and LeETR1i73.74 were disrupted (see 4.6.1)

and the crude extract was treated as Figure 50: Isolation and purification of inclusion

bodies (IBs) containing receptors PpETR1isse7

described in  section 4.6.3. To remove and LeETRI1i73.751. Supernatants after centrifu-

contaminating E. coli proteins associated by gation are indicated by asterisk. DOC: deoxy-

cholate
hydrophobic interactions, the inclusion bodies

were washed twice in a buffer containing 1 % (w/v) sodium deoxycholate®".

Figure 50 shows the different purification steps resulting in highly pure recombinant receptor
protein. Residual detergent was removed by a final wash step with 50 mM Tris/HCI buffer,
pH 7.5 supplied with 100 mM sodium chloride.

Subsequently, solubilisation of the receptors from the inclusion bodies was tested. As these
aggregations often contain partially correctly folded protein, buffers containing 8 M urea as well
as lower concentrations of the chaotropic agent were applied at different pH. According to Patra
et al. who applied this method for preparation of recombinant human growth hormone (r-hGH),

197 These buffers were prepared with urea

buffers within a range of pH 7 to pH 12 were chosen
in final concentrations of 2 M and 8 M.

Aliquots of isolated inclusion bodies containing PpETRI1iss7; and LeETRI1i7374 were
resuspended in each buffer, and after centrifugation at 10,000 x g samples from supernatant and

pellet fractions were analysed by SDS-PAGE 4.6.4. Figure 51 demonstrates that both receptor
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pH 7 - pH 12
proteins were solubilised from >
) ) ) ) ) )
inclusion bodies by 8 M urea. Do 4 Q4 Qs Q% Q% %
' 75 ST
Changing the pH of the S TS W () M Ures
50 =
buffer had no obvious effect
I wp  wwn| www www| e el 2 M Urea | PpETRI155 747
on solubilisation.
Changes in pH affect the - e (&8 -8 &8 @ &M Urea
stability of a protein by KDa.
changing the charge distri- 75 ]
- — - v 0 M Urea
bution in the molecule which 90 o
can promote unfolding®?. In =t = == = == ww 2MUrea | LeETRI1 ;5
the above mentioned example e
(G ST . 2 - 8 M Urea
of r-hGH, an alkaline pH had ~
been proven to be most Figure 51: Solubilisation of PpETRIliss7r and LeETRlirsza from

inclusion bodies (IBs). Supernatants after centrifugation that might

effective for releasing the contain solubilised receptor proteins are indicated by asterisk. Each

growth hormone from the column represents a change in pH by one unit.

aggregation state",
By solubilising PpPETR 1155767 in 50 mM Tris/HCI, pH 8.0 supplied with 100 mM sodium chloride
and 8 M urea, on average, 48 £+ 4 mg protein per gram cells were obtained. For the receptor

variant from tomato, values were slightly lower and amounted to 29 + 4 mg per gram cells.

Based on the solubilisation screen, a refolding protocol was established to retrieve soluble and
preferably functional receptor proteins. Several aspects in refolding of proteins have to be
considered. Identification of the appropriate buffer is basically a trial and error process, but
other external factors determine whether refolding is successful®®l.

One crucial aspect is protein concentration. Lilie et Rudolph suggested 10-50 png/ml as the
concentration limit for effective refolding in terms of maximum yield of active protein®4. On
one hand, these very low concentrations will require large volumes of refolding buffer and
further dilute the protein requiring time consuming ultra filtration for concentration before
crystallisation trials. On the other hand, refolding of higher concentrated protein solutions
might cause new protein aggregates as refolded and partially unfolded protein can precipitate
again due to their exposed hydrophobic regions.

If the target protein contains disulfide bonds, the addition of low molecular weight thiols such
as DTT or 2-mercaptoethanol or the oxido shuffling system GSH/GSSG may improve protein

205

folding®”!. Several other additives have shown stabilising effects on refolded protein. Up to
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0.5 M of arginine or guanidine hydrochloride can be used to promote proper refolding. Also
ionic, non-ionic and zwitter-ionic detergents and mixtures composed of phospholipids and
detergents can enhance correct protein folding by providing polar and non-polar moieties in
mixed micelles*?.

The most common methods used in protein refolding are dilution, dialysis and buffer exchange
by gel filtration chromatography. In analytical studies to test for optimal buffer conditions
protein refolding was tested in a total volume of 1 ml by diluting solubilised inclusion bodies
into refolding buffers at a ratio of 1:20.

A set of 15 buffers was applied, prepared according to Table 22 in appendix 9.4. Refolding
studies were performed as described in section 4.6.5 at 5 mg/ml taking into account potential
loss of protein due to the high protein concentration applied. Refolding efficiency was confirmed
by analysing supernatant and pellet fractions of each sample by SDS-PAGE. While soluble and
thus potentially correctly folded PpETR1:557%7 and LeETR1,73754 were found in the supernatant
after centrifugation, re-aggregated protein precipitated and formed a pellet. From 15 buffers
tested, six yielded soluble protein for both receptors (No. 3, 6, 10, 11, 13 and 15). The buffer
with the most basic composition (No. 11) was chosen for further preparative studies.

Buffer 11 is composed of 50 mM Tris/HCI, pH 8.5, 9.6 mM sodium chloride, 0.4 mM potassium
chloride, 1 mM EDTA, 0.5 % (w/v) Triton® X-100 and 1 mM DTT. In the preparative studies
potassium chloride was omitted and sodium chloride was adjusted to a concentration of 10 mM.
Also EDTA was excluded to provide the opportunity to refold Ni-NTA immobilised receptor
proteins. Refolding on a Ni-NTA column reduces the volume of the refolding buffer and the
refolded target proteins are eluted in a few millilitres. However, this method failed for
PpETRI155.767 and LeETR175.754 as proteins in their unfolded state did not bind strongly to the
affinity matrix. A protein loss of more than 90 % was observed even though the affinity His-tags
of both proteins should be accessible for binding to Ni-NTA in their unfolded state.
Nevertheless, most of the protein eluted with the flow-through fraction even before the refolding
buffer was applied. In consequence, further refolding was performed by the dilution technique.
Two iterative dilution steps were carried out as described in section 4.7.4 to reduce buffer
volumes and to decrease the final urea concentration to 40 mM.

Finally, the detergent Triton® X-100 was substituted by 0.04 % (w/v) DDM. n-dodecyl-8-D-
maltopyranoside in the refolding buffer was chosen as DDM was successfully applied in refolding
of the receptor ortholog AtETR1. Furthermore, DDM was included in the kinase activity assay
buffer as well as in the buffer used for measurements of CD spectra. Moreover, as both proteins

were intended for crystallisation experiments, Triton® X-100 had to be substituted.
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Triton® X-100 forms micelles of approximately 107 kDa that are expected to interfere with the

207, 208]

crystallisation process by preventing contacts between individual receptor molecules! . In

contrast, DDM micelles are on average about 30 % smaller which might enhance the chance of

209 Another problem with Triton® X-100 arises from its chemical

successful crystallisation!
heterogeneity: Triton® X-100 contains 9-10 ethylene oxide units per molecule which makes the
detergent unsuitable for protein crystallisation as it disturbs uniform crystal packing required

for high resolution structures.

Preparative refolding of PpETR 155767 and LeETR 1173754 was performed in a volume of 10 ml per
batch according to protocol 4.7.4. Samples were taken before and after dilution and
centrifugation and were analysed by SDS-PAGE. Figure 52 illustrates that the efficiency of the
refolding process differed between both receptor proteins. While receptor PpETR15577 gave
almost exclusively soluble protein, LeETR1i75.754 showed precipitation of most protein in the
pellet. This result was in contrast to the initial analytical studies but can be explained with a
higher centrifugal force and a reduced urea concentration (40 mM compared to 0.4 M) used in
the preparative approach. Samples were finally centrifuged at 150,000 x g (in contrast to 20,000
x g in analytical studies) to remove any protein aggregates.
Overall, preparative refolding of the receptor proteins into 50 mM Tris/HCl buffer, pH 8.5
supplied with 1 mM DTT, 10 mM sodium chloride and 0.04 % (w/v) DDM yielded on average
7.2 +£ 1.8 mg soluble protein per gram
bacterial cells for receptor construct

PpETR1158.7G7 and 24+0.3 mg fOI‘

\\Q)% :§®%
Q> >4 Q> 5 S
b@% 6&»‘2} F%Q)Qo b@% 6&»‘2} éoégb% LeETle 754
S K )
RO S A BN Compared to the numbers obtained for
kDa SIS ERCRS
£ RN solubilised inclusion bodies there was a
100 .
o severe loss of protein (85 % for P. patens
and 97 % for L. esculentum). Obviously,
the high protein concentration employed
50 . g p ploy
at refolding (5 mg/ml) was in charge for
PpETR1, 5 767 LeETR173754 & ( g/ ) &

the observed precipitation. Nevertheless
Figure 52: Refolding of truncated ethylene receptors p p ’

PpETR1iss.767 and LeETR1173.754. Supernatant fractions above-stated protein yields were still
with soluble protein and pellet fractions with protein . .
aggregates were compared to solubilised inclusion sufficient  for  further functional —and

bodies (IBs) by SDS-PAGE. structural studies.
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7.2.1.2 Characterisation of the truncated receptors

Both receptor proteins have been successfully refolded in terms of protein solubility. But did the
proteins retain their native three dimensional structure during the in witro folding process? For
ETR1 successful refolding can be checked by testing functionality of the receptor in the
autokinase assay®?. Furthermore, CD spectroscopy can be used to analyse the secondary
structure content of the refolded proteins. Both methods were applied for the refolded ETR1

constructs from P. patens and L. esculentum and will be discussed in this section.

PpETR1i55.77 and LeETRI1;73754 were prepared from purified inclusion bodies as described in
section 4.7.4, and phosphorylation of both receptors was tested according to 4.8.1.

Proteins denatured by SDS prior to application of **P-ATP served as negative control in the
phosphorylation assay. No regulatory effects of ethylene or cyanide could be evaluated because
both receptors are missing the sensory transmembrane domain.

Figure 53 illustrates that both receptor fragments phosphorylated upon treatment with
radiolabelled ATP (left lanes). In contrast, protein denatured by SDS prior to the activity assay
did not show incorporation of **P phosphate (right lanes). These results support the assumption

that refolding of both receptor proteins was successful and yielded active and functional protein.

PpETR1, 55 767 LeETRI,73 754

- + - + chemical denaturation

. autoradiography

membrane staining

Figure 53: Autoradiography showing incorporation of **P phosphate into receptor proteins PpETRIliss7r and
LeETR1i73.75. Chemical denaturation of both proteins prior to the phosphorylation assay was achieved by incubation
with SDS. Staining of the transfer membrane with Ponceau S identified equal amounts of protein in each lane.

Furthermore, PpETR115577 and LeETR1173754 were analysed by CD spectroscopy to resolve the
secondary structure composition of the refolded receptors. CD spectra of both proteins were
recorded over a range of 260-195 nm as described in section 4.8.2. Proteins were diluted into
50 mM potassium phosphate buffer supplied with 0.05 % (w/v) DDM. Typically, protein

concentrations of 0.1 to 0.3 mg/ml were chosen to allow for measurements to 195 nm.
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The recorded spectra were processed with the software package CDPro as described earlier for
calculation of the secondary structure content of both receptors (see 5.1.3).

The PSIPRED secondary structure prediction method was used to calculate theoretical values
for a-helices, B-strands and random coil structures based on the amino acid sequence of each
receptor protein. As this algorithm does not cover estimation of B-turn elements in protein

structures, these were calculated by

BetaTPred2M?.
CD data for both proteins are 18000
shown in Figure 54. The spectra are 14000 A
- — PpETRI1iss.7%7
almost identical and indicate E 10000
formation of secondary structure = LeETR L1z 754
X 6000
elements upon refolding. With a g
- 42000
minimum at 209 nm and zero e
-
crossing between 200 and 201 nm, N -2000 -
=
both spectra suggest a strong = -6000 -
o-helical  conformation of the 10000 4
L[110]
refolded receptors''”. The fact that 14000
the second minimum at 222 nm is 195 205 9215 295 935 9245 955
not that distinct reflects the
wavelength [nm]
influence of B-strands and random
coil structures. CD data were Figure 54: CD spectra obtained for receptor proteins

PpETR1iss.767 and LeETR1i73.754. Measured ellipticity (mdeg)

processed with CDPro to estimate was converted to mean residue weight ellipticity Ouwr to

the content of each structural allow for comparison of both spectra.

element (a-helices, B-strands and

random coil), and results were compared to theoretical values obtained from the amino acid
sequence by PSIPRED and BetaTPred2. CD analysis in Table 20 further confirms proper
refolding of both receptor proteins. Theoretical and experimental values obtained for a-helices
and B-strands fit well. With an estimated overall a-helical content of about 34 to 37 % data
agree with the assumption that PpETR1iss7¢; and LeETR173754 are predominantly o-helical
proteins as already indicated by the shape of the spectra in Figure 54. Calculated amounts for
B-turn and random coil structures differ slightly when compared to theoretical data. This slight

discrepancy might be due to the fact that B-turns are rather small motifs consisting of four

amino acids giving false positives when predicting secondary structure elements. Together with
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the results from the autokinase activity assay, CD experiments indicate successful refolding of

both truncated receptors upon denaturing purification.

Table 20: Secondary structure composition of PpETR115377 and LeETR175.754 as calculated from
the amino acid sequence and from experimental data. All values are given in %.

Protein Data source a-helices [-strands f-turn Random coil
experimental 17 19 - 21 28 - 30
PpETR1158 767
theoretical 15 - 17 28 — 30 19

experimental 16 — 17 18 — 20 28 — 29
LeETR1173.754
theoretical 16 — 17 23 - 24 24

e [ 0 0% | 1wy [ aony

Based on the results obtained with the receptor ortholog AtETR145.735, these facts on their own,
however, might not necessarily imply that the proteins will crystallise. The surface entropy
reduced mutant AtETR1igrsSER was functional and showed regular secondary structure
elements, too (see 6.1.2.2). However, size exclusion chromatography identified that most of the
protein formed aggregates which most likely have prevented uniform crystal growth. To rule out
that aggregates form with PpETR155.7¢ and LeETR1i73.754, too, both proteins were analysed by
size exclusion chromatography.

Samples of 1 ml of the refolded receptor proteins PpETRI1i557; and LeETR1i7ms at a
concentration of 1 mg/ml were applied to a HiPrep 16/60 Sephacryl S-200 column for size
exclusion chromatography. Experiments were performed at room temperature (see methods
section 4.6.6). Elution fractions of 1 ml were collected and analysed by SDS-PAGE. The
retention volume was determined for every peak maximum and corresponding molecular weights
were estimated based on previous calibration of the column with a set of five reference proteins
ranging from 43 kDa (ovalbumin) to 200 kDa (B-amylase).

Both chromatograms in Figure 55 show a main peak containing most of the receptor proteins as
proven by SDS-PAGE. With an estimated molecular weight of about 340 kDa, the proteins
eluted in the void volume probably corresponding to higher molecular weight aggregates of the
receptors. The SDS-PAGE gels also indicate the formation of aggregates as there is protein
detected at the top of the gels that did not enter the separating gel. Furthermore, proteins were
detected in these fractions with molecular weights of up to 50 kDa which might represent

degradation products of the receptors. In this context, it can be assumed that aggregation
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Figure 55: Chromatograms of size exclusion chromatography applied to receptor proteins PpETR1isswr (A) and
LeETR1im.7s4 (B). UV absorption was recorded at 280 nm and is displayed in mAU. Samples from elution fractions
were analysed by SDS-PAGE. The protein gels are aligned with the chromatograms to show the protein composition

of each peak.

already took place during refolding rather than size exclusion chromatography and the
fragmented proteins might have served as aggregation cores.

A second peak in chromatogram (B) was assigned to LeETR1:73.754 and indicates that the sample
also contained a minor fraction of non-aggregated protein. The deviation of the apparent
molecular weight (133 kDa) from the calculated number for receptor monomers (67.4 kDa)
might be explained with dimerisation of the receptors through their kinase domain like it has
109

been shown for a sensor histidine-kinase protein from Thermotoga maritima'®. Dimerisation

might also occur via the receiver domain as described for ETR1 from A. thaliana*.

In contrast, it is possible that detergent molecules partially cover the proteins and contribute to
their overall size. Hydrophobic parts of the proteins can be in charge for the detergent coating
causing the observed increase in the apparent molecular weight.

The peak size of precipitated and non-precipitated protein suggests that almost all protein has

aggregated. On the background of the low protein yield obtained from refolding, the total

protein available is not sufficient for crystallisation studies.
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In order to improve yield, solubility of both truncated proteins might be enhanced by an
extensive buffer screening. Increased solubility might be obtained by retesting refolding buffers

172 Tn this context, it might also be worth to set up

containing arginine to reduce precipitation!
systematic pH screening. Though pH of the applied solutions was more than one unit off the pl
of both proteins (buffer Tris/HCl pH 8.0 compared to pl 6.6 for PpPETR1is55.77 and pl 6.8 for
LeETR1i73751) a change to a more acidic pH might affect or prevent aggregation. The effect of
each buffer can be checked by size exclusion chromatography.

Alternatively, crystallisation trials could focus on the full-length proteins. Contemporaneous to
the work on ethylene receptors ETR1 from P. patens and L. esculentum, it was shown that the
membrane protein ETR1 from A. thaliana was easily solubilised into FOS-CHOLINE®-14
micelles (see chapter 6.2.2). This approach seemed more promising than an extensive screening

of new refolding conditions for the truncated receptors. Thus, the preparation protocol for

AtETRI1 was applied to PpETR1:.76; and LeETR11.754, too.

7.2.2 Full-length receptor constructs

7.2.2.1 Native purification

BL21 (DE3) cells overexpressing PpPETR1,75; or LeETR1.754 were disrupted by French Press,
and membranes containing the receptor proteins were harvested by centrifugation at 230,000 x g
and 4 °C for 30 min. The membrane pellet was solubilised in a buffer containing 1 % (w/v)
FOS-CHOLINE®-14, and non-solubilised material was removed by centrifugation as described
before. The supernatant was applied to immobilised metal affinity chromatography according to
protocol 4.7.3, and samples of every washing and elution step were analysed by SDS-PAGE.

Figure 56 shows protein samples from the native purification strategy that were separated and
visualised on a silver stained acrylamide gel. With two washing steps at 0 and 50 mM imidazole,
highly pure protein was obtained for both ETRI1 receptors. Distinct proteins bands were
detected between 50 kDa and 100 kDa corresponding to receptors PpETR1:.77 (89.1 kDa) and
LeETR1y.75: (87.1 kDa). Ounly in elution fractions of PpPETR1,.7¢ a very faint additional band at

about 75 kDa is visible (see arrow in Figure 56).
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Though rather minor, this contamination was alarming: In a previous thesis a member of the
heat shock protein family Hsp70 (namely DnaK, molecular weight 70 kDa) was co-purified along

with the receptor AtETRI in native purification®™. In order to exclude contamination by Hsp70,

proteins samples from both
elution fractions were analysed
by western blotting wusing a
DnaK specific antibody as well as
an antibody directed against
AtETR1, kindly provided by
A. B. Bleecker (University  of
Wisconsin-Madison, USA)®7.
Although designed for ETRI1
from Arabidopsis thaliana, the
antibody can also be used for the
orthologous proteins from
P. patens and L. esculentum
because of the high conservation
of the three receptors.

Figure 57 shows that all samples
contain the receptors PpETR1,.7;
and LeETR1i7, respectively.
But DnaK was detected in all
samples, too. The fact that
signals of the receptor orthologs
are in general much weaker than
those for DnaK is owed to the
reduced  specificity  of  the
AtETRI1 antibody against ETRI1
from other species.

As described in section 6.2.2
contamination with DnaK was

also observed in native

purification of AtETRI1, which
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Figure 56: Native purification of PpETR11.76r and LeETR11.754 by
IMAC. Samples from purification were analysed by SDS-PAGE
and gels were silver stained. Supernatants after centrifugation are
indicated by asterisk. The black arrow points to a contamination
in the elution fraction of PpETR11.76.

Imidazole was omitted from buffers for washing step 1 and was
applied at a concentration of 50 mM in buffers for washing step 2.
Elution of bound target proteins was achieved by a buffer with
250 mM imidazole.

PpETRI,,;;  LeETRI, .,
A B A B

Figure 57: Western blot analysis of samples (elution fractions)

from native purification of PpETR11.7¢7 and LeETR1175. (A) and
(B) refer to samples from two independent purifications.

AtETRI1 antibody

DnaK antibody
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was solubilised with FOS-CHOLINE®-14. There, several approaches have been tested to remove

169172 Unfortunately, none of these

the chaperone including incubation with ATP and arginine
methods promoted the release of DnaK from AtETRI1. Thus, denaturing purification of
PpETRI1:7%; and LeETR1,74 was tested as an alternative approach to provide sufficient and

highly pure material for crystallisation trials.

7.2.2.2 Protein purification under denaturing conditions

Membrane pellets containing PpETR1:.77 and LeETR1,.754 were prepared from BL21 (DE3) cells
as described in methods section 4.6.2. The pellets were dissolved in buffer supplied with
8 M urea to solubilise and unfold membranes and proteins. According to protocol 4.7.3.2, the
crude extracts were clarified by centrifugation at 230,000 x g, and the supernatants were applied
to Ni-NTA resin. Samples were taken for every washing and elution step to check for protein
purity and purification efficiency. All samples were analysed by SDS-PAGE. Elution fractions
were also tested by western blot to

analyse whether chaperone DnaK

had been successfully removed by @& N
&O
treatment with 8 M urea. Q)bQ oo‘;g @@Q @@Q
kDa F & @&&% &
] N
Western blot analysis revealed that %0\0* %oé & & Q}Q& O )
the DnaK contamination was 122 ! [« . PpETR1, 7
clearly eliminated from both . = 1 A2
protein samples (Figure 58, A.2 et - |
Al
and B.2). However, the silver 37 0 @)
i DS-PAGE gels sh 100
stained SDS GE gels showed o =1 B LeETRI, 1,
only a weak protein band for B.2
receptor LeETR1.7s (B.1), and 50
37 B.l

hardly any protein was detected
Figure 58: Purification of PpETRIlizr and LeETRI1irms by
for PPETR 1,77 (A.1). IMAC under denaturing conditions (8 M urea). A.1 and B.1:
In spite of the successful removal Silver stained SDS-PAGE gels documenting different steps of
. . purification. A.2 and B.2: Immunodetection of DnaK in samples
of the contaminating chaperon, the containing receptor proteins prepared under native (-) and
denaturing purification approach denaturing (+) conditions. Supernatants after centrifugation are
indicated by asterisk. Buffers for washing steps 1 and 2
was not applicable for crystalli- contained 0 and 50 mM imidazole. Elution of bound target

sation trials because of the of the protein was achieved with 250 mM imidazole in elution buffer.
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very low protein yield (<0.01 mg/g cells for PpPETR1,.76; and <0.1 mg/g cells for LeETR1,.754).
Thus, as with AtETRI1, crystallisation studies of PpETR1 and LeETR1 were set up with the
natively prepared full-length receptors albeit the contamination with DnaK. Assuming that the
chaperone is bound to the connector peptide region of the receptor, co-crystallisation of both

receptors with DnaK was intended.

7.2.2.8 Characterisation of natively prepared protein

Before crystallisation trials were set up with
PpETRI1,7%: and LeETRI1;74, both proteins were
subjected to a phosphorylation assay to test for
functionality (see 4.8.1). Figure 59 illustrates that

both receptors showed incorporation of %P

phosphate upon treatment with radiolabelled

‘ LeETR1, 75,

Figure 59: Autoradiography showing incor-

v-*?P-ATP (see lane “no additives”). Protein that

was denatured by SDS before applying it to the )
poration of %P phosphate into receptor

autokinase assay did not show a signal in the proteins PpPETR 11767 and LeETR11.754.

. . . Denaturation prior to the phosphorylation
autoradiography. An effect of potassium cyanide P PROSPROLY

assay was achieved by incubation with SDS.
and ethephon was only demonstrated for receptor
PpETR1.7; where less radiolabelled *P; was
incorporated in the purified receptor than in the control without additives. In contrast, no
effects were observed for full-length ETR1 from L. esculentum. This result can be explained by
the DnaK contamination. The chaperone can also autophosphorylate in wvitro and might

20.24] - DpaK appears at the same

contribute to the overall signal in the LeETRI1.7 assay!
molecular weight level on a SDS-PAGE gel as full-length LeETR1 (Figure 56). In contrast,
PpETRI1,7%7 is detected in acrylamide gels at a molecular weight level slightly above DnaK.
Hence, phosphorylated DnaK and PpETRI1,.77 are clearly separated in the autoradiography and

DnaK will not interfere with the signal from PpETR1,.77 as shown here.

Summarised, the native purification method yielded active and functional ETR1 receptor
protein for P. patens. Whether purification of the ethylene receptor from L. esculentum was also
successful, cannot be determined exactly as the contribution of DnaK to the radioactive signal
cannot be separated from the potential signal originating from the receptor. Due to the DnaK

contamination CD measurements were not applicable for both receptor proteins. Like all
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spectroscopic methods, circular dichroism is an extreme sensitive technique, so it was estimated
that results for LeETR11.75¢ and PpETR1,.76; would be falsified by the presence of DnaK.

Taken together, native purification of ethylene receptor protein ETR1 from P. patens yielded up
to 0.25 mg protein per gram cells whereas only 0.1 mg/g cells were obtained for the full-length
protein from L. esculentum. However, these numbers have to be taken with some caution due to

the contamination by DnaK.

7.3 Crystallisation studies

7.3.1 Full-length ethylene receptor ETRI1 from L. esculentum

Ethylene receptor LeETR1.75¢ was natively purified by IMAC according to protocol 4.7.3.1. The
protein concentration was set to 10 mg/ml and the receptor protein was applied in microbatch
crystallisation trials using Qiagen’s MbClass and PEGs Suites I and II, the JCSG" Screen and
JBScreen Membrane 1, 2 and & kits from Jena Bioscience. Crystallisation setups were also
prepared with the Lipidic-Sponge Phase™ Screen according to the manufacturer’s instruction
(see section 4.8.5.1). All plates were stored at 21 °C.

The plates were examined for potential crystal growth over a period of 50 days. Already after
24 hours sharp-edged crystals appeared in various microbatch conditions, most of which
included magnesium or calcium chloride. When probed with a needle, all crystals were identified
as salt crystals that probably had formed from phosphate buffer and the divalent cations.
Further crystal growth was not observed in any microbatch condition. However, solid structures
with partial short-range order as in spherulites were detected in few conditions (see Figure 60,
A-C). These structures have already been discussed for AtETRI1 in section 6.2.2. As outlined
there, conditions that favour spherulitic growth should be further screened because only minor

changes in buffer composition might produce ordered, well-diffracting crystals.

Angular shaped structures with a size of about 50 pm edge length were detected in a Lipidic-
Sponge Phase™ condition 5 months after setup (Figure 60D). When the crystallisation well was
opened to analyse these structures, they immediately dissolved.

This indicates that the crystal-like objects are artefacts from the lipid containing crystallisation
buffer. It has been reported for lipidic mesophases that voids, droplets or the lipid itself can

produce shapes similar to crystals®?.
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Figure 60: Pictures (A) to (C) were taken 5 days after crystallisation setup and show spherulites grown in (A) 0.2 M
zinc acetate, 0.1 M sodium cacodylate, pH 6.5 and 10 % (v/v) isopropanol; (B) 1 M ammonium sulfate, 50 mM MES
sodium salt, pH 6.5 and 100 mM zinc acetate; (C) 0.6 M magnesium sulfate, 100 mM HEPES, pH 7.5 and 4 % (w/v)
PEG 400. Figure (D) shows angular structures in a buffer composed of monoolein, PEG 400 and HEPES, pH 7.5
(individual concentrations are not given by the manufacturer). The arrow points to a sharp-edged structure
protruding from the lipid phase. Picture (D) was taken 5 months after setting up the crystallisation experiment.
Black scale bars correspond to 50 pm.

7.3.2 Full-length ethylene receptor ETR1 from P. patens

Ethylene receptor PpETR11.754 was prepared like LeETR1 (see 4.7.3.1). As already stated, the
protein yield for PpPETR1,.754 was on average about 2.5 fold lower compared to full-length ETR1
from L. esculentum. A modified sitting drop method was applied by using the protein at a
reduced concentration of only 2 mg/ml to allow for a first screening of at least 400
crystallisation conditions: Precipitant solutions were diluted 1:5 with sterile filtered water prior
to use and crystallisation drops were set up in NeXtal Evolution uplates by mixing protein and
precipitant solutions in equal amounts to a final volume of 1.5 pl. The reservoirs of the plates
were filled with 70 nl of undiluted crystallisation buffer, and the plates were stored at 21 °C.

In classical vapour diffusion a high concentrated protein solution is diluted equally with a
precipitant containing buffer—as result both solutions are only half concentrated after mixing.
With the reservoir filled with precipitant solution at its original concentration, water will start
to evaporate from the protein-precipitant drop until equilibrium is reached. When using protein
solved in pure water without any additional substances, the drop will shrink to almost half of its
starting volume, and the protein will reach the original concentration again. This approach
works quite nice for proteins with starting concentration of about 5-10 mg/ml. However, if the
protein is highly diluted, the concentration might still be too low to initiate nucleation even
after equilibrium. The protein-precipitant drop would have to be concentrated even further to
allow for crystal growth under these conditions. This is achieved by diluting the crystallisation
buffer by a factor of five to ten. Thus, the drops can equilibrate to a few hundred nanoliters

which was actually the original purpose of this method. Setups are often prepared with drop
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volumes in the nanoliter scale to minimise the amount of protein required in crystallisation
studies. As these experiments cannot be set up by hand, the diluting method might be applied
when no pipetting robot is available?',

For an initial screening with receptor protein PpETR11.%7, Qiagen’s MbClass and PEGs Suites I
and II were used. Again, in several conditions containing Ca’", plate and needle shaped salt
crystals appeared. These salt crystals resulted probably from the phosphate buffer and the

calcium ions?"

I'and have been observed for receptor ortholog LeETR11.75, too.

In various conditions also spherulitic structures were found again (Figure 61). These conditions
might be used as starting point for further crystallisation studies as described for receptor
AtETRI1. Apart from establishing factorial screens by variation of pH, salt or precipitant
concentrations, the spherulites could be used in seeding experiments. It might also be tested if a
reduction of the incubation temperature has a positive effect on crystal growth. The fact that

rather large spherulites with a size of up to 100 pm appeared after only 5 days might indicate

that the chosen temperature was too high preventing homogenous crystal packing.

Figure 61: Pictures were taken 5 days after crystallisation setup and show spherulites grown in (A) 0.1 M Tris, pH 8.5
and 1.5 M lithium sulfate; (B) 100 mM HEPES sodium salt, pH 7.5 and 1.5 M lithium sulfate; (C) and (D) 0.2 M
zinc acetate, 100 mM imidazole, pH 6.5 and 10 % (w/v) PEG 8000. Scale bars correspond to 100 pm.

7.4  Synopsis

Codon optimised synthetic DNA of ethylene receptor ETR1 from Physcomitrella patens and
Lycopersicon  esculentum coding for full-length and truncated versions lacking the
transmembrane domain was cloned into bacterial expression vectors. Heterologous expression
was obtained for both variants in E. coli strain BL21 (DE3). Expression levels and cell yields
differed substantially. In general, significantly higher amounts of recombinant protein were
produced for the truncated receptor proteins. In spite of higher yields in cell mass, cells

harbouring full-length constructs expressed the proteins only at a low level. On average,
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expression yielded about 4 g cell/l for the receptor constructs lacking the membrane domain and
up to 6 g/l for cell cultures expressing the full-length proteins.

For purification of the receptors, two different strategies were applied. PpETR15577 and
LeETR1173754, which were expressed as inclusion bodies were resolved in 8 M urea. Refolding of
the receptors was performed by dilution. About 2-7 mg purified and functional protein was
obtained per gram cells. However, size exclusion chromatography revealed that most of the
protein forms aggregates that are not suitable for crystallisation.

Hence, full-length receptors of PpETR1 and LeETR1 were purified by IMAC after solubilisation
of the receptors into FOS-CHOLINE® 14 micelles. Unfortunately, the isolated protein contained
a contamination by the heat shock protein DnaK, which could not be separated from the
receptors. Thus, functional studies demonstrating autokinase activity of ETRI1 have to be
considered carefully as DnaK also shows phosphorylation in wvitro'* 2.,

Nevertheless, purified PpETR11.7%67 and LeETR11.75¢ were used in first crystallisation studies that
yielded spherulitic crystals for both receptor proteins. Though not applicable for diffraction

analysis, these results outline a starting point for further crystallisation trials.

7.4.1 Perspective on further crystallisation studies

A critical issue for crystallisation trials of ETR1 from P. patens and L. esculentum is the cross-
contamination by DnaK when receptors are obtained by the native purification protocol. The
chaperon might act as a flexible part of a putative receptor-chaperon complex and might disturb
an ordered crystal packing. Therefore, an attempt should be made to remove DnaK. Washing
with ATP and arginine should be tried even though these methods did not work with AtETR1
(see section 6.2.2).

Another possibility to prevent co-purification could be usage of a DnaK deficient E. coli strain

25 Also a change of the expression system from prokaryote to eukaryote might

for expression!
improve expression. Though no localisation studies have been performed for PpETR1 and
LeETR1, it might be assumed that both receptors localise to the ER as described for
AtETR1P9. Since this cellular structure is not found in E. coli as well as posttranslational
modification processes and advanced protein folding pathways, it might be reasonable to change
to an eukaryotic expression system for the production of the receptor proteins®®. Thereby, not

just the expression level but also proper folding and prevention of inclusion body formation

might be favoured.
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7.4.2 Taxonomic distribution of ethylene receptors in kingdom Viridinlantae

To further pursue the crystallisation project, it might be necessary to expand the study to a
broader range of species containing ETRI1 orthologs or ETRI1-like proteins. As no molecular
structure has been obtained for AtETR1, PpETRI1 or LeETRI1 so far, a structure from a related
protein could provide the basis for homology modelling of ethylene receptor proteins.

To identify potential ethylene receptor proteins in species of Viridiplantae, a BLAST®Y search
(blastp algorithm) with AtETR1 as query sequence was used. With a maximum of 1000 target
sequences, 94 organisms were identified and from each the sequence with the highest score
according to BLOSUMG62 was chosen for multiple alignment with COBALT®. Results are
displayed in a phylogenetic tree (Figure 62) considering neighbour joining and a maximum
sequence difference of 0.85%7.

The majority of proteins similar to AtETR1 was found in the clade of eudicots comprising two
representatives namely Arabidopsis thaliana and Lycopersicon esculentum, both of which were
already tested for crystallisation in this thesis.

With Oryza sativa and Zea mays, the second largest clade, the monocots, contains two model

218,219 Monocots produce less amounts

organisms that are subject to intensive current research!
of ethylene and are less sensitive to the plant hormone when applied exogenously®”. It is
interesting to reveal whether this fact is affected by structural differences of the receptor
proteins. Therefore, it is most reasonable to expand the study to ethylene receptors from
monocotyle plants.

Physcomitrella patens and its subspecies are the only representatives of the clade moss that
have been annotated so far in terms of ethylene perceiving proteins. The same applies to the
clade club-mosses covered by Selaginella moellendorffii.

Proteins similar to AtETR1 are also found in the taxa algae including the genera

Chlamydomonas, Volvox, Micromonas and Ostreococcus. However, respective organisms were

excluded from the phylogenetic tree as they showed sequence differences > 0.85.
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Club mosses
Mosses
Monocots
Eudicots

Figure 62: Taxonomic distribution of ethylene receptor proteins in green plants ( Viridiplantae) including green algae
and land plants. Species are clustered according to similarity of the respective proteins. Organisms that were chosen
for this thesis are indicated by green and blue arrows. Solanum lycopersicum is a synonym for Lycopersicon
esculentum. Affiliation of individual species to the taxa club-mosses, mosses, monocots and eudicots (dicots) are
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7.4.3 Secondary structure analysis of orthologs AtETR1, PpETRI1 and LeETR1

To date, only the cytosolic receiver domain of AtETR1 has been crystallised giving structural
information for amino acids 605 to 736!"*". During this thesis, crystallisation experiments with
full-length ethylene receptor AtETR1 as well as with the orthologous proteins PpETR1 and
LeETR1 were performed but did not produce crystals suitable for structure determination.

However, to obtain a better understanding of the build-up and putative structural elements in
the ethylene receptor proteins, primary sequences of all three ETR1 receptor were analysed
regarding their secondary structure composition. Results were assigned to an alignment of the

respective sequences to show conservation of these elements (Figure 63). All three ethylene

Transmembrane domain

AtETR1
LeETR1 | [N
PpETRI1

GAF domain

AtETR1 [ |
LeETR1
PpETRI [ |

GAF domain | i Kinase domain

AtETR1
LeETR1
PpETR1

Kinase domain

AtETR1
LeETR1
PpETR1

1DCF Kinase domain

AtETRI

LeETRI

ppETRI | [l

1DCF B o-helices

AtETR1 B-sheets
LeETR1 random coil
PpETR1 B transmembrane helices

Figure 63: Secondary structure alignment for receptor proteins AtETRI1, LeETR1 and PpETRI1. The PSIPRED
secondary structure prediction method was used to estimate the secondary structure composition for each receptor

protein. Regions coloured in dark cyan correspond to o-helices, yellow parts represent P-sheets and random coils
structures are displayed in grey. The red coloured regions reflect putative transmembrane helices as calculated by
MEMSAT-SVM algorithm. Structural elements derived from the crystal structure of the receiver domain of AtETR1
(PDB accession code: 1DCF) are depicted using the same colour scheme.
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receptor proteins share a high degree of structural conservation although sequence identity was
calculated to be only 63 % for PpETRI1 relating to the other two receptors (see section 1).
Notably, these differences occur mainly in low complexity regions, like in random coil structures

(grey coloured sections in Figure 63). So, the tertiary structure is most likely not influenced.

The N-terminal part of the proteins comprises three transmembrane helices as predicted by
MEMSAT-SVM algorithm using a neural network for identification and orientation of each

101-103]

transmembrane segment! . This method also identified an additional helix prior to the
transmembrane domain of LeETR1 that might function as a possible signal peptide: As the
receptor protein of tomato has been evidenced on transcript level, it might be suggested that
this sequence still contains a targeting information that might have been cleaved on other
receptor proteins that were detected on protein level including subfamily I from A. thaliana
(ETR1 and ERS1). However, BLAST search on translated genome gave only one further hit for
the peptide sequence namely in ETR1-3 of Petunia x hybrida.

Members of Arabidopsis subfamily IT (ETR2, ERS2 and EIN4) all contain a fourth N-terminal
helix, though it remains unclear whether it constitutes a targeting signal peptide or a

221,22l These facts give raise to the assumption that ethylene receptor

transmembrane segment!
ETRI1 from L. esculentum might take an exceptional position among the receptor proteins. With
its conserved kinase domain containing all essential residues of a typical histidine kinase, it

belongs to subfamily I. However, due to the fourth N-terminal helix, it could also be classified as

a member of subfamily II even though these receptors show Ser/Thr kinase activity®’.

The transmembrane domain is C-terminally flanked by a putative GAF domain. Based on a
structure from S. cerevisiae (PDB accession code: 1IF5M), this ubiquitous domain motif consists
of a central part build of six anti-parallel B-sheets that are enclosed by four a-helices®?. While
all helices can be found in the ETR1 secondary structure model in Figure 63, the number of
B-sheets varies from 4 to 5. Most probably, very short B-strands (three amino acids) were not
acquired by PSIPRED. GAF domains are usually involved in binding of cyclic GMP, but their

function in ethylene receptors is still unknown/9.

The kinase domain forms the largest segment of the receptor proteins. Several structures have
been solved for bacterial kinases, for example, CheA and ThkA from Thermotoga maritima and

DesK from Bacillus subtilis?**2%.
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The cytosolic part of a sensor histidine-kinase protein from Thermotoga maritima (HK853)
shares about 50 % sequence similarity over a range of 226 amino acids. It is composed of two N-
terminal a-helices that show a hairpin structure and allow for dimerisation. The catalytic core is
build of five B-sheets and three a-helices that form a cavity for ATP-binding. At the
C-terminus, the kinase contains an additional pair of short B-strands with unknown function®.
Although the overall number of B-sheets is slightly higher than depicted in Figure 63, the
secondary structure model shows a distinct consensus with the structural elements of the
bacterial kinase.

The quality of the secondary structure model is reflected by a comparison of calculated and
empirically determined structural information for the receiver domain of AtETRI1. Structural
elements derived from the crystal structure as depicted by arrows (B-sheets) and waves

(o-helices) in Figure 63 show the high accuracy of the predicted secondary structure model.

Only minor shifts of about one or two amino acids were detected.

A secondary structure alignment as shown for ETRI1 from A. thaliana, P. patens and
L. esculentum provides structural information beneficial for designing biochemical experiments
as well as crystallisation studies. Although individual proteins might not show a high
conservation in their amino acid sequence, they can adopt similar structures. This is due to the
fact that structural elements of proteins are more conserved than the corresponding primary

27 In consequence, an alignment of such features displays the structural similarity of

sequences!
even distantly related proteins and emphasises their homology.

Referring to the crystallisation studies with receptor ETRI1, the information from a secondary
structure alignment can also be used to identify ethylene receptor proteins that show a different
secondary structure composition. These proteins will probably show crystallisation
characteristics other than those observed for the three ETR1 proteins applied in this thesis,
which are all structurally highly conserved, and might lead to successful crystallisation and
structure solution. The alignment can also be used to identify low structured regions like loops.
Deletion of such flexible structures might also favour crystallization.

The model also allows narrowing down individual domains of the proteins more precisely than in

secondary structure analysis of single sequences. This information is important if domains are

going to be analysed individually like in yeast two-hybrid screenings or crosslinking approaches.
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Concluding remarks

8 Concluding remarks

The scientific understanding of phytohormones and their impact on plant growth and
physiological development has been progressive in the last years. For the majority of the plant
hormones, receptor proteins were identified and signalling networks were proposed considering
cross-talk between individual pathways.

In the view of agricultural importance of the signalling substances, it is necessary to further
unravel the signalling mechanisms on a molecular level to grasp signal perception and
transduction concepts. In this context, structural models of the hormone receptors will help to
disclose the individual modes of action and to develop new regulatory substances.

Due to their size, most receptor proteins including ETR1 have to be applied to X-ray
crystallography for structure solution at an atomic level. The work in the present thesis showed
that this approach is a sophisticated endeavour. Although various improvements have been
made in membrane protein crystallography including development of specific techniques like
crystallisation in lipid phases, these methods do not apply to all membrane proteins.

In addition to structural characterisation of the receptor proteins, functional studies will provide
information on the signalling mechanisms. Activation and regulation of the kinase domain of
ETR1 might be deciphered by spectroscopic methods like NMR or EPR. Both techniques could
show influences of putative regulatory substances and identify further residues involved in the
signal transduction, thereby contributing to a general understanding of hormone signalling in

plants.
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9 Appendix

9.1 Abbreviations

Amino acids are abbreviated in three- and one-letter code according to IUPAC-IUB

228

Commission on Biochemical Nomenclature®®. SI units are not listed.

A E

A Angstrom E. coli FEscherichia coli

aa amino acids ECL dnhanced chemiluminescence

ACC 1-aminocyclopropane-1-carboxylic EDTA ethylenediaminetetraacetic acid
acid EIL ethylene insensitive3 like

ADP adenosine-5'-diphosphate EIN ethylene insensitive

AHP Arabidopsis histidine-containing EMBL European Molecular Biology
phosphotransfer protein Laboratory

AMP adenosine-5'-monophosphate EPR electron paramagnetic resonance

AMP-PNP adenosin-5'-(B,y-imido)triphosphate Eq. equation

APS ammonium persulfate ER endoplasmic reticulum

ARR Arabidopsis response regulator ERF Ethylene responsive factor

At/A. thaliana  Arabidopsis thaliana ERS ethylene response sensor

ATP adenosine-5'-triphosphate ESRF FEuropean Synchrotron Radiation

AU arbitrary unit Facility

B ETP EIN2 targeting protein

BCA bicinchoninic acid ETR ethylene response/resistant

Bicine N, N-Bis(2-hydroxyethyl)glycine F

Bis-tris propane 1,3-bis(tris(hydroxymethyl)- FRET Foerster resonance energy transfer
methylamino)propane G

BLAST Basic Local Alignment Search Tool GMP guanosine-5'-monophosphate

bp base pair(s) GSH glutathione

BSA bovine serum albumin GSSG glutathione disulfide

C H

¢ complementary h hour

cc creative commons HEPES 4-(2-hydroxyethyl)-1-

CD circular dichroism piperazineethanesulfonic acid

Ci Curie (decays per second) hGH human growth hormone

CMC critical micelle concentration HPt histidine-containing phosphotransfer

CTR constitutive triple response protein

CV column volume HRP horseradish peroxidase

D Hsp heat shock protein

Da Dalton I

DDM n-dodecyl-B-D-maltopyranoside 1B inclusion body

deg degree IgG immunoglobulin G

DNA deoxyribonucleic acid IMAC immobilised metal affinity

dNTP deoxyribonucleotide chromatography

DOC deoxycholate IPTG isopropyl-p-D-1-thiogalacto-

ds double stranded pyranoside

DTT dithiothreitol
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K

kb

L

Le/L. esculentum
M

MAPKK

MCS
MES
min
MTA
MW
MWCO
MWR
N
NADPH

NC

NEM
NMR
NTA

o/n
OD

PAGE

PCR

PDB

PEG

Or

Pi

pl

PMSF

Pp/P. patens

ppm
psi
PTFE
PVDF
Pwo

152

kilo base(s)
Lycopersicon esculentum
mitogen activated protein kinase

kinase

multiple cloning site

2-( N-morpholino)ethanesulfonic acid

minute

methylthioadenosine
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9.2 Maps of expression vectors

Abbreviations used in all vector maps: prom (transcription promoter), term (transcription

terminator), amp (ampicillin), reg (regulator)

9.2.1 Vector pTEV-16b

Xhol 5392

Ndel 5386 BamHI 5397 T7 term
TEV site, amp prom

T7 promNcol 53V/ Y . /«’:i n|
N} [SERY > / /
IacOM . ‘v— ~ /
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= 4500bp

lacl reg 5720 bp 1500bp __-
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- 4000bp

20000p *
~

.+ 3500bp
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9.2.2 Vector pET-16b::AtETR1.73sWT

T7 term amp prom
BamHI 7597

7500bp

N\
* 7000bp womag .

6500b]
. P -
1500bp

N eooee 7920 bp 2000bp Z
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e 2500bp
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-
Ndel 5377 . ~
Factor Xa site7 U\ /5000"” lacl reg 30006p |
10x His-tag ~
N 45000p 3500bp
lacO reg > ., 4i0p .
T7 prom . . N
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9.2.3 Vectors based on pET-15b:: AtETR1 735

T7 term amp prom
BamHI 7594

7500bp

AN
AtETRI (aa 1—738)\ 700009

4
1000bp *

6500bp
. -
1500bp

2000bp =

_s500bp N
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Thrombin site7 44

. 5000bp .
, lacl reg 3000bp

6x His-tag
lacO reg

N, 4500bp

3500bp  *
W} 4000bp :

T7 prom -

9.2.4 Vectors based on pET-16b:: AtETR 1165735

T7 term  amp prom
BamHI 7108

7000bp

N\
* 6500bp 1ooob: .

~
6000bp
- 1500bp =

7431 bp :

2000bp —
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. BR322 origi
,/p origin

_ /pBR322 origin

The following vectors are based on
pET-15b:: AtETR 1i73s:

pET-15b:: AtETR 11738 Wtreo
pET-15b:: AtETR 11733 W53
pET-15b::AtETR11-73sH353A
pET-15b:: AtETR 11.7sD659A
pET-15b:: AtETR 11738 Wiee F26 W
pET-15b:: AtETR 11738 Wiee F27TW
pET-15b:: AtETR 11738 Wiee F33W
pET-15b:: AtETR 11738 Wiree LE5 W
pET-15b:: AtETR 11738 Wiee F58W
pET-15b:: AtETR 11738 Wree L6AW
pET-15b:: AtETR 11738 Wiee LTOW
pET-15b:: AtETR 11738 Wiee LT3W
pET-15b:: AtETR 11733 Wree V350W
pET-15b:: AtETR 11733 W N352W
pET-15b:: AtETR 11733 WeeR356 W

The following vectors are based
on pET-16b:: AtETR 1ies.73s:

pET-16b:: AtETR 1165.73sWT
pET-16b::AtETR 1165-73sH353A
pET-16b:: AtETR 116s-73sSER
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9.2.5 Vectors based on pTEV-16b:: At ETR 1735
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7500bp

N
. 4
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9.2.6 Vectors based on pTEV-16b:: AtETR 1165735
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The following vectors are based on
pTEV-16b: AtETR 11738

pTEV-16b::AtETR11-73sWiee LTOW
pTEV-16b:: AtETR11.73sWieeN352W /H353A
pTEV-16b:: AtETR11.73sWiee N352W /H353E
pTEV-16b:: AtETR11.73sW53/C65A /H69A

The following vectors are based on
pTEV-16b:: AtETR 1ugs.73s:

pTEV-16b:: AtETR 1165738 Wiree V350W

pTEV-16b:: AtETR 1165738 WereeN352W
pTEV-16b:: AtETR 1165738 Wiee R356 W
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9.2.7 Vector pTEV-16b::PpETR1 .77
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9.2.9 Vector pTEV-16b::LeETR1.754
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9.3 List of detergents used in this thesis

Table 21: Properties of detergents as specified by the manufacturer (Anatrace Inc., Maumee,
OH, USA). The different types of detergents are abbreviated by N for non-ionic and Z for
zwitter-ionic detergents. Percentages are given in (w/v).

MW Aggregation Concentration
Detergent Type CMC mM (%) number used for solu-
(9/mol) (if available) | bilisation (%)

ANAPOE®-20 N 1228 0.059 (0.0072 %) 1
ANAPOE®-35 N 1198 0.091 (0.0010 %) | 40 1
ANAPOE®-58 N 1122 0.004 (0.00045 %) 1
ANAPOE®-C10E6 N 423 0.9 (0.0250 %) 40 1
ANAPOE®-X-114 N 536 0.2 (0.011 %) 1
ANAPOE®-X-405 N 1967 0.81 (0.16 %) 1
ANZERGENT® 3-10 Z 307.6 39 (1.2 %) 41 2
ANZERGENT® 3-12 Z 335.5 2.8 (0.094 %) 55-87 1
ANZERGENT® 3-14 Z 363.6 0.2 (0.007 %) 83-130 1
C-DODECAFOS™ Z 349.17 22 (0.77 %) 2
CYCLOFOS™-4 Z 320.92 14 (0.45 %) 2
CYCLOFOS™-5 Z 334.95 4.5 (0.15 %) 1
CYCLOFOS™-6 Z 349.17 2.68 (0.094 %) 1-2
CYCLOFOS™-7 N 363.3 0.62 (0.022 %) 1-2
FOS-CHOLINE®-9 Z 309.4 39.5 (1.2 %) 2
FOS-CHOLINE®-10 Z 3234 11 (0.35 %) 2
FOS-CHOLINE®-11 Z 3374 1.85 (0.062 %) 1
FOS-CHOLINE®-12 Z 351.5 1.5 (0.047 %) 50-60 1
FOS-CHOLINE®-13 Z 365.5 0.75 (0.027 %) 1
FOS-CHOLINE®-14 Z 379.5 0.12 (0.0046 %) 108 1
FOS-CHOLINE®-16 Z 407.5 0.013 (0.00053 %) 1-2
n-octyl -B-D-glucopyranoside | N 292.4 18 (0.53 %) 78 2
n-dodecyl -p-D-

N 510.6 0.17 (0.0087 %) 78-149 1
maltopyranoside
n-octyl -B-D-

N 470.6 8.5 (0.40 %) 2
thiomaltopyranoside
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9.4 Refolding buffers

Table 22: Composition of refolding buffers from the QuickFold™ Protein Refolding Kit as
specified by the manufacturer (Athena Environmental Sciences, Inc., Baltimore, MD, USA).

Buffer Contents

REL 50 mM MES/HCI pH 6.0, 9.6 mM NaCl, 0.4 mM KCI, 2 mM MgCl, 2 mM CaCl,, 0.75 M
guanidine HCL, 0.5 % (w/v) Triton® X-100, 1 mM DTT

—_ 50 mM MES/HCI pH 6.0, 9.6 mM NaCl, 0.4 mM KCI, 2 mM MgCly, 2 mM CaCl,, 0.5 M
arginine, 0.05 % (w/v) polyethylene glycol 3,550, 1 mM GSH, 0.1 mM GSSH
50 mM MES/HCI pH 6.0, 9.6 mM NaCl, 0.4 mM KC1, 1 mM EDTA, 0.4 M sucrose,

RB-3 0.75 M guanidine HCI, 0.5 % (w/v) Triton® X-100, 0.05 % (w/v) polyethylene glycol 3,550,
1 mM DTT

BB 50 mM MES/HCI pH 6.0, 240 mM NaCl, 10 mM KCL, 2 mM MgCl, 2 mM CaCl,, 0.5 M
arginine, 0.5 % (w/v) Triton® X-100, 1 mM GSH, 0.1 mM GSSH

RB-5 50 mM MES/HCI pH 6.0, 240 mM NaCl, 10 mM KCI, 1 mM EDTA, 0.4 M sucrose,
0.75 M guanidine HCl, 1 mM DTT
50 mM MES/HCI pH 6.0, 240 mM NaCl, 10 mM KCI, 1 mM EDTA, 0.5 M arginine, 0.4 M

RB-6 sucrose, 0.5 % (w/v) Triton® X-100, 0.05 % (w/v) polyethylene glycol 3,550, 1 mM GSH,
0.1 mM GSSH

I 50 mM MES/HCI pH 6.0, 240 mM NaCl, 10 mM KCL, 2 mM MgCl, 2 mM CaCl,, 0.75 M
guanidine HCI, 0.05 % (w/v) polyethylene glycol 3,550, 1 mM DTT
50 mM Tris/HCI pH 8.5, 9.6 mM NaCl, 0.4 mM KCI, 2 mM MgCl,, 2 mM CaCl,, 0.4 M

RB-8 sucrose, 0.5 % (w/v) Triton® X-100, 0.05 % (w/v) polyethylene glycol 3,550, 1 mM GSH,
0.1 mM GSSH

—_ 50 mM Tris/HCI pH 8.5, 9.6 mM NaCl, 0.4 mM KCI, 1 mM EDTA, 0.5 M arginine,
0.75 M guanidine HCI, 0.05 % (w/v) polyethylene glycol 3,550, 1 mM DTT

RB-10 50 mM Tris/HCI pH 8.5, 9.6 mM NaCl, 0.4 mM KCI, 2 mM MgCl,, 2 mM CaCl,, 0.5 M
arginine, 0.4 M sucrose, 0.75 M guanidine HC], 1 mM GSH, 0.1 mM GSSH

RB-11 50 mM Tris/HCI pH 8.5, 9.6 mM NaCl, 0.4 mM KCl, 1 mM EDTA, 0.5 % (w/v) Triton®
X-100, 1 mM DTT

RE.1 50 mM Tris/HCI pH 8.5, 240 mM NaCl, 10 mM KCI, 1 mM EDTA, 0.05 % (w/v)
polyethylene glycol 3,550, 1 mM GSH, 0.1 mM GSSH

RE.13 50 mM Tris/HCI pH 8.5, 240 mM NaCl, 10 mM KCI, 1 mM EDTA, 0.5 M arginine,
0.75 M guanidine HCI, 0.5 % (w/v) Triton® X-100, 1 mM DTT
50 mM Tris/HCI pH 8.5, 240 mM NaCl, 10 mM KCI, 2 mM MgCl, 2 mM CaCl,, 0.5 M

RB-14 arginine, 0.4 M sucrose, 0.75 M guanidine HCI, 0.5 % (w/v) Triton® X-100, 0.05 % (w/v)
polyethylene glycol 3,550, 1 mM GSH, 0.1 mM GSSH

RE.1 50 mM Tris/HCI pH 8.5, 240 mM NaCl, 10 mM KCI, 2 mM MgCl, 2 mM CaCl,, 0.4 M

sucrose, 1 mM DTT
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