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Summary

Peroxisomes are essential organelles for all eukaryotic cells, since they

accommodate reactions that require oxidative conditions. Malfunction of the or-

ganelle in the early development stage leads to severe disorders with few months

life expectancy. Two main pathways, depending on the final compartment desti-

nation, target enzymes to the peroxisome membrane or lumen posttranslationally.

Peroxisome-specific proteins, the peroxins or Pex#, orchestrate this routing. The

membrane protein Pex14 interacts with the cytosolic chaperone Pex5 to ultimately

transport enzymes into the organelle. On the other hand, proteins destined to

the peroxisome membrane are targeted by Pex19, which acts as a chaperone and

transport factor for the peroxisomal membrane protein (PMP) insertion pathway.

How these components are synchronized and spatially arranged to form a pore

and perform translocation remains elusive. In this work key peroxins involved in

both pathways were investigated using biophysical and structural biology meth-

ods. The soluble receptors of the two pathways, Pex5 and Pex19, are in the focus

of this work. For Pex5, the interactions with Pex14 at the membrane were charac-

terized, while for Pex19 the role of farnesylation for binding to peroxisomal mem-

brane proteins (PMPs) was studied.

Based on the Pex5/Pex14 interaction in trypanosoma structured-based

drug development was pursued to develop novel therapy against the life-

threatening parasite Trypanosoma brucei. The causative agent of sleeping sickness

and huge loses in livestock worldwide, harbors – in the same organelle – peroxi-

somal and glycolytic reactions, thus the name glycosome. This unique feature sets

glycosome biogenesis as an excellent target for drug development. Based on the
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solution structure of the Pex14 protein and available data for its interaction with

Pex5, we developed a molecule that selectively inhibits this interaction and kills

parasites in cultures.

Chapter 1 introduces to biological background of peroxisome biogenesis

and highlights previously known data about proteins of interest. Moreover, this

chapter includes basic theory of NMR and some applications used in this study.

Chapter 2 presents all experimental details and protocols from various techniques

used.

Chapter 3.1 reports the biochemical and structural characterization of a

novel interaction between the C-terminal domains of Pex14 and Pex5 in humans.

Initial NMR titrations experiments revealed an additional interface, distinct from

the previously well studied N-terminal interaction. A short unstructured peptide

derived from Pex14 was identified to bind the structured C-terminal domain of

Pex5 (TPR). Based on NMR chemical shift perturbations and intermolecular dis-

tance restraints obtained from the complex we determined the NMR structure. The

structural model was further validated by mutagenesis on the interfaces using in

vivo and in vitro assays. As the Pex5 C-terminal TPR domain is the cytosolic re-

ceptor of C-terminal peroxisomal targeting signal (PTS1) bearing proteins, we also

investigated the potential influence of this newly described interaction in PTS1

recognition. Affinity measurement by fluorescence polarization revealed that the

presence of PTS1-bound receptor shows worst affinity for the C-terminal region

of Pex14. The potential function and future perspectives for this interaction are

discussed.

Chapter 3.2 presents the structure-based drug development for targeting

the Pex14 protein of the parasite Trypanosoma brucei. The solution NMR structure

of tbPex14 N-terminal domain was solved and used as a model to design small

molecules competing with the tbPex5 interaction. Initial hits, resembling the di-

aromatic nature of the native binder Pex5 WxxxF motifs (WF), were co-crystallized

with tbPex14. The crystal structures confirmed the anticipated binding mode. It
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was possible to prove that the compounds compete WF for Pex14 in vitro. Further

compound optimization led to inhibitors considerable more toxic towards para-

site than to human cells. Chapter 3.3 shows the structural characterization of the

role of Pex19 farnesylation for PMP binding. NMR was used to map the interac-

tion between farnesylated Pex19 and PMPs. Intermolecular NOEs and chemical

shift perturbations were used to derive distance restraints to calculate a model of

the complex. Helix α1 and a so-called ”lid” region were identified to form a hy-

drophobic cavity, enclosing the hydrophobic side chains of the PMPs. Mutations

on the “lid” region, yield very poor peroxisomal localization in vivo, confirming

the complex model.

In summary, this thesis presents novel insights for a key interaction in

peroxisomal biogenesis Pex14-Pex5. As the steps involved in translocation remain

unknown, the reported complex structure and biophysical characterization of the

novel interaction is a first reported step that could potentially be regulated. The

role of Pex19 farnesylation suggests a regulatory role for the PMP membrane in-

sertion pathway. Since the nature of the peroxisomal pore is highly dynamic, the

new findings regarding its regulation, are crucial to better understand its function.
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’Δεν ελπίζω τίποτα,

δεν φοβάμαι τίποτα,

είμαι ελεύθερος”

Νίκος Καζαντζάκης

”I hope for nothing,

I fear nothing,

I am free”

Nikos Kazantzakis
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1. Introduction

1.1. Biological background

The science of biology can be parallelized as the top train of a three level

train stack. Advances in mathematics, physics and chemistry are always pre-

ceded and required for biology to proceed. Therefore, while both macro- and mi-

cro world had started being described long ago, it was only last century when

we first manage to conceive and prove the idea that all cells facilitate specialized

molecules enabling them to exist and reproduce. The celebrity-like molecule of

DNA was structurally characterized only in the second half of 20th century (Wat-

son & Crick, 1953). The “Human Genome Project” was thought to revolutionize

biology when completed in 2003, as much CERN does now to Physics (Interna-

tional Human Genome Sequencing, 2004). Unfortunately, biologists quickly rec-

ognized that knowing not always correlates with understanding, since the knowl-

edge of the complete human genome did not yield any useful information at that

point. The perplexing world of gene organization and the function/structure rela-

tionship of cell’s molecular machineries in cells – proteins and RNA – are still the

missing pieces of the puzzle.
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1. Introduction

1.2. The ubiquitous and essential peroxisome

organelle

Cells are extremely complex entities, which show very high level of orga-

nization in their constituents. The inside of these entities includes an astonishing

number of elements, each granted with a very specific role. This is how these mag-

nificent systems manage to handle a plethora of different conditions and stimuli,

and yet maintain their homeostasis.

As homeostasis is essential in all kingdoms of life, cells have tackled

many problems by separating various compartments within them. Organelles like

mitochondria, the ER or the nucleus serve as regions for specialized functions. Mi-

tochondria, for example, are double membrane organelles present in all eukary-

otic cells and operate as energy production facility. The existence of these com-

partments immediately creates an immense network of interactions that must be

sorted out by the cell in order to live. Strikingly, in all living cells almost one third

of the proteins have to be transported to the correct compartment to function prop-

erly (Dujon et al., 1994; Fraser et al., 1995; Oliver et al., 1992). Throughout millions

years of evolution, cells have devised abundant methods to tackle this problem.

In the vast majority of cases, a signal peptide motif is co-translated with a protein

for targeting to a specific site. These motifs are subsequently recognized by large

molecular machines to achieve the actual translocation. In the past, the molecu-

lar pathways that lead proteins to mitochondria, the nucleus or even chloroplasts

have been well characterized. In contrast, the cascade of reactions that target pro-

teins to peroxisomes or peroxisome biogenesis only recently started to be studied

(Baker & Paudyal, 2014; Erdmann & Schliebs, 2005; Girzalsky et al., 2010; Hettema

et al., 2014). Peroxisomes are organelles present in all eukaryotes and enclose reac-

tions, which require oxidizing conditions (Hruban et al., 1972).

The first observation of peroxisomes was recorded in 1954 by J. Rhodin,
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1.2. The ubiquitous and essential peroxisome organelle

with initial name being microbodies (De Duve & Baudhuin, 1966). It was only

until 1969 that the function of this organelle was linked to hydrogen peroxide

metabolism (de Duve, 1969). The Nobel Prize award in 1974 to C. de Duve high-

lights the importance of peroxisome discovery. Further research revealed that per-

oxisomes can be classified in subclasses of glycosomes (Opperdoes & Borst, 1977),

Woronin bodies (Jedd & Chua, 2000) and glyoxysomes (Tolbert & Essner, 1981).

All subcategories share the same granular inner material, a single membrane and

the absence of genetic material (Fig. 1). The differences between categories are the

exact composition and enzyme function within the organelle.

Along with lipid metabolism (oxidizing very-long-chain fatty acids and

synthesis of bile acids) peroxisomes have a pivotal role in oxygen radicals detox-

ification (Gootjes et al., 2002). The deleterious side products of many reactions,

hydrogen peroxide and molecular oxygen, are enzymatically reduced to non-toxic

water molecules from catalase (Sies, 1974). On the other hand the very impor-

tant cholesterol synthesis pathway is mediated by numerous acyl-CoA oxidases,

thiolases, dehydrogenase and hydratase enzymes (Kemp & Wanders, 2007). Al-

though most of the mentioned functions are conserved across species, certain cell

types based on special needs, have acquired additional functions. Briefly, in plants

synthesis of vitamin K1 and the photorespiration pathway occurs partially in the

peroxisomes (Evert RF, 2006). In yeast methanol and amine oxidation as well as

assimilation also are performed inside the organelle (van der Klei et al., 2006).
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1. Introduction

Figure 1. The peroxisome in yeast, Pichia pastoris.(left) Cells that grow in glucose con-

taining medium enclose only 1-3 small peroxisomes. Upon change in composition of me-

dia (middle- methanol, right- oleate), cells adapt their metabolism of fatty acids, oxidation

of methanol and reduction of deleterious hydrogen peroxide. Under these conditions the

peroxisomes proliferate in number and size to facilitate all required additional metabolic

enzymes to function. Peroxisome deficient cells are not able to respond in the same man-

ner, ultimately affecting their survival. Adapted from Subramani 1998.

.

1.3. Diseases and disorders related to peroxisome

biogenesis

The indispensable nature of the peroxisome is manifested by the numer-

ous diseases and disorders, which are linked to malfunction or absent organelles.

Depending on the origin and the nature of the malfunction, peroxisome biogene-

sis diseases (PBDs) or single enzyme deficiencies may lead to severe health issues.

The range of the phenotypes is very wide, ranging from mild (hyperoxaluria type

1) to 6 months life expectancy after diagnosis (Zellweger Syndrome) (Salido et al.,

2012). Zellweger Syndrome is a genetically unrelated group of PBDs with simi-
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1.3. Diseases and disorders related to peroxisome biogenesis

lar symptoms. Members of this group are the most sever Zellweger syndrome,

the neonatal adrenoleukodystrophy (NALD) and the milder infantile Refsum dis-

ease. Moreover, single point mutations in crucial peroxisomal biogenesis factors,

like Pex7, lead to rhizomelic chondrodysplasia punctate that is characterized by

peroxisome-lacking cells. Imbalances in fatty acid metabolism result in abnor-

mal levels of very long fatty acids and plasmalogens in the blood (Waterham &

Ebberink, 2012).

1.3.1. The protozoa Trypanosoma brucei

The parasite of Trypanosoma genus infects humans and domestic animals

causing mortality and severe economical losses (Perry & Sones, 2007). The most

common disease to human is Human African trypanosomiasis (HAT) or Sleeping

Sickness caused by Trypanosoma brucei spp, and Chagas disease induced by Try-

panosoma cruzi. Although HAT is relatively well controlled, animal trypanosomi-

ases thrive killing thousand livestock animals in sub-Saharan countries (Kristjan-

son et al., 1999; von Wissmann et al., 2011). On the other hand, Chagas disease

is gradually becoming a global issue due to increased migration around the globe

(Bayer et al., 2009; Requena-Mendez et al., 2015). It is characterized by widespread

tissue damage, which can remain undetected for years after initial infection. The

heart muscle is particularly susceptible, thus heart failure has fatal consequences.

Trypanosomatids couple the glycolytic and peroxisomal function in a sin-

gle organelle, the glycosome. The latest is essential to bloodstream-form (Fig. 2)

of the trypanosomes, since they rely almost exclusively on glycolysis of imported

glucose from the host for ATP synthesis. Hindrance of glycosomal biogenesis has

been assumed to lead to enzyme accumulation in the cytosol, which in turn causes

runaway phosphorylation, ATP depletion and ultimately fatal metabolic imbal-

ance for the parasite (Furuya et al., 2002; Haanstra et al., 2008; Kessler & Parsons,

2005). Therefore, this pathway is potentially interesting for drug discovery against
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1. Introduction

Figure 2. Blood sample from trypanosome-infected individual. Pink spheres depict red

blood cells. The characteristic swirl shape of the parasite is shown in deep purple color.

(Image credit: Dr. Myron G. Schultz. Public health Image Library).

sleeping sickness and many trypanosome-related diseases.

1.4. Matrix import pathways

As peroxisomes lack entirely genetic material in their interior, all matrix

active enzymes are translocated post-translationally. Peroxins, abbreviated Pex,

coordinate this routing. Although peroxins are not conserved among different

species the general cascade of interactions are found in all eukaryotes (Baker &

Paudyal, 2014; Erdmann & Schliebs, 2005; Hettema et al., 2014; Tabak et al., 2013).

The import of enzymes into the lumen of the organelle exhibits some truly unique

features. The very nature of the pore is well accepted to be highly dynamic, hence

rationalizing how a broad collection of enzymes can be translocated, i.e. includ-

ing oligomeric proteins and even 9 nm diameters nanoparticles (Brul et al., 1988;

Glover et al., 1994; Keller et al., 1987; Titorenko et al., 2002; Walton et al., 1995;

Zhang et al., 2003). It has been recently proven that the cargo proteins define the

size of the translocating pore (Meinecke et al., 2010). Despite the lack of knowl-
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1.4. Matrix import pathways

edge on the actual translocation mechanism, the key peroxins participate in the

pathway have been identified (Meinecke et al., 2010). Most of the peroxisomal ma-

trix proteins are destined to the organelle via peroxisomal targeting signals (PTS1

or PTS2) located at either N-terminus (PTS2) or C-terminus (PTS1). Cargo pro-

teins bearing either signal reach the matrix via distinct pathways, despite both

pathways sharing some components. PTS1 pathway is far more frequently used

than the PTS2, due to larger amount of PTS1 proteins. Pex5 mediates the trans-

fer of all C-terminally tagged lumen enzymes from the cytosol to the peroxisome.

It has been characterized as chaperone (Freitas et al., 2011) and receptor for PTS1

molecules (Rucktaschel et al., 2011; Terlecky et al., 1995). Pex5-Pex14 interaction

plays a pivotal role in this pathway, since it links the cytosolic receptor Pex5 with

the peroxisome membrane peroxins Pex14 and Pex13 (Albertini et al., 1997; Bottger

et al., 2000; Niederhoff et al., 2005; Saidowsky et al., 2001; Schliebs et al., 1999). The

complex is consisted of these three components (also Pex7 in yeast) form the dock-

ing complex (Fig. 3). Short helical motifs WxxxF (WF motifs) in the N-terminal

region of Pex5 bind with nanomolar affinity to the globular structured N-terminal

domain of Pex14. On the other hand, the interaction of the two membrane perox-

ins Pex14 and Pex13 seem to be involved at different stages of the translocation.

While the first exhibit higher affinity for the cargo-loaded receptor, Pex13 prefers

free Pex5 (Lanyon-Hogg et al., 2010; Mukai & Fujiki, 2006; Otera et al., 2002). Black

lipid membranes used in functional assays depicted Pex14 and Pex5 as only factors

for gating of the pore (Erdmann & Schliebs, 2005). Combined, these data indicate

that the Pex14/Pex5 complex is responsible for the actual translocation, and Pex13

is associated with later stages, including receptor release back to the cytosol. The

supplementary role of Pex17 in the yeast docking complex remains elusive (Huhse

et al., 1998; Mast et al., 2010).

Much fewer peroxisomal proteins harbor the PTS2 signal, in their N-

terminus. For those, the role of the shuttling receptor between the cytosol and

the organelle is appointed to Pex7 (Rehling et al., 1996). Even though Pex7 highly

7



1. Introduction

Figure 3. PTS1 import pathway components and interactions in yeast. Cargoes syn-

thesized in the cytosol are recognized from Pex5 due to PTS1 signal. The receptor-

cargo complex is docked on the peroxisomal membrane forming the docking complex

with Pex14 and Pex13; Pex7 is yeast-specific component of this complex. Subsequent to

pore formation and cargo release in the interior of the organelle, Pex5 is recycled back

to the cytosol in a ubiquitin-related manner. System specific ubiquitination enzymes

(Pex2,Pex10,Pex22,Pex12) and ATPases (Pex26,Pex1,Pex6) mediate this very last step of

the pathway. Adapted from Smith & Aitchison 2013.

resembles Pex5, the absence of Pex14-binding WF motifs resulted the need of such

feature from another protein. Depending on the organism, different molecules me-

diate Pex14 (Stein et al., 2002). For example, in humans a longer isoform Pex5(L)

establishes the interaction, while Pex8 and Pex21 are used instead in yeast (Otera

et al., 2000; Purdue et al., 1998). WF motifs and a Pex7 binding site are common

elements in all these co-receptors (Matsumura et al., 2000). Following cytosolic ini-

tial interaction Pex7/co-receptors lead cargoes to the same docking complex as in

PTS1.
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1.4. Matrix import pathways

1.4.1. Pex5 domain organization

Peroxin 5, together with 14, is the most essential components of import

pathway. Pex5 is a soluble protein that recognizes PTS1-containing cargoes and

drives them from the cytoplasm into the organelle (Gatto et al., 2000). The over-

all domain organization of the protein consists of a intrinsically disordered N-

terminal domain (Pex5 NTD) and a globular C-terminal TPR domain (Fig. 4A)

(Carvalho et al., 2006; Neuhaus et al., 2014). The previously mentioned WF mo-

tifs reside in the NTD. Recently, one additional WF-like motif serving the same

Pex14 binding function has been identified. Although the new motif resembles

the WxxxF/Y motif, its sequence lacks the di-aromatic feature (LVAEF) (Neuhaus

et al., 2014). The binding affinity of both WF and the new motif to Pex14 N-

terminal domain (Pex14 NTD) is in the high nanomolar range (Neuhaus et al.,

2014; Saidowsky et al., 2001). The existence of multiple WF repeats in all species

implicates that several Pex14 NTD molecules can bind to a single Pex5 NTD. In

fact, it has been shown by Isothermal Titration Calorimetry (ITC) and Small Angle

X-ray Scattering (SAXS) that the human Pex5:Pex14 complex has 1:8 stoichiometry

in vitro (Neuhaus et al., 2014; Shiozawa et al., 2009). Whether this is the case also

in the context of living cells remains unclear.

Many biophysical and biochemical experiments have proven that the Pex5

NTD is disordered (Carvalho et al., 2006; Neuhaus et al., 2014; Shiozawa et al.,

2009; Su et al., 2009). Nevertheless, a Nuclear Magnetic Resonance (NMR) study

detected the helical propensity for some of the WF motifs (Neufeld et al., 2009).

Furthermore, SAXS measurements revealed that the NTD, even in the presence

of cargo protein, remains flexible (Shiozawa et al., 2009). Therefore, it is well ac-

cepted that the NTD does not contribute to cargo binding (Shiozawa et al., 2009).

Although SAXS and static light scattering (SLS) defined Pex5 as monomeric in

solution (Shiozawa et al., 2009), a recent study from Pichia pastoris placed an in-

termolecular disulfide bond forming cysteine at the NTD. The authors postulated
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that the dimerization of NTD is crucial for redox-dependent regulation of the im-

port (Ma et al., 2013).

One additional function of the Pex5 NTD is the recycling of the recep-

tor. As soon as the translocation finishes, the peroxin must be exported from the

membrane and become available to more cycles. Interestingly, the export of Pex5

from the organelle’s membrane is the only ATP driven step of the whole translo-

cation pathway. The cell regulates this crucial step by ubiquitination of Pex5 NTD.

System specific ubiquitin-conjugating and ligase enzymes, Pex12 and Pex4, at-

tach ubiquitin at a conserved cysteine at position 4 (Carvalho et al., 2007; Smith

& Aitchison, 2013). Monoubiquitinated Pex5 protein is extracted from the mem-

brane in a ATP-dependent manner (Platta et al., 2013). If for any reason this step

is inhibited, pulyubiquitination and proteosomal degradation of Pex5 is pursued

(Kiel et al., 2005).

Seven tetratricopeptide repeats (TPRs) compose the C-terminal cargo-

binding domain of Pex5 (Pex5 TPR). Two TPR triplets (1-3 and 5-7) are organized

in a ring forming the PTS1 binding site (Fig. 4B). Both triplets are linked by a non-

canonical TPR (4) that is only partially structured (Gatto et al., 2000; Stanley et al.,

2006). The PTS1 peptide contributes most in the cargo-binding event, as it is the de-

terminant factor of affinity. The initially discovered PTS1 sequence serine-lysine-

leucine (SKL) was later expanded to variants containing [S/A/C]-[K/H/R]-[L/M]

(Gould et al., 1987; Lametschwandtner et al., 1998; Reumann et al., 2009). Depend-

ing on the nature of alternative residues the PTS1 peptide affinities range from low

nanomolar to low milimolar for TPR. Conserved asparagines in the TPR groove en-

able the grasping of PTS1 backbone by formation of hydrogen bonds (Gatto et al.,

2003; Stanley et al., 2006). Interestingly, binding of PTS1 to TPR domain causes

moderate alteration in the general arrangement of the two TPR triplets via rela-

tive movement between TPRs (1-3) and (5-7) (Stanley et al., 2007; Williams et al.,

2011). Although this observation is valid for all complex structures available, the

potential regulatory role it possesses is unknown.
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1.4. Matrix import pathways

Figure 4. Pex14 and Pex5 protein structures. A) Domain organization of human Pex5 and

Pex14 proteins. The highly unstructured NTD of Pex5 contains the WF motifs which upon

binding to Pex14 NTD fold to -helices. The C-terminal TPR domain of Pex5 is responsible

for recognition of PTS1-containing proteins. Contrary to Pex5 NTD, the NTD of Pex14

is folded. TM = transmembrane region, CC=coiled coil. B) Cargo recognition domain of

Pex5 contains 7 TPR repeats folded in a circular manner. The black rectangular highlights

the PTS1 binding site. The half-TPR (TPR4) separates equally the two TPR triplets (1-3

and 5-7) and enables relative movements with respect to each other. C) Crystal and NMR

structure of Pex14 NTD. The NMR structure the complex with a WF motif (magenta) of

Pex5. Adapted from Emmanouilidis et al. 2016.

1.4.2. Pex14 domain organization

Docking on peroxisome membrane follows the initial cargo recognition in

the cytoplasm. The membrane pre-anchored docking complex of Pex14 and Pex13

mediates this step (Albertini et al., 1997; Bottger et al., 2000). Experimental data

and sequence analysis of Pex14 homologues expose four features of the protein:

1) the N-terminal helical domain (Pex14 NTD), 2) the hydrophobic region, 3) the

coiled-coil domain and 4) a C-terminal region (Fig. 4A).

The best studied region of the protein is the structured NTD. This small

11



1. Introduction

soluble domain has been shown to interact not only with the PTS-mediated path-

ways but also with peroxisomal membrane proteins (PMPs) translocation path-

ways (Neufeld et al., 2009; Neuhaus et al., 2014). Lately, the rather unexpected

binding partner tubulin was added to that list (Bharti et al., 2011). The crystal

structure of rat NTD unveiled the 3-helical bundle fold of the domain (Fig. 4C)

(Neuhaus et al., 2014; Su et al., 2009). Two stacked phenylalanines at the core of the

structure fix the fold and create two hydrophobic pockets exposed on the surface

of the protein. Protein packing in the crystal resulted in artificial dimerization of

the molecule, while solution (NMR) indicated that it is predominantly monomeric

(Fig. 4C) (Neufeld et al., 2009).

Complex NMR structures of the prototypic WF motif, non-canonical new

motif found in Pex5 NTD and FFxxxF motif found in membrane insertion chap-

erone Pex19, revealed the mode of interaction between Pex14 NTD and its bind-

ing partners. Two hydrophobic pockets on the Pex14 NTD surface are filled by

aromatic (or aliphatic) side chains of the ligands. Interestingly, the peptide de-

rived from Pex5 and Pex19 have opposite orientation when bound on Pex14 NTD

(Neufeld et al., 2009). This overlapping binding site of Pex14 for Pex5 and Pex19

depict a competitive activity, the physiological role of which remains unclear.

Any information regarding the structure or function beyond the NTD

is scarce. In the primary sequence the hydrophobic patch, responsible for mem-

brane binding, follows NTD. The general protein arrangement with respect to the

membrane remains a disputed topic in field. Although it is well accepted that the

coiled-coil region and the C-terminal are facing the cytoplasm, for the relative po-

sition of the NTD exist contradictory results (Brocard et al., 1997; Johnson et al.,

2001; Shimizu et al., 1999; Will et al., 1999). Strikingly, different assays have placed

the NTD in all possible positions with respect to the membrane (i.e. outer-,inner-

side of the membrane associated, and integral membrane protein). Furthermore, a

lumen loop of yeast Pex13 showed an interaction with Pex14 (Schell-Steven et al.,

2005). This finding implies that at least at some stage of the translocation a Pex14
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1.5. Membrane insertion pathway

region is indeed inside the organelle.

1.5. Membrane insertion pathway

Although many scenarios exist regarding the biogenesis of the peroxi-

some (de novo formation, fission and fusion, ER-derived vesicles), all require at

some stage the enrichment of the membrane with peroxins (Motley & Hettema,

2007; Purdue & Lazarow, 2001; Schrader et al., 2012; Titorenko et al., 1997). The cor-

rect spatial topology of peroxisomal membrane proteins (PMPs) in the organelle’s

membrane is one of the most demanding processes in the organelle’s biogenesis

and maintenance. Three peroxins – Pex3, Pex16, and Pex19 in mammals – are ca-

pable of restoring by complementation the absence of peroxisomes in peroxisome

deficient cells (Fig. 5) (Fujiki et al., 2006; Kim et al., 2006). Thus, these three factors

are essential in PMP insertion in peroxisome membranes (Kim & Hettema, 2015).

Although essential, Pex16 has not been linked yet to any particular function. In-

terestingly, the topology and role of Pex16 has been reported to vary upon the

tested organism. In yeast for example; data indicate that it is involved in fission

suppression while in mammals in early biogenesis steps (Honsho et al., 2002).

Pex3 is a integral membrane protein that associates with Pex19. Thus, it

functions as Pex19-dependent receptor on the membrane (Fang et al., 2004). Al-

though as integral membrane protein Pex3 is a PMP, yet the membrane insertion

does not rely on Pex19 (Jones et al., 2004). Pex3 spans once through the membrane

but more than 90% of the protein is facing the cytoplasm. The very short luminal

N-terminal segment and the transmembrane region resemble the typical ER sig-

nal anchor-like motifs (Thoms et al., 2012). The unexpected binding partner Sec61

from the endomembrane channel system recognizes these Pex3 elements, provid-

ing insights to the origin of the organelle in yeast (Hoepfner et al., 2005; Kragt et al.,

2005; Tam et al., 2005; Thoms et al., 2012). The crystal structure of the cytoplasmic

C-terminal domain of the Pex3 protein revealed a helical bundle fold (Fig. 5) (Sato
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Figure 5. Peroxisomal membrane proteins insertion in the membrane. Membrane an-

chored proteins Pex16 and Pex3 recruit Pex19 from the cytoplasm. Pex3 spans the mem-

brane once, with the C-terminal region facing the cytosol. Pex19 bears farnesylation site,

CAAX box, and binds PMPs in the cytosol. The relative position of Pex3, Pex19 and PMP

on the membrane is not known, therefore the picture is apparent schematic representation.

Adapted from Smith & Aitchison 2013.

et al., 2010; Schmidt et al., 2010). The structure was determined in the presence

of a Pex19-derived peptide, revealing the mode of interaction. Notably, the Pex19

peptide was found on the farthest location from the anticipated transmembrane

anchor (Fig. 5).

1.5.1. Pex19 chaperone

Arguably, Pex19 is the central component of PMP targeting to peroxi-

some membranes. It is an essential, multifunctional peroxin ubiquitously found

in all eukaryotes. In the different scenarios of peroxisome biogenesis it accom-

plishes district roles. For example, in the proliferation and division model, Pex19

recognizes nascent PMPs via the membrane Peroxisome Targeting Signal (mPTS),

acting as quality control node for proper folding, prior to organelle delivery in a

14



1.5. Membrane insertion pathway

Pex3-dependent manner (Halbach et al., 2006; Jones et al., 2004). These findings

assigned Pex19 as both a PMP shuttling receptor and chaperone, with recycling

ability after PMP release, like Pex5. In fact, Pex19 and Pex5 share a lot of common

features, other than recycling, including the domain organization and localization.

Similar to PTS1 receptor Pex5, Pex19 can also be divided into two parts,

the unstructured N-terminal region, and a structured C-terminal (Pex19 CTD) (Fig.

6). The N-terminal part is generally less conserved than the Pex19 CTD (Altschul

et al., 1990). Although the length of Pex19 deviates across species, function is ex-

pected to be similar. The sole element that it is absolutely conserved is the so-

called CAAX box at the C-terminal end of the protein. This motif, consisting of a

cysteine followed by two aliphatic amino acids and a variable, is subject to post-

translational modification. Indeed, Pex19 has been shown experimentally to be

farnesylated in vivo, at least for human and yeast cells (Fujiki et al., 2006). The

farnesyl group, a 15-carbon isoprenoid, is covalently attached to the cysteine by

the enzyme farnesyltransferase (FTase).

Albeit the structure of the full-length protein remains unknown, insights

about the structural composition of fragments are available. A high-resolution

crystal structure of the human Pex19 CTD, without the CAAX box, has been solved

and revealed a largely helical domain (Schueller et al., 2010). For the disordered

N-terminal counterpart only stretches of few residues in the human protein exhibit

helix formation upon Pex3 binding (Schmidt et al., 2010).

The mechanism by which Pex19 recognizes PMPs is only poorly under-

stood. The first helix α1 of the Pex19 CTD showed significant contribution in PMP

binding, however in this study the CAAX box was absent (Schueller et al., 2010).

Since PMPs are hydrophobic proteins, the interaction was expected to been gov-

erned by hydrophobic interactions (Fransen et al., 2001; Jones et al., 2001). Indeed,

mutations of exposed hydrophobic amino acids in the α1 helix resulted severe re-

duction of PMP binding. The binding affinity of PMPs to Pex19 CTD was found

to be in the micromolar range. Interestingly, the presence of the CAAX motif en-
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hances the binding tenfold (Rucktaschel et al., 2011). This result led to the con-

clusion that farnesylation has an important role in PMP binding. Despite these

results, the physiological relevance of Pex19 farnesylation is still controversial due

to contradicting results. For example, Pex19 variant with mutated farnesylation

site was still able to exhibit peroxisomal localication of PMP catalase like wildtype

Pex19 (Sacksteder et al., 2000).

Figure 6. Domain organization and experimental structures of Pex19. Unstructured N-

terminal region of the protein comprises Pex13 and Pex14 binding sites. C-terminal do-

main of the protein, which is responsible for PMP binding, was found to form a helical

structure both by NMR and crystallography. At the end of the sequence a cysteine of CaaX

box is subject to farnesylation. This feature was missing in the construct used for the crys-

tal structure, while NMR structure is of farnesylated protein. Differences between two

structures are mainly found in α1 helix orientation and the lid region.
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1.6. Nuclear magnetic resonance spectroscopy (NMR)

1.6. Nuclear magnetic resonance spectroscopy (NMR)

1.6.1. Theory of NMR

During the past fifty years nuclear magnetic resonance (NMR) spectroscopy

has evolved greatly and today, together with X-ray crystallography and cryo-EM,

is considered a major tool for biomolecule structure determination. When com-

pared to other spectroscopy techniques, like mass spectroscopy, larger sample

amounts are needed but the method is non destructive, enabling a plethora of

experiments done with just one sample.

Most isotopes have a characteristic spin quantum number (I). This num-

ber can be zero (i.e. 12C,16O), non-zero integer (i.e. 2H) or a fraction (i.e. ½ for
13C 15N). The nuclei have the unique characteristic of possessing an intrinsic nu-

clear angular momentum. In the presence of an external magnetic field (Bo), two

spin states exist, +1/2 and -1/2. These two states differ in the alignment with the

external field. The lower energy +1/2 is aligned to the field, while the higher en-

ergy -1/2 is opposed. The energy difference between the two states depends on

the strength of the external magnetic field, yet it is always very small. When ex-

pressed in frequency terms, the difference corresponds to a distinct frequency, the

Larmor frequency. The Larmor frequency depends on the type of the nucleus via

the gyromagnetic ratio, and the external field (Eq. 1.1).

∆E = γ~Bo = ~ωo (Eq. 1.1)

with ~ = reduced Planck constant, γ = gyromagnetic ratio, Bo magnetic field strength,

ωo = Larmor frequency

The two spin system is an oversimplification for easier understanding, in

reality many different ones are present in the sample. The vector model was de-

veloped to adequately describe and make it conceptually easier to conceive how a
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large number of spins behave in a magnetic field. According to this model a bulk

magnetic moment vector is the sum of the individual magnetic moment vectors.

This vector is called bulk magnetization of the sample or magnetization vector. In

equilibrium the difference between spins aligned to the external field and opposed

to, create a net magnetization that is aligned to the external magnetic field (z axis).

Upon application of radio frequency (rf ) pulse, the net magnetization vector tilts

away from the z-axis. The vector precesses about the field with the motion defined

as Larmor precession.

Population follows the Boltzmann equation:

Nα

Nβ
≈ 1− γ~Bo

kT
(Eq. 1.2)

with Nα and Nβ number of spins in α or β state, ~ = reduced Planck constant,

γ = gyromagnetic ratio, Bo magnetic field strength, k = Boltzmann constant, T =

temperature

In the NMR spectrometer the bulk magnetization is manipulated with a

electromagnetic field in the transverse plane, x-y. Since the spectrometer consists

of a large superconductive magnet, it is not applicable to alternate so drastically

the field. Therefore, an additional B1 field perpendicular to Bo is used to create

frequency pulses at near-Larmor frequency. This B1 field generates radio frequency

in form of a rf pulse. As soon this pulse is applied, the vector deviates accordingly

but as soon as the external influence (rf ) is stopped, it will return to the z-axis,

at equilibrium. The “artificially” induced deviation from equilibrium gradually

decays giving rise to free induction decay (FID), which is recorded. This decay

signal is in time-domain and it is composed by the summary of cosine waves of all

frequencies present in the sample. Ultimately, the time-domain signal is converted

to frequency-domain by Fourier Transformation.

The Larmor frequency depends on the gyromagnetic ratio of each nucleus

18
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and the magnetic field. The NMR spectra should appear identical for each nu-

cleus type. This is not the case since, every nucleus experiences a slightly different

chemical environment due to its position in the sample. This shift from the default

Larmor frequency is called chemical shift. Usually this deviation is very small and

it its measured in parts per million (ppm). In order to be able to compare chemical

shift values from different instruments, the reference molecule tetramethylsilane

(TMS) is used to calibrate the chemical shifts for 11H and 13C NMR (Eq. 1.3).

δppm = 106 ∗ ν − νTMS

νTMS
(Eq. 1.3)

with ν and νTMS the absolute resonance frequency of measured sample and refer-

ence sample TMS

1.6.2. Relaxation

As previously stated, subsequently to a short rf pulse application, net

magnetization will resettle to equilibrium along the z-axis. This process of return-

ing to equilibrium is called relaxation and plays crucial role in all aspects of NMR

spectroscopy. Mainly two aspects contribute to relaxation in solution: dipole-

dipole interactions and anisotropy. Two distinct processes govern relaxation. The

first spin-lattice or T1 relaxation is the mechanism by which the magnetization

vector return to equilibrium along the axis of the static applied magnetic field, the

z-axis. The second spin-spin or T2, describes the decay, or fan out, of magnetiza-

tion vector coherence in the x-y plane. In biological systems, since x-y coherence

decay is followed by the return of the magnetization in the z-axis, usually T1>T2.

Recovery to the z-axis is exponential with the time constant T1, while

transverse magnetization (Mxy) decays exponentially with a time constant T2 (Eq.

1.4 and 1.5)
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dMz(t)

dt
= − 1

T1
[Mz(t)−M0

z ] (Eq. 1.4)

dMxy(t)

dt
= − 1

T2
Mxy(t) (Eq. 1.5)

with Mz, Mxy magnetic field component on z-axis or x-y plane, M0
z equilibrium

value of magnetic field component.

The two relaxation processes depend on the motion of the molecule in

solution. Any induced coherence in the x-y plane decays faster for slow-tumbling

large molecules, while the opposite is true for fast-tumbling small molecules.

1.6.3. Nuclear Overhauser Effect (NOE)

In 1953 Albert Overhauser described a phenomenon, which later on revo-

lutionized NMR spectroscopy, especially for large biomolecules like proteins. The

Nuclear Overhauser Effect (NOE) is the phenomenon where the relaxation of one

spin effect relaxation of nearby spins too, due to dipole-dipole interactions. This

cross-relaxation involve double quantum and zero quantum transitions giving rise

to positive or negative NOEs respectively. The type of transition is largely defined

by the size of the molecule, with small molecules preferring double quantum while

large zero quantum (Fig. 7). The significance of the NOE, lies in the fact that the

magnitude of how much one spin will effect a neighbor, depends on distance r. In

fact, the NOE between two spins declines rapidly further away from the radiated

spin, with 1/r6 dependence. By measuring the NOE between spins we can esti-

mate the distance between then, this is used a distance restraint to build a structure

model of the biomolecule. The NMR experiment to record is named NOESY.
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Figure 7. Cross relaxation and the NOE effect. A) Different energy levels due to spin

orientations. Two spins S and I with only dipolar coupling may undergo double quantum

(W2) or zero quantum (W0) transition during relaxation. B) Irradiation of spin S causes the

two spin states to be equally populated and therefore no NMR signal is observed in the

spectrum. In proteins, after the rf pulse is stopped, through W0 transition S gradually re-

establishes equilibrium and the NMR signal reappears. While the I spin the higher energy

state becomes more populated, as result the differences between states is lesser, therefore

there is decrease in the intensity of the signal of I spin in the spectrum.

Filtered NOESY

As previously described, only certain isotopes are NMR active, in the case

of proteins 1H, 13C and 15N are of interest. Formation of a protein complex AB with

uniformly 15N labeled A and unlabeled B will lead to several types of 1H NOEs,

namely intermolecular and intramolecular. Although all NOEs are important, usu-

ally the intermolecular ones define the interaction interface and contribute to com-

plex structure calculation. In the described experimental setup the intermolecular

NOEs are between protons, which are attached to 15N on A, and 14N on B. Such in-

termolecular NOEs can be recorded by using multidimensional NMR experiments
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containing X-filter element. Due to the presence of scalar coupling only in 1H-15N,

it is possible to differentiate NOEs originating from the two correlations.

The transfer NOE

Many more methods have been developed to study interactions between

proteins by NMR, since single structures usually do not answer biological ques-

tions. For that purpose in addition to filtered NOESY experiment, a method was

established to obtain distance restrains under usually occurring conditions. As

large biomolecules usually tumble slowly in solution they exhibit strong negative

NOEs, while a smaller molecule tumbles faster showing near zero to small posi-

tive NOEs (Fig. 8). This difference is exploited by the transfer-NOESY (tr-NOESY)

experiment to reveal otherwise unseen NOEs (Balaram et al., 1972; Post, 2003).

Transferred NOEs is very helpful tool not only for ligand binding determination

but also conformation information of the bound ligand.

Usually in a protein-peptide complex, the peptide’s resonances are severely

broadened due to rapid relaxation when bound to a much larger protein. In con-

trast, the population fraction of the free peptide exhibits much slower relaxation,

hence stronger signals. By recording a NOESY spectrum with relative long mixing

time, we allow NOEs from the bound state to transfer to the free state. The trans-

fer of the NOEs from the bound state to the free state depends on the on/off rates

and the affinity of the binding. In fact the following inequality (Eq. 1.6) must be

fulfilled in order transferred NOE to occur :

|Nbσb| >> |Nfσf | (Eq. 1.6)

with σ the cross-relaxation rate and N number of molecules in free (f ) and bound

(b) state.

In practice, the mentioned prerequisites are fulfilled by a small ligand
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Figure 8. NOE intensity in relation with molecular motion and transfer NOE scheme. A)

Graph of NOE dependence on molecular motion. B) Free ligands show due to fast motion

in solution show weak or even zero NOE, while when bound to a much larger protein

it acquires the characteristics of a larger molecule. As result NOE built while bound still

exists when the ligand dissociates.

binding to a large protein with micromolar to milimolar range of affinity. More-

over, the ligand must be in high molar excess over the protein, usually 10 and 30

to 1. Comparison NOESY peptide spectra in the presence and in absence of bind-

ing protein, additional NOEs should originate from the bound conformation of

the peptide. The discrimination between free and bound NOEs can be achieved

by comparing signal intensities, since usually free peptides would have near zero

NOE values. A major drawback of the tr-NOESY experiment is spin diffusion. The

relative long mixing times cause not only enhancement of NOE between nearby

protons, but also indirect via protein protons. This may lead to ”relay” NOEs and

wrong interpretation. Additionally, NOEs obtained from such experiments can-

not be used straightforward as distance restraints, as their intensities are greatly

affected by the long mixing times used. In all cases, various mixing times should

be tested to determine the optimal value for every protein/ligand system.
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1.6.4. Residual Dipolar Couplings

Since NOEs report distances of maximum 5-6 Å, they lack any structural

information regarding much longer distances. A 50 kDa protein which consists of

two domains would give the same set of NOEs regardless of the relative position of

each domain with respect to the other. Due to the very short range of NOEs, only

few ,if any, interdomain NOEs can be obtained depending on the distance between

the two domains. Consequently, it is usually not possible to detect larger changes

only with NOEs. In contrast, residual dipolar couplings (RDCs) give information

on relative orientation of bond vectors. A protein in isotropic solution would tum-

ble freely, therefore all vectors formed by dipole-dipole interactions are averaged

out to zero. However, for the same protein when weakly (3-5%) aligned, i.e. in

filamentous phages, incomplete averaging occurs. In such anisotropic conditions,

dipole-dipole interactions are no longer zero. By measuring the residual dipolar

couplings, for example for 1H-15N bond vectors of known bond lengths, we can

extract information about the relative angle between a nucleus-nucleus vector and

the external magnetic field. Ultimately, residual dipolar couplings reveal the rela-

tive orientation of regions of the molecule, which are not necessarily close in space.

1.6.5. Protein NMR

The theoretical aspects described above have been successfully applied

to biological systems to address questions regarding structure-function relations.

Although this study focuses on the aspects proteins and peptides are the only

biomolecules studied by NMR, the structure and dynamics of nucleic acids can

also be investigated. Currently, conventional NMR techniques can yield protein

structures for sizes up to 20-30 kDa. However, high field NMR spectrometers and

more sophisticated methods can push this limit further. Many advances occurred

since the beginning of the technique in order to overcome some major burdens.

Probably the biggest issue spectroscopists dealt was the immense signal overlap
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that occurs from the large numbers of same atom types in a protein. In contrast to

small organic molecules, one-dimensional spectra of the naturally abundant iso-

tope 1H lacks resolution, thus little information can be extracted. Moreover, as

previously described, large biomolecules relax fast, resulting quick loss of signal.

The first milestone in protein NMR was the incorporation of 15N and 13C

isotopes in the sample. Recombinantly expressed proteins from bacteria growing

in media containing these isotopes led to uniform enrichment with these NMR-

active isotopes. This expanded the type of one-dimensional spectra that could be

acquired, but more importantly enabled multidimensional experiments. The later

significantly increased the required resolution. Overtime more expensive and so-

phisticated methods were developed to heighten even more the upper limit of the

protein size studied. Partial or complete deuteration greatly improved relaxation

properties of the molecules, by a significant reduction of dipole-dipole interaction.

In combination with residue-, or even chemical group-specific labeling constitutes

the latest and most powerful tool to study large biomolecules. In parallel to sample

preparation improvements, many advances in electronics, physics and materials

boost the construction of more powerful instrumentations. In this context, giga-

hertz magnets are available nowadays which enhance even more both sensitivity

and resolution.

As previously mentioned, multidimensional experiments enhances the

amount and quality of information extracted by NMR, yet already simple 1D pro-

ton spectra may reveal important aspects about the tested biomolecule. Lineshape

and dispersion in 1D spectra are indicative of overall structure integrity, and pres-

ence of any fold. One dimensional 1H spectra and 2D 1H,15N heteronuclear single

quantum correlation spectra (HSQC) comprise the two most commonly used ex-

periments in biomolecular NMR. The HSQC spectrum correlates all amides, creat-

ing a unique spectrum for each protein, thus also referred to as the “fingerprint”

spectrum. Usually all resonances of this spectrum are assigned to specific amides

in the protein by facilitating triple resonance experiments. In such experiments,
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while the two dimensions are still the amide proton and the amide nitrogen, yet the

additional third dimension enables to identify specific residue within the polypep-

tide chain. Depending on the type of the experiment, this third dimension includes

resonances of scalar coupled carbons to the amide. In the HNCA experiment for

example one plane contains 1H-15N correlations , while the third dimension in-

cludes information about Cα chemical shift values. Combination of spectra that

include CO, Cα or Cβ it is possible to unambiguously assign all backbone atoms of

the protein, since carbon resonance frequencies are characteristic for each amino

acid. The side-chains are also assigned similarly by TOCSY spectrum, which cor-

relate all 1H and 13C frequencies of all atoms within the same residue.

All experiments described so far in this section, are based on net magne-

tization transfer through bond, thus are useful only for resonances assignments.

In the NOESY experiment though, magnetization is transferred through space via

dipolar interactions between nearby atoms. Although 1H,1H NOESY spectra can

be sufficient to resolve NOEs in a peptide or small molecule, this is not the case

for larger than few kilo Dalton proteins. Isotope-edited NOESY-HSQC spectra, in

which the HSQC sequence selects protons bound to 15N or 13C, were developed

to tackle this problem. Such experiments not only can further assign resonances

previously unknown, but also provide distance information between protons – the

basis for structure calculation by solution NMR.

1.6.6. Chemical exchange in NMR

NMR is a very versatile tool, being able to determine high-resolution pro-

tein structures, study dynamics but also interactions. All kind of interactions have

been extensively studied by NMR, including protein-protein, protein-nucleic acid

and protein-small molecule. Although it is possible to validate if a small molecule

interacts with an unlabeled protein already by 1D proton spectra, the most fre-

quently used technique is the 2D NMR titration. It consists of a series of 1H,15N
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or 1H,13C HSQC spectra of a protein in the presence of increasing ligand concen-

tration. If interaction occurs, chemical microenvironment of atoms involved in

the interaction changes, causing chemical shift perturbations. In such experiments

results vary greatly due to kinetics of the complex formation. The frequencies dif-

ference in free and bound state, as well as association and dissociation rates defines

the outcome of the titration. Three exchange regimes are possible:

slow ∆ν >> kex

intermediate ∆ν ≈ kex

fast ∆ν << kex

with ∆ν = frequency difference of free and bound state, kex = exchange rate (Eq.

1.7)

kex = kon + koff (Eq. 1.7)

with kon and koff the rates of conversion between bound and free states.

In the slow exchange regime, only two sets of resonances are visible, cor-

responding to free and bound states respectively. The intensity of the each signal

correlates with to the relative population of the two states (Fig. 9A). This type

of exchange, although heavily depend on the exchange rates, typically indicates

a tight interaction. In contrast, more loose interactions in µM-mM affinity range,

exhibit fast exchange. When in fast exchange, signals correspond to the average

chemical shift value between population weighted free and bound state. Hence, it

is possible to track the perturbation of chemical shifts (Fig. 9B). Accordingly, when

the exchange lies in-between slow and fast exchange regime, a combination of both

behaviors is observed, line broadening and chemical shift perturbation (Fig. 9C).
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Figure 9. Schematic overview of exchange regimes. ν correspond to free (P ) and bound

(PL) resonances. A) In slow exchange regime upon increasing concentration of ligand the

signal which corresponds to free state gradually decreases while bound frequency signal

increases. B) In contrast, weak binding is usually in fast exchange regime resulting a shift

of frequency observed as more ligand is present. C) Interactions following intermediate

exchange exhibit frequency shift and change in intensity of the signal upon addition of

ligand. Adapted from Kleckner & Foster 2011.

1.7. Scope of Thesis

Almost one third of all proteins in a cell have to be targeted to the cor-

rect compartment for proper function. The mechanisms by which proteins are

translocated on or inside the lesser-known peroxisome remains elusive, despite

the numerous disorders linked to the malfunction mechanism. The highly dy-

namic nature of the pore involved in the process so far has limited the applicable

techniques to study such systems. Therefore, in this thesis I applied solution NMR

spectroscopy to address questions regarding peroxisome biogenesis.

One of the key players in this process is membrane peroxin, Pex14. To-

gether with the cytosolic receptor Pex5, it has been shown recently to be required
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for pore activity. Our knowledge regarding the function and interactions of Pex5

and Pex14 is rather limited. In fact, the only structurally characterized region of

Pex14 is the N-terminal domain, which forms a three-helical bundle. This domain

represents less than one quarter of the full-length protein. A hydrophobic patch of

amino acids and a putative coiled-coil domain are predicted from sequence anal-

ysis, but their molecular structure and function is so far unknown. The remain-

der of the protein has not yet been associated with any function. Therefore, the

C-terminal region of Pex14 is studied in this thesis, by characterizing its conforma-

tion, dynamics and molecular interactions with Pex5 using biophysical methods,

NMR spectroscopy and functional studies.

The interaction between the N-terminal domain of Pex14 and WxxxF mo-

tifs in Pex5 is important for the cargo import into peroxisomes and, similarly, gly-

cosomes in trypanosomes. Structure-based drug design is therefore employed to

develop antiparasitic drugs that target Trypanosoma brucei. This work follows a

previous suggestion that targeting the import of enzymes into glycosomes is a vi-

able target for drug development in these organisms. The aim is to demonstrate

that potent and specific inhibitors of the Pex14/Pex5 interaction can be developed

towards a novel therapy to treat trypasome-diseases.

Finally, an open question regarding the peroxisomal membrane protein

insertion pathway is addressed. Enrichment of peroxisome membrane with pro-

teins depends on the cytosolic transport receptor Pex19. This chaperone recognizes

peroxisomal membrane proteins (PMPs) in the cytoplasm and targets them to the

membrane. The domain for this interaction has been identified in the C-terminal

region. However, the interface of this interaction is largely unknown. Moreover,

given the hydrophobic nature of these interactions it is intriguing how Pex19 can

differentiate PMPs from other hydrophobic proteins. Most importantly, Pex19 is

farnesylated in vivo, but the role of the modification remains controversial and has

not been characterized at the structural level. The aim of this project is to investi-

gate the mode of interaction between Pex19 and PMPs. Therefore, both forms of
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the protein, farnesylated and non-farnesylated, are used to study the role of the

modification for PMP recognition and peroxisome function.
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2.1. Bacterial strains

Table 1. Bacterial strains

E.coli Strain Genotype

BL21 (DE3)
F– ompT gal dcm lon hsdSB(rB- mB-) (DE3

[lacI lacUV5-T7 gene 1 ind1 sam7 nin5])

DH5a
F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20

80dlacZM15 (lacZYA-argF)U169, hsdR17(rK–mK+), λ–

XL1
endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44

F’[ ::Tn10 proAB+ lacIq (lacZ)M15] hsdR17(rK- mK+)
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2.2. Vectors

Table 2. Plasmids

Plasmid Vector Insert Reference

FTase pETM-11 His6-RAM1 RAM2

provided by

Dr. S. Holton,

EMBL Hamburg

Pex19 CTD pETM-11 His6 -Pex19 (161-299) Schueller et al. 2010

pTUML30 pETM-11
His6 -Pex19 (161-299)

P273R/P274R
this study

pTUML31 pETM-11
His6 -Pex19 (161-299)

P273F/P274F
this study

pTUML07 pETM-11 His6 - Pex14 this study

pTUML22 pETM-11 His6 -Trx- Pex14 (225-377) this study

Pex5 TPR pETM-11 His6 -GST- Pex5 (315-639) this study

pTUML32 pETM-11
His6 -GST- Pex5 (315-639)

Q491A/L494A
this study

tbPex14 pETM-11
His6 - Pex14 (1-84)

T.brucei

provided by

Prof. R. Erdmann, RUB

pTUML10 pETM-11
His6 - TrpPex14 (19-84)

T.brucei
this study
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2.3. Buffers

Lysogeny Broth LB (1L) Mineral Medium M9 (1L)

Tryptone 10 g Na2HPO4 6 g

Yeast Extract 5 g KH2PO4 3 g

NaCl 10 g NaCl 0.5 g

NaOH 1N to pH 7.2 15NH4Cl 0.5 g

glucose 4 g

MgSO4 (1M) 1 ml

CaCl2 (1M) 0.3 ml

Biotin 1 mg

Thiamin 1 mg

100x trace elements stock solution 10ml

100x trace elements stock solution (1L) Chromatography buffer

EDTA, pH: 7.5 5 ml Tris.HCl 50 mM

FeCl3 x 6 H20 8.3 mg NaCl 50 mM

ZnCl2 84 mg pH 8

CuCl2 x 2 H20 13 mg filtered / degassed

CoCl2 x 6 H20 10 mg

H3BO3 10 mg

MnCl2 x 6 H20 0.6 mg

Lysis buffer High salt wash buffer

Tris.HCl 50 mM Tris.HCl 50 mM

NaCl 500 mM NaCl 700 mM

Imidazole 1 mM Imidazole 1 mM

pH 8 pH 8

TAE 10X (1L) Low salt wash buffer

Trizma base 48.4 g Tris.HCl 50 mM

Glacial acetic acid 11.44 mL NaCl 50 mM
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EDTA 0.5M pH 8.5 20 mL pH 8

Laemmli buffer Elution buffer

SDS 4% Tris.HCl 50 mM

Glycerol 20 % NaCl 50 mM

Tris.HCl 120 mM Imidazole 250 mM

pH 6.8 pH 8

Dialysis buffer (TEV) NMR buffer

Tris.HCl 50 mM Sodium phosphate 20 mM

NaCl 150 mM NaCl 50 mM

β-mercaptethanol 5 mM pH 6.5

pH 8

All culture media were supplemented with sterile filtered 50 mg/L kanamycin.

All chemicals were dissolved in D2O and sterile filtered for perdeuterated protein

production.

2.4. Molecular biology

Molecular biology techniques were performed according to the following

established manuals: A) “MOLECULAR CLONING” laboratory manual, J. Sam-

brook, E.F. Fritsch,T. Maniatis and B) “Current protocols in Molecualr biology”,

F.Ausubel, R. Brent, R.Kingston, D.Moore, J.Seidman, J.Smith, K.Struhl.

Commercially available kits and protocols for PCR and cloning were pur-

chased from New England Biolabs and Promega. All constructs were sequenced

by GATC-Biotech laboratories.
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2.4.1. Quickchange mutagenesis

Quickchange mutagenesis kit was used throughout the study to intro-

duce desired mutations. Ready-made reagents were purchased from Agilent Tech-

nologies. PCR reaction was set up with 50 ng of template plasmid, mutation-

bearing primers in final concentration of 10 pmol/mL and Pfu high fidelity poly-

merase in 2.5 u/µL final units concentration. Following the PCR program as de-

scribed in Quickchange kit, the mixture is incubated with DpnI enzyme. The en-

zyme digested the parental methylated DNA. As result, the non-methylated PCR

product with the mutation was the only intact DNA molecule in the mixture. Sub-

sequent to 1 h DpnI digestion at 37 oC, competent DH5a or XL1 E.coli cells were

transformed with the mixture. The cells were plated in LB agar plates containing

kanamycin. The colonies grown were sequenced for the mutation validation.

2.4.2. Gene cloning

In this study most constructs are heavily optimized for gene expression

and protein stability. To achieve that genes have to be cloned in special expressing

vector. DNA oligonucleotides (primers) are designed to complement the region

of interest in the target gene. In addition, the oligonucleotides have flanking se-

quences consisting of restriction enzymes recognition sites, compatible with the

vector enzymes. The result of a PCR reaction with these primers and the template

DNA is a double stranded DNA molecule with the gene of interest coupled with

flanking nucleotides. This product and the expressing vector are digested with

the restriction enzymes to produce compatible single stranded overhangs in both

molecules. Ligation reaction of both DNA molecules result a circular expression

vector bearing the gene of interest and all necessary elements for plasmid replica-

tion and protein expression.

For DNA digestion, 10 µg of DNA is incubated at 37 oC with one or two

restriction enzymes at final concentration of 1-2 u/µL, in final 50 µL reaction vol-
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ume. The digestion is confirmed by agarose gel electrophoresis, in comparison

with the untreated DNA. Mixing purified vector and target gene at various molar

ratios ranging from 1:1 to 1:6 and ligase enzyme at 1 u/µL sets up ligation reac-

tion, with vector being 50 ng in total 10 µL reaction volume. Ligation reaction is

incubated overnight at 16 oC. Following day competent cells are transformed with

whole ligation mixture and plated in LB agar plates containing antibiotic.

2.4.3. Agarose gel electrophoresis

Agarose gel electrophoresis is a DNA separation method based on the

molecular weight. DNA samples are mobilized through the gel due to external

electric field. Smaller molecules are migrating faster than big molecules, since their

movement is hindered less by the porous nature of the gel matrix. The distinct

bands consisted of different size DNA molecules are stained by ethidium bromide

(EtBr) agent, which is ingredient of the gel. The result molecules are visible under

UV light.

For the agarose gel preparation, 1% agar solution is made with TAE 1X

buffer and heated to near-boil temperature in microwave oven. Following initial

cooling of the mixture to below 56 oC, EtBr is added to final concentration of 0.5

mg/ml. Dye and glycerol is added to DNA samples prior loaded for handling

convenience. After the desired migration of the dye in the gel is accomplished, the

gel is subjected to UV radiation to inspect the DNA sample.

2.4.4. Competent cells transformation

Transformation in competent cells is an convenient way to import any

gene/vector to the desired cell strain. Provided the genetic material bears all ele-

ments for replication and self gene expression, the cell replication and expression

machineries can use this new material. Hence we can insert any desired vector in

the cell and produce recombinantly target genes.

36



2.4. Molecular biology

Approximately 100 µL of competent cells are mixed with 2-10 ng of the

vector, which carries not only the gene of interest but also an antibiotic resistance

gene. The cells are gradually thawed on ice for 30 min and subjected to 42 oC

heat pulse for 45 sec, and returned back to ice for 2 more minutes. 700 µL of LB

media is added, and they are incubated for 30 min at 37 oC. After the recovery, the

cells are plated on a LB agar plate, which contains the suitable antibiotic for colony

screening.

2.4.5. Protein expression in pET systems

Plasmids from the pET expression system are vectors which enable the

recombinant production of any target protein in E.coli cells. It consists of the im-

portant elements of: lacI gene encoding the lac repressor, the T7 promoter – which

is compatible only with T7 RNA polymerase and not with bacterial RNA poly-

merases, the f1 origin of replication and the desired antibiotic resistance gene. In

the presence of T7 RNA polymerase, when lac suppressor is not suppressed, the

transcription of the inserted gene proceeds in very quick manner. The short length

of the T7 promoter enables this fast reaction, as long as T7 RNA polymerase ex-

ists. The production of the target protein is proportional related to the size of the

transcribed mRNA. Within few hours the protein of interest will be the dominant

molecule inside the cell. Since the existence of T7 RNA polymerase is of paramount

importance for the pathway, it is crucial the cell strains to contain the specific gene,

usually referred as (λDE3). The polymerase is also under the control of lac tran-

scription elements. For purification purposes, all pET vectors used in this study

express target proteins fused with solubility enhancement tags, like Thioredoxin

(Trx), and poly-histidine tail in the N-terminal end of the polypeptide chain.
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2.4.6. Protein expression and isotope labeling

All proteins studied were expressed and purified from pET vectors cells

with the proceeding protocols. Expressing strain of E.coli BL21(DE3) was trans-

formed with the plasmid of interest. A single transformed colony was suspended

in culture media, containing the antibiotic of choice, for overnight growth. The

dense preculture was diluted twenty times in larger volume medium and incu-

bated at 37 oC till OD600 reaches 0.6-0.8. With the desired density and amount of

cells, cells were induced with 200 µM IPTG at 20 oC for 16 hours.

For stereospecific assignments media was supplemented with 10% U-

[13C]-D-glucose (Neri et al., 1989). For Leu, Val and Ile methyl labeled Pex5 TPR

or Pex19 CTD samples, cells were grown in perdeuterated medium containing

U-[2H]-D-glucose at 37 oC. At OD600 =0.5, 100 mg of respective precursors were

added in the culture. The precursors used were α-ketobutyric acid 13C4,3,3-d2

for (1H-1δ methyl)-isoleucine and 2-keto 3-methyl 13C-butyric 4-13C, 3d for (1H-1δ

methyl) -leucine and (1H-1γ methyl)-valine labeling. One hour after the addition

of the precursors, expression was induced with 200 µM IPTG at 20 oC for 16 hours.

Finally, cells were harvested by centrifugation (4000 g, 4 oC, 15 min).

2.4.7. Affinity chromatography purification

As all proteins were fused N-terminally to six-histidine tag, it was possi-

ble to exploit the robust affinity chromatography purification protocol using nickel-

bearing beads. The special resin is widely used for recombinant protein purifica-

tion and consists of agarose beads coated with nitrilotriacetic acid (NTA). In neu-

tral pH, the acid has three deprotonated carbonyls, which can chelate bivalent ions

like nickel. Since immobilized nickel has still two unoccupied ionic bonds, it pos-

sesses the ability to chelate amino acid aromatic side chains, histidines in partic-

ular. The stationary phase – nickel beads – binds selectively to the six-histidine

epitope, while the rest of cell extract is not reactive, thus resulting separation. Pro-
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tein then can be recovered from the beads, by washing the column with a higher

affinity binding molecule for nickel, imidazole.

The cell paste was resuspended in lysis buffer supplemented with pro-

tease inhibitor PMSF at final concentration of 2 mM. Cell lysis was achieved via

sonication at 4 oC. Following step included separation of cell debris and intact cells

membranes by centrifugation (20 min, 4 oC, 7000 g). The supernatant contains all

soluble proteins together with the protein of interest. This is loaded to a Ni-NTA

chromatography column, previously equilibrated with 10 column volumes of lysis

buffer. With constant flow rate 1 ml/min the column was washed with 5 volumes

of each high and low salt buffers. Protein was eluted with 5 column volumes of

elution buffer. After purity and yield checked in SDS gel, the sample was dialyzed

overnight, in the presence of 5 mg/mL TEV protease, against dialysis buffer to

remove the imidazole. Separation of cleaved protein and tag was achieved with

additional nickel column purification. Purified proteins were tested for freeze-

thaw stability, and showed that they can withstand freezing. Hence all proteins

were stored at -20 oC in dialysis buffer or were furthermore purified using size

exclusion chromatography. For crystallography and NMR sample preparation tag

removal was achieved with TEV protease cleavage while dialysis in dialysis buffer.

In these cases, the dialysis bag contained also 1 mg/mL TEV protease and 1 mM

DTT.

2.4.8. Size exclusion chromatography purification

To reach >95% purity level of protein preparations in addition to affin-

ity chromatography, size exclusion chromatography (SEC) was applied. As an-

other chromatographic technique, molecules are separated based on their hydro-

dynamic radius in a column containing the stationary phase. The latest consists

of porous material, which traps transiently smaller molecules, while bigger parti-

cles pass through unaffected. At the exit of the column a UV detector calibrated
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at 280 nm detects and records the proteins traces. An automated machine collects

the output in many fractions. The resulting chromatogram comprises larger pro-

teins in the beginning, since they are not interacting with the matrix, and gradually

smaller molecules in the end. For large scale protein preparations long and wide

columns were facilitated to achieve maximum resolution and separation.

Preparation of sample for size exclusion chromatography included con-

centration up to 0.5-1 mL. After the sample was loaded in the loop, it was injected

in a previously equilibrated column with SEC buffer and the run developed with 1

mL/min flow rate. The eluted fractions were collected and pooled together upon

chromatogram validation.

2.5. Protein detection and evaluations

2.5.1. SDS-PAGE gel electrophoresis under denaturing conditions

Proteins can be sorted by their molecular weight in a polyacrylamide gel

with the application of current. A multi-protein sample is mixed with laemmli

buffer, which contains SDS ionic detergent in such a concentration to destroy all

non-covalent interactions that keep proteins folded. To ensure complete denatu-

ration the buffer consists also of β-mercaptethanol to reduce any disulfide bonds

present. SDS-bound proteins are denatured and largely negatively charged, which

enables them to migrate through the gel when electric field is applied. The com-

plex SDS-proteins have roughly the molecular weight of the protein; therefore the

separation by protein molecular weight is possible.

2.5.2. Coomasie blue stain

Detection of the proteins, which are embedded inside a SDS-PAGE gel,

was accomplished via staining of the gel with Coomasie Briliant Blue (R-250). The
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dye stains with blue color protein bands with protein content higher than 0.1 mg.

2.5.3. Protein concentration determination

Protein concentrations throughout the study were determined using Nan-

odrop 2000 (ThermoScientific). The principle of this method is the UV light ab-

sorption from aromatic amino acids. Specifically, aromatic rings of mainly Trypto-

phan, secondarily Phenylalanine and Histidine exhibit absorbance peak at 280 nm.

Since the structure elements of the polypeptide chain affect the absorbance, factors

like pH and salt concentration may affect the absorbance spectrum. Concentration

measurement with Nanodrop 2000 requires only 2-3 µL of buffer, as blank, and

same amount of protein sample. Division of the absolute 280 nm absorbance by

the extinction coefficient factor calculates the final concentration.

2.6. In vitro assays

2.6.1. Fluorescence polarization (FP)

Fluorescence polarization is an affinity measurement method, which can

be used in high throughput schemes. Fluorescein isothiocyanate (FITC) is a flu-

orescent molecule, which absorbs at 495 nm and emits at 519 nm. When FITC is

fused covalently to a ligand it tumbles fast in solution, thus the polarization of

emitted light is reduced. In contrast, when the small molecule is bound to a much

larger receptor, it adopts the kinetics of a large molecule. The mixture of FITC-

ligand and receptor is illuminated with 495 nm wavelength polarized light and

detector records the polarity of the emitted signal. Since this technique requires

ligand chemically fused with tag, the possibility of the tag itself binding to the

protein should be excluded by additional controls. Titration with many different

receptor concentrations reveals the saturation point, where no more polarization
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is gained upon complex formation.

Peptides, fused N-terminally with FITC, were purchased from Peptide

Specialty Laboratories GmbH as lyophilized powder. The powder was initially

dissolved in 1 mL water producing high concentrated peptide, at concentrations

5-10 mM depending on the delivered amount. Since the peptides were purified

with trisfluoroacetic acid (TFA), which might alter severely the pH of any experi-

mental conditions, overnight dialysis against water removed all residual TFA. For

the determination of each binding curve a 12 point titration was performed with

constant concentration of 20 nM labeled peptide and by increasing concentrations

of receptor. Starting concentration of Pex5 TPR variants was 3 mM with 12 serial

dilutions reaching 1.5 nM. FITC-WQI peptide concentration was 20 nM. Reaction

mixtures was then transferred into 96-well Optiplate and measured as triplicates

in an EnVision plate reader. Following equations were used for the affinity calcu-

lation.

Kd =
[P][L]

[PL]
(Eq. 2.1)

[PL] =
Kd + [LT ] + [PT ]−

»
(Kd + [LT ] + [PT ])2 + 4[PT ][LT ]

2
(Eq. 2.2)

with [P], [L] and [PL] the free protein, free ligand and complex concentrations,

[LT ], [PT ] total ligand and protein concentrations.

2.6.2. AlphaScreen

Amplified Luminescence Proximity Homogeneous Assay (AlphaScreen)

is a luminescence method to measure biological interactions and estimate affini-

ties. AlphaKit is the commercially available kit from PerkinElmer. The technique

consists of two type of beads, donors and acceptors. Donor beads are pthalocya-
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nine molecules, which upon excitation with 680 nm light release singlet oxygen.

If acceptor beads are closer than 200 nm in space, through a cascade of reactions,

615 nm light is emitted from them. In biological applications, and in the case of

this study, donor and acceptor beads are conjugated with streptavidin and anti-

histidine epitope respectively. For the assay to function, tested ligands were bi-

otinylated and receptors His-tagged. The high affinities of streptavidin-biotin and

epitope-His-tag ensure that if ligand-receptor complex is formed, the beads will

be close enough to emit and detect signal output. Combination of a labeled ligand

with a non-labeled one, results a competition assay. Inhibition constant (Ki) can

be calculated by plotting relative fluorescence versus concentration of non-labeled

ligand.

The concentration of the beads used in all experiments was 2 µg/ml. Ini-

tially the Pex14-labelled WF peptide complex was formed in 20 mL total low salt

buffer by mixing in 1:1 ratio the two components, at 100 µM concentration each.

In a 96-well plate 40 µL of DMSO was added to the first column, while the rest

of the wells were filled with 25 µL. In the first well of each row 10 µL of 50 mM

ligand stock solution were supplemented to complete 50 µL total mixture volume.

Serial dilutions were carried out by transferring 25 µL from each well to the next in

every row. To every well, which contained various ligand concentrations, 197.5 µL

of preformed complex were added and incubated for 1 hour at room temperature

in dark conditions. Each well reaction was divided into 3 to fill a 384-well white

Optiplate and measured as triplicates in an EnVision plate reader. The resulting

curves were analyzed with software Prism7.

2.6.3. In vitro farnesylation

In vitro farnesylation of Pex19 CTD variants was achieved enzymatically

by farnesyltransferase. 50 µM of purified protein was mixed with the substrate

farnesyl pyrophosphate to a ratio 1:1.2. The enzymatic reaction was set up with 1
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µM enzyme, 5 mM MgCl2, 10 µM ZnCl2 and 3.5 mM β-mercaptethanol in 10 mL

reaction volume of buffer containing 50 mM Tris.HCl at pH 8. The samples were

incubated for 1 hour at 37 oC. To separate the His-tagged enzyme, samples were

loaded on affinity chromatography column. The flow-through was enriched with

farnesylated Pex19 CTD and overnight dialysis against NMR buffer finalized the

preparation.

2.6.4. Crystallization

At high concentrations and under specific conditions molecules adopt

higher ordered structures, the crystals. X-ray diffraction pattern of such crystals

reveals the distribution of electrons inside the crystal unit, thus enabling the 3D

reconstruction of the electron density map and the structure of the molecule. Pro-

tein samples are subjected to precipitation under controlled environment, testing

many different buffer conditions.

For determination of complex structures, Pex14 was mixed with 10-fold

excess of ligand and co-concentrated up to 4 mM. Since the solubility of most lig-

ands lies well below this number, occurred precipitation was removed by centrifu-

gation. Pex14 complex with compound 2 was achieved in 0.1 M SPG buffer pH 9,

25% (w/v) PEG 1500 in two weeks, while with compound 3 in 0.1 M SPG buffer

pH 6, 25% (w/v) PEG 1500 in three weeks. The crystals were measured at ESRF,

Grenoble at ID23-2 beamline. Collected data were processed by XDS and XSCALE

software (Kabsch, 2010). Molecular replacement was used to solve the structures,

with rat Pex14 (PDB: 3FF5) structure as molecular replacement probe (Su et al.,

2009). Models and ligands were created using COOT program (Emsley et al., 2010)

followed by Refmac5 refinement (Vagin et al., 2004).
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2.7. NMR methods

All NMR experiments in this study were performed at 298 K in NMR

buffer, unless otherwise stated.

2.7.1. Assignments

Backbone assignments for hsPex14 CTD, hsPex5 TPR and tbPex14 NTD

protein was achieved with standard triple resonance experiments HNCA, HN-

CACB, HNCO, HNCACO, CBCA(CO)NH (Sattler et al., 1999). Due to signal over-

lap in the case of 35 kDa TPR domain of hsPex5, all experiments were TROSY ver-

sion and additional HCC(CO)NH experiment was recorded. Spectra of tbPex14

were obtained from Bruker Avance 500 MHz spectrometer, while for TPR and

hsPex14 CTD from Bruker Avance 900 MHz. 1H, 13C HSQC and (H)CC(CO)NH-

TOCSY recorded spectra assisted for the stereospecific assignments of tbPex14

NTD. Fully assignments of unlabeled peptides were extracted from natural abun-

dance 1H,1H TOCSY, 1H,1H NOESY, 1H-13C HSQC 2D spectra recorded on a Bruker

Avance III 500 MHz spectrometer. Sample concentrations in all cases were ranging

0.8-1 mM.

Methyl Ile, Leu and Val assignments for hsPex5 TPR domain were ob-

tained from 13C- and 15N- edited simultaneous NOESY-HSQC spectra in combina-

tion with 1H-13C ctHMQC, 1H-15N TROSY-HSQC and HCC-FLOPSY (Kadkhodaie

et al., 1991). The NOESY mixing time was 100 ms, while for the FLOPSY 22 ms.

NMRpipe software (Delaglio et al., 1995) was used for the processing of

all spectra, while analysis and assignments were done on Sparky (Goddard &

Kneller, 1996). Backbone assignment procedure was assisted by semiautomatic

assignment program MARS (Jung & Zweckstetter, 2004).
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2.7.2. NOESY experiments

13C- and 15N- edited NOESY-HSQC spectra were recorded with 80 ms

mixing time on uniformly labeled tbPex14 NTD on Bruker Avance 900 MHz spec-

trometer equipped with TXI cryo-probe head.

Intermolecular NOEs between Pex19 CTDfarn and ALDP peptide were

detected from a ω1-filtered/ω2-edited NOESY-HSQC experiment with 100 ms. The

spectrum was recorded on Bruker Avance III 500 MHz spectrometer with TXl cryo-

probe head. The sample composition was 300 µM protein and 1mM ALDP pep-

tide.

Intermolecular NOEs between hsPex5 TPR and WQI peptide were de-

tected from ω1-filtered/ω2-edited NOESY-HSQC experiment with 110 ms mixing

time. The spectrum was recorded on Bruker Avance 900 MHz spectrometer with

TXl cryo-probe head. Sample consisted of 400 µM HsPex5 TPR and 4 mM of WQI

peptide.

Resonances of the bound conformation of WQI peptide were obtained

from 2D 1H,1H trNOESY (Post, 2003) spectra with 250 ms mixing time. The ex-

periment was recorded on Bruker Avance III 500 MHz spectrometer on sample

containing 50 µM unlabeled hsPex5 TPR and 2 mM unlabeled WQI peptide.

2.7.3. Chemical shift perturbations

Chemical shift perturbations obtained from 1H, 15N HSQC spectra were

calculated from the following formula:

∆δ(NH) =

√
(∆δ1H)2 − (

∆δ1H)

6
)2 (Eq. 2.3)

with ∆δ = difference of chemical shift in different spectra.
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2.7.4. Secondary structure prediction

Secondary structure prediction for ALDP peptide was based on 13Ca and
13Cb assigned chemical shifts. The difference between the observed values and the

average chemical shifts of random coil was calculated according to:

∆δ(13Cα−13Cβ) = (δ13Cα(obs))−(δ13Cα(rc))−[(δ13Cβ(obs))−(δ13Cβ(rc))] (Eq. 2.4)

with obs and rc being the experimental and random coil chemical shift values re-

spectively.

2.7.5. Titrations

All peptides where purchased from Peptide Specialty Laboratories GmbH

as lyophilized powder. They were all solubilized to 1 mL ddH2O, resulting in mil-

imolar solution, depending on the molecular weight (MW) and the amount deliv-

ered. This solution was dialyzed overnight against NMR buffer using 300 Da cut

off dialysis bag at 4 oC. The final concentration of this stock solution for each pep-

tide was calculated based on the peptide miligrams, MW and the final volume of

each solution.

ALDP and Pex13 peptides final stock concentration was 3.1 mM and 2.6

mM respectively. For 1H,15N and 1H,13C HSQC titration with those peptides to

Pex19 CTD and Pex19 CTDfarn initial protein concentration was 75 µM with in-

creasing concentration of peptides reaching 1:10 ratio.

For both hsPex14 WQI peptides the final stock concentration was 12 mM.

For 1H,15N TROSY-HSQC and 1H,13C ctHSQC titration with those peptides to U-

[2H], U-[15N] (1H-1δ methyl)-ile, (1H-1δ methyl)-leu (1H-1γ methyl)- val labeled

HsPex5 TPR initial protein concentration was 300 µM with increasing concentra-

tion of peptides reaching 1:10 ratio.
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Table 4. Peptide sequences

Peptide from Sequence Length (aa)

ALDP GMNRVFLQRLL 11

Pex13 ALVRTIRYLYRRLQR 15

hsPex14 WQI (long) SAPKIPSWQIPVKSPSPS 18

hsPex14 WQI KIPSWQIP 8

2.7.6. Pex14-Pex5 inhibitors

Table 5. Pex14-Pex5 inhibitors

Inhibitor Formula MW (Da)

1 399

2 450

3 504

4 519
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The tbPex14-tbPex5 inhibitors were either purchased from Chemibridge

or in-house chemically synthesized. Stock solutions were made in all cases by

dissolving the needed amount in DMSO to 50 mM final concentration. 1H,15N

HSQC titrations were performed with 100 µM 15N labeled protein and increasing

concentration of compounds up to 1:10 ratio.

2.7.7. Residual dipolar couplings

Residual dipolar couplings were measured on a Bruker Avance 800 MHz

spectrometer. 1HN -15N J-couplings were extracted from difference in 15N frequency

between the 1HN -15N HSQC and the 1H-15N TROSY-HSQC recorded at the same

temperature 298 K (Bax et al., 2001). For the 15N-13CO and 13Ca-13CO J-couplings

two 3D TROSY-HNCO experiments were measured (Bax et al., 2001). For the

isotropic reference measurements 450 µM perdeuterated 15N labeled hsPex5 TPR

was mixed with 5 mM unlabeled WQI peptide, while for the RDCs 15mg/ml Pf1

phages (ASLAbiotech) were supplemented. Analysis of all spectra was achieved

with Sparky and MODULE (Dosset et al., 2001).

2.7.8. Structure calculation

CYANA 3.0 was used to calculate structure of tbPex14 NTD and auto-

matic NOE assignment (Guntert, 2009). In addition, torsion angles restrains by

TALOS+ (Shen et al., 2009) were implemented. The lowest energy structure was

water refined by ARIA2 (Nilges et al., 1997).

The bound conformation of WQI peptide onto hsPex5 TPR was calcu-

lated based on the NOEs (2.10.2) that were assigned by CYANA 3.0. Both bound

conformations of the protein and the peptide were docked using the intermolecu-

lar NOEs obtained (2.10.2) and CSPs. HsPex5 TPR residues with CSP > 0.05 ppm

(Lys472, Glu473, Leu476, Val479, Glu480, Asp482, Thr483, Ser485, Ile486, Gln491,

Leu494, G495, Phe498, Lys506, Asp509, Ala513, Ser516,) and the Ile238, Pro239,
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Ser240, Trp241, Gln242, Ile243 in the WQI peptide were used as active residues and

those within 6.5 Å were treated as passive residues. The unambiguous intermolec-

ular NOEs included are shown in Table 6. The solvated docking was performed

on HADDOCK web server (Dominguez et al., 2003). In iterations 0, 1 and dur-

ing water refinement 2000, 400 and 400 structures were calculated, respectively.

Minimum cluster size was set to 10.

Table 6. Unambiguous NOE restrains for Pex5 TPR- WQI docking

Pex5 TPR Pex14 (WQI pept)

Ile486 1H-δ1 methyl Ile238 or Ile243 HG2#

Ile486 1H-δ1 methyl Ile238 or Ile243 HG1#

Ile486 1H-δ1 methyl Ile238 or Pro244 HA

Ile486 1H-δ1 methyl Pro239 HG2

Ile486 1H-δ1 methyl Pro239 HG3

Val479 1H-γ1 methyl Ile238 or Ile243 HG2# or Ile238 or Ile243 HD1#

Val479 1H-γ1 methyl Pro239 HG# or Pro244 HB# or Ile238 HB or Ile243 HB

Leu476 1H-δ1 methyl Ile238 HB or Ile243 HB

Leu476 1H-δ1 methyl Trp241 all aromatic protons

Based on the NMR titrations and NOESY experiments both ambiguous

and unambiguous restrains were obtained for the complex Pex19 CTDfarn – ALDP

peptide. The NMR structure of farnesylated Pex19 CTD, and the helical ALDP

peptide (sequence: Asn68-Arg-Val-Phe71-Leu-Gln-Arg-Leu-Leu76) were used as

first and second molecule respectively. Pex19 residues with CSP> 0.05 ppm (Leu172,

Met175, Ser177, Asn181, Leu182, Leu183, Ser184, Lys185, Y189, L192) and the

Phe71 in the ALDP peptide were used as active residues and those within 6.5 Å

were treated as passive residues. In iterations 0, 1 and during water refinement

2000, 400 and 400 structures were calculated, respectively. The minimum clus-

ter size was set to 10. Unambiguous restraints were derived from ω1-filtered/ω2-
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edited NOESY experiment and involved methyl protons of Pex19 Leu182 or Leu183

and Pro273 or Pro274 to Phe71 aromatic protons.
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3. Results

3.1. Novel interactions between Pex14 and Pex5 in

human

3.1.1. Characterization of Pex14 C-terminal

Human Pex14 is a 41 kDa membrane protein and as such it was never suc-

cessfully isolated. Therefore I designed various constructs lacking the lipophilic

putative transmembrane region of the protein. Pex14 CTD consists of the com-

plete C-terminal part beyond the transmembrane region 138-377, while Pex14cc

and Pex14 CTD∆cc comprise the coiled-coil and C-terminal domain without the

coiled-coil region respectively (Fig. 10A). All three constructs were successfully

cloned and purified as soluble proteins, yet the structural studies were not possi-

ble for both constructs containing the coiled-coil domain. As expected, the coiled-

coil region seems to promote polymerization of the protein resulting in either large

soluble oligomers (Pex14cc) or less soluble aggregates (Pex14 CTD). This behavior

was observed in gel filtration chromatograms, where both the 9 kDa construct of

Pex14cc and the Pex14 CTD were eluted in volumes corresponding to much larger

molecules (Fig. 10). In fact, the C-terminal region was found primarily in the void

volume of the column, indicating aggregation. In contrast, Pex14 CTD∆cc elutes

as much smaller species from the column and proved to be less oligomerization

prone. Solubility, size and yield of the CTD∆cc made this the construct of choice.
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Figure 10. Protein profiles of various C-terminal Pex14 variants. A) Different Pex14 con-

struct with their boundaries. NTD N-terminal domain, TM Transmembrane, CC coiled-

coil, CTD C-terminal domain. B) Overlay of UV absorbance from size exclusion chro-

matographs of different constructs. The void volume of the column (V o), as well as the

elution volume of standard proteins with their respective molecular weights are marked

on top of the graph. C) Table of molecular weight, yield of expression (mg/L LB culture),

solubility and oligomeric state of different Pex14 constructs. * 200-300 µM, *** >1 mM

solubility limit respectively.

3.1.2. Pex14 CTD∆cc is mainly unstructured

Pex14 CTD∆cc was recombinantly expressed and purified as described in

2.4.6, 2.4.7 and 2.4.8. A uniformly 15N and 13C labeled sample was produced and

standard backbone assignment NMR experiments were recorded and analyzed.

The peak dispersion in 1H,15N HSQC spectra was found to be between 8 and 8.5

ppm, indicates that the protein is mostly disordered. The poor dispersion leads to

severe signal overlap in multidimensional experiments (Fig. 11A). Additionally,

the primary structure of the protein comprises many repeat sequences and this

results in signal overlap. Backbone assignment was achieved up to 72%.

Backbone assignments is a prerequisite for structural analysis of the do-
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Figure 11. Pex14 CTD∆cc NMR analysis. A) 1H,15N HSQC spectrum of 1 mM protein in

NMR buffer. B) Heteronuclear NOE plot and backbone ∆δ(13Cα −13 Cβ) is plotted in top

and bottom graph respectively. Gaps in the graphs are due to signal overlap or missing

backbone assignment.

main. In agreement with initial observation from 1H,15N HSQC spectrum, both

heteronuclear NOE experiment and ∆δ(13Cα −13 Cβ) indicate the absence of any

structure (Fig. 11B). Heteronuclear NOEs, which report on the dynamics of the

protein, are found to be on the order of zero, indicating a high degree of local

structural fluctuations (Fig. 11C).

3.1.3. Pex14 CTD∆cc binds Pex5 TPR in vitro

To investigate whether Pex14 CTD∆cc selectively interacts with Pex5, we

compared 1H,15N spectra of 15N labeled Pex14 CTD∆cc protein in the presence

and absence of Pex5 full length unlabeled protein. Since the second molecule is

unlabeled, its presence is not detectable by this 2D correlation NMR experiment.
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We observed that when full length Pex5 was added, certain signals in the spectrum

disappeared (Fig. 12A). This line broadening of peaks indicates that their chemical

environment and dynamic are altered upon addition of Pex5. Such behavior could

be explained by an increase of the molecular weight of Pex14 CTD∆cc in solution

if it tumbles in complex with Pex5.

To further validate this finding and locate the interaction interface we

repeated the same experiment using different fragments of Pex5. Two different

constructs, composed of either the N-terminal disordered region or the C-terminal

TPR domain, were mixed separately with Pex14 CTD∆cc. Strikingly, while in the

case of Pex5 NTD no detectable changes in the spectrum of Pex14 were observed,

the presence of the TPR domain caused the same peaks to disappear as upon ad-

dition of full length Pex5 (Fig. 12B,C). These experiments show that there is a sec-

ond interaction interface between Pex14 and Pex5 involving the C-terminal parts

of both proteins. Since backbone assignments of the construct was available, we

identified the residues, which are affected upon addition of the TPR domain. Inter-

estingly, a stretch of residues containing a Trp-Gln-Ile sequence (WQI) in the Pex14

CTD∆cc residues was identified (Fig. 12D).

3.1.4. Backbone assignment of Pex5 TPR

Mapping of the TPR-WQI peptide interface on Pex5 was achieved by as-

signing backbone amides of the TPR domain. As anticipated for a 35 kDa protein,

deuteration was mandatory to proceed with backbone assignment (Fig. 13). Ex-

periments described in 2.4.6 were recorded employing a 2H,15N and 13C uniformly

labeled sample. Despite the high alpha helical content of the domain, 73% of the

backbones amides were unambiguously assigned using deuteration and TROSY

type backbone assignment experiments (Fig. 14).
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Figure 12. NMR titrations of Pex14 CTD∆cc with Pex5 protein. A) 1H,15N HSQC spec-

trum of 100 µM Pex14 CTD∆cc (black) superimposed with a spectrum of Pex14 supple-

mented with an equimolar amount of full length Pex5 (red). (B and C) Overlay of the
1H,15N HSQC spectra of 100 µM Pex14 CTD∆cc (black) and with an equimolar amount of

Pex5 NTD (B) and TPR (C). The resonances mostly affected upon TPR addition are marked

with a circle. D) Schematic overview of the Pex14 and Pex5 C-terminal interaction. The

amino acids which correspond to the most affected residues highlighted in (C) are shown.
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Figure 13. Deuteration of Pex5 TPR. Comparison of a 1H,15N HSQC spectrum of proto-

nated (left) and a 1H,15N TROSY-HSQC of deuterated Pex5 TPR domain (right).

3.1.5. Mapping of the Pex5/Pex14 interaction

Unlabeled peptide (sequence: SAPKIPSWQIPVKSPSPS) was used in NMR

titrations with Pex5 TPR (Fig. 15A). In these experiments only the Pex5 amides

were 1H,15N labeled, while the rest of the protein was deuterated. The titrations

confirm that this peptide indeed interacts with the Pex5 TPR domain. The ma-

jority of affected peaks show fast chemical exchange indicating a relatively weak

interaction (Fig. 15B,C). Calculating the chemical shift perturbations from these

titrations revealed that the region of Pex5 TPR is most affected upon addition of

the WQI (Fig. 16A). These residues are localized exclusively on TPR 4 and 5 of the

domain, in specific residues 418 to 517. Notably, this region is not related to the

PTS1 binding site of the Pex5 TPR (Fig. 16B,C).
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Figure 14. TPR backbone assignment. Slices of a 3D TROSY-HNCA spectrum showing Cα

and Cα−1 carbon resonances connecting residues V508-A507-K506-D505-Y504-E503-G502.

In each strip the stronger peak corresponds to the intra residual connectivity to Cα, while

the weaker peak to the inter residual Cα−1. The sequential walk is shown with solid and

dashed lines.
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Figure 15. NMR titration of TPR with the WQI peptide. A) Overlay of 150 µM TPR spec-

tra (black) with 150 µM TPR in the presence of 300 µM (orange) and 1500 µM (red) WQI

respectively. Numbered regions in rectangles represent areas shown in B (fast exchange)

and C (slow exchange).
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Figure 16. Mapping of the TPR-WQI peptide interaction. A) Chemical shift perturba-

tions of Pex5 TPR amides upon addition of WQI peptide. Line broadened residues be-

yond detection have set to maximum perturbation of 0.25. TPR repeats in the sequence

of the protein are shown on top of the graph. PTS1 binding regions are highlighted with

grey boxes. B) TPR repeats as revealed from crystal structure of Pex5 TPR domain (PDB

: 2C0M) (Stanley et al., 2006). The binding site of PTS1, is indicated as a grey oval shape.

C) Cartoon representation of the Pex5 TPR domain colored depending on the magnitude

of chemical shift perturbation. Regions colored in red correspond to most affected regions

upon WQI peptide binding, while light blue least affected. Residues with non-quantified

perturbations are colored with blue.
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3.1.6. Conformation of the WQI peptide bound to Pex5 TPR

The Pex14 C-terminal region 234-251, comprising the WQI element, was

cloned into a pETM11 expressing vector. After removal of the histidine tag and

purification of the peptide, uniformly 15N and 13C labeled peptide was obtained

(Fig. 17A). Using standard backbone assignment methods, as described in 2.1.5,

all peptide resonances were assigned. To determine the fold of the peptide bound

to Pex5 TPR, we employed transfer NOEs. The nature of the complex, 36 kDa size

and low affinity, made a transfer NOESY experiment ideal for this case.

Comparison of NOESY spectra with and without the presence of the TPR

domain, revealed NOEs specific to the bound stage. Almost all these transferred

NOEs were assigned to the peptide tryptophane (Trp241) aromatic ring. In par-

ticular, the aromatic ring shows contacts to the preceding proline ring protons

(Pro239) and the following glutamine (Gln242) aliphatic side chain (Fig. 17B). Ad-

ditional transferred NOEs were observed in the experiment, involving the Ile238

and Ile243 methyl groups. However, due to low intensity and high ambiguity in

their assignment, they were not included in the structure calculation. Neverthe-

less, all these weak NOEs are consistent with the calculated model. Although,

initial structure calculations included the complete peptide, finally only the core

region of the peptide, comprising residues 238-243, was used. The reason was that

on one hand in 1H,15N HSQC titrations amides of residues 234-236 and 245-251

were not affected upon Pex5 TPR addition (Fig. 17A), and on the other hand only

intra-residue NOEs were obtained for these parts. Thus, the final fold of the region

comprising residues 237-244 of the peptide was calculated from a total of 125 short

and medium range intramolecular NOEs (Fig. 17C,D). The backbone RMSD of the

ensemble demonstrates a fairly rigid fold. A key element of the fold is the trypto-

phan ring, which stacks with Pro239 and Gln242 side chains creating a small kink

at the backbone (Fig. 17C).
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Figure 17. Conformation of WQI peptide. A) 1H,15N HSQC of 15N labeled WQI peptide

150 µM (black) supplemented with 50 µM (blue), 150 µM (magenta) and 400 µM (red)

unlabeled Pex5 TPR. B) 1H,1H NOESY experiment showing the amide – aliphatic region.

The black spectrum was obtained from a 1 mM solution of the WQI peptide; while in

red 50 mM of unlabeled Pex5 TPR is added. The additional peaks highlighted in circle

correspond to transfer NOEs from the bound conformation of the peptide to the free. C)

NOE based structure calculation of core of the peptide depicted as an ensemble of the 10

lowest energy structures (upper) and with key side chains shown as sticks (lower). D)

Structure statistics of the WQI peptide fold.
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3.1.7. Intermolecular NOEs between Pex5 TPR and WQI peptide

Intermolecular NOESY experiments were measured using the Pex5 TPR

sample saturated with the WQI peptide. Since the protein contained 69 Leu, Val

and Ile residues the methyl region of 1H,13C HMQC spectra showed substantial

signal overlap. This was overcome employing a selectively methyl-labeled ((1H-

δ1 methyl)-isoleucine, (1H-δ1 methyl)-leucine and (1H-γ1 methyl)-valine) sample

(Tugarinov & Kay, 2003). This scheme, together with 1H,13C HMQC titrations en-

abled the identification of methyls affected upon WQI binding (Fig. 18A,B). From

these methyls, Ile486, L476 and V479 give rise to intermolecular NOEs (Fig. 18C).

Interestingly, isoleucine 486 is the only isoleucine δ1-methyl that exhibits chemi-

cal shift perturbations (Fig. 18A). All three methyls had intermolecular NOEs to

protons corresponding to aliphatic protons of the WQI peptide, in particular in the

region of 0.9 to 1.9 ppm (Fig. 18C), suggesting a mainly hydrophobic nature of

the interaction. Additionally, the L476 δ1-methyl shows intermolecular NOEs in-

volving aromatic protons of the peptide (Fig. 18C). This NOE was unambiguously

assigned to the tryptophane aromatic protons of the peptide. Intermolecular NOEs

of both I486 and V479 at a ω1 chemical shift of 0.9 ppm were ambiguously assigned

to the δ1 methyl resonances of either peptide isoleucines (Ile238 or Ile243). Simi-

larly, the γ1 methyls of either these peptide isoleucines were found in contact with

the δ1 methyl of I486. All intermolecular NOEs observed at 1.9 ppm were origi-

nate from either Pro239 or Pro244 of the peptide. Notably, also the backbone of

the peptide was found to be in close proximity to I486 δ1 methyl. In particular, the

NOE observed at 4.4 ppm matches the frequency of the Hα resonance from either

Ile238 or Pro244 of the peptide. In summary, all intermolecular NOEs used in the

complex structure calculation are shown in Table 6 in section 2.7.8.
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Figure 18. Intermolecular NOEs between Pex5 TPR and the WQI peptide. A) 1H,13C

HMQC spectra overlay of Pex5 isoleucine δ1 methyls of 100 µM TPR (dark blue) with

100 µM (light blue), 300 µM (orange) and 1000 µM (red) WQI peptide. Isoleucine I486

δ1-methyl showing the largest chemical shift perturbation and intermolecular NOEs is

displayed. B) Same titration as in A zoomed in the Leu δ1- and Ile γ1- methyls region.

Methyls exhibiting NOEs with WQI peptide are marked. C) ω1-filtered/ω2-edited NOESY

strips displaying intermolecular NOEs from Pex5 I486 δ1-methyl (purple), L476 δ1-methyl

and V479 γ1-methyls to the WQI peptide.
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3.1.8. Structure calculation of the Pex5 TPR - WQI complex

The High Ambiguity Driven protein-protein DOCKing (HADDOCK) web

server was used to dock the WQI peptide on the Pex5 TPR structure based on the

chemical shifts perturbations and intermolecular NOEs (see 2.7.8). Using a 3 Å

RMSD clustering criterion, HADDOCK generated 2 clusters with a total of 199

complex structures. While in both clusters the WQI peptide was found at the same

interface, they differed slightly in the orientation of the peptide. The overall lower

energy, interface and ligand RMSD made the least populated cluster 2 solution of

choice (Table 7).

The peptide in both clusters is located on the interface between TPR 4

and 5 of the domain (Fig. 19A). A shallow groove on the surface of these helices

accommodates Pro238, Trp241 and Gln242 of the peptide (Fig. 19B,C). The ma-

jority of the intermolecular interactions involve hydrophobic groups highlighting

the nature of the binding. Interestingly, two hydrogen bonds are present in the

best cluster models (Fig. 19B). The glutamine of the peptide appears to form a hy-

drogen bond with the Pex5 Q491 side chain of Pex5 TPR. Moreover, the peptide’s

tryptophane indole formed the second hydrogen bond with D505 of the protein

(Fig. 19C).

3.1.9. Affinity measurement between WQI peptide and Pex5 TPR

To measure the affinity of the peptide for the TPR domain, a N-terminally

fluorescein isothiocyanate (FITC) labeled peptide was used in the fluorescence po-

larization experiment. The peptide exhibits low affinity for the wild type Pex5

TPR, at a concentration of 250 µM. Based on a HADDOCK complex model, the

Pex5 TPR double mutant Q491A/L494A was produced and tested for in vitro

binding to the WQI peptide (Fig. 20A). The binding constant of the peptide for the

mutant is 4-5 times weaker, and falls into the millimolar range (Fig. 20B). Unfor-

tunately, an accurate estimate was not possible due to non-saturating conditions.
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Figure 19. HADDOCK modeling. Ensemble of 4 lowest energy models from each clus-

ter. left cluster1, right cluster2. The peptide is shown in red. B) Surface representation

of lowest energy model from cluster 1 around WQI peptide. C) Interface of interaction

displaying important residues. Marked residues had intermolecular NOEs. Underlined

residues are in optimal geometry for hydrogen bond formation.
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Table 7. HADDOCK modeling statistics

HADDOCK statistics

Parameter Cluster1 Cluster2

HADDOCK score -102.8 -104.7

Cluster size 185 14

i-RMSDa 2.1 Å 0.5 Å

l-RMSDa 5.9 Å 1.0 Å

fnatc 0.85 0.47

VdWd -35.2 kcal/mol -39.2 kcal/mol

Elece -92.7 kcal/mol -114.9 kcal/mol

Violationf 33.2 kcal/mol 34.9 kcal/mol

BSAg 931.7 Å2 1062.7 Å2

a interface root mean square deviation
b ligand root mean square deviation
c fraction of native contacts
d Van der Waals contribution to intermolecular energies
e electrostatic contribution to intermolecular energies
f restrains violation energy
g buried surface area

Strikingly, the presence of the PTS1 peptide has a similar effect on the binding of

the WQI peptide. Likewise the double mutant, no saturation was achieved even

at supra millimolar TPR concentrations (Fig. 20B). Therefore, Q491A/L494A was

additionally tested for in vivo localization of PTS1 proteins, resulting in a severe

mislocalization.

3.1.10. Refinement of TPR structure

Residual dipolar couplings for the Pex5 TPR domain were measured in

the presence of the WQI peptide. For that purpose, TROSY based HNCO experi-

ments for 1HN -15N, 13Cα-13CO and 15N-13CO couplings as described in 2.7.7 were
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Figure 20. Affinity measurements of WQI peptide for TPR. A) Cartoon representation of

HADDOCK model of Pex5-WQI peptide complex. In sticks are depicted the sidechains se-

lected for alanine mutations. Tryptophane and glutamine side chain of the peptide, which

interact with TPR domain, are shown in red sticks. B) Affinity measurement of WQI pep-

tide for Pex5 TPR with fluorescence polarization.

Figure 21. Residual dipolar couplings analysis with histogram method. A) Histogram

distribution of all normalized RDCs color-coded. B) Correlation of observed RDC values

(NH purple, NC green) with back-calculated values from the crystal structure
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recorded (Fig. 22). Analysis of a total 95 1HN -15N, 75 15N-13CO and 51 13Cα-13CO

couplings revealed a Qfactor of 0.53 indicating that they can be used to refine the

free TPR structure (Fig. 21).

3.1.11. Discussion

Peroxisomal translocation is one of the least understood process of the

cell, due to the relative recent discovery of the organelle. Roles and structures of

peroxins Pex5 and Pex14, although key components of the pathway, till now re-

main largely unknown. With the results collected in this project, we proved that

the interplay between them is more complex than previously thought. Both pro-

teins seem to share the same bipartite domain organization, only reversed. While

Pex5 bears a mostly unstructured N-terminal and an α-helical C-terminal domain,

Pex14 on the other hand is structured in the N-terminal region while C-terminal

is disordered. Moreover our data demonstrate that the two peroxins have at least

two distant binding sites. Since both molecules are part of the same pathway, such

tight interaction is not surprise. On the other hand the nature of the interaction

reveals to a large extent the dynamic nature of the peroxisomal cargo import. In

both interactions mentioned, the disordered regions of the proteins may heritage

the system the necessary flexibility to adapt to various cargo sizes and perform the

different steps of the translocation. It would be difficult to have a cargo-adaptive

machinery if all components involved are rigid.

The C-terminal region of Pex14 found to interact with TPR domain of

Pex5 exhibits some very interesting features. Firstly, the conformation of the pep-

tide derived from that region, WQI peptide, revealed that even bound to TPR does

not adopt any secondary structure. This is the opposite behavior to the N-terminal

interaction, where WF motifs of Pex5 become helical upon binding to the Pex14

NTD. Secondly, the very weak affinity of the interaction indicates that it is in-

volved in an essential dynamic step of the import. It is intriguing that the low
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3.1. Novel interactions between Pex14 and Pex5 in human

Figure 22. Residual dipolar couplings measurements of Pex5 TPR. A) HSQC and and

TROSY component of selected amides in isotropic (iso) and anisotropic solution (aniso)

containing 15 mg/mL Pf1 phages. B) Amides of selected residues recorded from TROSY-

HNCO with splitting in nitrogen dimension due to N-C’ coupling. C) Carbonyls of se-

lected residues recorded from TROSY-HNCO, splitting in carbon dimension is caused by

Ca-C’ coupling.
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nanomolar interaction of the WF motifs for the Pex14 NTD is dispensable for the

cell (Neuhaus et al., 2014), while the high micromolar WQI-TPR interaction is ab-

solutely necessary. Such weak interactions are usually found in nods of regulation

by the cell, while very strong interactions keep the constituents together. In fact,

careful sequence observation reveals the presence of many serine residues in close

proximity to WQI peptide. Already in the peptide used, Ser240 is in the middle of

the binding site. The fact that the serine-rich flanking region of WQI is conserved,

points to a potential mechanism how cell would regulate the specific binding by

phosphorylation of these serines. Lately, a mass spectrometry study identified in

Hansenula polymorpha two in vivo phosphorylation sites that correspond to the

WQI region in human (Tanaka et al., 2013). Although exact position of the modifi-

cation might differ by some residues among species, indicates that the interaction

described here might be regulated in cells.

Furthermore, in the study by Stanley and coworkers (Stanley et al., 2007)

it is reported that TPR undergoes an interesting structure rearrangement upon

cargo binding. According to their findings the ring-like formation of the TPR

repeats becomes tighter as 1-3 and 4-7 TPR repeats come closer when bound to

cargo. They identified the fourth TPR to be the pivot point of this movement. In-

terestingly, WQI peptide binds at this region between TPR 4 and 5. Pex14 might

recognize structural changes on that region via the WQI interaction.

Up to date the only role that has been assigned to TPR domain of Pex5

was the cargo recognition. Data presented here support a more complex func-

tion of this domain, since it also interacts with the C-terminal region of Pex14.

Unfortunately, it was not possible to pin down the role of this interaction, yet in-

teresting result emerged. Localization experiments have previously shown that

while the NTD of Pex14 is not solvent accessible; the CTD faces the cytoplasm

(Azevedo & Schliebs, 2006). Therefore, one hypothesis could be that cytoplasmic

WQI region would be the first to sense a cargo-loaded receptor and subsequently

the tight N-terminal interaction will take place as soon as Pex5 approaches in the
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3.1. Novel interactions between Pex14 and Pex5 in human

membrane. However, the fluorescence polarization data show that loaded recep-

tor binds weaker to WQI region than the empty receptor. Hence, the Pex14 CTD

binds tighter to an empty receptor. One could rationalize this effect, by imaging

that the Pex14 CTD can distinguish receptor that has completed translocation and

cargo-receptor on the way to translocate. Such differentiation would be important

for the cell; to avoid that Pex5 recycles back in the cytosol prior to cargo release.

Although more data are required to test this scenario, it would make sense from

functional point of view. Therefore, it seems more likely that this novel C-terminal

interaction plays crucial role at later stage of the cargo translocation by coupling

the receptor with export components. In alignment to that, published data support

this possibility in the case of Leishmania donovani organism (Madrid et al., 2004).

Mainly two aspects highlight the importance of this interaction. A pre-

vious study by Niederhoff et al already showed that Pex14 possesses two distinct

functional Pex5 binding sites (Niederhoff et al., 2005). With multiple Pex14 vari-

ants and yeast-to-hybrid assay they were able to identify 20-amino acid region in

the Pex14 CTD to be essential for growth and Pex5 interaction. Thus, the impor-

tance of this C-terminal interaction between these proteins is emphasized by its

conservation across species. Furthermore, till now no Pex5 mutant has been iden-

tified with a similar strong import deficiency as Q491A/L494A described here. The

N-terminal mutations in single or dual WF motifs yield no significant phenotype

in vivo. In fact, two of these motifs together with a recently described WF-like mo-

tif have to be mutated to alanines in order to achieve the same import deficiency

as Q491A/L494A mutant (Neuhaus et al., 2014).

In summary, the results presented here add one more piece to the puzzle

of the peroxisomal import pathway. The previously neglected CTD of Pex14 is bio-

chemically and structurally characterized, revealing a flexible region. A 5-residue

stretch within the CTD was identified to mediate an important interaction with the

TPR domain of Pex5. The structural model obtained and the enhanced affinity for

an “empty” receptor suggests possible implication in later stages of the transloca-
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tion. New questions are raised regarding the in vivo role of this new interaction

and cargo release regulation, further research should be conducted to gain much

better overview of this machinery.
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3.2. Structure-based drug design of a trypanosomal

Pex14/Pex5 inhibitor

The parasites of the genus Trypanosoma enclose in the same organelle

peroxisomal reactions together with many glycolytic enzymes. Hence the name

of this special organelle in Trypanosomes is glycosome. It has been suggested

that impaired activity of these organelles will lead to parasite ATP-starvation and

death. In this project we exploited previous reports about the biogenesis of the

glycosome to target its function and design an trypanocidal compound as new

tool for therapy.

3.2.1. NMR structure of free tbPex14 NTD

The same peroxins that govern peroxisome biogenesis are found in Try-

panosoma brucei (tb). In particular, for the PTS1 import pathway, cargoes in the cyto-

plasm are targeted to the membrane-anchored tbPex14, via initial tbPex5 binding.

The last contains several di-aromatic motifs (WF) that are accommodated in hy-

drophobic pockets of tbPex14 NTD. Although structures from both rat and human

Pex14 NTD are available, for a parasite specific drug the tbPex14 NTD structure is

required as template for small molecule design. Therefore the solution structure of

tbPex14 NTD was determined (Fig. 23A).

The construct used for this purpose was somewhat different from the pre-

viously published rat and human. Since no structural information was available

we included in both termini of the protein additional amino acids not to miss im-

portant contacts or structure elements. Hence the tbPex14 (1-84) was uniformly
15N and 13C labeled and standard backbone and side chains assignment spectra

were recorded and analyzed as described in 2.7.1. Calculation of the solution NMR

structure was accomplished as described in 2.7.8 and revealed a three helical bun-

dle domain very similar to previously published structures (backbone coordinate
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Figure 23. Solution NMR structure of tbPex14 NTD. A) Cartoon representation of the

tbPex14 NTD ensemble. 20 lowest energy models are depicted. The disordered N-terminal

and the additional α5 helix are visible, in blue and red respectively. Backbone RMSD =

0.11, Heavy atom RMSD = 0.74. B) Comparison of human (green) and T.brucei (blue) of

Pex14 NTD. The human protein is complexed with Pex5 WF motif, which is shown in

transparent red cartoon. The aromatic residues of WF motif are displayed as sticks. Rota-

tion by 90o of the structures reveals the missing C-terminal helix of the human construct.

RMSD = 0.5 Å) (Fig. 23B). Interestingly, the additional C-terminal residues present

form an α-helix which folds on to the back side of the WF binding interface (Fig.

23B). Contrary, the initial 19 residues are completely flexible and do not form any

structural element or contacts with the folded domain.

3.2.2. Pharmacophore model and initial compounds

The NMR structure of the free tbPex14 NTD described in 3.2.1 together

with the previously published structure of the hsPex14 complex with WF motif

determined the key features absolutely required for this interaction. Two π − π

stacked aromatic phenylalanines (35 and 52) exist at the core of NTD fold and

shape two highly hydrophobic pockets exposed to the surface. Since the accommo-

dation of these pockets by the WF peptide, is responsible for most of the binding
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3.2. Structure-based drug design of a trypanosomal Pex14/Pex5 inhibitor

free energy, small molecule design was based on this.

A 3D pharmacophore model mimicking the binding mode of the aromatic

residues of WF repeats to the tbPex14 NTD pockets (Fig. 24A). Pharmacophore-

based in silico screening, perfomed by Dr. G. Popowicz, of >20,000,000 com-

pounds was followed by 3D docking and visual inspection of the highest scoring

compounds. The ten most promising compounds were selected to confirm in-vitro

binding to tbPex14 NTD by NMR. From 1H,15N HSQC titration of 15N labeled pro-

tein with candidate compounds we confirmed that binding affects residues on the

WF interface (Fig. 24C). This leads to the identification of “drug-like” scaffold

of pyrazolo[4,3-c]pyridine (Fig. 24B), which was easy to chemically decorate, by

chemist Dr. M. Dawidowski, and achieve high enough affinity for competing WF

peptide. As expected, at this early stage most compounds tested in NMR titrations

exhibited chemical shift perturbations in fast exchange indicating moderate affin-

ity (Fig. 24C). The ability to disrupt the tbPex14-tbPex5 complex formation was

evaluated using AlphaScreen assay. Indeed the experiment revealed that already

these initial compounds were able to compete with Ki = 58 µM (see 2.6.2).

3.2.3. Structure-based inhibitor optimization

Subsequent optimization of the aromatic moieties addressing the two

pockets gave 2 and 3 with an increased potency in biochemical assays as well as en-

hancement in trypanocidal activity (Fig. 24D). Atomic-resolution X-ray structures

of both compounds complexed with tbPex14 (Fig. 25A) (Table 8) confirmed the an-

ticipated binding mode. The central element (II of pharmacophore model) of both

compounds shields efficiently the partially exposed Phe35 and Phe52, while each

of the two aromatic groups occupies its respective hydrophobic pocket. Notably,

the indole ring of 2 addresses the phenylalanine pocket (III), whereas the trypto-

phan pocket is filled with the naphthyl ring (I). Similarly, in Pex14-3 complex the

phenylalanine pocket is filled by the metoxynaphthyl moiety with the central ele-
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Figure 24. Pharmacophore model with initial confirmed Pex14-Pex5 inhibitors. A) Sur-

face of tbPex14 NTD showing the WF motif binding site. The residues which establish

contacts with the motif are marked. Yellow spheres locate crucial binding areas which

inhibitor should bind. Positions I and III correspond to the two hydrophobic pockets of

Pex14 NTD, where aromatic residues of WF are accommodated. Position II highlight the

exposed phenylalanine rings (F35 and F52) which link the two pockets. B) Chemical for-

mula of initial hit compound 5. With yellow circles are marked the elements which cor-

respond to the desired features based on the pharmacophore model. C) 1H, 1N HSQC

spectra of 50 µM tbPex14 NTD (black) with increasing concentrations of the compound 4

up to 500 µM (blue). Residues exhibiting the biggest chemical shifts are noted. D) Treat-

ment of blood-stream form culture of T.brucei with increasing concentration of compound

4 indicate that 50% of the cells are dead with 21 µM of compound. Data by V. Kalel.
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ment remains in a virtually identical position as in 2. The phenyl moiety of 3 fills

the tryptophane pocket.

Although the compounds interact with Pex14 almost exclusively via hy-

drophobic interactions, one water molecule forms two important hydrogen bonds.

Remarkably, this molecule is found in all complex structures of the inhibitors tested,

suggesting the importance of this interaction. Indeed, the water molecule bridges

the amide groups of both compounds with the Asn31 side chain of the protein. In-

terestingly, this asparagine is one of the few residues (Asn31, Asp38 and Ser48) in

the interface that is not conserved between human and trypanosome Pex14. In the

human protein Asn31 is replaced by Thr31, which does not allow the formation

of a hydrogen bond with the inhibitor at this position. Consequently, this tightly

coordinated water molecule reveals a means to distinguish two almost identical

interfaces.

Both 2 and 3 show significantly enhanced hydrophobic interface when

compared to 1. This is in agreement with their improved binding inhibition con-

stant. Notably, lower Ki lead to significant improvement of trypanocidal activity,

with EC50 being lower than Ki as was the case for 1.

Since for all compounds solubility is low, further optimization aimed at

improvement of solubility. The replacement of the hydroxyl group at position II to

amine resulted compound 4, a much more soluble and potent Pex14-Pex5 interac-

tion inhibitor (Ki = 223 nM).
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Figure 25. Crystal structures of tbPex14 in complex with compounds. Protein is colored

as grey surface or cartoon and ligands as yellow sticks. The electron density as calculated

from the structure is also shown in magenta. Water molecule participating in hydrogen

bonding between the protein and the ligand is displayed as sphere. A) and B) correspond

to 2 and 3 compounds respectively. The residues, which are direct, contact with the la-

beled on the cartoon representation and marked as sticks. Data analysis performed by G.

Popowicz.
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Table 8. Data collection and refinement statistics (Molecular replacement)

tbPex14-2 tbPex14-3

Data collection

Space group C2 P1

Cell dimensions

a, b, c (Å) 43.03, 37.26, 42.46 36.1, 36.28, 55.31

α, β, γ (°) 90.0, 117.9, 90.0 94.1, 105.9, 100.5

Resolution (Å) 37-0.86(0.88-086) 31.3-1.57(1.66-1.57)

Rmerge 4.6 (76.8) 10.9 (60.3)

I/σI 18.2(1.62) 7.5 (2.2)

Completeness (%) 95.6(61.8) 92.7 (87.4)

Redundancy 4.0(1.63) 3.7 (3.4)

Refinement

Resolution (Å) 37.5-0.86 27.7-1.57

No. reflections 44871 32107

Rwork/ Rfree 0.13/0.15 0.22/0.25

No. atoms

Protein 997 1958

Ligand/ion 72 149/1

Water 136 279

B-factors

Protein 11.3 19.1

Ligand/ion 21.3 18

Water 26.7 31.7

R.m.s deviations

Bond lengths (Å) 0.03 0.02

Bond angles (º) 2.4 2.3
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3.2.4. Mislocalization of PTS1 enzymes in parasite cultures (in

collaboration with R.Erdmann lab)

All compounds were tested for trypanocidal activity. The blood-stream

form of the parasite was grown in cultures and treated with various compounds.

Visual inspection of such parasites with optical microscopy reveals the survival

rate upon treatment. Remarkably, almost all compounds tested displayed cellular

potency against T. brucei, compound 4 for example showed EC50 of 186 nM. The

clinically relevant T. brucei rhodesiense subspecies had proved to be more suscep-

tible for the same inhibitor (EC50= 20 nM). The subspecies, which cause Chagas

disease, T. cruzi was also affected displaying 2 times higher cytotoxicity (EC50=

750 nM) than the reference drug benznidazole.

To validate that tbPex14-tbPex5 was indeed disrupted in vivo, localiza-

tion of cargo proteins were performed. Immunofluorescence microscopy using an-

tibodies against glycosomal enzymes, from both PTS1 and PTS2 families, treated

with inhibitors exhibited severe mislocalization in the cytoplasm of enzymes be-

longing in both pathways. Glycosomal enzymes Hexokinase (HK), phosphofruc-

tokinase (PFK), aldolase (ALD) and dehydrogenase (GAPDH) were found almost

exclusively in the cytoplasm (Fig. 26).

3.2.5. Pex14/Pex5 inhibitor discussion

In this project we targeted the T.brucei glycosome import pathway to de-

velop an antiparasitic compound. Structural data from the essential Pex5-Pex14

interaction together with solution structure of tbPex14 NTD, enabled us to de-

sign small molecules mimicking the WF motifs. The small molecules developed

compete and inhibit the crucial interaction between the cytosolic receptor Pex5

and its membranic counterpart on glycosome Pex14. We proved that the pre-

viously suggested strategy to eliminate the parasites by targeting the glycosome
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Figure 26. In-vivo target validation. A) Immunofluorescence microscopy analysis of sub-

cellular localization of glycosomal glycolytic enzymes PFK, HK, GAPDH and ALD. All

enzymes tested loose the distinct punctuate pattern of peroxisomal localization upon in-

hibitor treatment. DIC, Differential Interference Contrast. Scale bars, 5 µm. Statistical

analysis of percentage of cells showing mislocalization of enzymes. Data shown ± s.d.

from two independent biological replicates. ***, p < 0.001. Data by V. Kalel.
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biogenesis is valid and applicable, since the developed molecules selectively kill

the trypanosomes. The observed mislocalization of glycosomal enzymes in the cy-

toplasm in the presence of the inhibitors, confirmed that we targeted indeed the

import pathway.

It is intriguing that the parasites’ energy source, glucose, becomes lethal

in the absence of glycosomes. Our approach was to target this weakness of try-

panosomes by inhibiting protein import in the organelle. Notably, after relatively

simple compound optimization based on crystal structures of Pex14-inhibitor com-

plexes, inhibitors show trypanocidal activity comparable or better to currently ap-

proved therapeutics in cell-based assays.

It is intriguing that the trypanosomes’ essential carbon source; glucose

becomes trypanocidal in the absence of the glycosome. Here we exploited this

phenomenon to attack trypanosomes by inhibition of glycosomal protein import.
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3.3. Role of Pex19 farnesylation

The transport of peroxisomal membrane proteins (PMPs) to the peroxi-

some requires the soluble Pex19 protein as chaperone and import receptor. Pex19

interacts with PMPs via the C-terminal domain. Previous crystal structure of the

domain shows that the domains form an α-helical fold, with indication that the

first helix is involved with PMP recognition (Schueller et al., 2010). While this

study revealed the structure of Pex19 CTD, it was incomplete as the important

farnesylation site was not included in that construct. It is known that Pex19 far-

nesylation at a conserved cysteine residue in its C-terminal CaaX motif (C=Cys,

a=aliphatic, X=any amino acid) enhances the PMP binding. The three-dimensional

structure of the farnesylated protein (Schuetz, 2012) shows that the farnesyl moiety

is buried in a hydrophobic cavity formed by aliphatic side chains of the Pex19 CTD

forming a hydrophobic area on the surface of the protein. (Fig. 27A,B). Compar-

ison of farnesylated and non-farnesylated protein shows distinct changes in helix

α1 (Fig. 27C). In this project we used the farnesylated structure of the Pex19 CTD

to explain the role of the modification in PMP recognition.

3.3.1. Mapping of PMP interaction

The nature of PMP proteins, and specifically the Pex19 binding site, is

very hydrophobic, as expected, for membrane proteins, thus not very soluble in

aqueous buffers. Based on previous data (Schuetz, 2012) less hydrophobic pep-

tides from Pex13 and ALDP proteins were purchased (see 2.7.5). Both were pre-

pared as described in 2.9.5 for NMR titrations. Proton 1D spectra of both peptides

show that they are partially soluble (Fig. 28A). Although both exhibited much

higher solubility than previously tested peptides, in case of Pex13 titration severe

line broadening was observed. This effect, indicative for precipitation, aggregation

or too tight binding, was much more pronounced for the farnesylated Pex19 CTD
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Figure 27. Solution structure of farnesylated Pex19 CTD. A) Cartoon representation of

the structure. Farnesyl group shown as purple sticks. B) White-green colored gradient

of protein surface depending on the hydrophobicity of residues (Kite-Doolittle scale). C)

Schematic comparison of crystal non-farnesylated (orange) (PDB : 2WL8) and NMR far-

nesylated (blue/cyan) of the structure. The different position of lid and helix α1 is high-

lighted.

(Fig. 28B,C). Contrary, the ALDP peptide does not show the same behavior. NMR

titrations with this peptide results in chemical shift perturbations (CSPs) (Fig. 28B)

in the fast to intermediate exchange regime. The 15N (Fig. 28A right) and 13C CSPs

(Fig. 29A) were quantified and plotted against protein residues (Fig. 29B), reveal-

ing the most affected residues upon interaction. The mapping of the interface on

the structure of the Pex19 CTD indicates that mainly helix α1 and the lid region

where affected (Fig. 29C). Since no other region of the protein showed significant

CSP, helix α1 and the lid must be directly affected by the presence of the peptide.

3.3.2. Intermolecular NOEs between PMP and Pex19 CTDfarn

Further insights about the structure of the Pex19 CTDfarn-ALDP is gained

by determining intermolecular contacts. A number of intermolecular NOEs were

recorded. A ω1
13C-edited, ω3

13C,15N filtered NOESY spectrum revealed that

the peptide contacts the protein with mainly hydrophobic methyl-, methylene-
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Figure 28. NMR titrations of PMP to Pex19 CTD. A) 1D proton spectra of Pex19 CTDfarn

supplemented with Pex13 peptide (left) or ALDP peptide (right). ALDP peptide was pos-

sible to reach much higher concentration in comparison to Pex13, due to better solubility.

B) 2D version of the titrations as in A. Rapid line broadening in the case of Pex13 (left) titra-

tion leads to almost completely disappearing of the signals. Fast exchange chemical shifts

perturbations are shown in ALDP (right) titration. Residues with non-overlapping peaks

and significant perturbations are depicted in separate zoomed-in rectangles. C) NMR titra-

tions of non-farnesylated protein with Pex13 peptide (left) and ALDP peptide (right) does

not exhibit any observable chemical shift perturbation.
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Figure 29. Mapping of the interaction of Pex19 CTDfarn surface. A) 1H,13C HSQC

titration of deuterated Ile,Met methyl labeled protein with ALDP peptide. Two spectra

correspond to regions where labeled methyls of the protein reside. Black 100 mM Pex19

CTDfarn, blue, green, red +100 µM, +300 µM and 1000 µM respectively. B) Chemical shift

perturbations of amides and methyls of the protein upon addition of ten times excess of

ALDP peptide plotted against the residue numbers. Secondary structure and farnesylation

site is shown above the plot. C) (left) Cartoon of Pex19 CTDfarn colored with red residues

with the largest CSPs. Ile and Met methyls are depicted as spheres. (right) Same orien-

tation as C of the protein colored based on hydrophobicity. The PMP interface mapping

correlates with an increased hydrophobicity region of the protein consisted of helix α1 and

the lid.
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groups. In addition, unique resonances corresponding to aromatic protons are

also involved in the interaction. These resonances could be unambiguously as-

signed to the phenylalanine aromatic ring of the ALDP peptide. Unfortunately,

assignment of the strong aliphatic NOEs is impossible due to signal overlap of

the methyl-containing residues of the peptide. Nevertheless, all NOEs confirm a

number of contacts involving aliphatic and aromatic protons of the PMP, that es-

tablish a specific complex with Pex19 CTDfarn. Selectively Leu and Val methyl

labeling of the protein in deuterated background, considerably decreased signal

overlap in the methyl region of ω1 13C-edited, ω3 13C,15N filtered NOESY-HSQC

spectrum. Hence, intermolecular NOEs, which originated from the ALDP pheny-

lalanine, could be unambiguously assigned to Leu182 or Leu183 of protein.

3.3.3. Conformation of ALDP peptide

In order to determine the bound conformation of the peptide, we re-

peated the above experiments with excess of protein. A ω1-, ω2- filtered NOESY

experiment was recorded to observe only the bound saturated form of the pep-

tide. Unfortunately, due to instability of the complex for more than one day, it

was impossible to obtain reasonable quality spectra. Therefore, we examined the

conformation of the peptide in the free form. All proton and carbon frequencies

were unambiguously assigned using combination of TOCSY and NOESY spectra

(Fig. 30C), except leucine residues. 13C secondary chemical shifts of the free pep-

tide indicate preformed α-helical conformation (Fig. 31A). Despite the ambiguity

in leucine residues assignments, due to severe signal overlap, 5 out of 8 leucine-

candidate resonances also infer presence of α-helix (Fig. 31B). Therefore, this was

used to build a model of ALDP (performed by Dr. K. Tripsianes) and dock it to

Pex19 CTDfarn.
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Figure 30. NMR assignments of the ALDP peptide. Natural abundance 1H,13C HSQC,
1H,1H TOCSY and 1H,1H NOESY spectra were recorded on a 1 mM ALDP peptide in NMR

buffer. Peaks originated from intra-residue proton-proton correlations where unambigu-

ously assigned by the TOCSY experiment, while through space correlations by NOESY.

Carbon resonances where then assigned in carbon HSQC using previously known proton

resonances.
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Figure 31. Secondary structure of ALDP peptide. A) Chemical shift difference between

Cα and Cβ plotted for each residue. B) Same plot for potential 5 leucine spin systems.

Due to severe signal overlap, the spin systems were impossible to unambiguously assign

to specific residues.

3.3.4. Docking of the ALDP peptide to Pex19 CTDfarn

All intermolecular NOEs and CSPs were used to restrain docking of ALDP

on protein by HADDOCK software. Peptide’s helical model and the Pex19 CTDfarn

structures were used as input structures. The docking yielded two clusters of struc-

tures. The two clusters differ mainly in the orientation of the peptide relative to the

protein, since the phenylalanine ring is the only anchor point to the protein. HAD-

DOCK resulted in 95% of the water-refined structures in two clusters, indicating

successful converging. In the two best scoring clusters, 2 and 5, ALDP Phe71 ring

was placed in adjacent positions between helix α1 and the lid. As both clusters

satisfy the ambiguous intermolecular NOEs to Pro273 or Pro274 and Leu183 both

solution were found plausible. The experimental data cannot exclude cluster 5 so-

lution, despite cluster 2 better statistics (Table 9). In fact, in the context of much

larger PMP, where more hydrophobic residues are present, two hydrophobic side

chains spaced by one helical turn can be accommodated in both cavities (Fig. 32).
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Table 9. Pex19-ALDPpeptide HADDOCK model statistics

HADDOCK statistics

Parameter Cluster2 Cluster5

HADDOCK score -38.8 -33.7

Cluster size 19 7

i-RMSDa 0.6 Å 4.15 Å

l-RMSDa 3 Å 28 Å

fnatc 0.85 0.47

VdWd -23.2 kcal/mol -20.9 kcal/mol

Elece -111.7 kcal/mol -131.9 kcal/mol

Violationf 5.2 kcal/mol 11.7 kcal/mol

BSAg 725.5 Å2 716.1 Å2

a interface root mean square deviation
b ligand root mean square deviation
c fraction of native contacts
d Van der Waals contribution to intermolecular energies
e electrostatic contribution to intermolecular energies
f restrains violation energy
g buried surface area

Figure 32. HADDOCK model. (left) Cartoon representation of Pex19 CTDfarn. The dock-

ing result with two different positions of green ALDP peptide is visible. Phenylalanine

ring (F71) in both clusters is shown in sticks and the occupied area in mesh. Protein side

chains with intermolecular NOEs are also marked and highlighted in sticks.
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Figure 32 (previous page). (right) Surface representation of Pex19 CTDfarn with the two

hydrophobic cavities depicted as green spheres. Helix α1 and lid are cyan and purple re-

spectively. The hypothetical PMP helix containing two hydrophobic side chains, demon-

strates that both can bind in the pockets at the same time.

3.3.5. Mislocalization of PMPs in vivo (in collaboration with

R.Erdmann lab)

The physiological relevance of the CTDfarn-PMP complex model was tested

by mutational analysis in vivo. Although helix α1 has been linked with PMP bind-

ing in vitro and in general peroxisome function in cells (Schueller et al., 2010), the

lid region has not been investigated. Thus we investigated the contributions of

two residues residing at the tip of the lid in close proximity to the helix α1, Pro273

and Pro274, in PMP binding. The two prolines were substituted to arginines or

phenylalanines. Phenylalanine mutations were introduced on the hypothesis that

they will occupy the hydrophobic PMP binding cavities and hinder binding in cis.

As control mutations, arginines were selected as large side chain residues but with

hydrophilic and flexible properties. Human fibroblast cells lacking Pex19 were

transfected with wildtype or variants of Pex19 for expression. GFP-PTS1 marker

protein displays cytosolic mislocalization in non functionally complemented cells

and diffuse immunolabelling of the membrane protein Pex14. While 72 hours post

transfection, 50% of cells with wild type Pex19 exhibit the distinct punctuate pat-

tern of both marker proteins, P273F/P274F mutant displayed much less comple-

mentation rate of only 20% (Fig. 33A,B). The effect was not due to differences in

protein expression level (Fig. 33C). As this experiment was in cells, which many

PMP have to be inserted in the peroxisomal membrane via the Pex19 pathway, our

findings demonstrate that the lid region is critical indeed not only for ALDP case

but other PMPs too.
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Figure 33. In vivo validation of the HADDOCK model. A) Immunofluorescence mi-

croscopy of Pex19 deficient fibroblasts transfected with bicistronic vectors expressing

eGFP-PTS1 and Pex19 variants. ∆Pex19 plasmid was also used as control, where diffuse

staining for both eGFP-PTS1 and Pex14 is expected due to functional peroxisome absence.

Punctuate pattern of both probes indicates formation of functional organelle. Scale bar: 10

µM. B) Statistical analysis of number of cells containing import competent peroxisomes.

Three independent transfection experiments, 100 cells each. C) Immunoblot analysis of

expression levels of all proline mutants show similar yields, similar to wildtype. Data by

J. Radke.
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3.3. Role of Pex19 farnesylation

3.3.6. Discussion: Role of farnesylation in PMP recognition

Although the farnesylation site and the modification of Pex19 is con-

served across species, no study has assigned any functional role to that. In the

past, the hydrophobic nature of the farnesyl group had triggered thoughts about

potential role in membrane insertion (Rucktaschel et al., 2009). The solution NMR

structure of the modified protein displays clearly the farnesyl group buried in-

side a hydrophobic cavity (Schuetz, 2012). The exposure of the group in order

to become embedded in the membrane would require a huge amount of energy

to overcome large conformational changes, although further experiments are re-

quired to prove this.

Comparison of the crystal (non-farnesylated) and NMR (farnesylated)

structure reveals already major rearrangements in “hot spots” of the protein (Fig.

27). When the protein is unmodified, helix α1 is flexible relatively to the rest helical

bundle. The exact position in the crystal structure is a result of crystal packing. In

fact solution relaxation data (Schuetz, 2012) show that α1 is not preformed prior to

farnesylation. The other “hot spot” of the protein, the lid, strikes out when com-

pared between the two structures. In the case of the farnesylated protein, it creates

a large hydrophobic area together with α1 helix. Combining these data, and in

vivo mutational analysis, one could imagine that farnesylation is involved in PMP

recognition.

Indeed the docking model presented here, based on intermolecular con-

tacts between the farnesylated protein and a PMP-derived peptide, suggests that

farnesylation regulates PMP recognition in an allosteric manner. Stabilization of

elements, like helix α1 and the lid, in the correct geometry forge the perfect hy-

drophobic interface to accommodate the very lipophilic substrates. The functional

significance of this allosteric control of PMP binding is validated by our mutational

analysis in vivo. All our findings are consistent with previous reports highlighting

the significance of α1 helix in PMP localization to peroxisomes (Schueller et al.,
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3. Results

2010). Additionally we have characterized the lid region as part of the interface of

the PMP interaction.

In conclusion, the findings observed suggest that protein farnesylation

could not only affect membrane localization but may also exhibit more general

and novel role by allosteric regulation of ligand binding.

—————————————————————————
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This study investigated the molecular details of processes involved in

peroxisomal biogenesis. Solution NMR spectroscopy combined with other bio-

physical methods were applied on peroxins involved in both the peroxisomal im-

port and the membrane insertion pathway. New interaction site between Pex14

and Pex5 is reported and it is characterized structurally. Regarding the membrane

insertion pathway biochemical approaches have provided new findings on PEX19-

PMP recognition. Finally, novel Pex14/Pex5 inhibitor for Trypanosoma parasite

was developed based on solution NMR structure.

Even though Pex14 and Pex5 are the most well studied peroxins we still

lack knowledge regarding their interplay on the peroxisomal membrane. Here one

more interaction site between them is reported, yet the functional role remains un-

known. Affinity measurements indicate that the new interaction is related at the

later stage of the translocation, altough more research is required to proof this. Us-

ing the new Pex5 mutants should be possible in the future to study the translocon

at different stages both in vivo and in vitro.

In the membrane insertion pathway, while there is indication that helix

α1 is important for interactions with PMP cargo (Schueller et al., 2010) the exact

binding site in Pex19 remained unkown. The results presented here show that

the interface formed by helix α1 and the ”lid” region is the binding site for PMPs.

In agreement with previous observation that farnesylation enhances PMP binding

affinity, these structure elements of the Pex19 CTD domain rearrange upon far-

nesylation to form a large hydrophobic cavity. This allosteric regulation of PMP
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binding is important for Pex19-PMP interaction, though it is not the full picture.

As farnesylation is only part of the post-translational modification of Pex19, in the

future studies should aim on the role of the carboxylmethylation. Additionaly,

most studies handle Pex19 as a soluble protein, including the carboxymethylated

protein in the presence of the membrane protein Pex3 would reveal additional in-

formation regarding the structural and energetical interplay at the membrane.

The structure based drug design project led to new Pex14/Pex5 inhibitors

for the causative agent of sleeping sickness. Although the inhibitors are not drugs,

yet they exhibit remarkable antiparasitic activity, comparable to commercially avail-

able drugs. All species of the genus Trypanosoma kill thousands but as ”neglected

disease” the pipeline for drug development is empty. Therefore, the new peroxiso-

mal inihibitors should be tested in vivo and evaluated upon further solubility and

bioavailability optimization.

—————————————————————————
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Table 10. Pex5 TPR backbone chemical shift assignments.

N H Ca Cb N H Ca Cb

L315 122 8.066 55.739 42.516 L459 126.9 8.285 55.729 42.316

T316 114.4 8.051 62.079 70.636 G460 109.9 8.22 45.639

S317 117.8 8.206 59.129 64.116 S461 115.7 8.011 58.519 64.386

A318 125.6 8.148 53.029 19.446 L469 117.3 7.777 58.149 41.596

T319 112.6 7.85 62.669 70.196 E470 119.1 7.888 59.629 29.866

K322 122.2 7.788 56.749 32.876 V471 119.3 8.25 67.389 31.806

G323 109 8.088 44.609 A478 122.6 7.887 55.359 17.866

Y324 123.9 8.47 61.269 39.596 V479 118.2 7.598 66.049 32.106

F326 123.9 7.85 59.339 40.406 R480 115.9 7.133 57.669 31.006

E327 125.7 9.939 57.019 29.446 L481 120 7.162 58.509 42.086

E328 130 8.722 59.289 30.656 D482 112.9 7.457 51.769 41.096

E329 121.9 9.199 55.029 28.326 T484 108.8 7.92 62.869 69.826

N330 118.7 7.742 56.219 39.656 S485 117.4 7.357 57.189 65.346

L332 119.9 8.034 54.469 40.776 I486 124.5 8.333 60.529 38.726

R333 118.4 6.847 59.259 30.756 D487 128.5 8.644 50.169 42.096

D334 115.4 8.092 53.289 41.126 D489 119.3 7.875 58.309 42.666

H335 125.1 7.477 57.209 31.616 V490 121.6 6.869 66.489 32.516

F339 119.4 8.471 62.299 39.756 Q491 115.8 7.667 58.609 27.216

E340 118.3 8.465 60.979 28.866 S501 110.7 7.664 58.509 63.956
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E341 120.2 7.917 58.439 G502 109.6 7.385 45.329

G342 111.6 8.466 48.609 E503 123.5 7.975 54.439 28.486

L343 120.8 7.616 58.399 41.546 Y504 119.8 6.773 61.319 37.236

R344 120.2 7.095 60.149 29.976 D505 117.3 8.581 57.199 39.106

R345 117.6 8.143 57.899 28.636 K506 120.6 7.013 58.639 30.316

L346 120.7 8.34 58.549 42.546 A507 121.5 7.571 56.089 19.396

Q347 120.2 7.785 58.909 28.426 V508 119.1 8.275 67.819 31.756

E348 116.3 7.321 56.409 30.236 D509 121.9 7.228 58.139 40.266

G349 108.4 7.8 45.889 C510 120.4 7.399 63.019 27.016

D350 122.3 8.046 51.709 39.956 F511 118.1 8.288 61.259

L351 121.4 7.699 59.619 39.106 T512 115.5 8.52 67.719 69.046

N353 111.6 6.947 55.949 38.216 A513 125.6 7.709 55.629 17.416

A354 123.3 7.762 56.589 18.076 A514 121.8 8.101 56.259 19.226

V355 115.1 8.157 68.509 31.696 L515 118.7 7.986 57.079 43.006

L356 117.1 7.028 58.449 40.286 S516 115.2 7.507 61.549 63.236

L357 122.7 7.765 58.419 39.436 Q537 120.9 8.254 54.369 28.026

F358 121 8.65 59.979 38.516 S538 116.1 7.514 63.859 63.246

E359 118.2 8.896 61.029 29.546 E539 122.5 8.919 60.809 29.116

A360 123.6 8.143 55.619 18.736 E540 121.2 8.701 59.919 29.326

A361 120.3 8.391 55.839 18.646 A541 124.8 8.336 56.119 18.186

V362 110 7.36 63.189 31.666 V542 115.5 7.752 67.219

Q363 119.6 7.139 58.689 30.126 A543 120 7.005 55.519 18.126

Q364 119.2 7.755 58.719 28.936 A544 122.5 7.552 55.519 17.406

D365 114.4 7.682 51.549 42.086 Y545 117.1 8.38 60.359 38.576

K367 117.3 7.949 55.899 31.226 D521 120.3 7.094 54.089 42.216

H368 122.2 7.76 55.659 29.686 G570 108.7 7.779 45.059

M369 131.3 8.03 61.459 30.646 A571 127.5 7.903 50.009 16.876

E370 119.8 9.567 60.519 29.856 H572 119.1 6.816 60.659 31.896
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A371 121.9 7.398 55.639 18.066 R573 119.4 8.69 60.089 29.006

W372 118.8 7.443 61.509 29.346 V576 115 7.533 67.749 31.276

Q373 118.8 8.185 60.619 31.026 E577 117.4 7.44 60.489 28.886

Y374 115.3 8.14 61.949 36.486 H578 117 7.647 59.769 29.876

L375 126.3 8.754 58.899 41.646 F579 118.4 8.196 58.929 38.606

G376 105 8.225 48.949 L580 118.9 8.53 58.219 41.156

T377 113 8.915 66.389 67.896 E581 118.8 8.204 59.489 29.656

T378 121.3 8.437 67.919 68.766 A582 121.9 8.162 55.659 18.066

Q379 120.8 8.404 58.539 28.026 L583 117.8 8.078 58.019 42.836

N382 117 8.03 52.639 40.696 N584 120 8.495 55.839 39.106

E383 113 7.724 58.219 K588 118.5 7.768 58.689 33.026

Q384 120.4 8.137 27.346 S589 114 7.708 59.789 64.526

L387 117 8.083 58.699 40.616 R590 120.6 8.022 56.489 31.256

A388 120.5 7.375 G591 109.4 8.026 45.329

I389 117.7 8.302 66.099 38.546 R593 118.6 8.339 57.049 30.366

S390 114.2 7.717 63.109 63.796 G594 108.1 8.008 45.959

A391 124.2 8.515 55.359 17.926 E595 121.4 8.238 57.339 30.506

D401 109.8 7.482 51.499 39.086 G596 110 8.408 45.879

N402 115.7 6.719 53.539 38.596 G597 109.1 8.102 45.549

Q403 127.6 8.461 60.629 29.776 A610 123.3 8.486 55.859 18.326

T404 116.9 7.921 66.879 69.046 L611 116.5 8.61 58.489 42.336

A435 116.5 7.861 54.559 18.276 S612 117.4 7.864 61.609 63.116

Y436 111.2 7.04 55.429 40.786 V517 118.2 6.924 63.049 33.336

A437 123.1 7.262 56.059 19.756 G615 108.3 7.871 46.169

H438 113 8.234 57.849 29.626 Q616 121.4 7.358 54.539 27.386

L439 120.4 7.502 56.009 42.146 D618 121.9 8.752 55.919 39.406

V440 116.3 7.097 61.979 32.776 A619 120.8 7.873 52.439 21.516

T441 121.2 8.049 60.399 69.786 Y620 118 7.24 58.999 36.526
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A443 125 8.247 52.869 19.496 G621 107.6 8.658 47.679

E444 120.3 8.246 56.929 30.516 A622 125.6 8.368 55.079

E445 122.6 8.332 57.439 A623 119.9 7.989 55.699 18.346

G446 110.2 8.301 45.729 D624 121.8 8.761 57.659 40.216

A447 124 8.021 53.049 19.446 D627 118.6 8.399 52.239 39.226

G448 108.3 8.309 45.829 L628 124.4 7.686 58.339 43.176

A450 123.9 8.127 53.049 19.436 S629 113 8.719 62.869

G451 108.1 8.266 45.729 T630 118.7 7.364 66.769 68.156

L452 121.5 7.957 55.379 42.606 L631 121.6 7.333 58.999 43.196

G453 109.6 8.143 45.059 L632 118.9 8.634 59.579 40.506

S455 116 8.243 59.079 64.146 T633 114.6 7.458 66.689 69.216

K456 123.1 8.12 56.679 33.006 M634 122.5 8.378 59.789 33.536

R457 122.2 8.075 56.509 31.006 F635 114.5 7.692 59.689 38.786

I458 123.1 8.105 61.319 38.626 G636 109.5 7.596 47.119

L459 126.9 8.285 55.729 42.316 L637 122.7 8.168 52.899 42.536

G460 109.9 8.22 45.639
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Table 11. Pex14 CTD backbone chemical shifts assignments.

N H Ca Cb

S234 6.744 S234 58.34665

A235 112.2 6.881 A235 50.76665 18.1355

W241 112.7 7.58 I238 58.60665 38.3855

I243 112.9 6.904 W241 57.19665 29.0555

K246 113 7.505 Q242 55.68665 29.5655

A255 117.2 8.304 I243 59.18665 38.4955

V256 117.4 8.086 K246 56.25665 33.2355

N257 117.6 8.409 A254 52.58665 19.0555

D263 118.6 8.276 A255 52.63665 19.0955

I264 118.7 8.04 V256 62.47665 32.9555

S265 118.8 8.168 N257 54.75665 41.4355

V267 121.5 8.362 D263 54.75665 41.0155

S268 120 8.157 I264 61.10665 38.8255

N269 119.3 8.387 S265 57.08665 63.3855

S271 121.5 8.531 V267 62.57665 32.7555

G277 120.3 8.319 S268 58.22665 63.9655

E284 109.4 8.464 N269 53.57665 39.0455

G285 121.1 8.25 S271 58.88665 63.8055

S286 110.3 8.42 T272 62.02665 69.7455

T287 121.2 8.322 S273 58.74665 63.8255

T289 122.9 8.113 G277 45.46665

Y290 118.1 8.122 E284 57.22665 30.2455

L292 122.9 8.126 G285 45.45665

L293 121.6 8.193 S286 58.66665 63.9655

G294 121.7 8.242 T287 62.24665 69.7455

Q296 121.9 8.459 V288 62.78665 32.9755
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G299 121.9 8.368 T289 61.79665 69.8755

E300 122 8.557 Y290 57.99665 39.1055

G301 122.1 8.189 L292 55.62665 42.3655

V302 122.1 8.041 L293 55.23665 42.7455

V303 122.1 8.426 G294 44.69665

D304 124 8.199 Q296 55.95665 29.7455

V305 122.4 8.417 G299 45.52665

K306 121.1 8.13 E300 56.84665 30.6055

G307 122.6 8.482 G301 45.53665

V313 122.9 7.379 V302 62.63665 32.9655

Q314 121.9 8.051 V303 62.44665 33.0355

G315 122.9 8.381 D304 54.16665 41.4755

E316 122.9 7.199 V305 62.91665 32.4355

V334 120.7 8.439 K306 56.98665 32.6555

H336 118.6 8.309 G307 45.69665

D338 127.2 8.05 Q308 55.94665 29.7555

D341 109.3 8.105 R310 56.09665 31.0355

C342 121.9 8.37 V313 62.49665 33.0755

L343 121 8.414 Q314 56.16665 29.7155

G344 120.8 8.365 G315 45.44665

V345 109.2 8.308 E316 56.43665 33.1355

Q346 124.1 8.49 V334 62.54665 32.7355

G353 117.8 8.271 S335 58.81665 63.7755

G355 108.9 8.292 H336 57.14665 29.6655

Q356 121.7 7.951 D338 54.99665 40.8555

I357 119.8 8.18 D341 54.64665 41.3055

N358 119.3 8.187 C342 59.06665 27.8655

V361 121.4 8.437 L343 56.04665 42.0155
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E362 120.8 7.997 V345 62.71665 32.8455

E368 123.7 8.425 G277 45.46665

G369 121.1 8.548 G353 45.65665

S371 123.7 8.103 Q356 56.06665 29.5955
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B. Abbreviations
Table 12. Abbreviations

1D,2D,3D one-,two-,three- dimensional Ki inhibitor constant

aa amino acid LB lysogeny broth

CSP chemical shift perturbation FP fluorescence polarization

CTD c-terminal domain NOE nuclear Overhauser effect

cc coiled-coil NOESY
nuclear Overhauser

effect spectroscopy

DMSO Dimethyl sulfoxide NMR nuclear magnetic resonance

EC50 effective concentration PCR polymerase chain reaction

ER endoplasmic reticulum peroxin (pex) peroxisomal protein

farn farnesylated PMP peroxisomal membrane protein

FITC fluorescein isothiocyanate ppm part per million

FID free induction decay RDC residual dipolar couplings

Ftase farnesyl transferase rmsd root mean square deviation

FPP farnesyl pyrophosphate SDS sodium dodecyl sulfate

HADDOCK
high ambiguity driven

protein-protein docking
PAGE

polyacrylamide gel

electrophoresis

HSQC
heternuclear single

quantum correlation
TEV tobacco etch virus

HMQC
heteronuclear multiple

quantum correlation
TOCSY total correlation spectroscopy

kDa kilodalton TPR tetratricopeptide

Kd dissociation constant TROSY
transverse relaxation

optimized spectroscopy

—————————————————————————
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