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Abstract

Abstract

Pex14p, Pex17p and Pex5p peroxins, are the key components of the protein import machinery
of Saccharomyces cerevisiae from the cytosol to the peroxisomal lumen. It is suggested that
these peroxins are sufficient for the assembly of a functional importomer complex. However,
the importing mechanism still remains unclear. The field is lacking structural insights into
higher order membrane assemblies and markedly, into the pore formation mechanism. In the
framework of this thesis, the yeast (Pex14p, Pex14p/Pex17p) and human (PEX14) docking
complex components were reconstituted into lipid nanodiscs and further optimized for electron
microscopy (EM) analysis, in order to elucidate the Pex17p contribution to the docking
complex and reveal differences between the yeast and human homologues. Additionally,
reconstitution of the yeast docking complex Pex14p/Pex17p in liposomes and subsequent
addition of Pex5p was performed in order to clarify the structure and topology of the
importomer. Initially, negative stain EM comparative studies between the Pex14p/Pex17p
complex and Pex14p in absence of Pex17p suggest that Pex17p provides stability to the
docking complex. Following, the human homologue PEX14 was expressed, purified and
successfully reconstituted into lipid nanodiscs. Characterization with negative stain EM was
performed but extensive optimization of the vitrification conditions is required in order to
proceed with cryo-EM studies and observe substantial differences between the two
homologues. Finally, liposomes containing the yeast docking complex (Pex14p.Pex17p) were
assembled successfully. However, negative stain analysis after addition of Pex5p did not reveal
any structural changes on the liposome surface. A close to native environment analysis, using
cryo-EM, will be required for a more detailed data acquisition. Overall, the results of this thesis,

set the stage for future pore-formation in vitro studies, using cargo proteins.



Abstract

Table of contents

ACKNOWIBAGEMENTS ...ttt ettt et ]
N oS - Vo OSSPSR v
LI L0] (o) o0 1 =T o PSR STRRP \Y/
TaADIE OF FIQUIES ...ttt VIl
T A0 N = o] TSR X
T 0 AN o] o] 1=V F- A o o SRS OURRR XI
I 14 0 Yo [Tt Ao o OSSP 1
1.1 Pore forming Proteins (PEPS) ......c.uoiiiiiieiie ittt 1
o) d TS0 1RSSR 2
1.2.1 PeroxXiSomal impPOrting PrOCESS .......ccuueiuuiitieieeiieeieeesteessee st e siee et et e et e e e e e s 2
1.2.2 PTS1-reCeptor PErOXiN, PEXSP.....cuiiiiiiiiiiieitie sttt 5
1.2.3 Pex5p - Cargo DINAING. ......couviiiiiiieiie i 6
1.2.4 Docking to the DTM - Translocation through the membrane ..........cccccooeviieieiie e 8
1.2.5 Cargo-release in the peroXisomal IUMEN ...t 10
1.2.6 Ubiquitination and the EXPOrtOMEN ............ceeiiieeiiie i 11

1.3 Electron MicroSCOPY (EM) ....uvviiiiei ittt 12
1.3.1 Setup of an eleCtron MICIOSCOPE .....vvveiiviiiciie et aee e 12
I A [0 7= Vo T 0] 8 0T 1o USRS 15

1.4 Sample preparation Of ProteINS. ......c.viiiiei i 17
1.4 1 INEQALIVE STAIN 1.vviiiie e e s e e st b e e et r e e st e e e atr e e e traeanree e 17
1.4.2 Cry0-eleCtrON MICIOSCOPY ...vvievreeitreeitieeeitreesitteesieeestreestreestbeeestseesssseesnbeeessseeasneesnreeenns 18

2. Aim and motivation Of thiS WOIK ........c.cooiiiiiiiii s 21
3. Materials and METNOUS..........oiiiiiiieii s 20
TV 1T T 1 PP PP P SURRPRPPRPRS 20
L1 L INSTIUMEBNTS ...ttt ettt ettt et e e ekt e e e s s b e e e e anbb e e e e sabbe e e e e anbneeeeannneeeeas 20
31,2 IMIICTOSCOPES .. vt e ittt e sttt e et e e st e e sttt e et e e e tte e e stbe e e ete e e e steeesabeeesbbeeesteeesabeeestreeeteeesnbeeeanaeeas 21

B L3 SOTIWANE ...ttt ettt b et r e b neenreennee s 21

B L4 CRBMICAIS ...ttt ettt et e e r e b e ne e reennee s 22

3. 1.5 CONSUMEDIES........eieiieeiee ettt ettt et e e st et e et e b e e e e neenneeanee s 23
3.1.6 BUFFEE SOIULIONS ......veeie sttt e e e e s e nneeanee s 24
3.1.7 PEX14 Purification BUffer SOIULIONS .........c.cooiiiiiiiieie e 25

B LB CIILINES ..ttt ettt e et e et et e et et e e r e et e e neenneeenee s 26

KT = {0 Lo TSP URURRPRIN 26
3.2.1 PEX14 HUMAN PUITICALION ....ooiiiie ittt e e 26



Abstract

3.2.2 LIiPOSOME FOMMALION ...ttt 27
3.2.3 NaNOUISC rECONSTITULION ...ttt 28
3.2.4 NEQALIVE STAIN ...ttt b e bt e et e bt et e e e beenne e e 29
3.2.5 CrYO-PIrePATALION ... .eeiieeiiiiestie sttt ettt ettt ettt e be ettt e e bt e e eennees 30
3.2.6 Single particle reconstruction — IMage ProCeSSING.........uciveruierierieriieenie e 30

A RESUILS ...ttt e e et e et e nr et e e nnteeeanaeeeanes 34
4.1 Pex17p importance in the Pex14p/17p yeast docking complex .........cccccovviiiiiiiiiiiiicnicnnnn 34
4.1.1 Nanodisc reconstitution of Strep;-Pex14p(M51L)/HiSePeXLI7P ....covvvvviiiiieiiiiieiieesien 34
4.1.2 Negative stain analysis of the reconstituted COMPIEX..........ccocvveiiiiiiiiiiiiie e 37
4.1.3 Negative stain analysis of Strep-Pex14p(MB5LL) ....cccovvviiiiiieiiiiieee e 39
4.1.4 Nanodisc reconstitution of Strep;-PeXLIAP(IMSLL) ..cc.ooiiiiiiiiieiieiieeiee e 43
4.1.5 Negative stain analysis of Strep;-Pex14p(M51L) reconstituted to lipid nanodiscs............ 46

4.2 Sngle particle analysis of PEX14 of the human docking Complex ..........ccccvvviiniienieiinennn, 47
4.2.1 Expression - Purification of PEX14 into Hi5 insect CellS............ccooviviiiiiiiiiiiiicee 48
4.2.2 Negative stain analysis OF PEXLA .........cooiiiiiiiiiiiiieiie e 51
4.2.3 Negative stain analysis of PEX14 reconstituted to lipid nanodiscs ............ccccevvevieennenn 54
4.2.4 Cryo-EM analysis of PEX14 reconstituted into cMSP1D1A4-6 lipid nanodiscs ............... 56

4.3 POre fOrmation STUGIES .........oiuiiiiiiiieiie ettt ettt ettt sbe e be e 58
4.3.1 Hise-Pex5p negative stain analysSiS..........coveiiiiiiiiiiiii e 58
4.3.2 Nanodisc reconstitution Of PEXSP .....cvvveiiiiiiiii et 61
4.3.3 IMPOITOMET STUAIES ....vvviiiieiciie ettt e et e e ste e e snreeenaees 65
4.3.4 Pex5p addition to the reconstituted docking COmMPIEX.........cccvvviieeiiiciiie e, 69

ST B Tod0 (XS] [0 o F ST UP PR 73
5.1 His-tag purification 0f PEXLA.........ccooiiiiiiic ettt et a e 73
5.2 Reconstitution in CMSP1D1A4-6 lipid NANOAISCS ........cveeiviiiiiiiiiiee s 75
5.2.1 Pex17p importance in the Pex14p/17p yeast docking complex..........cccovvevviiiiieeiiineennnen. 75
5.2.2 PEX14 reconstitution to lipid NANOMISCS .....c.vveiivieeiiiii e 77
5.2.3 Importomer reconstitution to CMSP1D1A4-6 lipid ND .........coooviiiiiiiiiiecec e, 78

5.3 Complex formation of Pex14p/Pex17p and Pex5p in lipOSOMES........ccccvevvieeiiieieiiee e, 78
6. SUMMAry and OULIOOK .........ccueiiiiiii i e e 83
7 RETEIBICES. ..ttt ettt bttt 80

VI



Table of figures

Table of Figures

Figure (1): Schematic illustration of the internal structure of a eukaryotic cell....................... 3
Figure (2): Schematic illustration of & PTS1-Import CyCle ... 4
Figure (3): Schematic illustration of the PTSireceptor comparing Yeast and Human

NOMOIOGUES.....ceeeee ettt ettt et et nbe e 5
Figure (4): TPR domain of the Cargo reCePLOr..........civieiiiiieiiieeee s 6
Figure (5): Schematic representation of the C-terminal sequence of PTS; receptor and the
binding MOAEIS™ SEIUCLUIE .....ceiiiiiiie it e e 7
Figure (6): Schematic representation of sequential PEX5 binding to PEX14.............ccccovenee. 8
Figure (7): Schematic representation of the protein-protein interactions between DTM
01T () (] PSP R U P TR PPRPP 9
Figure (8): lllustration of membrane topologies of PEX14, PEX13 .......cccccovviienivinienienne, 10
Figure (9): Setup of a Transmission Electron MiCrOSCOPE..........ccovveiieiiiiiieiiie e 13
Figure (10): CCDs compared to Direct electron Detectors. .........cooeiveiiieieeiiienieenee e 15
Figure (11): Contrast transfer function and transfer of overall contrast ..............c.cccoevernne 16
Figure (12): Envelope funCtion OF CTF........ocoiiiiiee e 17
Figure (13): Negative stain analysis preparation. ...........ccoccveeiveeeiiieessieee e esiee e e saeeens 30
Figure (14): Schematic representation of single particle collection .............ccccovveeviieeinnnnnn 31

Figure (15): A schematic demonstration of different 2D projections resulting/reconstructing

the 3D MOIBCUIE ... bbbt 31
Figure (16): Schematic representation of the Projection Theorem............cccocveeviveevieeeiinnnnn, 32
Figure (17): k-means clustering in 2D-SPACE .........c.eeeiureeiiiieeiiie e e seae e sane e 32
Figure (18): Size exclusion chromatography of the Strepll-Pex14p(M51L)/His6-Pex17p
complex reconstituted into cMS1P1DA46 lipid NANOISCS ........ccvvveevvireeiiieeiiee e 36
Figure (19): Negative stain micrograph of Strepll-Pex14p(M51L)/His6-Pex17p complex after
being reconstituted into CMS1P1DA46 lipid NANOUISCS........vveiivveeiiiie e 38
Figure (20): Exemplary class averages of negative stained Strepy-Pex14p(M51L)/Hise-
Pex17p complex after being reconstituted into cMSP1D1A4-6 lipid nanodiscs.................... 39
Figure (21): Size exclusion chromatography of Strepll-Pex14p(M51L)......cc.cccccveeviuveeiinnnnns 40
Figure (22): Negative stain micrograph of Strepll-Pex14p(M51L) ......cccccovvveeiiveeiiieeiinnens 42
Figure (23): Exemplary 2D classes of negative stained Strepll-Pex14p(M51L) ................... 43

VIl


file:///C:/Users/Dimitrios/Desktop/Master_Thesis_Draft_17.docx%23_Toc55416255
file:///C:/Users/Dimitrios/Desktop/Master_Thesis_Draft_17.docx%23_Toc55416257
file:///C:/Users/Dimitrios/Desktop/Master_Thesis_Draft_17.docx%23_Toc55416270

Table of figures

Figure (24): Size exclusion chromatography of the Strepi-Pex14p(M51L) reconstituted into
CMSPLDI1A4-6 lIPId NANOGISCS......eeiueieiiieiee ettt 45
Figure (25): Negative stain micrograph of Strepi-Pex14p(M51L) reconstituted in ND. ........ 46
Figure (26): Exemplary class averages of negative stained Strepy-Pex14p(M51L) after being

reconstituted into CMSP1D1A4-6 lipid NANOISCS ........vveivieiiiiiieiie e 47
Figure (27): SDS-PAGE analysis of Hisg-PEX14 XPreSSiON..........ccccveivieiveiiienieenieesieenes 48
Figure (28): Size exclusion chromatography of Hise-PEX14 and SDS-PAGE analysis of the
(o10] | (=T (o I 1o 4T SRR 50
Figure (29): Close up look of negative stain micrographs of Hise-PEX14............ccccovernnene. 51
Figure (30): Chromatogram of Superose 6 Increase 5/150 GE column of Hise-PEX14
reconstituted into CMSP1D1A4-6 lipid NANOISCS ........vveiviiieeiiieiie e 53
Figure (31): Negative stain micrograph of Hise-PEX14 after being reconstituted into
CMSIP1IDA4S-6 liPid NANOGISCS ... eeiuvieiiieiie ettt ettt ettt 54
Figure (32): Exemplary class averages of negative stained Hise-PEX14 after being
reconstituted into CMSP1D1A4-6 lipid NANOISCS .....ccuvveiiiiiiieiiiesiie et 55
Figure (33): ATLAS, hole image and cryo-EM micrograph of Hiss-PEX14 after
reconstitution to CMSP1D1A4-6 lipid NANOAISCS........cccuvreiiiireiiiie e sae e 57
Figure (34): Size exclusion chromatography of Hise-Pex5p and SDS-PAGE analysis of the
COHECTEA TTACTIONS ...ttt b et 59
Figure (35): Negative stain screening micrographs of HiS-PeX5p ........ccccovvveeviiveiiiieeiiinnns 60
Figure (36): Exemplary class averages of negative stained HiSg-PeX5p..........ccccveevvveeinnnnns 61

Figure (37): Size exclusion chromatography of Hise-Pexbp after reconstitution to
cMSP1D1A4-6 lipid ND and SDS-PAGE analysis of the collected fractions....................... 63
Figure (38): Negative stain micrograph of Hiss-Pex5p after reconstitution to cMSP1D1A4-6
HIPIA NANOGISCS ...ttt e s e e et e e et e e et e e e nte e e e snaeeesnaaeeanteaeas 64

Figure (39): Failed attempts to create Strepi-Pex14p(M51L)/HissPex17p decorated liposomes

Figure (40): Successful attempts to create Strepy-Pex14p(M51L)/HissPex17p decorated

LI DOSOIMIES ... ettt ettt e et e e e st e e e a e e e e te e e e te e e e e nt e e e nte e e anaaeeanraeas 67
Figure (41): Hise-Pex5p effect on Strepu-Pex14p(M51L)/HissPex17p decorated liposomes 68
Figure (43): Size exclusion chromatography of the Strepll-Pex14p(M51L)/Hiss-Pex17p/Hise-
Pex5p complex reconstituted into cMS1P1DA46 lipid nanodiscs .........cccovvvveeiieeeiiieeeiiinnnn, 70
Figure (42): Size exclusion chromatography of the Strepll-Pex14p(M51L)/Hise-Pex17p/Hise-
Pex5p complex reconstituted into CMS1P1DA46 lipid NnanodisCs. ......ccvveevvivereeiiiivineesiinnnn. 72

VIl



Table of figures

Figure (44): Negative stain particles of aggregated PEX14..........ccccoviiiiiiiiiiiicnieenee, 74
Figure (45): Size-exclusion chromatography, negative stain EM micrographs and 2D classes

of Strepi-Pex14p(M51L)/His-Pex17p complex and Strepy-Pex14p(M51L).......ccccocvverinennee. 76
Figure (46): Selected 2D classes representing the particle clustering of the two groups ....... 77



List of tables

List of Tables

Table (1): List OF USEd INSLIUMENTS .......ccueieiiiie e e e sneeeeanes 20
Table (2): List Of USEA MICTOSCOPES ... .eeiuevreiiireiiiieesieeeesiieeesriee e st e e s iee e ntee e e nnae e e sneeeesneeee e 21
Table (3): List OF USEA SOTIWAIE. ......c.veeeiiiieciiie e 21
Table (4): List 0f used ChemICalS. ..........ccvviiiiieiie e 22
Table (5): List of used cONSUMADIES ..........oooiiiiiiie e 23
Table (6): List of used buffer SOIULIONS ............ooiiiiiiie e 24
Table (7): List of used buffer solutions for PEX14 purification ..........c.cccccceeviveeiieeesiinnenne 25
Table (8): List OFf USEA CEIl TINES .....cvvieeiie e 26
Table (9): Liposome assembly COMPOSItION MIXEUIE..........ccoviveeiiiireiiiee e see e 27
Table (10): Nanodisc assembly COMPOSIION MIXLUIE.........ceevvveeiiiireiiiee e 28
Table (11): Strepi-Pex14p(M51L)/Hiss-Pex17p reconstitution into cMSP11DA46.............. 35
Table (12): Strepi-Pex14p(M51L) reconstitution into CMSPD1A4-6........ccccocveeviveecieenne, 44
Table (13): Hiss-PEX14 reconstitution into CMSPID1A4-6.........ccccocvvveeiiie e, 52
Table (14): Hiss-Pex5p reconstitution into CMSPIDI1A4-6 .........ccccvevvivveiiiie e 62

Table (15): Strepu-Pex14p(M51L)/HissPex17p liposome assembly composition mixture .... 66



List of Abbreviations

List of Abbreviations

°C
um
2D
3D

A
ATP
CCD
cMSP
CryoTEM
CTD
CTF
DDC
DDD
DNA
DTM
DUB
E.coli
EDTA
EM

et al.
FEG
ISAC
JA
kDa
kv
Labs
mA
mDa
mg

min

Temperature in Celsius

Micrometer

Two-dimensional

Three-dimensional

Angstrom

Adenosine triphosphate

Charge coupled device

Circularized membrane scaffold protein
Cryo transmission electron microscopy
C-terminal domain

Contrast transfer function

Direct detection camera

Direct detection device
Deoxyribonucleic acid
Docking/translocation module
De-ubiquitinase

Escherichia coli
Ethylenediaminetetraacetic acid
Electron microscope

Et alia

Field emission gun

Iterative stable alignment and clustering
Jasmonate

Kilodalton

Kilovolt

Lanthanum hexaborite

Milliampere

Megadalton

Milligram

Minutes

Xl



List of Abbreviations

ml Milliliter

mM Millimolar

MPI Max-Planck-Institute

MSP Membrane scaffold protein

ND Nanodisc

nm Nanometer

nM Nanomolar

NTD N-terminal domain

pH Power of hydrogen

PFP Pore forming protein

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
PTM Post translational modification

PTS Peroxisome targeting sequence
REM Receptor export module

RT Room temperature

S Seconds

SEC Size exclusion chromatography
SPA Single particle analysis

TEM Transmission electron microscopy
TPR Tetratricopeptide repeats

Tris Tris(hydroxylmethyl)aminomethane
Ub Ubiquitination

UF Uranyl-formate

VIPER Validation of Individual Parameter Reproducibility

Xl



Introduction

1.Introduction

1.1 Pore forming proteins (PFPSs)

Pore forming proteins possess the ability to form channels through lipid membranes and are
characterized by their capability to transform from a water-soluble molecule and spontaneously
insert into a membrane (Fradin et al. 2009). The general function of PFPs requires attachment
to the membrane, usually mediated by other membrane proteins, or even lipids serving as
receptors (Ros and Garcia-Saez 2015). Moreover, oligomerization of the PFP usually involves

a dramatic conformational change and exposure of hydrophobic surfaces for subsequent
membrane insertion and pore formation. (lacovache et al. 2010) (Fradin et al. 2009). The

aforementioned exposure results in an amphipathic layer that incites spontaneous pore
formation (Anderluh and Lakey 2008) (Parker and Feil 2005). Therefore, membrane

penetration and channel formation with the purpose of allowing the passage of ions, proteins

and additional components is achieved (Cosentino et al. 2016).

Proposed by Gouaux, PFPs are distinguished into two categories, which are divided regarding
the structural conformation of the pore-forming transmembrane domain, namely a-helix-PFPs

and B-barrel-PFPs (Gouaux 1997). The common feature of a-helix-PFPs is the presence of a-

helices in order to perforate and pierce the lipid bilayer, resulting in pore formation. The pore
forming domains of a-PFPs include a significant amount of hydrophobic residues, which forces
these proteins to embrace an inside out configuration to ‘bury’ these residues, resulting in

stabilization by intra-chain hydrogen bonds, in their core (a-helix hairpin) (Lesieur et al. 1997)

(Cosentino et al. 2016). B-barrel-PFPs are considered to be soluble proteins due to their

hydrophobic amino acid content. Therefore, the oligomerization is imperative for membrane
insertion (Schulz 1996). After the oligomerization, each protein molecule contributes 1-2 -
sheets, assembling a barrel-like pore which is connected by hydrogen bonds formed between
the B-strand residues (Cosentino et al. 2016).

Peroxisomes, described in section (1.2), are lacking nucleic acids, ribosomes, chaperons and
therefore, these cell organelles have to import their matrix enzymes in the peroxisomal lumen
in order to fulfill their cellular tasks. Therefore, it is suggested that a pore is formed at the
peroxisomal membrane, whereas the import process is not yet well characterized (\Walton et al.
1995). The PTSz-receptor Pex5p is the main peroxisomal component which is considered to

play a crucial part in the assembly of a transient pore (Erdmann and Schliebs 2005). Also this
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scenario is corroborated by the fact that Pex5p is proven to bind to lipids and similarly to pore

forming toxins, is capable to spontaneously insert into a membrane (Kerssen et al. 2006)

(Gouveia et al. 2000) (Gouveia et al. 2003). This theory was supported by electrophysiological

studies suggesting a transient and dynamic pore induced by the peroxins Pex14p and Pex5p,
respectively (Meinecke et al. 2010).

1.2 Peroxisomes

1.2.1 Peroxisomal importing process

Peroxisomes are small, eukaryotic cell organelles with a size from 0.1 to 1 pum, first observed
by Rhodin in 1954 (discovered in mice kidney cells with electron microscopy) (van den Bosch
et al. 1992). Twelve years later, in 1966, Christian de Duve and Pierre Baudhuin biochemically
characterized them for the first time in rat liver cells (De Duve and Baudhuin 1966). (Nobel

Prize in Physiology or Medicine in 1974).
Peroxisomes contain up to fifty enzymes linking them to a plethora of biochemical pathways

(Platta et al. 2016). These cell organelles are mainly known as key metabolic organelles,

specializing in oxidative metabolic reactions (Kaur et al. 2009). Peroxisomes are involved in a

multitude of vital processes. The most known and well characterized tasks, are the breakdown
of fatty acids via a-, B-oxidation (Wanders et al. 2001) (Lodhi and Semenkovich 2014) as well

as the detoxification of cells (Fransen et al. 2012). Moreover, oxidative metabolism of lipids,

carbohydrates and amino acids takes place in these cell compartments (Gabaldon 2010) (Lodhi

and Semenkovich 2014). The main part of the peroxisomal metabolism is the catalase-oxidative

reaction. Catalase is gathering hydrogen peroxide (H202) from the cytosol into the peroxisomal
lumen (Tel-or et al. 1986) where detoxification of O2/N2 species takes place (Fransen et al.

2012).
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Figure (1): Schematic illustration of the internal structure of a eukaryotic cell.
Figure taken from ‘Parts of a Cell - Arizona State University’.Chapter 3: Cell Structure and Function

http://4z7y.tk/chapter-3-cell-structure-and-function/

However, peroxisomes are also involved in other metabolic functions, such as Jasmonate (JA)

biosynthesis (plant peroxisomes) (Corpas and Barroso 2018), photorespiration (plant

peroxisomes) (Reumann and Weber 2006), indole-3-butyric acid (IBA) metabolism (plant
peroxisomes) (Zolman et al. 2007) and sulfite oxidation (plant peroxisomes) (Hansch and

Mendel 2005). Peroxisomes are also responsible for the synthesis of signaling molecules, like
reactive nitrogen species in plants and C.elegans. In mammals, the biosynthesis of steroid acid
(bile acid) and plasmogens takes place in peroxisomes as well. In filamentous fungi the
biosynthesis of penicillin and cephalosporin is taken over by these organelles (Platta et al.
2016).

The previous described tasks are taken over by peroxisomal matrix proteins, which are encoded
by nuclear genes, synthesized on free-cytosolic ribosomes, folded and thereafter imported
through the membrane (Walton et al. 1995) (EI Magraoui et al. 2019) (Wang et al. 2019).

Peroxisomal protein transport is a selective procedure, that can be described as a ‘recycling’

multi-step mechanism, taking place between the cytosol and the peroxisomal lumen. Based on
the type of targeting sequences, that are attached to the peroxisomal membrane proteins, import

can be classified as PTS: or PTS; (Peroxisomal Targeting Sequences) (Gould et al. 1989)

(Hoop et al. 1992). Moreover, an import independent from the aforementioned signaling is
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suggested, referred to as PTSs-import (Subramani 2002) (Klein et al. 2002). Adding to that,
proteins not containing any of these targeting sequences, can be imported via ‘piggy-back’ by
binding to a PTS: (Yang et al. 2001) (Islinger et al. 2009) or PTS,-cotaining protein (Glover et
al. 1994) (Effelsberqg et al. 2015) (Flynn et al. 1998).

In this thesis the main focus is set on the PTS1-import, which is based on five successive steps,

as shown in Figure (2). The PTS:-import is mediated by a highly conserved sequence of three
amino acids (SKL) located in the extreme C-termini of target proteins, which are recognized

by the TPR domain of the peroxisomal receptor protein Pex5p (Meinecke et al. 2010).

Subsequently, the receptor-cargo complex is directed to the peroxisomal membrane, where it
binds to the docking complex, Pex14p/Pex17p/Pex13p (yeast) / PEX14/PEX13 (human). The
docking event induces the formation of a transient pore, and the cargo dissociates from Pex5p
and translocates through the pore into the matrix. While Pex5 is being located in the membrane,
its fate is determined by ubiquitination.

e
1.Cargo recognition - Binding | "/ ' I |

l 1 4.Translocation

Figure (2): Schematic illustration of a PTS;-import cycle. The import cycle is divided into 5 cycles.
(1): Cargo recognition and binding (Cytosol).

(2): Docking of the cargo-receptor complex to the docking complex (Peroxisomal membrane).

(3): Pore formation.

(4): Cargo translocation through the membrane and release in the peroxisomal lumen.

(5): Receptor ubiquitination and export (Recycling of Pex5).
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Mono-ubiquitination takes place at the conserved Cysi1. As a result, Pex5p is recycled through
the AAA* ATPase complex (Pex1p/Pex6p), back to cytosol, and can undergo new rounds of
import after deubiquitination. Contrastively, poly-ubiquitination directs Pex5p to the
proteasome for degradation (EI Magraoui et al. 2019) (Hagen et al. 2015) (Platta et al. 2016)
(Romano et al. 2019).

1.2.2 PTS;-receptor peroxin, Pex5p
The yeast PTS; receptor protein Pex5p is a peroxin that appears well conserved among species
(Baker et al. 2016) and is basically composed of two distinct domains. The N-terminal domain

contains the highly conserved multiple pentapeptide WXXXF/Y repeats. These repeats are
responsible for the PTS;-receptor binding to Pex14p, included in the Docking/Translocon
Module (DTM). The number of WXXXF/Y pentapeptide motifs varies among different species.
In particular, the yeast N-terminal domain contains two motifs whereas the human homologue
has seven such motifs Figure (3). Concerning the C-terminal domain, it is highly conserved
and it comprises seven tetratricopeptide repeat motifs (TPRs). The TPR region of the PTS;
receptor is responsible for the recognition and the subsequent binding of the cargo

(Watanabe et al. 2016).

PexSp-Yeast PEXS5-Human

| Pex14p - Binding motifs | PEX14 - Binding motifs |

Disordered N-terminal Domain ( Disordered N-terminal Domain

LVAEF-motif

Figure (3): Schematic illustration of the PTSireceptor comparing Yeast and Human homologs.

In both cases, the globular C-terminal domain accommodating the TPR motifs is quite similar. Differences are observed
between the disordered N-terminal domains, where different numbers of WXXXY/F motifs exist in each homologue
(Watanabe et al. 2016). An additional PEX14 binding motif (LVAEF) is located in human PEX5 (Neuhaus et al. 2014).

Image was taken and modified from (Emmanouilidis et al. 2016).

The oligomeric state of Pex5p varies among species and moreover different physiochemical
conditions can affect the states as well. Pex5p forms a monomer at a pH of ~6.0 while it has

been observed to dimerise at a pH of ~7.2 (Hansenula Polymorpha) (Boteva et al. 2003).

Furthermore, under non-reducing conditions, Pex5p has been found to form a tetramer of two

dimers (Ma et al. 2013). In yeast (Saccharomyces cerevisiae) the PTS; receptor is a monomer

with a natively unfolded N-terminus. The 3D model of the TPR domain (of the cargo receptor)
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has been published and the highest resolution structure was determined by crystallography
(Gatto et al. 2000).

Figure (4): TPR domain of the cargo receptor.
The seven TPR domains can be distinguished by different colors

in the schematic depiction of the cargo receptor.

TPR1:335-368 (Yellow) TPR2:369-402 (Hot-pink)
TPR3:403-436 (Blue) TPR4:452-486 (Orange)
TPRs:488-521 (Cyan) TPRe:522-589 (Red)

TPR7:556-589 (Black)
Figure was made with Pymol, using PDB (1FCH)
DOI:(10.2210/pdb1FCH/pdb).

1.2.3 Pex5p - Cargo binding

The primary binding site of peroxisomal matrix proteins to the Pex5p-receptor, is a highly
conserved PTS;:-target motif. The motif is located at the extreme C-terminus of the respective
cargo proteins and is a three amino acid signal with the consensus sequence -[S/A/C]-[K/H/R]-
[L/M]-CO2" (Lametschwandtner et al. 1998) that is recognized by the TPR-domain of the cargo

receptor (Terlecky et al. 1995) (Stanley et al. 2006). The TPR is composed of seven repeats,

each consisting of 34 amino acids, forming a pair of helices resulting in a helix-turn-helix motif,

binding the signal-peptide (D'Andrea and Regan 2003). TPR4 provides thereby conformational
plasticity. By serving as a flexible scaffold it links the C-terminal part of the receptor (known
as 7C-loop) with the two TPR motifs (TPR1 - TPRs and TPRs - TPR7). Upon cargo binding,
the 7C loop undergoes substantial conformational changes, leading to a ring-like structure.
Inside the ring, a pocket-like cavity allows binding of the PTS; cargo-protein anchors. Thus, a
pseudo-circular formation, like a barrel (open from both sides), is generated (Figure (5)).
(Hagen et al. 2015) (Stanley et al. 2006).

Other than PTS;, additional contact sites reside amidst the cargo protein and the receptor. These

sites are characterized as ‘extended PTS:” and are essential but not sufficient for peroxisomal
protein import. The role of the extended PTS;, is the enhancement of the binding affinity to
Pex5p. This contact site is a dodecameric sequence of the last twelve residues located on the
C-terminus of a cargo substrate, involved in the PTS; signal recognition. These twelve amino

acids will interact with Pex5p regardless of the presence/absence of the SKL sequence (Hagen

et al. 2015).
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Apart from sequence recognition, hydrogen bonds form between highly conserved asparagine
residues of the TPR motifs and the backbone of the PTS;-targets, contributing to cargo binding.

Nonetheless, these connections may differ among different cargo-proteins (Stanley et al. 2006).

At PEX5
I (NRIEEN JNRNINEEN BN o fa4ls5]6] 7] C]

PEX?7 binding tetratricopeptide repeats (TPR) -
Wixxx[F/Y/Q] repeats - PEX14 binding PTS1 binding

SCPEX5  NENAYKTECLLMENGAKE SEAAMAGEAY K £ KGDHVOAT L RIEL VE TQNEKE LNGESEYE £ C L KIREKELEAMKTIAIE YT 392
TPR1 TPF

scPEX5 [JE6 YoM F TMloKIlAE T- - YPEIWSRIKQQDD- - - - - - - KFQKEKGE THIDMNAHE TKQFLQLANNL ST- B PETQLl 463
TPR3 TPR4
ScPEXS5  [LFYTKDDF T DC[5ESEYERY NN E L M RIESSTNAS NRE E[EAT QY HREYA QK S FIVRA R LAV SMY I[ECFKER 544
TPR5 TPR6 TPR7

ScPEX5 AGYLLSVEEHEVNTNNKKGDVG------ SLLNTYNDTVIE TKRVFIAMNROELLQEVKPGMOIKRFKAERSF 612

aC1 aC3 aC3

Hs PEX5
TPR and C-terminal
domain

Figure (5): Schematic representation of the C-terminal sequence of PTS; receptor and the binding models’ structure.
Tetratricopeptide repeats (TPRs) are indicated with numbers 1-7. Following, the amino acid sequence of the C-terminal
domain of Saccharomyces cerevisiae is displayed. Identical sequences with other organisms are highlighted in black, while
chemically similar are highlighted in gray. Finally, a structure illustration of PEX5tpr domain in complex with a PTS; cargo
protein (yellow) is displayed.

The ribbon diagram was generated from the PEX5-sterol carrier protein (SCP2) structure deposited in the Protein Data Bank
under ID code (2COL). DOI: (10.2210/pdb2CO0L/pdb).Figure was taken and modified from (Patel et al. 2019).

Ma et al. additionally proved in their work that the formation or reduction of disulfide bonds
on the highly conserved Cysio residue regulates the oligomeric state of Pex5p and thereafter

the cargo binding procedure. On the exterior of the peroxisomal membrane, Cysio is able to
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form disulfide bonds with the cargo, stabilizing this way the cargo-receptor complex (Ma et al.
2013).

1.2.4 Docking to the DTM - Translocation through the membrane
The N-terminus of Pex5p is an unstructured domain (Carvalho et al. 2006), that interacts with

Pex14p, which in turn, anchors the receptor-cargo complex to the DTM. DTM consists of
Pex14p, Pex13p and Pex17p (S. cerevisiae) and can be described as a docking platform
construct that receives the cytosolic cargo (Dias et al. 2017) at the peroxisomal membrane. The

diaromatic pentapeptide repeats (WXXXF/Y) are responsible for interaction with Pex14p and
subsequently for the docking procedure (Saidowsky et al. 2001).

At the N-terminus of Pex14p, side chains of Fss and Fs, obtrude from the surface of the protein
molecule producing two separate pockets for the docking of the aforementioned WXXXF/Y
motif of Pex5p. Asz, Ls3 and Kse also possess a vital role in the binding process (Neufeld et al.
2009). More precisely, binding is observed between W(first a.a of the motif)-Fss and F(fifth a.a
of the motif)-Fs2 while at the same time, the fourth residue of the pentapeptide motif is crucial
as an acidic amino acid for the formation of a salt bridge between Kses of Pex14p and the third

amino acid of Pex5p (Neufeld et al. 2009). The 2nd motif does not present any binding with

sequential Pex14 binding PTS1-cargo recognition

= - 2 S

| BiEE EEEE |
I NV

| LVAEF | WiootF1-5 || 6-7 |

Figure (6): Schematic representation of sequential PEX5 binding to PEX14.

On the far right the 7 TPR peptides responsible for recognition of the target proteins are depicted in brown rectangles. On the
N-terminus the LVAEF motif is represented with a blue band, while the 7 rest WXXXF/Y motifs accountable for PEX14 binding
are illustrated with yellow and green bands. According to the sequential model, LVAEF initiates docking to the DTM and W1-
s interact with PEX14 during pore formation. Finally, We7 bound to PEX14, causing cargo release. Figure was taken and
modified from (Neuhaus et al. 2014).

Pex14p, due to the fact that it contains a G (WGQDY), thus prohibiting the pocket formation
from the aromatic W and Y present in the motif. Finally, comparing the first and third motifs,

WAQHF and WAQEY the presence of the negative residue clarifies the affinity discrepancy.
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The existence of multiple docking-sites in Pex5p, either remedies sterical hindrance from larger
sized cargo-proteins, or they are used with a sequential Pex14p binding-manner (shown and
explained in Figure (6)) (Neuhaus et al. 2014).

Docking of Pexbp to DTM also contributes in positioning the PTS;: receptor in the proper
orientation for the upcoming monoubiquitination upon successful translocation of the cargo
(Watanabe et al. 2016) (Platta et al. 2007).

Another integral membrane protein, Pex13p, is referred as a temporary component of the DTM

and is suggested to be involved in the interaction network of Pex14p and Pex5p. The Pex5p-
receptor binds in addition via its WXXXF/Y motifs to the SH3 domain of Pex13p (Azevedo
and Schliebs 2006). Concerning Pex14p, the first 80 N-terminal amino acids are located in the

peroxisomal matrix and bind Pex5p with higher affinity than the C-terminal binding site facing
the cytosol (250-308 a.a) (Niederhoff et al. 2005) (Dias et al. 2017).

Moreover, in human, it has been shown that the SH3 and the N-terminal domain of PEX13, are
able to bind to PEX5, as shown in Figure (7) below (Barros-Barbosa et al. 2019).

PEX14 ntD TMD cc
25-70 156-197

Cc

'\:l] 327-376
min
\ PEX5
g

//‘3
TMD1 TMD 2 TMD 3 SH3

PEX13 136-155 173-192 234-254 272-336
NE e el e e

219-403 T 35203

T

Figure (7): Schematic representation of the protein-protein interactions between DTM peroxins.
TMD: Transmembrane Domain, CC: Coiled Coil, NTD: N-terminal Domain, SH3: Src Homology Domain. Figure taken from
(Barros-Barbosa et al. 2019).

Pex5p in association with Pex14p are discussed to form together a transient pore in the

peroxisomal membrane (Dias et al. 2017). Subsequently, cytosolic receptor-cargo complexes
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are recruited by Pex13p and Pex14p to the DTM, where the interactions between Pex5p and
these peroxins result into cargo release (Barros-Barbosa et al. 2019).

PEX14 PEX13

<> Interactions observed in mammals
<> Interactions observed in yeast/fungi

Figure (8): lllustration of membrane topologies of PEX14, PEX13.

N/CTDs topologies are demonstrated. With blue arrows the protein-protein interactions observed in mammals are depicted,
while the interactions in yeast and fungi are given in red. The exact number of PEX13 TMDs is unknown, thus the cyan
cylinders are marked with (?). Figure adapted from (Barros-Barbosa et al. 2019).

1.2.5 Cargo-release in the peroxisomal lumen

The exact molecular mechanism of cargo release is however not well understood and crucial
mechanistic insights are still lacking.

After successful translocation, the cargo-receptor complex is located partially within the

reducing environment of the peroxisomal matrix (Yano et al. 2010). Under these conditions,

Pex5p transits to its homooligomeric form, which results into reduced affinity towards the

PTS:-containing cargo protein and subsequently cargo release (Ma et al. 2013). Another event

that contributes in cargo release, is the binding of the Pex5p-NTD with another peroxin, Pex8p.
This protein-protein interaction results in a conformational change in the TPR domain of
Pex5p, which also reduces its binding affinity to the cargo. In mammals it has been reported
that the N-terminus of PEXS5 is antagonizing PTS:-cargo for TPR binding (Harano et al. 2001).
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1.2.6 Ubiquitination and the exportomer

Ubiquitination is the last step that determines the fate of Pex5p.

In the case of mono-ubiquitination, a conserved Ci: residue is modified and Pex5p is designated
for recycling upon extraction from the membrane via a AAA* ATPase (Pedrosa et al. 2018)
(Fujiki et al. 2012) (Birschmann et al. 200) (Goto et al. 2011). The mono-ubiquitination on the

Cu1 residue prevents poly-ubiquitination and therefore the degradation of Pex5p, preparing the
recycling process (Schwartzkopff et al. 2015). In S.cerevisiae the mono-ubiquitination of

Pex5p is catalyzed by other peroxins located in the peroxisomal lumen. In particular, Pex4p,
(also mentioned as Ubc10p) is activated upon binding to the cytosolic domain of Pex22p, and
serves as the ubiquitination conjugating enzyme (E2). Additionally, a protein assembly
comprising Pex2p, Pex10p and Pex12p constitutes a complex possessing Ez-enzymatic activity
(Platta et al. 2016) (Meinecke et al. 2016). Pex10p connects Pex2p and Pex12p and at the same

time these Really-Interesting-New-Gene (RING)-complex containing peroxins, form the
aforementioned structure that is essential for Pex5p mono-ubiquitination.

In contrast, Pex5p poly-ubiquitination occurs on Kig and Kaa, priming dysfunctional Pex5p for
membrane release and consequent proteasomal degradation (Kiel et al. 2005) (Platta et al.

2004).

After ubiquitination, Pexbp is extracted from the membrane ATPase complex which is

composed of Pex1p and Pex6p. The ATPase complex is anchored by the peroxin Pex15p to the
peroxisomal membrane and is characterized as the Receptor Export Module (REM).

This peroxin-complex unfolds and translocates the ubiquitinated receptor from the membrane
back to the cytosol (Romano et al. 2019) (Platta et al. 2005), in a procedure resembling
processive threading (Pedrosa et al. 2018) (Fujiki et al. 2012) (Birschmann et al. 2003) (Goto
et al. 2011).

Pexlp and Pex6p assemble into a heterohexameric complex with a stoichiometry of 3:3

(Birschmann et al. 2005) and unlike the import events, REM function depends on ATP
hydrolysis (Miyata and Fujiki 2005).
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1.3 Electron Microscopy (EM)

1.3.1 Setup of an electron microscope
Ernst Ruska (and his mentor Max Knoll) assembled the first Electron Microscope in the
framework of his PhD thesis in 1931 (Knoll and Ruska 1932). They gave the term ‘Elektronen

Ubermikroskop’, due to the fact that the method was superior to light microscopy in terms of
resolution. In 1939, while Ruska was collaborating with Kausche and Pfankuch, an important
breakthrough was achieved, as they succeeded in visualizing the tobacco mosaic virus for the
first time with an electron microscope (Kausche et al. 1939). Ernst Ruska (Kausche et al. 1939)

shared the 1986 Physics Nobel Prize with Gerd Binnig and Heinrich Rohrer (designers of the
scanning tunneling electron microscope in Zurich (1978)), for this achievement. This
‘Ubermikroskop’ was initially used for physics and material science; however, in the early
ninety-forties its first utilization in structural biology eventuated by Keith Roberts Porter, who
initiated biological samples visualization such as the detail of the cell outline (Porter et al.
1945). He pioneered in the field with a multitude of findings (9+2 microtubule structure in the
axoneme of cilia, naming of the endoplasmic reticulum). Although the theoretical resolution
limit of an electron microscope was estimated 0.22 nm by replacing the light wavelength with

the electron's wavelength at an accelerating voltage of 75 kV, such a resolution was only

achieved forty years later (Bogner et al. 2007).
Cryo-electron microscopy was first introduced by a Swiss biophysicist in Heidelberg, Jacques

Dubochet in 1980 (Dubochet 1987). Dubochet presented a unique sample preparation protocol

that assisted in preserving biomolecules near native conditions inside a thin, amorphous ice

layer, which permitted direct observation of the sample while working on liquid nitrogen

temperatures or below (Murata and Wolf 2018). This approach, in combination with the new
direct electron detectors, made it possible later to reach atomic resolution, and therefore obtain
high-resolution structures with cryo-EM. Dubochet was awarded with the Chemistry Nobel
Prize in 2017, sharing it with Joachim Frank (development of image processing methods of
cryo-EM single particle data) and Richard Henderson (near atomic resolution structure
analysis, using electron microscope).

After the recent advances in the field, cryo-EM revolutionized structural biology (Kihlbrandt
2014), as samples can be measured in conditions close to their native environment, in contrast

to X-ray crystallography (Zhu and Zhu 2015) (Smith and Rubinstein 2014), declaring a new
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era in the structural biology field (Doerr 2016) (Doerr et al. 2015) (Glaeser 2016). Nevertheless,
X-ray crystallography still is the most preferred tool for structural analysis of smaller proteins.
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Figure (9): Setup of a Transmission Electron Microscope.

Drawing (a) and scheme (b) of a Transmission Electron Microscope. The ‘electron gun’ on the top is heated up emitting
electrons that accelerate due to a voltage gradient and travel through vacuum. There are also four lens systems. Condenser,
objective, intermediate and projection lens systems (from top to bottom). The sample is inserted in the sample chamber located
exactly in between the condenser and the objective lenses. Finally, the image is visualized via a CCD or in new generation
microscopes via a Direct Electron Detector. Figure is adapted from the user manual of the JEOL JEM1400 and JEM3200FSC.
(https://www.aphys.kth.se/polopoly fs/1.190438!/Menu/general/columncontent/attachment/ TEM_manual_JEOL2100.pdf).

The basic setup of a Transmission Electron Microscope is given in Figure (9). In general, the
setup of a TEM microscope is comparable to a light microscope, while in transmission electron
microscopy, accelerated electrons are used instead of photons.

Electron emission sources in TEM are termed electron guns. The electron guns are held at a
very low voltage, while the bottom surface of the microscope is grounded (0kV). This results
in the formation of an electric field that accelerates electrons nearly at 76 % of the speed of
light. The most common electron guns in use are thermionic emitters like Tungsten filaments,
Lanthanum Hexaborite (Labe) crystals or Field Emission Guns (FEGSs). Since the quality can

be defined as the coherence of the emitted electrons, FEGs offer the optimal condition as an
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electron acceleration device. (AE=1.5-3eV for Labs down to AE=0.2eV for a high brightness
XFEG). The electrons are bundled into a beam going through the central axis of the
microscope, under high vacuum conditions.

Most modern TEMs include a four-lens system. Each EM lens system consists of four basic
components; two pairs of deflectors, a pair of stigmators, an aperture and the magnetic coils
(lenses). In each lens system two pairs of deflectors are present, (set up perpendicular to the
direction of the electron beam) and are responsible for redirecting the electron beam, by forcing
the electrons to migrate through the microscope directly down the optical axis. Stigmators
contribute by adding additional field strength compensating for the asymmetries caused to the
beam by the lens itself, correcting astigmatism. The aperture serves as an insulator for the
radiation that escapes the route of the optical axis by catching electrons deviating from the
coherent beam. Four magnetic coils exist in the microscope. Starting from the top, there are the
condenser lenses, C1 and C,. C1 lens is responsible for focusing the beam to a certain spot,
while the C; lens gathers the electrons emerging from the first spot and focuses them onto a
specific region on the sample (Smith et al. 1983). The intensity of the beam is adjusted by

modulating the position of the crossover position, by increasing and decreasing the strength of
the C: lens, thus defining the region of the sample that is being illuminated. Directly below the
Cz lens, the specimen chamber is positioned. The sample is precisely positioned in the
specimen chamber with the help of the ‘specimen holder’ (usually inserted from the side).
Followed by this, the objective lens is located. Continuing to the microscopes’ column, there
reside the intermediate lenses (l1, I2, Iv) and the projection lens which define the ultimate
magnification applied, using a pre-set combination of ‘lens currents’, prior to detection on a
detector or fluorescent screen.

The task of the detector is to acquire information of the incoming electrons precisely along a
given period of time, and ultimately transform this information into an image.

For example, in a CCD camera, electrons first collide with a scintillator converting them to
light. Afterwards, the photons are transferred through a fiber optic bundle to a CCD camera
where they are consequently converted to charge, which eventually is read out. (Figure (10)).
A huge disadvantage of CCD detectors is the fact that upon collision of electrons with the
scintillator, electrons might scatter with a big deviation from the entrty position, resulting in

more than one delocalized count in the CCD camera (Downing et. al., Ultramicroscopy 75:215

(1999)). The aforementioned shortcoming of CCDs for imaging is remedied upon the recent

development of direct electron detectors (Farugi and McMullan 2018). The electrons arrive
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directly to a CMOS imager and are converted immediately to charge. Moreover, the detectors
have a higher read-out rate, allowing the collection of movies (Brilot et al. 2012).

No signal degradation of
Scintillator
r Optic Coupling

Scintillator
: Y
Y
CCD Sensor IMAGE DDD Sensor |IMAGE I
Cooling Device Cooling Device
CCD Camera Direct Detection Camera

Figure (10): CCDs compared to Direct electron Detectors.

a) lllustrative depiction of a CCD sensor. Electrons are first converted to light, by colliding with a scintillator, that is
transmitted through fiber optics to the CCD sensor which by turn converts photons into charge. b) lllustrative depiction of a
Direct Electron Detector. Electrons in that case are directly detected from a CMOS imager (semiconductor material).
Therefore, thermal background noise is reduced and the hurdle of the. scattering on the scintillator surface is overthrown.
Image was taken from: Directelectron (de-series)

1.3.2 Image formation

In transmission electron microscopy the projection derived from a sample, is a real space-image
containing amplitude and phase information. In that event, the image can be used directly for
structure reconstruction in contrast to X-ray crystallography (Rhodes 2006).

Electrons have a dual nature, and can be considered as molecules and waves. (Broglie and De

Broglie 1925).

When the electron beam comes across a dense molecule, it might scatter in different directions.

Specifically, electrons may scatter in an elastic or in an inelastic manner. Inelastic scattering
contributes to background noise and radiation damage. When electrons are inelastically
scattered, their velocity (and energy) is reduced. These electrons are usually removed by the
filters presented in section (1.3.1).

Elastically scattered electrons carry all the valuable information of the sample, since they
scatter from atoms without energy loss. However, most of the incident electrons pass the
specimen without any interaction. To this effect, amplitude contrast is weak, not sufficient, and
a phase contrast is needed in order to obtain a valuable image.

Electrons transmit through the microscope as planar waves that collide with the sample.

Scattering centers of the sample will slow down the phase of a certain part of the electron wave
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by creating ‘phase ripples’. ‘Phase ripples’ in turn, will interfere with each other and each
elastically scattered electron will interfere with the non-scattered electron beam, resulting in
phase contrast.

Biological samples are really weak phase objects, since they mainly consist of Carbon (C),
Oxygen (O), Phosphorus (P), Sulphur (S), Hydrogen (H) and Nitrogen (N), that do not scatter
electrons very efficiently compared to inorganic materials (Rhodes 2006) (Nuclear Analytical

Techniques in Medi...) (Advances in Atomic, Molecular, and Op...), leading to a minimal shift

of the amplitude of the superimposed wave. For this reason in Transmission Electron
Microscopy, during acquisition, a defocus in the scale of um is applied to increase phase
contrast (Zhu et al. 1997) (Orlova and Saibil 2011).

An EM image is a projected electron scattering density of an object modified by the ‘Contrast
Transfer Function’ (CTF).

1
CTF = —2sinx(k,Az) = —2sinm(4zAk* — 5 C A3k

k: spatial frequency, Az: defocus, Cs: spherical aberration, A: wavelength of the radiation

CTF is dependent on the defocus, the spherical aberration (Cs) and the wavelength that is being

used (Reimer and Wachter 1978). However, each microscope has a specific spherical

aberration and at the same time the wavelength depends on the acceleration voltage, thus these
two values are constants. Therefore, the final contrast of the image depends on the defocus 4z

that is applied and also the spatial frequency k (Orlova and Saibil 2011).

A B

amplitude

amplitude

spatial
frequency

frequency

Figure (11): Contrast transfer function and transfer of overall contrast.
A) Contrast transfer functions close to focus (red) and with higher defocus (cyan). B) Summed absolute values of the curves
in A, depicting the overall amplitude transfer at different frequencies. It is evident that in high spatial frequencies less

information is collected. Figure taken from (Orlova and Saibil 2011).

Since electron sources and the magnetic coils (lenses) are not perfect, electrons have limited

coherence. In spite of the aforementioned predicament, CTF is damped at high spatial
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frequencies (Figure (11.B)). Therefore, high frequency components are affected crucially
while the low frequency are not altered significantly. The “dampening” of the high frequency
components, is termed CTF envelope function, and is depicted in Figure (12) below.

pos 2373

0.5 1

7 U w ik V_

e
—crr

Resolution 1/ [nm]

Figure (12): Envelope function of CTF. (Jiang et al. 2010)

By changing defocus values, the zero positions on a CTF plot (where the information is lost)
would shift thus accordingly. Therefore, recording data in a series of different defocus

compensates for the loss of information, since each individual defocus value counterbalances

the zero points of the other (Zou et al. 2011), (Thon 1971). Finally, phase-flipping of the spatial
frequencies that have negative components in the CTF (0, -1) by adding 180° to their phases,

secures the correct amplitude of the contrast. As a result every component would be

contributing contrast in the same way (positive contribution) (Penczek et al. 2014), (Jiang et

al. 2010).

1.4 Sample preparation of proteins.

1.4.1 Negative stain

As described in section (1.3.2), the C, H, N, O, P, S atoms of the protein molecules impede the
detected contrast. Hence, with regard to amplitude contrast, it is advisable to embed proteins
in a heavy-metal containing stain solution (Harris 2007), since heavy metals increase the ratio

of elastic to inelastic scattering (Vitturi and Zardi 1987). Biomaterials are enclosed within an

aqueous film of negative stain solution, in order to produce a strong contrast between the
background and the protein particle (Ohi et al. 2004) (De Carlo and Harris 2011). The choice

of the heavy metal depends on the grain size. Respectively, uranyl acetate (UA) has a larger

grain size and is therefore, more suitable for proteins with a molecular weight > 350 kDa. In
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contrast, uranyl formate (UF) has a smaller grain size and is often used for smaller proteins (De

Carlo and Harris 2011). Notably, the protein is not being directly visualized, as the result after
staining of the biological samples corresponds to a footprint of the molecules. Furthermore,
heavy metals can protect the sample and assist it in retaining its structural conformation during
the drying process by enveloping it. However, the sample is dehydrated, large molecules are
often flattened (Ohi et al. 2004) on the surface of the grid and in general this method can only

provide low-resolution reconstruction of ~18 - 20 A (Scarff et al. 2018).

Recent developments in transmission electron microscopy including data processing strategies
(SPHIRE package (Wagner et al. 2019) (Wagner and Raunser 2020)) and sample preparation

have resulted in better characterization and ultimately in the reconstruction of a multitude of

membrane proteins.

1.4.2 Cryo-electron microscopy
In cryo-EM proteins are rapidly vitrified, without losing their hydration cell, in a close to native

environment. As a result, proteins are fixated in an amorphous ice layer (Nogales and Scheres

2015). The vitrification process takes place with the help of cryo-plunge devices, where the
sample is rapidly plunged into liquid ethane.

This technique is really sensitive since poor handling can lead to ice crystal contamination of
the sample, which as a consequence, affects data acquisition.

A limitation of this technique is that the protein sample, during the creation of the ice layer,
gets exposed to conditions and surfaces that are very different from the inside of a test tube/cell
and it might even dissociate due to exposure to the air-water interface. The aforementioned
effects cannot be calculated prior to screening and can be avoided upon addition of detergents

(Passmore and Russo 2016).
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Aim and motivation of this work

2. Aim and motivation of this work

Mutations in the peroxisomal protein importing machinery, result in dysfunctional peroxisomal
biogenesis and relate to a multitude of diseases like the Zellweger syndrome and other
metabolic dysfunctions, that eventually lead to early death. Up to this point, the structure of
several peroxins has been solved, but the field is still lacking structural insights into higher
order assemblies and membrane complexes and especially into the mechanism of pore
formation.

One of the main objectives of this thesis is the characterization of the yeast Pex14p, the major
component of the yeast docking complex (consisting of Pex14p/17p/13p). Up to this point
Pex14p was not characterized alone in the absence of Pex17p. Additionally, another goal was
the reconstitution of Pex14p (and Pex14p/Pex17p) in circular lipid nanodiscs and comparative
studies between the two assemblies, for the elucidation of Pex17p role to the docking complex.
Moreover, another main point of this thesis was the purification of Human PEX14 and its
characterization by electron microscopy.

Finally, the last main goal of this thesis was to study the formation of the peroxisomal transient
pore. For this reason, peroxins comprising the importing machinery were reconstituted in

liposomes.
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3. Materials and methods

3.1 Materials

3.1.1 Instruments

Table (1): List of used instruments

Instruments

Manufacturer

Centrifuge 5424

Eppendorf (Hamburg, Germany)

Centrifuge Allegra® X-15R

Beckman Coulter (Brea, USA)

Centrifuge Avanti® J-26XP

Beckman Coulter (Brea, USA)

Centrifuge Rotors (JLA 8.100, JA-25.50,
JA-10)

Beckman Coulter (Brea, USA)

Electroporator Gene Pulser Xcell™System

Bio-Rad (Hercules-California, USA)

FEI Vitrobot

FEI (Hillsboro, USA)

Incubator (37 °C)

BINDER (Tuttlingen, Germany)

Magnetic stirrer MR3000

Heidolph (Schwabach, Germany)

Micro-Akta Purifier

GE Healthcare (Pittsburgh, USA)

Mini-membrane-vacuum pump Laboport®

KNF (St. Luis, USA)

Mini-Protean® Tetra-Cell

Bio-Rad (Hercules-California, USA)

Molecular Imager® Gel Doc™ XR System

Bio-Rad (Hercules-California, USA)

NanoDrop Spectrophotometer ND-1000

PEQLAB (Nuremberg, Germany)

pH-Meter FE20 Five Easy™

Mettler Toledo (Ohio, USA)

Pipettes PIPETMAN (0,2-2 ul, 1-10 pl, 2-20
ul, 100-1000 pl, 1-10 pl multi.)

Gilson (Wisconsin, USA)

Pipetting device

Hirschmann Laborgerite (Eberstadt,

Germany)
PowerPac 300 Bio-Rad (Hercules-California, USA)
PowerPac HV Power Supply Bio-Rad (Hercules-California, USA)
Shaker INFORS HT (Bottmingen, Switzerland)

Table top centrifuge 5417R

Eppendorf (Hamburg, Germany)
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ThermoStat Plus

Eppendorf (Hamburg, Germany)

Ultrasonic bath

Sonorex Digitec Bandelin

Vortex-Genie 2

Scientific Industries (Bohemia, USA)

3.1.2 Microscopes

Table (2): List of used microscopes

Microscopes

Manufacturer

FEI Tecnai™ Spirit

FEI (Eindhoven, Netherlands)

JEOL JEM-1400

JEOL (Akishima, Tokyo, Japan)

TALOS Arctica ThermoFisher Scientific GmbH (Waltham,
USA)
3.1.3 Software
Table (3): List of used software.
Software Website
ChimeraX https://www.rbvi.ucsf.edu/chmerax/

crYOLO (Wagner et al. )

htpp://sphire.mpg.de

Eman2 (Tang et al. 2007)

http://blake.bcm.edu/emanwiki/EMAN2

MS Office htpps://products.office.com/de
MotionCor (Tang et al. 2007; Zheng et al. | http://msg.ucsf.edu/em/software/motioncor2
2017) html
SPHIRE (Moriya et al. 2017) http://sphire.mpg.de
TranSPHIRE http://sphire.mpg.de
[lustrator https://www.adobe.com/de/
Origin https://www.originlab.com/index.aspx?go=P

roducts/Origin

21



https://paperpile.com/c/EAlLn1/I8PB
https://paperpile.com/c/EAlLn1/D5yx
https://paperpile.com/c/EAlLn1/D5yx+q3Ed
https://paperpile.com/c/EAlLn1/D5yx+q3Ed
https://paperpile.com/c/EAlLn1/7aXR

Materials and methods

3.1.4 Chemicals

Table (4): List of used chemicals.

Name

Supplier

2-(4_Hydoxyphenylazobenzoic acid (HABA)

Sigma-Aldrich (St. Luis, USA)

Bio-Beads™ SM-2 Adsorbent Media

Bio-Rad (Hercules-California, USA)

Boric Acid

GERBU Biotechnik GmbH (Heidelberg,
Germany)

Cholic acid-Na-salt (Cholate)

SERVA Electrophoresis GmbH
(Heidelberg, Germany)

Collodion solution 2% (in amylacetate)

Merck Millipore (Burlington USA)

cOmplete Mini EDTA-free Protease Inhibitor
Cocktail

Sigma-Aldrich (St. Luis, USA)

Coomassie-Brillantblue R250

SERVA Electrophoresis GmbH

(Heidelberg, Germany)
ddH20 -
Desthibiotin Sigma-Aldrich (St. Luis, USA)
Ethanol (absolute p.a)

J.T Baker (Randor, USA)

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich (St. Luis, USA)
Glycerol Sigma-Aldrich Chemie GmbH (Minchen,
Germany)
Imidazole

Carl Roth GmH + Co. KG (Karlsuhe,
Germany)

Magnesium Chloride (MgCl.)

J.T Baker (Randor, USA)

Hydrochloric acid (HCL)

J.T Baker (Radnor, USA)

n-dodecyl-B-D-maltoside (DDM)

Anatrace (Maumee, Ohio, USA)

PageRuler™Protein Ladder

ThermoFisher Scientific GmbH
(Waltham, USA)

Phenylmethylsulfonyl fluoride (PMSF)

Sigma-Aldrich (St. Luis, USA)
Sf-900 111 SFM ThermoFisher Scientific GmbH
(Waltham, USA)
S.0.C medium

MPI Dortmund
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Sodium chloride

Roth (Karlsruhe, Germany)

Sodium dodecylsulfate (SDS)

Roth (Karlsruhe, Germany)

Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP)

FLUKA (Buchs, Switzerland)

Trypan blue

FLUKA (Buchs, Switzerland)

Uranyl formate

Polyscience (Warrington, USA)

TRIS

Roth (Karlsruhe, Germany)

3.1.5 Consumables

Table (5): List of used consumables

Material

Supplier

10 cm petri-dish, sterile

Corning (New York, USA)

6-well plates (sterile)

Corning (New York, USA)

96-well deep well plates 2,2 ml

VWR (Radnor, USA)

Amicon®Ultra Concentrators

Millipore (Massachuset, USA)

Copper Grids G2400C

Plano EM (Wetzlar, Germany)

Econo-Pac® chromatography columns

Bio-Rad (Hercules-California, USA)

Eppendorf tubes (0,2 ml, 0,5 ml, 1,5 ml, 2
ml, 5ml)

Eppendorf (Hamburg, Germany)

Falcon Tubes (15 ml, 50 ml)

Eppendorf (Hamburg, Germany

Filterpaper Whatman No. 4

GE Healthcare (Chicago, USA)

Pipette tips(10 pl, 200 pl, 1.25 ul)

Sigma-Aldrich (St. Luis, USA)

Quantifoil 1.2 mesh 300 holey carbon grids

Quantifoil (GroBlobichau, Germany)

SDS-Gels Mini-PROTEAN TGX Stain Free
Precast Gels (4-15%, 15 wells)

Bio-Rad (Hercules-California, USA)

Serological Pipettes, sterile (5 ml, 10 ml, 25
ml)

Sigma-Aldrich (St. Luis, USA)

Serological Rotilabo®-Pipettes

Roth (Karlsruhe, Germany)
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3.1.6 Buffer Solutions

Table (6): List of used buffer solutions

General Buffers Composition
SOC-Media 20 g tryptone
5 g yeast-extract
0.58 g NaCl
0.19 g KCI

2.03 g MgClI2 x 6 H20
2.46 g MgS04 x 7 H20
50% glucose solution

10x HABA solution

24.22 mg HABA
dissolve it in 99 ml mQ-H20
add 1ml 1N NaOH

Regeneration Buffer Strep-Column

1x HABA solution
100 mM Tris-HCI (pH 8)
150 mM NaCl
0.5mM EDTA
adjust to pH 8

SDS sample buffer

250 mM Tris-HCI (pH 8)
100 mM DTT
6% SDS
40% glycerol
0.02% Bromophenolblue

10x SDS running buffer

250 mM Tris-HCI (pH 8)
1.9 M glycine
2.8% SDS

Coomassie staining solution

0.15% Coomassie Brilliant Blue R250
12% Acetic acid
44% Ethanol

Coomassie destaining solution

10% Acetic acid

Cholate Buffer

50mM NacCl
50mM Tris pH=8.0
100mM Cholate (Cholic Acid-Na-salt)

24



Materials and methods

3.1.7 PEX14 Purification Buffer Solutions

Table (7): List of used buffer solutions for PEX14 purification

PEX14 Purification Buffers

Composition

Resuspension Buffer

150mM NaCL
100mM Tris-HCI (pH 8)
10% Glycerol
1mM TCEP

Homogenization Buffer

150mM NaCL
100mM Tris-HCI (pH 8)
10% Glycerol
1mM TCEP
1% DDM

Wash Buffer (1) His-Column

150mM NaCL
100mM Tris-HCI (pH 8)
10% Glycerol
1mM TCEP
0,1% DDM
5mM Imidazole

Wash Buffer (2) His-Column

150mM NaCL
100mM Tris-HCI (pH 8)
10% Glycerol
1mM TCEP
0,1% DDM
10mM Imidazole

Elution Buffer (1) His-Column

150mM NaCL
100mM Tris-HCI (pH 8)
5% Glycerol
1mM TCEP
0,1% DDM
100mM Imidazole

Elution Buffer (2) His-Column

150mM NaCL
100mM Tris-HCI (pH 8)
5% Glycerol
1mM TCEP
0,1% DDM
250mM Imidazole

SEC Buffer (PEX14 soluble)

150mM NaCL
100mM Tris-HCI (pH 8)
0,1% DDM

SEC Buffer (PEX14 in NanoDiscs)

150mM NaCL
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100mM Tris-HCI (pH 8)

3.1.8 Cell Lines

Table (8): List of used cell lines

Organism Name Description

Escherichia coli DH10EmBacY F-mcrA A(mrr-hsdRMS-
mcrBC) ¢80lacZAMI15
AlacX74 recAl endAl

araD139 A (ara, leu)7697
galU galK A-rpsL nupG/

bMON214272/ pMON7124
Spodoptera frugiperda Sf9 Immortalized insect ovarian
cell line - line for virus
production
Trichoplusia Ni Hi5 Expression cell line

3.2 Methods

3.2.1 PEX14 Human purification

Hi5 cells, are harvested 72 hours after transduction by centrifugation at 4.500 rpm for 15 min
at 4 °C. The cell pellet was resuspended in a 0.1% DDM containing buffer and lysed on the
same day by crushing the cells thirty times using the glass homogenizer. During the lysis step,
a final concentration of 1% DDM was used to solubilize the integral membrane protein PEX14.
The crude lysate was incubated for one hour on a rotating platform at 4 °C and afterwards it
was centrifuged at 25.000 rpm for one hour at 4 °C in a JA 25.50 rotor in order to separate the
transmembrane protein from the membrane “debris” in the pellet.

Supernatant, containing the solubilized protein, was thereafter diluted in a 1:1 ratio with
resuspension buffer to a final volume of 70 ml.

Then, the supernatant was slowly applied to an affinity-flow chromatography column packed
with 5 ml of Nickel-NTA beads. The column was washed with 20 column volumes of wash (1)
buffer, following another wash round of 20 column volumes of wash (2) buffer took place.
Subsequently, a final washing step was performed with elution (1) buffer in order to get rid of

His-tagged-dirt proteins coming from Hi5 cells. Finally, PEX14 was eluted with 250 mM
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imidazole containing elution (2) buffer, in 2 ml collecting steps. Purification success was
assessed by SDS-PAGE (stain-free and Coomassie stain) electrophoresis. Pure fractions were
thereafter combined and used for further purification steps and single particle analysis.

3.2.2 Liposome formation

Protein of interest (Pex14p(M51L)/Pex17p) was mixed with lipids in a ratio of 1:3 respectively.
Additionally, the final mixture contained 0,1% DDM to prevent overhasty liposome formation.
A typical preparation of liposomes was performed according to the following conditions
summarized in Table (9):

Table (9): Liposome assembly composition mixture

Stock Molarity Volume
Buffer 150mM NaCl,
TBS 50mM Tris pH=8.0
+ +
0,1% DDM 0,1% DDM 245.85 mM 430
Pex14p(M51L)/Pex17p 2 mg/ml 150 uM 65.5 ul
POPC lipids 50 mM in 100 mM 450 uM 4.5 ul
Cholate
Total Volume - - 500 pl

The liposome mixture has to be prepared with the order described above. Additionally, each
and every handling step has to be performed, at 4 °C (cold room) and incubated in the exact
same temperature for at least 5 hours up to 15 hours. Following the preparation of the
lipoprotein mixture, SM-2® Bio-Beads were used in order to remove DDM from the solution
and enable liposome formation.

SM-2® Bio-Beads are washed extensively with a TBS buffer before use in order to equilibrate
and activate them. Washing procedure consists of 3 identical rounds including a centrifugation
step at 4 °C for 3 minutes at 11.000 rpm. Immediately after being activated SM-2® Bio-Beads
were added directly to the liposome preparation in an eppendorf-tube and finally placed on a
rotating platform inside the cold room for an overnight incubation running at 6.5 rpm (Knol et
al. 1998). After 12-24 hours, liposomes were screened by negative stain EM in order to assess

the result.
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3.2.3 Nanodisc reconstitution
In order to keep the transmembrane proteins soluble and prevent the formation of undesired
detergent micelles (Zhou and Cross 2013) (Cross et al. 2013), lipid nanodiscs (ND) were used

as a tool to stabilize peroxins (Efremov et al. 2017). The reconstitution in lipid ND is a

technique widely used for the purpose of characterizing transmembrane proteins with single
particle analysis (Denisov and Sligar 2016).

The MSP1D1A4-6 ND-version produces a disc with 6-8 nm outer diameter, which is
appropriate for peroxins. Adding to that, the circularized version of the ND prevents
heterogeneity and offers additional stability (Miehling et al. 2018).

For the nanodisc assembly, cMSP1D1A4-6 was used, diluted in 20 mM Tris, pH=7.5, 200 mM
NaCl, 0.5 mM EDTA and 1 mM TCEP. Resulting in a 6-7 nm nanodisc assembly, a size

appropriate for the filamentous peroxisomal transmembrane protein molecules.
A typical preparation of nanodisc reconstitution was performed according to the following

general conditions summarized in Table (10):

Table (10): Nanodisc assembly composition mixture

Molarity Volume used
Protein (of interest) 440 mM 125 ul
DDM (0.1%) 689.83 mM 2.5 ul
c¢cMSPD1A4-6 20 mM 45 pl
Lipids (POPC) 50 mM 2.25 ul
Cholate Buffer 50 mM 75.25 ul
Total - 250 ul

After the ND mixture is prepared, overnight incubation at 4 °C (cold room) in a prepared ice-
bucket is performed.

0.25 g of SM-2® Bio-Beads are washed extensively with a TBS buffer before use in order to
equilibrate and activate the beads. Washing procedure consists of 3 identical rounds including
a centrifugation step at 4 °C for 3 minutes at 11.000 rpm.

Following Bio-Bead activation, the mixed-sample is placed at the Bio-Beads tube and is
incubated for 3-6 hours on the rotating wheel in the cold chamber. After the last incubation

step, the mixture is separated from the Bio-Beads with the use of a syringe and is applied to a
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new eppendorf-tube. Finally, the sample is spinned down at 3.000 g for 2 min at 4 °C and is
ready for SEC analysis.

3.2.4 Negative stain

3.2.4.1 Preparation of negative stain grids

Copper grids are initially prepared by being covered with a collodion film.

A glass vessel is filled up to the middle with distilled H>O. Three drops of collodion are added
in the center of the vessel in close proximity to the H>O surface in order to not disturb its
surface. After a while, a plastic layer is visible on the surface. This process is repeated until the
layer is uniformly covering the surface of the distilled H-O, and the grids are placed on top of
it, with the assistance of a filter paper serving as the anchoring platform. Grids are thereafter
picked up and air-dried overnight. Subsequently, grids are coated with a carbon layer, with a
thickness of 4.5 — 7 nm, by a carbon coating machine (Leica 600ACE). Finally, negative stain
grids are glow-discharged, in order to get more hydrophilic, negatively charged and also have

their surface “cleaned” prior to sample screening.

3.2.4.2 Negative Stain

Samples are embedded within a heavy metal salt film, containing uranyl acetate (UA) or uranyl
formate (UF) in order to introduce heavy metal particles to the sample and therefore create
enhanced amplitude contrast. Areas with thicker stain will scatter electrons stronger compared
to areas with less stain (interior of particles). This is the reason why particles appear to be bright
molecules with dark edges, on top of a dark-black background, resulting in naming the
technique “Negative stain”.

Sample is placed on top of the glow discharged surface of the grid and incubated for one
minute. The grid is thereafter washed with two drops of 4 ul 4aH20 and finally incubated once
again with 4 ul of stain for 40 s. Finally, excess stain is removed by blotting it away using a
filter paper.

In the case of peroxins UF was used, because of their low molecular weight (40-70 kDa).
Best results were observed when blotting away in a manner that allows a thick layer of stain to

remain on top of the molecules.
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1. Incubate protein solution on film 2. Incubation with heavy metal stain

Collodion film

Grid bar

4. Negaive stain screen

3. Air dry gird

Figure (13): Negative stain analysis preparation.

1.In negative stain, protein samples are placed on carbon enveloped grids and (2) stained with a heavy metal solution (UF).
3. Consequently, sample is air dried and the stain accumulates at the edges of the particles. Therefore, particles appear light
on a dark background. 4.Exemplary micrograph of Pex5p.

(Lydia Borgelt Master Thesis 2018)

3.2.5 Cryo-preparation

In order for samples to be analyzed with cryo-EM, their vitrification within a layer of
amorphous ice is necessary. This is achieved by plunging sample-containing grids into liquid
ethane (section (1.4.2)).

The vitrification step was performed using the Vitrobot Mark Il system (FEI Eindhoven). Grids
were fixed inside an 8 °C chamber and controlled humidity (100%), with the help of specific
tweezers.

For the study of peroxins, Quantifoil 1.2 (mesh 300) grids were used. Grids were fixed to the
specific tweezer and 4 pl of sample was applied. Excess sample was removed by blotting
immediately for 3.5 seconds with a blotting force of 6 with a filter paper. Immediately, after
the blotting step, grids were plunged into liquid ethane that was cooled down to -180 °C by
liquid nitrogen. By using liquid ethane (section (1.4.2)), ice-crystal formation is overthrown.
Thereafter, grids were transferred to precooled (with liquid nitrogen) grid-boxes and finally

stored in a liquid nitrogen tank for future analysis.

3.2.6 Single particle reconstruction — Image processing
The aim of EM is to reconstruct a high-quality 3D-model of the under-investigation protein
molecule. For this reason, information from 2D projections of proteins (in this thesis peroxins),

is being collected by recording datasets using electron microscopes. Each particle present in
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the dataset micrographs, has to be located and its unknown parameters, like orientation (angle,
shift) have to be characterized, in order to project it back to 3D and compute a 3D
reconstruction.

Figure (14): Schematic representation of single particle collection.
Particles depicted are fixed in vitrified ice and demonstrate different orientations. Below 2D-projections of each protein
molecule are illustrated respectively. Figure was modified from (Frank 2018).

Numerous particles are therefore picked from the micrographs and are averaged. An illustration
of 2D projections projected from a single 3D object is shown in Figure (15.a).
a b

B~ /\\>m B 5
gat o ga®

Figure (15): A schematic demonstration of different 2D projections resulting/reconstructing the 3D molecule.
a) Illustration of potential 2D projections gathered during a dataset collection.

b) lllustration of the back-projection of the 2D projections that results in the initial 3D model.

Figure was modified from (Bilbao-Castro et al. 2006).

This set of the recorded 2D-projection can be used vise-versa, meaning that the 3D structure
that existed and gave rise to these projection images, can be calculated with ‘back-
projection’ of the 2D projections and following averaging (Figure (15.b).

Solving the structure of a protein, by recording the 2D projections, is best described by the

‘Projection Theorem’ (Garreau and Rudin 1987). According to this, the Fourier transform of a
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single 2D projection of an object has the same amplitude and phase as a central slice that exists

in the 3D Fourier transform of the object itself. By recording a large variety of projections with

different angles and calculating the Fourier transforms of each of those images, a 3D Fourier
transform of the object can be populated (Friedrich et al. 2009). The 3D model can be finally
obtained by an inverse 3D Fourier Transformation (Figure (16)).

3D Object

3D FT of Object

3DIFT

? multiple tilts

2D Projection

3D FT slice

Figure (16): Schematic representation of the Projection Theorem.

Each individual Fourier transform of any 2D projection can be considered as a central section of the Fourier transform of the
3D object. By collecting/detecting enough 2D projection’s, the information needed for the 3D TF of the object will be
accumulated and an inverse FT will finally reconstruct the protein molecule (Friedrich et al. 2009).

In order to identify a suitable region for high-magnification imaging and dataset collection,

v

Figure (17): k-means clustering in 2D-space.
Clustering of particles depicted as points in a
hyperspace in regard to random starting points
forming 3 distinct class averages.

(Master Thesis Pascal Lill 2016)

first images of the grid are collected at lower
magnification (4000x). Most negative stain grids,
display stain-gradients caused by the unilateral
blotting of the excess stain solution. Regarding
visualization of the small proxins, regions with thick
stain layers were optimal.

After identification of the suitable region, higher
magnification images were recorded using a 2x2
spotscan. From those images, single particles were
selected and extracted manually using a box size of '
larger than the longest particle diameter. Only particles
that did not overlap with each other were selected and

particles near to the edge of the recorded micrographs

32


https://paperpile.com/c/8VhFRB/zAKc
https://paperpile.com/c/8VhFRB/zAKc

Materials and methods

were ignored. Further steps of image processing, following the collection of datasets, were

performed with the software package SPHIRE (Moriya et al. 2017). Classification of the
already picked particles was performed using the ISAC (Interactive Stable Alignment and

Clustering) algorithm, that is a modified version of the k-means algorithm (Yang et al. 2012).
Regarding k-means algorithm, as it is depicted in Figure (17), the projection images of the
protein molecules are regarded as points in a n-dimensional hyperspace, with n being the
number of pixels. Hence, the corresponding axis value of each individual point is determined
by the density value of a certain pixel. In principle, in this hyperspace a different combination
of starting points is being set. According to Figure (17) if k=3, the algorithm will set 3 starting
points. Each point will be clustered to the nearest reference starting point and three distinct
class averages will form. Afterwards the center of each individual cluster will be used as the
new reference and a new of iteration begins. If the sum of the distances of every class average
remains identical after a new iteration, clustering comes to an end. ISAC uses the same
principle, but performs multiple k-means rounds and validates the reproducibility of the class
averages, after an initial reference-free 2D alignment of the images. This way, particles that do
not classify and align in a stable manner, are excluded automatically (Cheng et al. 2015) (Yang

et al. 2012).

Class averages coming from negative stain datasets were in turn, used to compute three

dimensional models using RVIPER, based on the Validation of Individual Parameter
Reproducibility (VIPER) method.
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4. Results

Strepi-Pex14p(M51L)/Hiss-17p, Hise-Pex5p and Strepi-Pex14p(M51L) were expressed in E.
coli and purified with affinity chromatography. These peroxins were provided to the group by
Dr. Tobias Hansen (AG Prof. Erdmann from the Institute of Biochemistry and
Pathobiochemistry, Faculty of Medicine, System Biochemistry, Ruhr-University Bochum,

Bochum, Germany).

4.1 Pex17p importance in the Pex14p/17p yeast docking complex
The peroxisomal yeast docking complex (DTM) serves as a docking platform for the receptor-
cargo complex at the peroxisomal membrane (Urquhart et al. 2000). It comprises Pex14p,

Pex17p, which are tightly associated and another transmembrane protein, Pex13p. However,
little is known regarding the task of Pex17p in this process. The main responsibility of the DTM
is the recruitment of Pex5p, and its corresponding cargo, to the peroxisomal membrane, where
subsequently a transient pore is formed, to translocate the cargo-receptor complex.

In order to reveal the mechanism of the pore formation, the characterization of the DTM and
its individual components is of high importance. For that reason, comparative studies between
Pex14p/Pex17p and Pex14p were performed. Absence of Pex17p from the complex was
anticipated to have an impact on Pex14p behavior, proving thus further structural evidence
about the Pex17p role in the DTM.

4.1.1 Nanodisc reconstitution of Strepi-Pex14p(M51L)/HisePex17p

Both Pex14p and Pex17p contain a single transmembrane helix. Therefore, the overall structure
of the Strepu-Pex14p(M51L)/Hise-Pex17p complex possesses a small transmembrane domain
that is used for insertion in the peroxisomal membrane. The complex was reconstituted into
lipid nanodiscs, in order to stabilize and analyze it with EM, in order to provide a close to
native membrane environment.

As already mentioned in section (3.2.3), cMSPD1A4-6 nanodiscs were used. The circularized
nanodisc with a size of 6-7 nm is smaller and more heterogeneous, compared to commercially

available MSP-nanodiscs (Miehling et al. 2018), which is crucial for the successful EM

analysis of the small membrane peroxin complexes.
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For the purpose of preparing the assembly, concentration of the Strepi-Pex14p(M51L)/Hise-
Pex17p complex was estimated to a total concentration of 2.2 mg/ml. Nanodisc reconstitution
was performed according to the following conditions summarized in Table (11):

Table (11): Strepy-Pex14p(M51L)/Hiss-Pex17p reconstitution into cMSP11DA46

Molarity Volume used
Strepu- 440 mM 113,67 pl
Pex14p(M51L)/HissPex17p
DDM (0.1%) 689.83 mM 2,5 ul
cMSP1D1A4-6 20 mM 45 ul
Lipids (POPC) 50 mM 2,25 pl
Cholate Buffer 50 mM 86,58 ul
Total Volume - 250 pl

After all ingredients were transferred into one reaction tube, the sample was incubated
overnight at 4 °C. Next day, the solution was placed in a reaction-tube containing 250 g of SM-
2® Bio-Beads, in order to remove the detergent, with a three-hour incubation in 4°C.
Bio-Beads were removed and the assembled Pex14p/Pex17p-ND complex was separated from
empty ND and excess lipids by size exclusion chromatography using a Superose 6 increase
5/150 GE column pre-equilibrated in TBS Buffer.

The main peak of the chromatogram (Figure (18.a)) elutes at a volume range of 1.25 — 1.9 ml.
Verification of the protein quality was performed by SDS-PAGE gel (Figure (18.b)). The
protein bands identified at a height of 50 and 29 kDa, correspond to Pex14p and Pex17p
accordingly. An additional protein band, was identified at 12 kDa, matching the size of the
cMSP1D1A4-6 ND which seems to co-elute with the Pex14p/Pex17p complex, suggesting that
incorporation has been successful.

The 1.1 ml peak observed in the chromatogram represents the void volume, which contains the
excess of lipids that were used for the reconstitution. Due to peroxin-reconstitution

optimization, the peak appeared only at 0.3 mAU.
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Figure (18): Size exclusion chromatography of the Strepll-Pex14p(M51L)/His6-Pex17p complex reconstituted into
cMS1P1DA46 lipid nanodiscs.

a) Chromatogram of Superose 6 Increase 5/150 GE column of Strepi-Pex14p(M51L)/Hise-Pex17p complex into ND after
O/N incubation on SM-2® Bio-Beads. The 1.1 ml peak corresponds to the void volume. The main peak is observed at the

range of 1.25 — 1.9 ml and includes the proteo-lipid assembly. Finally, at 2.5 ml the empty ND peak is observed.

b) Stain -free SDS-PAGE of 80ul fractions of the SEC purification. Pex14p(M51L), Pex17p and cMSP1D1A4-6 run at 50,
29 and 12 kDa accordingly.

Dashed lines represent the BioRad protein standard (#1511901).
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Moreover, at 2.5 ml the empty nanodisc peak is detected.

Finally, at 2.15 ml another weak peak of 0.5 mAU is observed. This peak, in combination with
the SDS-PAGE bands observed after electrophoresis, showed the presence of Pex17p
reconstituted in the lipid ND. However, the concentration was not sufficient to perform electron

microscopy analysis.

4.1.2 Negative stain analysis of the reconstituted complex

The corresponding fraction at 1.55 ml of the main chromatograms’ peak, shown in Figure
(18.a), was further analyzed with negative stain electron microscopy (Figure (19)) to further
assess successful nanodisc incorporation. The visualized particles were identical to previous
shown results (Lill et al.). A dataset of 324 micrographs was collected on JEOL JEM 1400 with
a nominal magnification of 60.000x at a corresponding pixel-size of 1.84A/pixel.

37


https://paperpile.com/c/EAlLn1/aZXW

Results

Pex14p/Pex17p-ND &

Figure (19): Negative stain micrograph of Strepll-Pex14p(M51L)/His6-Pex17p complex after being reconstituted into
cMS1P1DA46 lipid nanodiscs. (scale bar is 70 nm).

Negative stain micrograph of Strepu-Pex14p(M51L)/Hiss-Pex17p complex reconstituted in ND. With dotted orange circles,
examples of the proteo-nanodisc containing Strepi-Pex14p(M51L)/Hise-Pex17p are indicated.
Strepu-Pex14p(M51L)/Hiss-Pex17p are indicated.

In total, 16,872 particles of Pex14p(M51L)/Pex17p in cMSPs were extracted, aligned and
sorted using the SPHIRE package. As mentioned in (Lill et al.), class averages showed the
characteristic rod-like shape with a side view preferred orientation. The elongated rod like

structure revealed a particle length of 22 nm.
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Figure (20): Exemplary class averages of negative stained Strep;-Pex14p(M51L)/Hise-Pex17p complex after being

reconstituted into cMSP1D1A4-6 lipid nanodiscs. (scale bar is 22 nm).

a) Asingle Strepi-Pex14p(M51L)/Hise-Pex17p particle reconstituted into ND.

b) Diameter measurement of the rod-shaped particle with Fiji.

c) 2D classes of Strepu-Pex14p(M51L)/Hiss-Pex17p complex collected with SPHIRE. The circular density (hot-pink
arrowhead) corresponds to the cMSP1D1A4-6, while the rod-shaped particle (cyan arrowhead) is inserted in the ND.

According to Figure (20), and also (Lill et al.), the 2D-class averages revealed that only a
single copy of the Pex14p(M51L)/Pex17p complex was inserted in the ND. Also, the complex
appears to be a filamentous, (cyan arrowhead), with a single rod-like particle inserted within a
single copy of circularized disc (pink arrowhead).

4.1.3 Negative stain analysis of Strepi-Pex14p(M51L)

First of all, Strepi-Pex14p(M51L) was purified alone. Analysis of Pex14p alone in the absence
of Pex17p and comparative analysis to Pex14p/Pex17p would also provide valuable
information about the structure of Pex17p and its role in the Pex14p/Pex17p complex.
Previous experiments showed that, within the Pex14p/Pex17p complex, the Pex14p individual
molecules arrange in a coiled-coil-like assembly forming a pseudo symmetric homo-trimeric
structure, resembling a thin filament (Lill et al.), whereas a single copy of Pex17p is
incorporated with its two predicted coiled-coil domains into this arrangement.

For the purpose of handling Strepi-Pex14p(M51L), buffer containing 0.1% DDM was used in
order to keep the transmembrane protein in its soluble state.

For characterization, size exclusion chromatography using a Superose 6 increase 5/150 GE

column pre-equilibrated in 0.1% containing TBS Buffer, was performed.
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Figure (21): Size exclusion chromatography of Strepll-Pex14p(M51L).
a) Chromatogram of Superose 6 Increase 5/150 GE column of Strepi-Pex14p(M51L). The main peak eluting at 1.25 — 1.8

ml corresponds to Pex14p. The peaks eluting at 2.1, 2.3, 2.7 ml could represent different oligomeric populations of Pex14p
(monomer, dimer),

b) Stain - free SDS-PAGE of 80ul fractions of the SEC purification. The protein bands running at 50 kDa correspond to
Pex14p.

Dashed lines represent the BioRad protein standard (#1511901).
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The main peak of the chromatogram elutes at a volume range of 1.25 — 1.8 ml (Figure (21.a)).
SDS-PAGE gel (Figure (21.b)), displays that the corresponding protein band of Pex14p runs
at a height of 50 kDa.

Additionally, the SEC chromatogram revealed weak mAU peaks at 2.1, 2.3 and 2.7 ml,
respectively. These peaks suggest that the previously characterized homotrimeric Pex14p
bundle in the 3:1 Pex14p/Pex17p complex is unstable in the absence of Pex17p, and Pex14p
(alone) forms instead dimers and monomers. However, according to SDS-PAGE analysis this
requires further analysis.

The fraction of 1.6 ml of the main chromatograms’ peak, shown in Figure (21), was further
analyzed with negative stain electron microscopy (Figure (22)) in order to define the structural
characteristics of the solubilized Pex14p. Collection of the dataset was performed as described
above and 500 images were recorded with a nominal magnification of 60.000x that corresponds

to a pixel-size of 1.84A/pixel.
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Figure (22): Negative stain micrograph of Strepll-Pex14p(M51L). (scale bar is 70 nm).

a) Negative stain micrograph of Strepi-Pex14p(M51L).

b) With orange dotted circles, examples of Strepi-Pex14p(M51L) are indicated.
Pex14p(M51L) appears to be a rod-shaped peroxin, resembling the Pex14p/Pex17p molecules.

Consequently, a dataset of Strepi-Pex14p(M51L) was recorded and in total, 42,872 particles
of Pex14p(M51L) were extracted, aligned and classified using SPHIRE.
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Figure (23): Exemplary 2D classes of negative stained Strepl1-Pex14p(M51L). (scale bar is 20 nm).
a) 2D classes of Strepi-Pex14p(M51L) obtained by using the SPHIRE package. With a cyan arrowhead, the detergent
micelle is indicated and with the hot-pink arrowhead the filamentous protein molecule is pointed out correspondingly.

b) Schematic of 4 distinct Strepi-Pex14p(M51L) 2D classes demonstrating the variance observed regarding the rod-size.

A high variety of Pex14p particles is observed regarding their size and at the same time their
thickness as well, as it is shown in the 2D class averages in Figure (23.b). Pex14p appears to
be a filamentous, rod-shaped molecule (cyan arrowhead) that is inserted inside a detergent
micelle (pink arrowhead), which appears, similar to the lipid ND, as a bulky region. The size

of the filament varies between 15 nm and 22.3 nm.

4.1.4 Nanodisc reconstitution of Strep-Pex14p(M51L)

Strepi-Pex14p(M51L) was reconstituted into lipid nanodiscs, to provide a close to native,
homogeneous lipid environment. This experiment will also enable a side to side comparison of
Pex14p/Pex17p and Pex14p.

Strepi-Pex14p(M51L) was purified alone in E. coli, in the absence of Pex17p and subsequently
reconstituted into cMSP1D1A4-6. For the purpose of preparing the assembly, concentration of
Strepi-Pex14p(M51L) was estimated to 1.74 mg/ml. Therefore, nanodisc reconstitution was

performed according to the following conditions summarized in Table (12):
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Table (12): Strepy-Pex14p(M51L) reconstitution into cMSPD1A4-6

Molarity Volume used
Strepi-Pex14p 440 mM 143,7 pl
DDM (0.1%) 689.83 mM 2,5 ul
cMSP1D1A4-6 20 mM 45 ul
Lipids (POPC) 50 mM 2,25 ul
Chocolate Buffer 50 mM 56,55 pl
Total Volume - 250 pl

The mixture was incubated overnight at 4 °C. Next day, the mixture was placed in a reaction-
tube containing 250 mg of SM-2® Bio-Beads, in order to remove the detergent, by a three-hour
incubation in 4 °C.

Bio-Beads were discarded and the assembled Pex14p-ND complex was separated from empty
ND and excess lipids by size exclusion chromatography using a Superose 6 increase 5/150 GE
column pre-equilibrated in TBS Buffer (Figure (24.a)).

The peak eluting at 1.1 ml represents the void volume due to excess of lipids.

The main peak of the chromatogram trace elutes at a volume range of 1.25 — 2 ml. SDS-PAGE
analysis (Figure (24.b)), revealed protein bands running at a height of 50 and 12 kDa, which
correspond to Pex14p and cMSPD1A4-6 ND, respectively. This supports the successful
reconstitution of the proteins, as the lipid ND is co-eluting with Pex14p.

Finally, at 2.5 ml the empty nanodisc peak is detected.
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Figure (24): Size exclusion chromatography of the Strep;-Pex14p(M51L) reconstituted into cMSP1D1A4-6 lipid
nanodiscs.

a) Chromatogram of Superose 6 Increase 5/150 GE column of Strepi-Pex14p(M51L) reconstituted into ND after O/N
incubation on SM-2® Bio-Beads. The 1.1 ml peak corresponds to the void volume. The main peak is eluting at 1.25 — 2 ml
and it corresponds to the Pex14p-ND assembly. Finally, at 2.5 ml the empty ND peak is eluting.

b) Stain - free SDS-PAGE of 80ul fractions of the SEC purification. Protein bands running at 50 kDa correspond to the
Pex14p peroxin, while at 12 kDa the cMSP1D1A4-6 ND is running.

Dashed lines represent the BioRad protein standard (#1511901).
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4.1.5 Negative stain analysis of Strepi-Pex14p(M51L) reconstituted to lipid nanodiscs
The fraction of 1.6 ml shown in Figure (24.a), was further analyzed with negative stain electron
microscopy (Figure (25)) to assess successful nanodisc incorporation.

226 micrographs were recorded on a JEOL JEM 1400 at a nominal magnification of 60.000x

corresponding to a pixel-size of 1.84A/pixel.

Pex14p-ND

Figure (25): Negative stain micrograph of Strep,;-Pex14p(M51L) reconstituted in ND. (scale bar is 70 nm).
a) Negative stain micrograph of Strepu-Pex14p(M51L) reconstituted into lipid ND.

b) With dotted circles, examples of the proteo-nanodisc containing Strepu-Pex14p(M51L) are indicated.

The ND-reconstituted particles, appear to be comparable to the Pex14p/Pex17p-ND molecules.

In total, 15.876 particles of Pex14p(M51L) were extracted from these images, aligned and
classified using the SPHIRE package.
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Figure (26): Exemplary class averages of negative stained Strep,-Pex14p(M51L) after being reconstituted into
cMSP1D1A4-6 lipid nanodiscs. (scale bar is 20 nm).

a) 2D classes of Strepi-Pex14p(M51L) reconstituted into cMSP1D1A46 ND. With the white, the lipid ND is indicated,
while with the hot-pink arrowhead, Strepi-Pex14p(M51L) is.

b) Using Fiji to measure particle diameter, a schematic illustration depicts differences in the length size of the resulting 2D
classes.

c) Variance in the filament width of Strepi-Pex14p(M51L) is shown in this pair of particles indicated orange and blue
arrowheads correspondingly.

The 2D-classification of Pex14p-ND assembly, resulted in diverse 2D class averages.

Pex14p appears to be, as expected, a filamentous, rod-shaped molecule (pink arrowhead) that
is inserted inside the ND (white arrowhead), which is visible as a bulky region.

The length of the particles, ranges between 10 nm and 22.3 nm. In addition, the 2D-classes
show variance in the width of the filament as well. In Figure (26.c), for example, the rod

marked with the red arrowhead, appears denser than the one indicated with the cyan arrowhead.

4.2 Sngle particle analysis of PEX14 of the human docking complex

Although human PEX14 has been suggested having the same cellular function as yeast Pex14p,
both molecules show distinct structural differences. The human docking complex consists of
PEX14 and PEX13 and apparently Pex17p is not required at all in higher eukaryotes.
Mammalian and yeast orthologues have only a 26-29% sequence identity with an overall

similarity ranging between 43-45% throughout the entire peroxins’ length (Will et al. 1999).

Human PEX14 can also bind PEX5 on a non-canonical LVXAF motif, diverging from Pex14p
(Neuhaus et al. 2014) (Figure (3)). Additionally, due to absence of Pex17p it is expected that
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there might be differences concerning PEX14 topology and oligomerization in the peroxisomal
membrane.

For this reason, using the bacmid system and expression in Hi5 insect cells, PEX14 was
expressed in significant yield and thereafter incorporated into circular lipid nanodiscs for

further comparative studies.

4.2.1 Expression - Purification of PEX14 into Hi5 insect cells

After generating the viruses carrying Hise-PEX14, Hi5 insect cells were infected. After the
expression time frame of 72 hours was over, cells were harvested and centrifuged using the
Avanti® J-26XP centrifuge with the JLA 8.100 rotor, at 4.500 rpm for 15 min at 4°C. The
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Figure (27): SDS-PAGE analysis of Hiss-PEX14 expression.

a) Stain free SDS-PAGE of PEX14. Controls.

b) Stain free SDS-PAGE of PEX14. Purification was performed via Ni-NTA in a 0.1% containing Buffer solution. Fractions
W1 - Ei7). The protein band running at 68 kDa corresponds to PEX14. Also, another protein band running at 110 kDa is
speculated to represent a PEX14 dimer.

E1: An elution step of 10 ml with 100 mM imidazole took place in order to remove His-tagged undesired protein-molecules
coming from insect cells.

E1)-E1(7): Elution steps of 2 ml with 250 mM Imidazole in order to collect high-purity PEX14 fractions
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resulting pellets were consequently resuspended in a 1% DDM containing buffer (Table (6)),
in order to solubilize the transmembrane protein PEX14, and combined prior lysis. Lysis was
performed according to section (3.2.1). Supernatant was then collected and applied on a Ni-
NTA chromatography affinity column. Buffer solution used for the purification step had a
concentration of 0.1% DDM (Table (6)).

According to the SDS-PAGE analysis, (Figure (27)), among the elution fractions Ex1)-E2()
there are two protein bands running at 68 kDa and 110 kDa. The second band is really weak;
and for this reason it is suggested that it corresponds to an impurity.

Size exclusion chromatography was performed using a Superose 6 increase 5/150 GE column.
The column was pre-equilibrated in a 0.1% DDM containing TBS buffer in order to keep
PEX14 soluble in solution.

The chromatograms’ profile (Figure (28.a)), displayed a monodisperse peak at the elution
volume of 1.25 — 2.5 ml, a sharp peak appears. SDS-PAGE analysis showed a protein band
running at the height of 68 kDa which corresponds well to the molecular weight of PEX14. In
both stain free (Figure (28.b)) and Coomassie stain (Figure (28.c)) the second band running
at 110 kDa, is still visible. However, in the gel filtration profile, a second peak is absent,
suggesting that the existence of possible dimeric oligomerization states in solution is in a rather

low abundance.
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Figure (28): Size exclusion chromatography of His¢-PEX14 and SDS-PAGE analysis of the collected fractions.

a) Chromatogram of Superose 6 Increase 5/150 GE column of Hise-PEX14. The peak eluting at 1.25 — 2.5 ml corresponds to
PEX14.

b) Stain - free SDS-PAGE of 80ul fractions of the SEC purification. Protein bands running at 68 kDa correspond to PEX14.
Moreover, protein bands visible at the height of 11- kDa are suggested to be a dimer population of PEX14.

c) Coomassie stain of the 1.75 ml fraction.

Dashed lines represent the BioRad protein standard (#1511901).
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4.2.2 Negative stain analysis of PEX14

After expressing and purifying PEX14, the next step was to further characterize the protein
sample with negative stain microscopy. The fraction of 1.75 ml of the chromatogram, shown
in Figure (28), was further analyzed with negative stain electron microscopy (Figure (29)).
Negative stain grids containing PEX14, were washed 6 times with 10 pl droplets of ¢qH-O.
This approach made sure that excess of DDM was washed away, resulting in a more appropriate
background for protein screening.

226 micrographs were recorded on a JEOL JEM 1400 at a nominal magnification of 60.000x

corresponding to a pixel-size of 1.84A/pixel.

Figure (29): Close up look of negative stain micrographs of Hisge-PEX14. (scale bar is 120 nm).
In all four micrograph-parts, a wide variety of particles are detectable. With orange-red dotted circles aggregates are indicated,
while with cyan dotted circles protein particles of Hiss-PEX14 (only a few exemplary particles) with a rod-shaped filamentous
structure is shown, resembling Strepu-Pex14p(M51L) studied in section (4.1.3).
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The negative stain screening revealed that the quality of the protein sample was rather not
sufficient for further EM studies, since a monodisperse population of particles was not detected.
However, in the micrographs, in addition to larger aggregates, several rod-shaped molecules
were detected resembling Pex14p(M51L) molecules (cyan indications Figure (29)).
Additionally, detergent micelles were also formed around the transmembrane region of PEX14,
exhibiting even more similarities with the particles of the yeast homolog (Figure (23)).

In spite of the sample not being optimal, PEX14 was nevertheless reconstituted into
cMSP1D1A4-6 lipid nanodiscs. Nanodisc reconstitution was performed according to the

following conditions summarized in Table (13) below:

Table (13): Hiss-PEX14 reconstitution into cMSP1D1A4-6

Molarity Volume used
Hiss-PEX14 440 mM 87,7 ul
DDM (0.1%) 689.83 mM 2,5 ul
c¢cMSPD1A4-6 20 mM 45 pl
Lipids (POPC) 50 mM 2,25 ul
Cholate Buffer 50 mM 112,55 ul
Total Volume - 250 pul

The mixture was incubated for 12 hours at 4 °C. Next, detergent removal was performed by
placing the solution in a new reaction-tube containing 250 mg of SM-2® Bio-Beads, followed
by a three-hour incubation in 4°C.

Afterwards, Bio-Beads were discarded and the assembled PEX14-ND complex was separated
from empty ND and excess lipids by size exclusion chromatography using a Superose 6
increase 5/150 GE column pre-equilibrated in TBS Buffer (Figure (30)).
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Figure (30): Chromatogram of Superose 6 Increase 5/150 GE column of Hiss-PEX14 reconstituted into cMSP1D1A4-
6 lipid nanodiscs.

The main peak coming at 1.25 — 1.9 ml corresponds to the PEX14-ND assembly. However, a shoulder appears at 1.25 — 1.5
ml that is suggested to represent an insertion of a dimer PEX14 population to the lipid-ND.

Dashed lines represent the BioRad protein standard (#1511901).

The chromatogram represented a low void volume peak, a broad sample peak and
corresponding peaks for empty nanodiscs. At an elution volume of 1 ml, the void volume was
observed, including the aggregates of PEX14 and the excess of lipids.

The main peak of the SEC profile elutes broad with a range of 1.25 ml — 1.9 ml. The main
fraction was collected at around 1.6 ml according to the previous obtained data with yeast
Pex14p. The shoulder at around 1.5 ml possibly represents reconstitution of two PEX14 copies

into a single circular nanodisc. At 2.5 ml the empty nanodisc peak is detected.
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4.2.3 Negative stain analysis of PEX14 reconstituted to lipid nanodiscs

The fraction of 1.7ml on the gel filtration shown in Figure (30) was analyzed further by
negative stain electron microscopy (Figure (31)), for assessing whether nanodisc incorporation
was successful or not.

Dataset acquisition was performed with JEOL and 226 images were recorded in a nominal
magnification of 60.000x corresponding to a pixel-size of 1.84A/pixel.

PEX14-ND”

¥

Figure (31): Negative stain micrograph of Hiss-PEX14 after being reconstituted into cMS1P1DA4-6 lipid nanodiscs.
(scale bar is 70nm).

a) Negative stain micrograph of Hise-PEX14 reconstituted into cMSP1D1A4-6 lipid nanodiscs.

b) With orange dotted circles, examples of the proteo-nanodisc containing Hise-PEX14 are indicated.

The reconstituted protein particles are similar to the previous reconstitution assemblies of the yeast homologues.
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In total 52.346 particles of PEX14 were extracted, aligned and classified using ISAC as
implemented in the SPHIRE software package.

Surface rVIPER model Mesh rVIPER model

Figure (32): Exemplary class averages of negative stained Hiss-PEX14 after being reconstituted into cMSP1D1A4-6
lipid nanodiscs. (scale bar is 20nm).

a) 2D classes of Hiss-PEX14 reconstituted into cMSP1D1A4-6 ND. With the white arrowhead the lipid ND is indicated
while with the hot-pink arrowhead Hiss-PEX14 is shown.

b) Using Chimera, a surface rVIPER schematic illustration depicts a 20 A Hiss-PEX14 reconstruction model.

¢) Using Chimera, a mesh rVIPER schematic illustration depicts a 20 A Hiss-PEX14 reconstruction model.

The class averages confirm successful reconstitution of PEX14 into ctMSPs. At first glance,
classes showed an elongated rod shaped structure with a bulky region similar to the yeast
Pex14p or Pex14p/Pex17p complex (Figure (32.a)). The predicted coiled coil region (pink
arrowhead), filaments are protruding from the lipid ND (white arrowhead) that appears as a
bulky region.

The elongated rod shaped particle, is variable in length (18 — 24 nm). Notably, the yeast
complex of Pex14p/Pex17p had a similar size variation, whereas Pex14p, alone, appeared
rather smaller.

Afterwards, classes were sorted in order to obtain a homogeneous dataset with regard to size
distribution and an ab initio model was calculated using VIPER (Figure (32.b.c)). The ab initio
model from VIPER, displays PEX14 as a rod-shaped filament protruding from the lipid ND.

However, the rod seems to be flattened, due to the preferred orientation of the particle on the
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grid. The resolution of negative stain is limited for a particle of this size; however, the quality
of the sample is now suitable for cryo-EM analysis

4.2.4 Cryo-EM analysis of PEX14 reconstituted into cMSP1D1A4-6 lipid nanodiscs

For cryo-EM of PEX14 reconstituted into lipid nanodiscs, Quantifoil 1.2 / 1.3 grids were first
glow discharged. Plunging was performed using a Vitrobot Mark I1. 4ul of 0.3 mg/ml of the
PEX14-ND proteo-lipid solution was applied under 100% humidity at 8 °C to the grids,
followed by a subsequent blotting process by applying -3 force. Vitrification was then
performed by plunging the grid in liquid ethane.

Screening of the grids using a FEI TALOS ARTICA microscope, revealed a gradient with
regard to ice thickness (Figure (33)). Therefore, a different range of ice layered squares with
most optimal ice thickness were selected, in order to identify the optimal positions for
visualization of the PEX14-ND particles. A typical square is shown in Figure (33.b). However,
the PEX14-ND complex was only visible in holes embedded with a rather medium-ice
thickness layer.

Since the contrast was low, particles were barely visible. Nevertheless, the present study
provides a good starting point for future cryo-EM studies of PEX14, which will however

require extensive optimization of the vitrification conditions.
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Figure (33): ATLAS, hole image and cryo-EM micrograph of Hise¢-PEX14 after reconstitution to cMSP1D1A4-6 lipid

nanodiscs (scale bar is 78nm).
a) Collected ATLAS from a complete screening of the entire Quantifoil 1.2 grid surface. Ice thickness gradient is evident

form bottom left to top right (thin — thick). With a hot-pink circle is the grid square selected for screening.
b) Image of selected square from (a) representing the holes that the sample resides. With a red dotted circle, the selected hole

is highlighted once again. (preferred medium thickness ice layer)
c) Cryo-EM micrograph of the selected hole from (b). Hise-PEX14 particles are barely visible in the micrograph and some

examples are shown within red-dotted circles.
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4.3 Pore formation studies

As described already in the introduction (chapter (1.2)), several studies suggest that yeast
Pex14p/Pex17p (docking complex) combined with Pex5p (cargo protein receptor) are
comprising the importomer and that only these three peroxins constitute the minimal functional
peroxisomal pore (Ma et al. 2009). Towards the visualization of the pore, we first focused on

a complex formed by the docking complex and the receptor protein, in absence of cargo. We
also visualized the receptor alone, using negative stain EM, to clarify if Pex5p is forming a
monomeric complex under negative stain conditions.

To provide a close to native membrane environment, liposomes were formed decorated with
the Pex14p/Pex17p docking complex. Finally, Pex5p was added to the reconstituted
Pex14p/Pex17p complex, to visualize the effect of receptor binding on the structure of the
docking complex.

Moreover, we also reconstituted the docking complex, together with Pex5p in cMSP1D1A4-6
lipid nanodiscs, for subsequent single particle studies of the receptor/docking-complex

assembly.

4.3.1 Hiss-Pex5p negative stain analysis
Pex5p, is the receptor protein and suggested as the main protagonist in the peroxisomal import.

The peroxin has a molecular weight of 69.3 kDa and is reported to form dimers, trimers,

tetramers and even higher oligomeric states in solution (Ma et al. 2013).

Purification of Hise-Pex5p was performed here, using a Superose 6 Increase 5/150 GE column
pre-equilibrated in TBS Buffer Figure (34.a).

The main peak of the chromatogram elutes at the volume of 1.5 ml to 2.4ml. The peak displayed
a shoulder at an alution volume of 1.6 ml. However, SDS-PAGE analysis (Figure (35.b))
showed that only Pex5p was present in the elution volume of, 1.5 ml to 2.4 ml. This leads to
the suggestion that the shoulder peak might represent higher oligomeric forms of Pex5p.

Main fractions of the corresponding elution volume of 2.3 ml and 1.6 ml were dilluted to a
concentration of 0.03mg/ml. Negative stain grids were prepared by washing the grids three
times with 4 pl of TBS buffer. instead of wH2O was required for optimal negative stain
screening. Grids were then screened using the JEOL JEM 1400 with a magnification of 80.000x

and a corresponding pixel size of 1.3A/pixel.
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Figure (34): Size exclusion chromatography of Hisg-Pex5p and SDS-PAGE analysis of the collected fractions.

a) Chromatogram of Superose 6 Increase 5/150 GE column of Hiss-Pex5p. The peak corresponding to Pex5p elutes at 1.5 —
2.4 ml. Also, a shoulder is visible at 1.5 — 1.8 ml, suggesting that high-oligomeric populations of Pex5p exist in solution.

b) Coomassie stain SDS-PAGE of 80l fractions of the SEC purification. Protein bands running at 100 kDa, correspond to
Pex5p

Dashed lines represent the BioRad protein standard (#1511901).
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His -Pex5p Main-peak His -Pex5p Shoulder-peak

Figure (35): Negative stain screening micrographs of Hiss-Pex5p. (scale bar is 120nm).

a) Negative stain micrograph of the main peak of Hiss-Pex5p size exclusion chromatogram.

b) Negative stain micrograph of the shoulder peak of Hise-Pex5p size exclusion chromatogram.
In both cases exemplary particles of Hiss-Pex5p are highlighted with white dotted circles.

Both fractions showed under negative stain conditions similar populations of particles. This
finding suggests that a small population of Pex5p might elute earlier due to its flexible N-
terminus which might induce a different Pl value. Moreover, oligomerization of Pex5p might
rather be induced at higher pH or concentration of the protein.

A dataset of 112 micrographs of the main peak was collected, using once again the JEOL JEM
1400 electron microscope. In total 18.324 particles of Pex5p were extracted, aligned and
classified using the SPHIRE software package (Figure (36)).

The 2D classification revealed that the sample is homogeneous and includes different
populations of particles and possibly different oligomeric states of Pex5p (Figure (36.b-¢).
Several classes show a central core with additional extensions, that might indicate the C-
terminal and N-terminal domains of Pex5p (discussed in section (1.2.1)). We interpret these
results as such the TPR domain (pink arrowhead) appears with a bulky-globular conformation,
while the disordered N-terminal domain (cyan arrowhead) is distinguished as a thin filament
protruding from the TPR. The N-terminus domain is visible in only a few of these 2D classes.

This occurs because the N-terminus is unstructured and extremely flexible and might bend
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relative to the helical TPR domain and thus averaged out by the classification process of ISAC.

b C d e
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Monomer Trimer Dimer Monomer
Visible N-terminus N-terminus not visible N-terminus not visible N-terminus not visible

Figure (36): Exemplary class averages of negative stained Hiss-Pex5p (scale bar is 14nm).
Based on the 2D-class averages, it seems that different oligomeric states of Pex5p exist in solution.
a) 2D classes of Hiss-Pex5p.

b) Monomer 2D class example of Pex5p where the N-terminus is visible as a really thin filament.
c) Trimer 2D class example of Pex5p where the N-terminus is not visible. (scale bar is 18)

d) Dimer 2D class example of Pex5p where the N-terminus is not visible. (scale bat is 14 nm)

e) Monomer 2D class example of Pex5p where the N-terminus is not visible. (scale bat is 10 nm)

4.3.2 Nanodisc reconstitution of Pex5p

Since Pex5p is considered as a major key player for the formation of the transient pore at the
peroxisomal membrane, incorporation of the protein into cMSPD1A4-6 lipid nanodiscs was
attempted. Therefore, nanodisc reconstitution was performed according to the following

conditions summarized in Table (14) below:
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Table (14): Hiss-Pex5p reconstitution into cMSP1D1A4-6

Molarity Volume used
Hiss-Pex5p 440 mM 62,5 ul
DDM (0.1%) 689.83 mM 2,5 ul
cMSP1D1A4-6 20 mM 45 ul
Lipids (POPC) 50 mM 2,25 ul
Cholate Buffer 50 mM 137,75 pl
Total Volume - 250 pl

Solution containing all necessary ingredients was incubated overnight at 4 °C. The solution
was then placed in a reaction-tube containing 250 mg of SM-2® Bio-Beads. Detergent was
removed by incubation of the sample with 250 mg of SM-2 Biobeads for three hours at 4 °C.
Bio-Beads were discarded and the assembled Pex5p-ND complex was separated from empty
ND and excess lipids by size exclusion chromatography using a Superose 6 increase 5/150 GE
column pre-equilibrated in TBS Buffer (Figure (37.a)).

The main peak of the SEC profile elutes in the range of 1.75 ml — 2.4 ml shows a monodisperse
elution profile. SDS-PAGE analysis (Figure (37.b)), showed corresponding bands for Pex5p
(100kDa) and the cMSP (12kDa) at the same elution fraction, suggesting a successful
incorporation of Pex5p.

At 2.5 ml the empty nanodisc peak is detected. Also, at 1 ml there seems to be also a small void

volume peak.
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Figure (37): Size exclusion chromatography of Hisg-Pex5p after reconstitution to cMSP1D1A4-6 lipid ND and SDS-

PAGE analysis of the collected fractions.

€

a) Chromatogram of Superose 6 Increase 5/150 GE column of Hise-Pex5p reconstituted to lipid ND. The main peak eluting
at 1.75 — 2.4 ml corresponds to the Pex5p-ND assembly. Small peaks observed at 1 ml and 2.5 ml represent the void volume
and the empty ND accordingly.

b) Stain free SDS-PAGE of 80ul fractions of the SEC purification.

Dashed lines represent the BioRad protein standard (#1511901).
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In order to assess if Pex5p incorporation to the cMSP1D1A4-6 lipid ND was achieved, the
fraction of 1.7 ml of the main peak, shown in Figure (37.a), was further analyzed with negative
stain electron microscopy (Figure (38.a)). Thereafter, grids were glow discharged and
screened with JEOL JEM 1400 microscope at nominal magnification of 60.000x that
corresponds to a pixel-size of 1.84A/pixel

Figure (38): Negative stain micrograph of Hiss-Pex5p after reconstitution to cMSP1D1A4-6 lipid nanodiscs (scale bar
is 60 nm).

a) Negative stain micrographs of Hiss-Pex5p reconstituted into cMSP1D1A4-6 lipid ND. With white dotted empty ND are
indicated while with orange dotted circles ND carrying a dark dot resembling an opening in their periphery are pointed.

b) Examples of the nanodiscs possessing, the what looks to be, a pore formation in the lipid nanodisc periphery. With a hot-
pink arrowhead the black dot is indicated.

c) Examples of lipid nanodiscs where there is no effect caused by Hise-Pex5p.

Negative stain analysis displays that the obtained, particles can be distinguished in empty NDs
and a ND assembly with a density resembling a hole in the middle. Pex5p particles are not
visualized as an additional density. Therefore, negative stain EM did not provide enough

information regarding Pex5p reconstitution.
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4.3.3 Importomer studies

4.3.3.1 Liposome formation - Strepi-Pex14p(M51L)/HissPex17p decoration

After elucidating the characteristic and the possible effect on membrane environments of
Pex5p, investigations have been made in the assembly of the docking complex together with
the receptor Pex5p.

Therefore, liposome-formation conditions were extensively screened. First of all, liposomes
were formed and extruded. Here, the size of the liposomes was controlled by applying the lipid-
solution in a filter. However, after filtration, the resulting liposomes were not decorated with
the peroxins (Figure 39.1-g)).

For that reason, we tried to form liposomes by removing the detergent using Bio-Beads instead.
Here, different volumes of protein solution, lipids and concentrations of Bio-Beads were
screened.

Figure (39): Failed attempts to create Strep;-Pex14p(M51L)/HissPex17p decorated liposomes. (scale bar is
70 nm).
Micrographs of negative stain microscopy, highlighting the failed attempts to decorate liposome periphery with the

Pex14p/Pex17p complex.

a) Result of liposome formation after using too few Bio-Beads.

b) Result of liposome formation after using too much Bio-Beads.

c) Result of liposome formation without washing Bio-Beads 3 times with TBS solution.

d) Result of liposome formation without performing all the steps at 4°C.

e, f, g) Result of liposome formation with the extrusion protocol (non - decorated liposomes).
h) Perfectly shaped and decorated liposomes (desired result).
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Without activation of Bio-Beads in TBS buffer, liposome formation was impaired. Finally, it
was determined that every step regarding the liposome formation handling, had to be performed
in 4 °C. Otherwise, liposomes aggregated or did not form at all (Figure (39.a-e)).

In Figure (39), micrographs of the different liposome formation approaches are displayed and
compared with the final optimized liposome formation (Figure (39.h)).

For the purpose of liposomes, POPC lipids were selected in order to resemble as much as
possible the natural environment of the peroxisomal membrane and therefore provide a more
native environment for the Pex14p/Pex17p complex. Therefore, liposome formation was
performed according to the following conditions summarized in Table (15).

Negative stain grids were prepared and screened at a magnification of 40.000x with a
corresponding pixel-size of 2.8A/pixel and EM analysis confirmed the formation of
homogeneous liposomes. Moreover, the periphery of the liposomes was isotropically decorated
with the Pex14p/Pex17p complex (Figure (40)).

Table (15): Strepy;-Pex14p(M51L)/HissPex17p liposome assembly composition mixture

Stock Molarity Volume

150 mM NacCl, 50

Buffer mM Tris pH=8.0
TBS + 245.85 mM 430 pl
0,1% DDM
Strepu- 2 mg/ml 1.5 uM 65.5 ul

Pex14p(M51L)/HissPex17p

50 mM in 100 4.5 ul
POPC lipids mM 450 uM
Cholate
Total Volume - - 500 pl
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Figure (40): Successful attempts to create Strepy-Pex14p(M51L)/HissPex17p decorated liposomes (scalebar is 70nm
and 20nm).

Negative stain microscopy micrographs depicting successful Pex14p/Pex17p decoration of liposomes’ periphery

a, b, ¢) Result of liposome formation after using the protocol mentioned in Table (15).

d, e) Close up look on liposomes. Membrane of liposomes is decorated with -Pex14p(M51L)/HissPex17p.

4.3.3.2 Hisg-Pex5bp effect to the already formed liposomes

Liposomes were thus assembled and successfully decorated with the docking complex of
Strepi-Pex14p(M51L)/His-ePex17p (Figure (40)).

As a next step, 0.03mg/ml of Pex5p was added to the already existing liposome assembly
exposing the docking complex and samples were screened on a FEI Tecnai Spirit G2
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microscope. Images were recorded at a nominal magnification of 42.000x corresponding to a
pixel size of 2.6A/pixel (Figure (41)).

Liposomes alone

Liposomes + Pex5p

Figure (41): Hise-Pex5p effect on Strep)-Pex14p(M51L)/HissPex17p decorated liposomes.

Negative stain microscopy micrographs suggesting that in the presence of the cargo-receptor Pex5p a pore forms in the
liposomes’ membrane.

a, b, ¢) Hiss-Pex5p (+) sample. Hise-Pex5p can be detected as grains in the background. With hot-pink arrowheads, break
points in the periphery of the liposomes are indicated.

d, e) Control micrographs of liposomes decorated with Strepi-Pex14p(M51L)/HisePex17p.

f) Closer look in liposomes decorated with Strepi-Pex14p(M51L)/HissPex17p.

g) Closer look at the effect caused by the addition of Hise-Pex5p.

The comparison of the liposomes Figure (41.f) and Figure (41.g) shows that addition of Pex5p
did not lead to any characteristic change. However, the membranes of several liposomes appear
disrupted. It is however unclear yet, if those are induced by Pex5p, since liposomes often tend
to break during negative stain EM experiments. Nevertheless, this study provides a solid

foundation for further experiments in this direction.
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4.3.4 Pex5p addition to the reconstituted docking complex

In order to achieve the reconstruction of the importomer into cMSPs, the ND assembly
protocols from section (4.1.1) and (4.1.5) were used.

In this section two different approaches will be demonstrated. First Pex5p was added on the
Strepi-Pex14p(M51L)/Hiss-Pex17p-ND and on  Strep;-Pex14p(M51L)-ND  complex
respectively.

4.3.4.1 Pex5p addition to the Pex14p(M51L) - ND assembly

Strepi-Pex14p(M51L) was reconstituted in ctMSP1D1A4-6 lipid nanodiscs and Hiss-Pex5p
was purified according to section (4.1.5) and (4.3.1) respectively. After that, purified Hise-
Pex5p was mixed with the proteo-lipid assembly in a 1:1 ratio, followed by a one-hour
incubation at 4 °C.

Afterwards, size exclusion chromatography was performed using a Superose 6 increase 5/150
GE column pre-equilibrated in TBS Buffer (Figure (43)).

At 1 ml the void volume of excess lipids was eluting, followed by the main peak eluting at the
range of 1.2 ml — 1.75 ml which was analyzed by SDS-PAGE electrophoresis Figure (43.b).
Here, the corresponding protein bands were identified at a molecular weight of 100 kDa and
34 kDa (Pex5p, Pex14p). In addition to that, the cMSP protein band was detected at a molecular
weight of 12 kDa, co-eluting with the complex, suggesting successful reconstitution.

Adding to that, the second main peak elutes in-between 1.75 ml and 2.4 ml. SDS-PAGE
analysis could identify only the presence of Pex5p in these fractions Figure (43.b)

Finally, at 2.5 ml the empty nanodisc peak is detected.

This initial experiment suggests successful binding of Pex5p to Pex14p reconstituted in

nanodiscs, which however requires further verification by additional biophysical approaches.
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Figure (42): Size exclusion chromatography of the Strepll-Pex14p(M51L)/Hiss-Pex17p/Hisg-Pex5p complex
reconstituted into cMS1P1DA46 lipid nanodiscs.

a) Chromatogram of Superose 6 Increase 5/150 GE column of Strepi-Pex14p(M51L)/Hiss-Pex5p complex into ND after
O/N incubation on SM-2® Bio-Beads. The peak eluting at 1.2 -1.75 ml corresponds to the Pex14p/Pex17p/Pex5p-ND
assembly. Following, the peak coming at 1.75 -2.4 corresponds to the excess of Pex5p that was not bound to the complex.
Finally, peaks eluting at 1 ml and 2.5 ml represent the void volume and the empty NDs accordingly.

b) Stain -free SDS-PAGE of 80ul fractions of the SEC purification (complex peak analysis). Protein bands running at 100,
50 and 12 kDa correspond to Pex5p, Pex14p, and the lipid-ND.

c) Stain -free SDS-PAGE of 80ul fractions of the SEC purification (Pex5p peak analysis). Protein bands running at 100 kDa
correspond to Pex5p.

c) Stain -free SDS-PAGE of 80ul fractions of the SEC purification (Pex5p peak analysis). Protein bands running at 100 kDa
correspond to Pex5p.

Dashed lines represent the BioRad protein standard (#1511901).
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4.3.4.2 Pex5p addition to the Pex14p(M51L)/Pex17p - ND assembly

Similar as before, the docking complex and Pex5p were purified, mixed and incubated at 4 °C.
Afterwards size exclusion chromatography was performed using a Superose 6 increase 5/150
GE column pre-equilibrated in TBS Buffer (Figure (42)).

Comparable to the previous SEC profile, at 1 ml the void volume elutes, followed by the main
peak observed around 1.2 ml — 1.75 ml, which was analyzed by SDS-PAGE electrophoresis.
In this case the corresponding proteins were identified according to their molecular weight of
100, 34 and 24 kDa (Pex5p, Pex14p, Pex17p). Additionally, at 12 kDa cMSP is detected
suggesting the successful reconstitution of the complex.

Adding to that, the second main peak elutes at the range of 1.75 ml — 2.4 ml. Similarly, as
section (4.3.4.1) this peak corresponds to not-bound Pex5p.

Finally, at 2.5 ml the empty nanodisc peak is detected.

This initial experiment suggests successful binding of Pex5p to the Pex14p.Pex17p complex

reconstituted in nanodiscs.
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Figure (43): Size exclusion chromatography of the Strepll-Pex14p(M51L)/Hiss-Pex17p/Hisg-Pex5p complex
reconstituted into cMS1P1DA46 lipid nanodiscs.

a) Chromatogram of Superose 6 Increase 5/150 GE column of Strepi-Pex14p(M51L)/Hise-Pex17p/Hiss-Pex5p complex into
ND after O/N incubation on SM-2® Bio-Beads. The peak eluting at 1.2 -1.75 ml corresponds to the Pex14p/Pex17p/Pex5p-
ND assembly. Following, the peak coming at 1.75 -2.4 corresponds to the excess of Pex5p that was not bound to the
complex. Finally, peaks eluting at 1 ml and 2.5 ml represent the void volume and the empty NDs accordingly.

b) Stain -free SDS-PAGE of 80ul fractions of the SEC purification (complex peak analysis). Protein bands running at 100,
50, 29 and 12 kDa correspond to Pex5p, Pex14p, Pex17p and the lipid-ND.

c) Stain -free SDS-PAGE of 80ul fractions of the SEC purification (Pex5p peak analysis). Protein bands running at 100 kDa
correspond to Pex5p.

Dashed lines represent the BioRad protein standard (#1511901).
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5. Discussion

The mechanism of the peroxisomal import, still remain unclear. According to (Ma et al. 2009),

the combination and synergy between the cargo-receptor, Pex5p, and the DTM components,
Pex14p/Pex13p, induce the formation of the transient pore at the peroxisomal membrane.
Moreover, the complex between Pex5p-Pex14p-Pex13p was further tested for channel
properties (Meinecke et al. 2010). Here, the complex was incorporated into liposome-

membranes and characterized with electrophysiological studies, that proved pore formation up
to 9 nm even in the absence of cargo.
Additionally, structural studies (Watanabe et al. 2016) (Lill et al.), have provided a surplus of

data regarding the structural characteristics of the PTS1-importomer components, that explicate
synergy between the involved peroxins and topology on the peroxisomal membrane.
However, the exact mechanism of the pore formation is still controversial. Until now, the
contribution of Pex17p to the DTM and consecutively its role in pore formation remains
unknown. Adding to that, stages of pore-formation are not well characterized and the peroxins
participating at each stage remain obscure.

Therefore, the major undertaking is to elucidate how the different peroxins assemble and
contribute to the importomer.

For this reason, we performed here comparative EM studies between different peroxin-

complex-assemblies involved in docking and pore formation events.

5.1 His-tag purification of PEX14

Solubilization of the integral membrane protein is mandatory for the purification success. Since
the yeast homologue was purified in the presence of 0.1% DDM (Lill et al.), the detergent type
used for the purpose of PEX14 purification and solubilization was determined.

The purification was done via Ni-NTA affinity beads as described in section (4.2.1). The
resulting purified peroxin, runs in two bands at the estimated molecular weight of 68 kDa and
120 kDa accordingly (Figure (25.b)). The existence of the upper is discussed to be an
impuritymdue to the expression in insect cells (Figure (26.a)).

An additional finding of this experiment is that PEX14 is a fragile transmembrane protein. If
PEX14 is subjected to a concentration step with Amicon-concentrators the DDM concentration
increases as well in the solution, resulting in dissociation or aggregation of the peroxin.
Additionally, if PEX14 is stored within the lysis buffer containing 1% DDM (Table (7)), it

forms characteristic large aggregates (Figure (44)).
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Figure (44): Negative stain particles of aggregated PEX14.
PEX14 particles observed with negative stain microscopy. In high concentrations of detergent (DDM) PEX14 was

aggregating. Particles look like PEX14 filaments aggregating on top of a detergent micelle.

The quality of the PEX14 sample can be optimized by reconstitution of PEX14 into lipid
nanodiscs. For this reason, cMSP has been used, as it has proven optimal for the successful
reconstitution of the yeast PEx14p/Pex17p complex in previous experiments (Lill et all). This
study shows that human PEX14 displays a similar architecture compared to the yeast
Pex14pPex17p complex. However, yeast Pex14p alone, in absence of Pex17p, appears shorter
and heterogenous. The size of human PEX14 (between 18-24 nm) matches rather the size of
the yeast Pex14/Pex17p complex and not yeast Pex14 alone. This suggests a role of Pex17p on
the stabilization of Pex14p in yeast, which is however not required in higher eukaryotes, where
Pex17p is indeed absent. Here, we established the reconstitution protocol for the human
complex and provide an initial structural characterization. Most importantly, this study sets the
stage for further cryo-EM single particle analysis experiments towards a high resolution
structure of this peroxin. This will allow a direct comparison and will reveal the structural

differences between human and yeast PEX14.
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5.2 Reconstitution in cMSP1D1A4-6 lipid nanodiscs

5.2.1 Pex17p importance in the Pex14p/17p yeast docking complex

In order to elucidate the importance and significance of Pex17p in the DTM, comparative
studies between Pex14p/Pex17p and Pex14p alone were performed (section (4.1)).

In order to successfully carry out this comparison, Pex14p/Pex17p and Pex14p were both
reconstituted successfully into lipid nanodiscs as described in Table (11) and Table (12)
respectively.

According to the SEC chromatograms, presence of Pex17p did not contribute to a considerate
shift to a higher molecular weight, which might be due to the low molecular weight of Pex17p
(24 kDa) and the general elongated shape of Pex14p.

One apparent deviation is the peak eluting at 2.15 ml (Figure (45.b)). Since it appears only in
the case of the reconstitution process regarding the Pex14p/Pex17p complex, it is suggested
that it corresponds to a Pex17p-ND reconstitution. This hypothesis is also supported by
SDS-PAGE analysis (Figure (18.b)). Regarding the fraction of 2.15 ml, a protein band
corresponding to Pex17p is running at 29 kDa and below at 12 kDa the protein band of the
cMSP1D1A4-6 is located. However, the concentration (1.5 mAU) was inadequate for further
negative stain microscopy analysis and we can also not exclude by this experiment, that this
fraction might correspond to monomeric Pex14p.

According to Figure (23) Pex14p is able to form a homotrimeric rod-shaped structure, similar
to the Pex14p/17p complex. However, these elongated rods display increased heterogeneity
and flexibility. This experiment was the first indication that the presence Pex17p might be
connected with the stability of the docking complex.

In both cases, Pex14p and Pex14p/Pex17p appeared to be rod-shaped, resembling a thin
filament protruding from the lipid ND.
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Figure (45): Size-exclusion chromatography, negative stain EM micrographs and 2D classes of Strep-
Pex14p(M51L)/His-Pex17p complex and Strep;-Pex14p(M51L).

a, b) Gel filtration chromatograms of the peroxin assemblies. In the Pex14p/Pex17p-ND assembly, the peak eluting at 2.15
ml is suggesting Pex17p separation from the complex and further reconstitution to the lipid ND.

¢, d) Negatice stain micrographs of the Pex14p and Pex14p/Pex17p particles reconstituted in lipid ND (1:30 ratio). With a
first look the reconstituted protein molecules seem quite similar.

Dashed lines represent the BioRad protein standard (#1511901).
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Figure (46): Selected 2D classes representing the particle clustering of the two groups.
Comparison of the Pex14p to Pex14p/Pex17p 2D class averages after reconstitution to cMSP1D1A4-6
a) 2D-Class averages of Strepi-Pex14p(M51L).

d) 2D-Class averages of Strepi-Pex14p(M51L)/Hise-Pex17p.

Pex14p filaments in the absence of Pex17p (Figure (46)) appear to be however more
heterogeneous regarding their overall length, which varies from 10 nm up to 23 nm. Also, the
rods appear thinner compared to the rods of the Pex14p/Pex17p complex.

These inconsistencies are not present in the case of the Pex14p/Pex17p complex, with the
individual particles varying in contrast only 4nm in length. The individual particles appear
more compact and less flexible.

Concluding, electron microscopy comparison between the two peroxin populations, resulted in
the acquisition of two sets of 2D-Class averages, that presented dissimilarities regarding the
structural conformation of the protein filaments. Based on the outcome, it can be assumed that

Pex17p’s role to the DDM complex is to provide stability to the Pex14p homotrimers.

5.2.2 PEX14 reconstitution to lipid nanodiscs

In order to characterize the human PEX14 homologue, the purified complex was reconstituted
into lipid NDs, as described in Table (13).

Observing the chromatogram (Figure (28)), it is insinuated that PEX14 was successfully
reconstituted in cMSP1D1A4-6, similarly to the yeast samples. However, an additional peak
was eluting at 2.2 ml that does not correspond (size-wise) to the PEX14 protein (68 kDa). In
addition to that, a second unidentified protein band was detected during SDS-PAGE analysis.
These impurities indicate the necessity to further improve the purification protocol. In addition,
it might be however of general interest, to identify the respective peptide by Mass
Spectrometry.

We were able to obtain an initial 3D reconstruction, which however appears flattened, most
probably due to a preferred orientation of the PEX14 particles on the EM grid. We were also
able to vitrify the complex and screen first conditions for cryo-EM studies. The resulting cryo-
EM images were however barely visible due to bad contrast between the protein molecules and

the background, making further processing impossible. It should be emphasized that due to the
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elongated shape and low molecular weight of the particle, high resolution cryo-EM is expected
challenging and will require extensive screening to obtain the most optimal ice thickness and
quality, for the successful visualization of the particles. However, our data provide a strong
foundation in this direction, towards the structural elucidation of this important component of

the human importomer.

5.2.3 Importomer reconstitution to cMSP1D1A4-6 lipid ND

The last reconstitution experiment performed in the framework of this master thesis, was the
reconstitution of the yeast docking complex Pex14p/Pex17p into circular lipid nanodiscs as a
platform to analyze the effects of receptor binding to the structure of the docking complex.
Thus, providing a direct comparison between the docking complex alone and docking/receptor
complex.

Adding to that, the receptor was also tested for binding only to Pex14p reconstituted into ND
in order to distinguish deviations regarding receptor binding based on the presence of Pex17p.
The initial studies of SDS-PAGE analysis, suggest that the receptor (Pex5p) is binding even in
the absence of PTS;-cargo to the docking complex regardless of the presence of Pex17p
(Figures (41.b) (42.b)). However, further verification by additional biophysical approaches is

necessary to validate binding.

5.3 Complex formation of Pex14p/Pex17p and Pex5p in liposomes
Finally, in section (4.3), the complex formation of Pex5p with Pex14p/Pex17p decorated
liposomes (Figure (40)) is described. According to (Ma et al. 2009) and also the

electrophysiological studies of (Meinecke et al. 2010) regarding pore formation, both have

already proven that a pore is able to form in a membrane, in the presence of the peroxins
comprising the importomer (Pex5p, Pex14p and Pex17p) under certain conditions.
Formation of the Pex14p/Pex17p decorated liposomes and further addition of Pex5p in

combination with a known PTS;i-cargo protein (like Pcs60p (Hagen et al. 2015)) was

previously shown to accomplish successful import of the cargo. Here, in this thesis, a
Pex14p/Pex17p/Pex5p complex was assembled successfully, upon addition of the receptor to
docking complexes reconstituted in liposomes. However, visualization of Pex14p/Pex17p-
proteoliposomes upon addition of Pex5p, did not reveal any characteristic structural changes

at the liposomes’ surface. Moreover, we cannot confirm successful pore formation under these
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conditions; however, it will be interesting to repeat these studies and add a cargo-receptor
complex to the proteoliposomes of the docking complex, instead of receptor alone.

In addition to that, as described before, negative stain electron microscopy can lead to flattening
of structures and fragmentation of the bilayer. Therefore, it will be necessary to visualize the

proteoliposomes in a close to native environment using cryo-EM.
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6. Summary and outlook

In this study, we purified and reconstituted yeast Pex14p/Pex17p, Pex14p and human PEX14
in lipid nanodiscs and prepared optimal samples for subsequent cryo-EM comparative analyses
of the respective peroxins. These will be crucial to reveal distinct differences between the
human and yeast homologues and the contribution of Pex17p to the yeast docking complex. A
preliminary comparative analysis using negative stain EM, suggests that Pex17p contributes
significantly to the stability of the PEx14p/Pex17p complex. Furthermore, first cryo-EM
screenings of human PEX14-ND were performed, which however require further optimization
to achieve optimal ice thickness and improve the contrast of the particles.

Analysis of the yeast docking complex after addition of the receptor Pex5p, suggests successful
complex formation, even in the absence of a PTS; cargo protein. Further analyses are however
required in order to elucidate the structure and overall topology of this complex.
Proteoliposomes displaying the docking complex at their surface were successfully assembled
for future in vitro pore formation studies, towards visualization of the peroxisomal import pore

using cryo-EM.
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