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Abstract

Sequence analytical tools can provide predictignaspects of protein function such as
enzymatic activities or sites of posttranslatiomabdifications in protein sequences.
Generally, an experimental verification is needadtiiese predictions. In the case of lipid
posttranslational modifications, the standard expental techniques are time-consuming
and laborious. In this work, a néwvitro assay based upon the detection of incorporation
of radioactively labeled lipid anchor precursor®im vitro translated proteins with a thin
layer chromatography scanner was developed. Thisadalrastically reduces time effort,
it combines protein yield and anchor incorporatiesting in a single experiment, and it is
both applicable for prenylation and myristoylatiomhis assay has been used for
investigation of prenylation and myristoylationsaflected candidate proteins. Localization
studies with GFP fusion proteins were used to ydtiein vivo relevance of the results.
The general potential of prenylation motifs in feaigtl proteins to be modified by
eukaryotic prenyltransferases was demonstrateditro for a so far uncharacterized,
ankyrin repeat containing protein fro@oxiella burnetii The localization studies also
suggest prenylation of an F-Box containing proteom Legionella pneumophilaThe
influence of SNPs on the functionality of prenybatimotifs was investigated and found
significant in the case of W353G in human ALDH3B&yristoylation of fly proteins
important in asymmetric cell division and neurodalelopment (numb-A, neuralized B
and C and Par-1 isoform Q) as well as homologoateprs from mouse (neuralized-like 1
and 2) was demonstrated. The importance of disshguy between isoforms with
differing capabilities for posttranslational moddtions is discussed. Myristoylation of the
human transcription factor NFAT5-A was shown tduehce localization to the nucleus

suggesting a new mechanism for regulation of nudkattling of transcription factors.

Sequence similarities with the HATs from the GNAlIpsrfamily suggested a function as
histone acetyltransferase for mec-17 fr@melegansas well as homologous proteins from
other organisms. Preliminary results of enzymattivdy tests and localization studies
indicated that the protein has N-acetyltransfedevity; yet, histones might not be the
primary substrate for acetylation by mec-17. A yea®-hybrid screen revealed several
proteins interacting with mouse mec-17 that cowddelther substrates or members of a
multiprotein complex. Interaction with one of theuhd proteins, Kctd13, was verified

biochemically by co-immunoprecipitation.
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Zusammenfassung

Sequenzanalytische Methoden ermoglichen die Voslgersverschiedener Aspekte der
Funktion von Proteinen, wie enzymatische Aktivitétder die Position von
posttranslationalen Modifikationen in Proteinseqemn In den meisten Fallen bedurfen
diese Vorhersagen experimenteller Uberprifung. lmll Fron posttranslationalen
Lipidmodifikationen ist die gangige Methodik zeitrd arbeitsaufwendig. In dieser Arbeit
wurde deshalb ein neuan vitro Assay entwickelt, der auf der Detektion des Einbaus
radioaktiv markierter Vorlaufermolekile der Lipidam in in vitro translatierte Proteine
mittels eines Dunnschichtchromatographie-Scannasget. Diese Methode reduziert den
Zeitaufwand merklich, sie kombiniert die Bestimmudgr Proteinausbeute und des
eingebauten Lipidankers in einem einzelnen Expartroed ist fur die Untersuchung von
sowohl Prenylierung als auch Myristoylierung anweard Diese Technik wurde zur
Untersuchung von Prenylierung und Myristoylierungsgewahlter Proteine verwendet.
Lokalisationsstudien mit GFP-Fusionsproteinen waordeur Bestatigung dem vivo
Relevanz der Ergebnisse herangezogen. Die prifieipiglichkeit der Modifikation von
Prenylierungsmotiven bakterieller Proteine durckagyotische Prenyltransferasen wurde
in vitro am Beispiel eines bisher nicht charakterisierteotdtns ausCoxiella burnetii
gezeigt, welches so genannte Ankyrin repeats @ntbi Lokalisationsstudien legen auch
die Prenylierung eines Proteins mit einer F-Box-Bom aus &gionella pneumophila
nahe. Weiters wurde der Einfluss von SNPs auf dienkfonalitdt von
Prenylierungsmotiven untersucht und im Fall von \B@G5m humanen Protein ALDH3B2
als signifikant bewertet. Die Myristoylierung vonliggenproteinen mit biologischer
Bedeutung in asymmetrischer Zellteilung und Entling des Nervensystems (numb-A,
neuralized B und C und Par-1 Isoform Q) sowie deh®mologen Mausproteinen
(neuralized-like 1 und 2) wurde gezeigt. Die Wighktit der Unterscheidung zwischen
Isoformen mit unterschiedlichem Potential fur p@stslationale Modifikationen wird
diskutiert. Die Myristoylierung des humanen Tramstionsfaktors NFAT5-A sowie deren
Bedeutung fir dessen nukleare Lokalisation wurdemegt und legen einen neuen

Mechanismus fur die Regulierung des KerntranspamsTranskriptionsfaktoren nahe.

Ahnlichkeiten der Sequenz von mec-17 dliselegansund homologen Proteinen aus
anderen Organismen mit HATs aus der GNAT-Familiatelen auf eine Funktion als

Histon-Acetyltransferase hin. Die Ergebnisse vompdiimenten zur Enzymaktivitat und
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Lokalisation des Proteins zeigen N-AcetyltransferAktivitat. Allerdings scheinen
Histone nicht das bevorzugte Substrat zu sein.eliiém Yeast 2-Hybrid Screen wurden
daher einige Interaktionspartner des Maushomolaigstifiziert. Diese kommen als
Substrat oder Bestandteile eines Multiproteinkoxgdein Frage. Die Interaktion mit
einem der Kandidaten, Kctd13, wurde durch Co-Imnpuépipitation biochemisch

bestatigt.
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AIM OF THE THESIS

1 Aim of the thesis

The ultimate goal in the so-called life sciencestdsget to an understanding of the
principles that make life possible at the molecléasel. To achieve this, there are two
classical approaches: one is the genetic approaith mutagenesis, looking for
phenotypes and defining participation of gene petglin certain pathways, resulting in
what is often called “arrow”-science because themo information about the kind of the
interaction symbolized by the arrows. On the otfeerd, there is the biochemical approach
with protein purification,in vitro tests, and structural analysis where few proteires
characterized in depth, but the capacity for lasgale investigations is often limited. A
combination of both ways can lead to a quite comeplenderstanding of biochemical
processes, but will take a lot of time. A third egah might help to speed up this process:
the application of computational power on biochehiguestions is able to support the
classical research. With the availability of cont@leequenced genomes, the scope of the
applicability of sequence analysis tools has expdndsenome widen silico screens
produce many, increasingly reliable predictions t,thgenerally, require dedicated
experimental efforts for their verification. Unfartately, this is often not compatible with
the way classical research labs work. This raisesneed for request-based biochemistry
specializing on experimental investigation of seweeanalytical predictions. Based on
predictions of the sequence analytical unit of guoup, two projects were topic of my

work.

1.1 Development and application of anin vitro assay for the
investigation of lipid posttranslational modifications

Cell signaling is of crucial importance to everyltimellular organism. This becomes even
more evident from the observation that defectsgnading pathways are the major cause
for cancer. Posttranslational modifications play essential role in signaling. Lipid

modifications act together with other factors ttaelh signaling proteins to membranes
where they get in contact with their respectiveepors. From there, signals have to be
relayed to the appropriate targets in the cell,troéten the nucleus where transcriptional
adjustments take place in response to extracelkilgmals. This is often achieved by
phosphorylation cascades, underscoring the impoetaof another posttranslational

modification.



AIM OF THE THESIS

Focusing on lipid modifications, their importanae signaling makes proteins carrying
lipid anchors as well as the enzymes attaching themossible drug targets for the
treatment of cancer and other diseases. ldentditadf a number of lipid modified
proteins also permitted development of sequencdyttna tools for identification of
additional candidate proteins which could enlargelamowledge about these proteins and
the impact of their modifications and also broades range of applications for already
available inhibitors targeting lipid modification®f course, these predictions need to be
verified experimentally. A fast and reliakile vitro assay for the detection of prenylation
has been developed previously in our lab. The god#he first project was to apply this
assay for the investigation of predicted prenylat@andidates of special interest, e.g.
proteins with prenylation motifs predicted to beflienced by single nucleotide
polymorphisms and bacterial proteins. Accordinghe current knowledge, bacteria do not
possess prenyltransferases themselves. Howevdrogaatic bacteria could utilize the
prenyltransferases of their eukaryotic hosts, atesry that has already been observed for
myristoylation. Furthermore, the scope of lipid nimdtions under investigation should
be expanded by development of a similar tool ferdhtection of protein N-myristoylation
and application for the investigation of selectadididate proteins predicted to carry this
modification. Lipid—modified transcription facto@e of special interest as membrane
attachment via lipid modifications would imply a $ar unknown mechanism for the
regulated mobilization and nuclear shuttling ofnseription factors. This issue was

exemplarily studied with human NFAT5 isoforni. A

1.2 Characterization of a predicted protein
N-acetyltransferase

Based on sequence analysis, there is not only dssilplity to predict the sites of
posttranslational modifications, but based uponseoration of critical residues between
similar proteins as well as comparison of critif@htures of protein structures or 3D
models, prediction of the function of unknown pioge is possible under certain
circumstances. In our group, a rather uncharaetotein formCaenorhabditis elegans

(C. e) called mec-17 was predicted to act as a histone acetyltransfeasAT).

& Nuclear factor for activation of T cells

® Mechanosensory abnormality



AIM OF THE THESIS

Homologous proteins were found in fly, mouse, andnén. Preliminary results of

enzymatic assays with recombinant protein and mhéstail peptides were promising since
they supported the working hypothesis of mec-17 d¢logues having protein N-

acetyltransferase activity, but the native substrabuld not be identified. It is notable that
the large family of proteins commonly termed higt@tetyl transferases includes a lot of
proteins also or exclusively targeting other pmethan histones. Therefore, it was
decided to look for protein interaction partnersnoduse mec-17 that might shed some

light upon the functional impact of the protein aislo reveal the true substrate.

1.3 Summary of aims

No case of a prenylated bacterial protein has beparted so far. Thus, the prenylation
status of bacterial proteins with a predicted platign site from Coxiella burnetii
(ankyrin repeat protein) aricegionella pneumophilé@=-Box protein) will be investigated
in vitro to check the general potential of bacterial praeambe subject to prenylation by
enzymes of eukaryotic host cells. Experiments W@8HP fusion proteins will be performed
to analyze the importance of prenylation for sulodai localization of the proteins in

eukaryotic cells.

Predictions indicate that the recognition of patntprenylation substrates by
prenyltransferases might be affected by SNPs inrélevant region of the substrate
sequence. The influence of SNPs on thevitro prenylation of the human proteins
ALDH3B2, BEX2, UTP14A, and FLJ20364 as well as thmpact on localization of the

different variants in human cells will be studied.

Myristoylation plays an important role in the propecalization of proteins involved in
asymmetric cell division and neuronal developm&ht prenylation assay will be adapted
for the investigation of protein N-myristoylationcapplied on the proteins numb A, Par-
1 Q, and Neuralized B and C frobrosophila melanogasteas well as neuralized-like 1
and 2 fromMus musculusin addition, the influence of myristoylation oochlization of

these proteins will be studied in transgenic faaes in murine cells, respectively.

Prediction of myristoylation sites in the sequen€dranscription factors suggests a new
mechanism for mobilization and subsequent transimtaf these proteins to the nucleus.
To test this hypothesis, the vitro myristoylation status and the influence on the

localization of NFAT5-A will be analyzed exemplaril

3
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Mec-17 is predicted to be a histone acetyltransteréts N-acetyltransferase activity was
demonstratedh vitro. A yeast 2-hybrid assay will be used to identibtgmtial substrates
as well as other members of a putative multipromomplex. The interaction of these

proteins with mec-17 will be further characterizeith biochemical methods.

This work features several topics that are maimgnected via the combined efforts of
sequence analytics and biochemistry. For the sékeawlability, the discussion of the
results will follow their presentation for each ioseparately. Thus, no extra section is
present for the discussion. The main text is emdiéld a Conclusion section summarizing
the findings, main conclusions, and the outlooke Work is completed with an Appendix
that contains Materials and Methods for all expenial procedures, lists of Figures and
Abbreviations as well as the Curriculum Vitae ahd list of scientific publications of the

applicant relevant for this work.



INTRODUCTION

2 Introduction

Posttranslational lipid modifications that were jsab to investigation include protein
prenylation and myristoylation. Additionally, a ptitte N-acetyltransferase is the topic of
the second part of my work. An extensive reviewpootein prenylation co-authored by
the applicant has been published recently. Thezetbis material is not repeated here, and
the reader is referred to the journan overview of protein N-myristoylation as wek a
acetyltransferases will be given to provide thekigamund information on the research

topics discussed in this work.

2.1 Muyristoylation

Protein N-myristoylation is the covalent attachmehthe 14 carbon saturated fatty acid
myristate to N-terminal glycine residd€svia an amide borfd Myristoylation of lysines-
amino groups has been observed, too, but is nat top this work. Protein N-
myristoylation is specific for myristic acid overet more abundant palmitic a&idisually
occurs co-translationafly after removal of the initiator methionine by cédiu
methionylaminopeptidases and is irreversibléout exceptions exist: Posttranslational
myristoylation has been shown for a protein frbintyostelium discoideuth and several
proteins were shown to be myristoylated posttrdizsially on internal glycine residues
after caspase-mediated proteolytic cleavage leatmg glycine in an N-terminal
position>*> Contrary to the proposed irreversibility of myoiglation, an activity de-
myristoylating MARCKS has been describ®d The enzyme catalyzing protein N-
myristoylation is N-myristoyltransferase (NMT), aember of the Gcr&related N-
acetyltransferase (GNAT) superfamily of proteiriscatalyzes transfer of the myristoyl
moiety of Myristoyl-Coenzyme A (CoA) to the free mwo-group of the N-terminal

glycine residue of the peptide substtate

2.1.1 Function in membrane attachment

The primary function of the lipid modification inast myristoylated proteins is promotion
of membrane attachment. Myristoylation alone ontpviles a weak and reversible

association with cellular membranes and, thuseeuired but not sufficient for stable

& Myristoylated alanine-rich C kinase substrate

® General control of amino acid synthesis
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membrane binding. This seems to be a wanted featutémportant aspect of the function
of myristoylation as NMT is highly selective for mistic acid, especially against the

longer palmitic acid which would promote much sgenmembrane associatién

For a stable interaction with membranes, additionainbrane attachment factors (MAFS)
are needed which is in analogy to the two-signabl@hgroposed for prenylation (C-
terminal modification by polyisoprenoids). Palmitayon of one or more nearby cysteine
residues increases the hydrophobic interaction thigthmembrane lipidd Palmitoyl acyl
transferases (PATs) are described as membrane Hourtlis, the weak membrane
binding provided by myristoylation is a prerequasifor subsequent palmitoylation.
Positive charge clusters in vicinity of the myrigtanchor often referred to as polybasic
region (PBR) can enhance the interaction with tmfase of membranes by electrostatic
interaction with negatively charged phospholipidadiegroup§?*> Other examples of
MAFs would be phospholipid binding domains, transtbeane regions, and direct

protein-protein interactions with otherwise memile-doound targets.

2.1.1.1Regulation of membrane binding

Depending upon the additional factors strengthemmgmbrane attachment, several
mechanism exist for the regulation of reversiblenbene associatiéh Palmitoylation,

in contrast to myristoylation, is a reversible diphodification easily removed by palmitoyl

thioesterases. Thus, the localization to and thease from membranes is controlled via

cycles of palmitoylation and de-palmitoylation.

On the other hand, proteins harboring a myristoyghar in conjunction with a PBR can
reversibly associate with membranes by a mechagoeied “myristoyl switch”. Some

proteins can change between two conformations wWith myristate sequestered in a
hydrophobic pocket of the protein in one state, fmihting outward ready for membrane
insertion in the other conformation. There are ed#ht types of myristoyl switches
classified upon the way the switch is triggeredcdRerin exposes its myristoyl anchor
upon C&™-binding®, and Arf releases its myristoyl moiety upon guanosine tigthate

(GTP) binding>. These proteins are examples of ligand switchesttfer possible trigger

& Adenosine diphosphate (ADP) rybosylation factor
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is proteolytic cleavage as is the case for H\V&ag. It is synthesized as a 55 kDa
polyprotein precursor and associates with the plasmembrane mediated by
myristoylation and a nearby positive charge clusiiter proteolytic cleavage, the
myristate is buried in a pocket of the 17 kDa puithf’. A similar mechanism is found in
the reovirus membrane-penetration protein RulThe third class is the so called
electrostatic switch. For MARCKS, release from theembrane is triggered by
phosphorylation of serine residues within the PB&upting the electrostatic interaction
with the acidic phospholipid head gro@p®. Hisactophilin utilizes a pH-dependent switch

with a histidine cluster that loses its positiveuee above pH3.

2.1.1.2Specific membrane targeting

Combined use of different MAFs is not only necegstir provide stable membrane
attachment but also to specify the exact targetinipid modified proteins to different
membrane compartments. Localization studies withid limodified GFP-chimeras
revealed that myristoylation excludes GFP fromnhbeleus and enables association with
intracellular membranes, but plasma membrane koatidin requires a second sighialA
large fraction of myristoylated proteins is asstedawith the plasma membrane, but some
are also localized to the endoplasmatic reticul&R)( Golgi, mitochondrial membranes,
or the nuclear envelope. There is even evidenceekdracellular localization of a
myristoylated proteiff. To predict the final localization of a proteinpgading on the
presence of different MAFs is not an easy task,e@sfly when protein-protein
interactions are involved. Furthermore, membramesnat a homogenous sea of lipids.
The membranes of different compartments differipidl composition and, consequently,
also in fluidity. There are even specific microdansawithin membranes which are often

referred to as lipid rafts.

The targeting specificity of proteins harboring gristoyl moiety in conjunction with a
palmitoylation to the plasma membrane is explaibgdthe so called kinetic bilayer
trapping hypothest& The proteins are myristoylated co-translationalhabling them to
reversibly associate with a variety of membranast @ly when they reach the plasma

membrane, they get in contact with membrane-boukiisRadding the second fatty acyl

# Human immunodeficiency virus

® Green fluorescent protein
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anchor stabilizing their interaction with the plasmnmembran®® As membrane
dissociation is much slower for doubly lipid modii proteins, they are kinetically trapped
there. After they are stably bound at the plasmenbmane, these proteins often become
enriched in lipid rafts. These membrane microdosaamne defined by resistance to
extraction with nonionic detergents and a high eonf sphingolipids and cholesterol.
Since the lipids in raft-like membranes contaimyaiily saturated fatty acyl chains, they
are present in the liquid ordered state (in conttasthe more fluid liquid crystalline
phase)’. Therefore, it seems plausible that proteins medliby saturated fatty acyl chains
preferably localize to lipid rafts while proteinstiv prenyl anchors are excluded due to
their bulky branched structufe® It remains unclear whether myristoylated/palmisd
proteins are preferably partitioned to preformedrodomains or their interaction with the
membrane induces the formation of these rafts. Aaywenrichment of N-terminally fatty
acylated proteins in a sub-membranous microenvieirmight provide increased local

protein concentrations and thus facilitate proiotein interactiorfS.

A good example for the effect of different lipid cdnors and localization to specific
membrane microdomains are heterotrimeric G protkif@ subunits are N-terminally
acylated by myristate and/or palmitate while fyedimer is prenylated at the C-terminus
of they-subunif?*® Thepy-dimer seems to dominate membrane binding chaisiitsrof
heterotrimeric G-proteins. In model membranes, #reyfound in non-lamellar phases rich
in phosphatidylethanolamifie The same microenvironment is preferred by G-fmote
coupled receptors (GPCRs). Actually, the prenylhancof the By-dimer as well as
transmembrane helices of the GPCRs seem to aciivilligence the behavior of the lipid
phasé®“® In contrast to the heterotrimer, thex Gubunit which is monomeric after
nucleotide exchange induced by receptor activapogfers pure lamellar membrane
structures excluding it from the microenvironmerittbe receptor and th@y-dimer.
Monomeric Gy and Gis were found to localize to lipid rafts whileoggwas concentrated
in caveola&’. This translocation might facilitate interactiorithveffector proteins located

in these membrane microdomains.

Another interesting case of membrane targetingfaity acyl modification was found in

Leishmania majar Localization of HASPB to the extracellular face of the plasma

# Hydrophilic acylated surface protein B
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membrane was found to depend on N-terminal myrdatmn and palmitoylation. This
suggests a novel pathway for translocation of jmetéo the surface of eukaryotic cells.

This pathway seems to available also in higher gukes”.

2.1.2 More functions

In addition to membrane targeting, several othections for myristoylation have been
reported in certain cases. Involvement of the nyylsmoiety in direct protein-protein
interactions has been shown for the interactiocadmodulin with the protein kinase C
substrates MARCKS and BASPas well as the HIV-1 protein N&F° A role in protein
stability and structural integrity has been degsibfor the myristoyl moieties of
calcineurin®. Finally, myristoylation is involved in regulatiaf enzymatic activity of Pto,

a serine/threonine kinase from tomatnd the c-Abl tyrosine kinase*

2.1.3 Function and clinical relevance of myristoylateaains

The first myristoylated proteins identified wereclyradenosine monophosphate (CAMP) -
dependent protein kinasand calcineurin B As more and more myristoylated proteins
were discovered, it became clear that N-terminadifreation with myristic acid is
common for proteins from eukaryotes as well ag tieises. Some myristoylated proteins
are also found in bacteria. Classification of knawyristoylated proteins shows that there
are only few large protein families with a conservayristoylation motif. These are
primarily involved in signaling and include thexGubunits, Arfs, serine, threonine, and
tyrosine kinases, and EF hand calcium binding pmsteMany smaller families exert

specialized functions.

Some members of theaGamily are myristoylated and palmitoylafé&® Myristoylation
is clearly required for membrane attachment buthinajso play a role in localization to

specific membrane microdomaffsinteraction with GPCRS and G structuré®.

Myristoylated tyrosine kinases also depend onighid modification for proper membrane
localization and, in consequence, for their sigmalfunction’. For c-Abl, an auto-
inhibitory mechanism utilizing a myristoyl/phosphaisine switch has been

described®>* Tyrosine kinases are of special clinical integsmutations in this signaling

& Brain abundant, membrane attached signal protein
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proteins are often associated with the developroémance?®® Since tyrosine kinases
depend on myristoylation for signaling, increaseMN activity might be needed by
cancerous cells. Indeed, elevated NMT activity walsserved in early colonic
carcinogenesi$ suggesting NMT as a target for chemotherapeutimsias well as a
diagnostic markét®% The potential role of NMT in cancer has beeneesd recentf.

A regulatory role of myristoylation has been ddsed for the serine/threonine kinase Pto
from tomato. It is involved in race specific reaiste toPseudomonas syringa&inase
activity is repressed by intramolecular bindingtleé myristoyl moiety. Effector proteins
of the intruder target the same region of Pto, abgrdisplacing the myristate and
activating kinase activity resulting in inductionf alefense responses including

hypersensitive cell death

Calcineurin B was among the first proteins knownb® N-terminally myristoylated
Recently, the importance of myristoylation for memre targeting has also been
demonstrated for calcineurin B-like proteins fréwrabidopsis thalian¥. Furthermore, a

role of NMT and calcineurin in epilepsy was suggdSt

Proteins that are myristoylated posttranslationalyer caspase-mediated proteolytic
cleavage build another interesting group. A presipuinternal myristoylation motif
becomes N-terminal and, thus, accessible for NM3ve&al such cases are known now.
For the pro-apoptotic protein BfPmyristoylation is involved in targeting to mitamfdria
followed by release of cytochrome c¢ and programmell deatf>. A myristoylated
fragment of cytoskeletal actin is also targetednitochondria after cleavage by caspase,
but the functional role of this translocation rensaiincled’. The myristoylated cleavage
product of gelsolin is not targeted to mitochondhat displays anti-apoptotic activify
while myristoylation of the cleavage product of pitdtivated protein kinase 2 potentiates
late apoptotic events Taken together, this indicates an important rdte

posttranslational myristoylation in regulation gioptosis.

As mentioned above, NMT was suggested as therapauget in the treatment of cancer
and epilepsy, but this is not the only application drugs targeting NMT. NMT is

essential for growth and survival of several humparasites including the fun@andida

# BH3 interacting domain death agonist
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albican$®, Cryptococcus neoformaffs and the protozoaleishmania major and
Trypanosoma bruc®® Exploiting divergent peptide substrate specificift NMTs from
different species, some specific inhibitors tamgtthe NMTs of pathogenic organisms
have been designed alredl§’. Based upon a comprehensive analysis of diffe¥anTs,
the list of potential targets for selective NMT iipiion has been continued with
Histoplasma capsulatum, Plasmodium falciparium, ekgiplus fumigatus, Trypanosoma
cruzi, Giardia intestinalis, Entamoeba histolyticRBheumocystis carinii, Strongyloides

stercoralis andschistosoma mansdhi

Myristoylation also has an important impact on @as functions of many viral proteins as
well as some from bacteffa The large surface antigen of hepatitis B Viti$ p1 of
reoviruse&’, VP4 of picornavirus€d and VP2 of polyomavirus&sare myristoylated and
the lipid anchor is required for viral entry intodt cells. A mechanism with insertion of
myristate into the host membrane has been proplmsexbme of them. Another function
of viral proteins that can be dependent upon nuylation is the assembly of viral
particles. This has been shown for poliovifuand several mammalian retroviru&&s
especially HI\VV"®¢ There is also a conserved myristoylation motifairsuperfamily of
proteins from large deoxyribonucleic acid (DNA)uses. One member of this group, the
myristoylated transmembrane protein LR1 of Vaccipavirus, is located in the first
envelope and involved in acquisition of the secemyelop&’. Myristoylation is also
found in non-homologous proteins of other large DMAuses with similar membrane
arrangements. Last but not least, myristoylateal yiroteins are involved in manipulation
of host cell signaling like the transforming proteif Rous sarcoma virtisand the Nef
protein of lentiviruses (including HIV) which reqas myristoylation-mediated membrane
binding for interactions with the endocytic machnand signaling proteins to adjust host
cells to optimal viral replication conditiofis As an example from bacteria, three type IlI
effector proteins fronPseudomonas syringaeed myristoylation for efficient membrane
targeting and functiol NMT inhibitors have been suggested for antivirerapy”, but,
since viral and bacterial pathogens usually utilthe host NMT, it is much more

complicated to achieve a specific effect on infdatells.

2.1.4 N-myristoyltransferase

The enzyme catalyzing the N-terminal myristoylatiasf proteins is called N-

myristoyltransferase (NMT). NMT is ubiquitous amoraukaryotes, and in higher
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eukaryotes there are two gene copies named NMT2aHomology between NMT1 and
NMT2 is lower than between NMTs of one type in eifint species indicating two distinct
families. Additionally, posttranslational modifieats (PTMs) or alternative splicing seem
to account for differing NMT isoforms varying in hecular weight and cellular

localizatior??.

The best characterized N-myristoyltransferasgascharomyces cerevisié®. c) Nmtlp.

It consists of 455 residues with an apparent mddeaueight of ~ 55 kD¥. It was shown
to be a cytosolic monomeric enzyme with a sliglalaline pH-optimum (8.0) and no
requirement for divalent cations. At least oneitlise residue seems to be critical for
activity which is consistent with the fact thatpdd 6.0 and below the enzyme is inactive.
Nmtlp has no intrinsic aminopeptidase actifityrhus, it is dependent on the action of

methionylaminopeptidases in advance.

The structure o6. c.Nmtlp has been solved without and with substratelor substrate
analogues. The Nmt fold consists of a saddle shapeeld 3-sheet surrounded by several
a-helices. The protein has an internal pseudo-tid $gmmetry with the N-terminal half
responsible for myristoyl-CoA binding, while thet€minal half predominately harbors
the peptide binding sit2 Based on kinetic studies, a Bi Bi reaction meérarhas been
proposed with binding of myristoyl-CoA prior to fe&fe followed by release of CoA first
and myristoylpeptide afterwarts Consistent with this mechanism, the affinity epfide
substrates is much greater for the myristoyl-CoAtNmcomplex than for the apoenzyme
suggesting either a direct contribution of myri$tGpA to the peptide binding site or a

conformational change in the enzyme induced by styyl-CoA binding".

Resolution of the crystal structure of the enzyme dinary complex with myristoyl-CoA
revealed binding of the first substrate in a comf@tion resembling a question mark. Upon
myristoyl-CoA binding, residues 34 — 55 are reagehresulting in formation of theg
Helix A’. This helix, forming a positive dipole, dnespecially residues H38, K39, F40,
and W41 contact the 3’ phosphate group of CoA. Aamidrogens and side chains of the
eC loop and theC helix provide hydrogen bonds with the pyrophosplgaoup of CoA
inducing also a first bend in the myristoyl-CoA émmatior?®. Interactions of the
adenosine -3’-monophosphate-5’-diphosphate groupe haeen suggested to provide
mainly the binding energy for positioning of catadglly important regions of CoA

substrates®. This has been confirmed by binding studies ofilasgate missing the 3'-
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phosphate and is also consistent with the fact #tgt-CoAs outside the catalytical
specificity of Nmt can bind to the enzyme with hafinity and also generate a functional
peptide binding site, but catalytic activity is rkedly reduced due to improper positioning
of the reactive group®®. Water mediated intramolecular hydrogen bonds eetwthe O5p
of pantetheine and the N6a amine of adenine indusecond bend directing the chain
towards the active site. There, the reactive th@esarbonyl is hydrogen bonded to the
backbone amides of F170 and L171, forming the $leccaxyanion hole, providing the
polarization of the carbonyl required for cataly$tsrthermore, the sulfur atom is located

close to the N6a amine in hydrogen bonding distance
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Figure 1: Secondary structure of SCNMT

Position of secondary structure elements in thesece of SCNMT according to the crystal structlirevith

a-helices shown in blue arfdstrands in green.

This intramolecular interaction could stabilize tl@oA thiol during the reaction.
Additionally, release of CoA after the reactioressier as a compact globular product. A
third bend after C1m leads the acyl chain arouredatienine where the side chains of
W41, 1168, 1187, and Y204 block its way producindoarth bend at Cém forcing the
remaining stretch of C7 — C14 into a deep pockehiwithe protein core. Its depth is
limited by side chains from V194, A202, and F42%l anain chain atoms from T191,

W200, and H201 providing an explanation how Nmtdisinates between substrates of
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different chain lengtfi®. In conclusion, three features act together mmatheasurement of
the acyl-CoA substrate length: The positioning lué teactive thioester carbonyl in the
oxyanion hole, the block forcing the bend at C6nthi@ acyl chain, and the depth of the
pocket. The requirement for a bent conformatiomgfistoyl-CoA is also confirmed by
kinetic studies®

A critical role was suggested for the Ab loop. Bimgd of myristoyl-CoA in the correct
conformation alters its conformation through intdi@ns via the loop B'A’ as well as
direct interactions between myristoyl-CoA and thie ldop. These interactions seem to
stabilize the Ab loop in an open conformation amastexpose part of the peptide binding
site ®1%2 Beyond this function, the Ab loop is not likely be directly in involved in

peptide recognition and binding.

The binding of the peptide substrate has been ddtex by the crystal structure of a
ternary complex of Nmtlp with a myristoyl-CoA angle and a peptide of the sequence
GLYASKLA. The conformation of the bound model pejatireveals contact between the
side chain of Leu2 and the myristoyl-CoA analogdieg the peptide towards a binding
groove. The path of the peptide is blocked at Alg large hydrophobic cluster forcing
another bend that leaves the peptide main cham parallelp-sheet with strangn of
Nmtlp. This configuration is stabilized by severaéractions with the enzyme as well as
intramolecular hydrogen bonds, especially betwegr8 Tarbonyl and Ser5 amide. The
environment of the peptide also explains the araitid restrictions observed: Leu2, Tyr3,
and Ala4 experience a rather hydrophobic/aromaticirenment with some potential
hydrogen bonding partners for residues 2 and 3iti®os2 does not allow charged or
bulky residues, while at position 3 and 4 thererisugh space to accommodate all amino
acids. Serine is strongly preferred at positio®&r5 is able to build hydrogen bonds with
H221 and backbone amides of G418 and D417. Impeetah H221 for peptide binding,
but not for catalysis, has also been shown by namtattudies'®. Position 6 shows a
preference for lysine, but all residues exceppfaline are allowed. Theamino group of
Lys6 is coordinated by D417 as well as D22 and D%3 and its aliphatic part is
embedded in an hydrophobic/aromatic environmeng. fEisidues at position 7 and 8 have
only few contacts giving the peptide binding groaeopen-ended character and enabling
it to accommodate nascent polypeptide chains feramslational myristoylatiori. It is

noteworthy that most residues involved in peptideding are highly conserved in
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mammalian NMTs, and substitutions might account $mecies specific substrate

differences.

With both substrates bound, the stage is set iotrmsfer of the myristoyl moiety to the
peptide. Several prerequisites have to be fulfifleda successful reaction: The thioester
carbonyl of myristoyl-CoA needs to be polarizedisTis achieved by interaction with the
oxyanion hole. Hydrogen bonds with the main chamdas of F170 and L171 result in a
partial positive charge of the carbonyl carbon lf@ting a nucleophilic attack. The
nucleophil is provided by proton transfer from t&dyl amino group of the peptide
substrate to the C-terminal carboxylate of Nmt Wwhig consistent with the effect of C-
terminal deletions on catalytic activity> The hydroxyl group of T205 as well as the
carbonyl group of N169 seem to stabilize the nyatédoand are conserved in all Nmts.
Tyr3 of the peptide seems be involved, too. At tkiage, the distance between the
nucleophilic nitrogen of Glyl and the electrophitiarbon is 6.3A. For the nucleophilic
attack, a rotation by 180° around is required which gives a good explanation for the
absolute requirement for an N-terminal glycine foyristoylation. It is needed to provide
rotational flexibility. Consistent with this modehutation of glycine to alanine as well as
proline and aromatic residues at position 2 resulpoor substrates. After rotation, the
interactions of Gly2 are replaced by even strommgess with the carbonyl of N169 and the
hydroxyl and carbonyl group of T205. Upon nuclediphattack on the polarized thioester
carbon, a tetrahedral intermediate is generatddwel by release of free CoA. This
anionic reaction product is stabilized by an intodecular hydrogen bond between the
sulfur atom and a nitrogen atom of the adenine qimviding a compact leaving group.
The final step is release of the myristoylpeptifleProduct release also seems to be the

rate-limiting step in protein N-myristoylatidfi*

Comparative studies demonstrated that the myrisZoA binding site is highly conserved
in NMTs from different species while there are sosnéstitutions in the peptide binding
pocket accounting for differences in substrate iipeg %% Phylogenetic analysis
yielded three clusters representing plant, fungiad, metazoan NMTs. Protozoa are in one
group with fungi. This finding is consistent withet observations in substrate specificity.
The altered tolerance for amino acids at positip@,37, and 8 of the substrate can be

exploited for development of species-specific iithits >
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2.1.5 Sequence requirements for myristoylation

Based upon analysis of the sequences of experittyemaified myristoylation substrates,
NMT substrate specificity studies utilizing oliggg®les, and structural data or models of
NMT from various organisms, the sequence requirésnér protein N-myristoylation
were refined. It turned out that a simple model of amino aadtrictions at certain
positions is not sufficient. Instead, a certaintgrat of physical properties is required for
recognition by NMT where compensatory effects amtmg sequence positions of the
substrate make the context more important thariesirgidues. Based upon the intensity
of the interaction with NMT, the substrate sequenuoatif has been divided in three

segments.

The residues 1 to 6 have to fit into NMTs peptideding pocket and are most restricted
due to a multitude of specific interactions. Mo N residues involved in recognition of

substrate positions 1 to 6 are highly conserved.pdgition 1, glycine is absolutely

required. This is due to the rotational flexibilitgquired by the reaction mechanism of
NMT as discussed previously. As position 2 and &@sh tendency towards small amino
acids compared to the average peptide, side cludimme seems to be an important factor
there. Volume compensation is possible to somenéextetween 2 and 3. Polarity is

preferred at 2 and 3, but fungal NMTs are morer#wietowards hydrophobic residues
than NMTs from higher eukaryotes. At position 4gaand hydrophobic amino acids are
preferred with the exception of certain fungal NMMat have a smaller binding site there.
Like position 2, residue 5 should be small and pdiat serine and threonine are preferred
as they are additionally stabilized by hydrogendiog. Furthermore, backbone flexibility

is required between position 3 and 5. At positipty§ine and threonine are preferred since
the polar head group is stabilized by hydrogen baamt the aliphatic region of the side

chain by hydrophobic interactions.

The second segment consists of residues 7 to XseTshow weak interactions with the
surface of the enzyme at the mouth of the catalgteft. The lack of tight specific

interactions comes along with no clear amino acdidfgugences but a more general
requirement for certain physical properties. Atippos 7, turn-like residues are preferred
while bulky hydrophobic residues are disfavored bolume compensation is possible
between residues 7 and 9. Position 8 shows anasedeoccurrence of basic amino acids,

but there is no obvious reason for this from theeraction with the enzyme. This

16



INTRODUCTION

phenomenon rather seems to reflect the fact thastaylation often acts in concert with a
PBR. For both position 7 and 8, negative chargesramt well accommodated by the
enzyme, but NMTs of fungi and protozoa are moré&icive against them than NMTs of
higher eukaryotes. Position 9 is preferably ocauihg polar amino acids with flexible
backbone. There is a general trend towards smallpatar residues until position 11,

especially between 8 and 10 only limited hydropbityiis allowed.

Positions 12 to 17 fulfill the function of a spacannecting the bulk of the substrate
protein (which is likely to adopt a globular confation) to the modified stretch. Since
this segment of the motif is exposed to the aqueoyssolic environment (or to
hydrophilic membrane lipid head groups later ongeaain content of polar residues is
required. Again, a limited amount of hydrophobisideies can be compensated for. For
entering of the N-terminus of the substrate inte ¢datalytic pocket of NMT, the whole
stretch from 7 to 17 requires conformational flédkipto adopt an extended conformation.
It has to be easily unfolded or permanently withseetondary structure. Such a linker
segment seems to be a general requirement forguastitional modifications. In case of
internal modifications, two linker regions are neédlanking the site of the modification.
The length of the linker is determined by the rawegs of the surface of substrate and

enzymé”.

2.1.6 The MYR-Predictor

Based upon the refinement of the sequence motibrimtein N-myristoylation, a predictor
has been developed and is available online at
http://mendel.imp.ac.at/myristate/index.ht?fil Both amino acid preferences and required
physical property pattern were implemented intocariag function. Thus either many
small deviations of the requirements or one drasiit be responsible for classification of
guery sequences as no myristoylation target. Theribations of different terms are
summed up in the scoring function facilitating itiBoation of the critical terms. Separate
prediction functions were implemented for fungal vasll as for eukaryotic and viral
sequences to take the differences in substratefispigcbetween NMTs from different
species into account. It is also possible to lamkplutative internal myristoylation sites. In
this case, the potential protease cleavage siteegieg the glycine is compared to

documented cases of internal myristoylation aftetgolytic cleavage.
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Application of the predictor to protein databaseslded lots of interesting putative
myristoylation target§®. 34 new potential myristoylation targets in funggre added to
the 22 fungal proteins present in the learning aaty 266 new putative targets were
identified in higher eukaryotes and viruses. Margdgctions add new members to protein
families with known myristoylation targets like 6subunits of G proteins, 7 tyrosine —
protein kinases, and 12 serine/threonine-protaiadeés. Of special importance seems to be
the combination of calcium import and myristoylatias indicated by 34 known and 32
predicted myristoylation targets with annotatecciceh binding sites. Some of the new
candidates might also utilize a calcium-myristoyitsh mechanism. These large families
are examples of a myristoylation motif conservedroseveral species. This strengthens
the predictions and suggests importance of thestoyiation for the biological function of
the protein families. The evolutionary conservatidrpredicted myristoylation motifs has
been evaluated in groups of homologous proteins.rébults are available as MYRBASE
at http://mendel.imp.ac.at/myristate/myrbaS®/ Several large protein families probably
representing the oldest cases of myristoylationfemed in opposition to a lot of families

with only few members that might carry out speeedi functions.

The candidates with no similarity to the known sasee especially interesting as they
expand the functional spectrum of myristoylatedt@res. A new group of proteins
predicted to be subject to myristoylation are plapécific disease resistance proteins.
Parasitic bacteria inject avirulence proteins Hrat often myristoylated into host cells via
the type Il secretion system. Myristoylation ofetldisease resistance genes could be
necessary for the interaction with the avirulencetgins required for induction of the
adequate immune response. Recently, the regulafiendisease resistance protein from
tomato by myristoylation has been shéfviA role for myristoylation in ubiquitination is
suggested by prediction of a myristoylation motif everal ubiquitin-specific proteases
as well as proteins containing putative RING zimgér domains commonly found in
ubiquitin ligases. One example of this group is Nwch pathway protein neuralized, a
peripheral membrane protein involved in establighisignaling asymmetty. The
myristoylation status of the mouse and fly homokgof neuralized was investigated in
this work, and the myristoylation motif is also senved in human, frog, and worm. A

myristoylation motif is also conserved for TOM4thvolved in protein import into

& Translocase of outer membrane

18



INTRODUCTION

mitochondria which is quite surprising for an @lintegral membrane protein. The role of
myristoylation in the function of voltage gated g&gium channels also remains unclear. A
channel as well as a group of modulatory proteirieracting with these channels is
predicted to be myristoylated, and proteins of thi®up that are not subject to
myristoylation are palmitoylated instead indicatthg importance of lipid modificatidtf.
While GTPases are usually prenylated, an interfgronduced GTPase involved in

mammalian immune response is predicted as a stdbftramyristoylation.

This finding adds another example to the assumliahthe myristoylation motif is used
as an exchangeable module in evolution togethen wiher MAFs. There are already
several known cases supporting this idea-s@bunits carry myristoyl and/or palmitoyl
anchors in different numb®r In Arabidopsis thalianaa protein of the Rab/Ypt GTPase
family was found that lacks the typical C-termimaknylation motif, but harbors N-
terminal sites for myristoylation and palmitoylatiinstead*>. Functional replacement of
the N-terminal double acylation with myristate gralmitate by a transmembrane domain
was demonstrated for endothelial nitric-oxide sgsth® A phosphoinositide-specific
phospholipase C from Trypanosoma cruzi is N-terttymayristoylated and palmitoylated
replacing the pleckstrin homology domain usuallydirang membrane interactions of
these proteirs®. Of course, these exchanges of MAFs often comegalith differences
in function and/or localization. Furthermore, whilés well established that palmitoylation
or PBRs act synergetic with myristoylation in mear® attachment, other MAFs like
lipid-binding domains, transmembrane regions, anmgten-protein interaction domains
are clearly overrepresented in the predicted satestr The functional importance of these

combinations needs further investigation.

To sum up, a multitude of new myristoylation tasgate predicted and await experimental
verification. Of course, some of them might deseelaborate investigation of their
function and the impact myristoylation has on iif b make a pre-selection it would be
convenient to have a fast and reliable methoddstirig protein N-myristoylation at hand.
Furthermore, the simple experimental verificatioh the ability of proteins to be a
substrate for myristoylation gives the opporturigyenlarge the learning set available for
the prediction function which both helps in improwent of the quality of the predictions
as well as development of more species-specifidigtien functions in addition to the
ones available for fungi and higher eukaryotes.sTlaunewn vitro assay for investigation

of protein N-myristoylation was developed and agglon selected candidate proteins.
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2.2 Mec-17 — histone acetyltransferase or not?

2.2.1 Chromatin structure

DNA is nature’s medium for storage of informatidie building plan for the proteins that
carry out most biological processes required fée s encoded in DNA by linear
combination of four bases. This information is pr&sin every single cell. As one can
imagine, storing all this information in a lineawde of just four elements yields quite a
long string. Somehow this string, which is abouRImeters long in eukaryotic cells, has
to fit into the nucleus of the cells and be avddabt the same time for fundamental
cellular processes. Transcription is required footgin synthesis, replication for
proliferation, and DNA repair to maintain the intiég of the genome. In a review, the
problem is depicted very nicely: “Imagine trying gtuff about 10.000 miles of spaghetti
inside a basketball. Then, if that was not difficehough, attempt to find a unique one-
inch segment of pasta from the middle of the messtry to duplicate, untangle and
separate individual strings to opposite entfs'Thus, it is obvious that a sophisticated
mechanism is required to store DNA in a convenigay. In a way, the comparison of
DNA with spaghetti also fits for the method thatged for compaction of DNA to fit into
the nucleus. Most people tend to wrap the spaghettind a fork, and this is what is
basically done in the first step with DNA, too. fne so called nucleosome core, the
smallest unit for organization of DNA, 147 baserpdbp) in a left-handed superhelix are
wrapped 1.65 times around a histone octamer. Theskeosome cores are repeated with
10 — 60 bp of linker DNA in between resulting iffilzer with a diameter of ~10 nm that
presents the characteristic look of “beads oniagsf’** The linker histone H1 seems to
neutralize the negative charges of the linker DNsickibone reducing the electrostatic
repulsion between the DNA strands and changingettie path of the DNA from the
nucleosome core to allow a more compact foldinggetioer, the core histones with the
DNA wrapped around it as well as the linker DNA atiee linker histone build a
nucleosome. Interactions between the nucleosonaektte the assembly of higher order
structures that are stabilized by the linker hie®resulting in formation of a compact 30
nm fiber. Fiber-fiber interactions increase the paation of DNA to ~100 nm thick
chromonema fibers. The maximum level of condeneatiachieved during mitosis when
the chromosomes are separated into the daughtks: é&ttaphase chromosomes are

~1400 nm thick. It is tempting to view packing oNB into chromatin similar like protein
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structure: the primary structure is the linear mgement of nucleosomes, the secondary
structure would be the 30 nm chromatin fiber, ahtbmonema-like fibers represent the

tertiary structurg”.

2.2.1.1Histones

The nucleosome core is the basic unit of chronsdtincture with DNA wrapped around a
histone octamer. This multimeric protein is bufltwo copies of each of the core histones
H2A, H2B, H3, and H4. Four so called “histone-foldiiners assemble stepwise into the
complete octamer. Two H3-H4 dimers associate ttdkaitetramer which then interacts
with two H2A-H2B dimers. All four core histones st of two functional domains, the
“histone-fold” motif which accounts for histone-tige interactions required for
octamerization as well as histone-DNA contacts, @wedso-called histone tails which are
the site of various posttranslational modificati@ml involved in interactions with linker
DNA and between nucleosont&s

The histone-fold domains of the different core dngts share a common structural motif
that consists of three-helices connected by two loops. These are the f@sassembly of
the crescent-shaped heterodimers via a “handshakié’.nThe interactions between the
heterodimers are mediated by 4 helix bundles. Qurah snteraction between the H3
histones of the H3-H4 dimers leads to assemblyheftetramer. Subsequently, the full
octamer is put together by 4 helix bundles betwi#enH4 and H2B histones. The two
H2A-H2B dimers are not connected this way leavihg tespective helices in H2A
unused. These would be available for internucle@sonteractions, although current

models for higher order structure would not fistech an interaction.

Each heterodimer is able to bind about 2.5 turn®NA double helix bent around the
curvature of the structure. Summing up over tharmet, the histone fold domains are able
to harbor 121 bp of DNA with 27 — 28 bp bound tcledimer and 4 bp in between as a
linker?. Although binding of DNA to histones occurs priifarvia the negatively
charged phosphodiester backbone, the positionirtheohucleosomes is at least partially
dependent on the DNA sequence. The wrapping of BAInd the histones requires a
certain degree of flexibility or bendability. Adihally, some direct contacts between the

histones and base pairs could also account foreseguselectivity.
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The second functional domain of the core histomegtee histone tails. These are segments
at the N-terminus of the core histones with a lengtt 20 to 35 residues rich in basic
amino acids. H2A has an additional 37 residue @Gtaal tail. The histone tails do not
significantly contribute to nucleosome structured astability, they seem to emanate
radially from the nucleosomes. They were shown dotribute to sequence dependent
nucleosome positionifitf, but their main function seems to lie in highedercompaction

of chromatin which is underscored by the resultt thremoval of the tails blocks
condensation at the level of the 10 nm fB&** The condensation mediated by the
histone tails is stabilized by linker histones tha¢ not structurally related to the core

histones, which seems to be required for furthempmactiort*%°

2.2.2 Regulation of chromatin structure

Assembly of DNA and histones into nucleosomes dgldu-order structures provides the
compaction necessary to store the whole genonteeimuicleus of a single cell. However,
the challenge is not over at this point, it hag juegun. Certain pieces of DNA must be
accessible at specific time points for replicatitvanscription, and repair. These processes
require the stepwise assembly of large protein dexes which can be viewed as
molecular machines. But it is hard to imagine hbe/protein machinery required for these
processes could target specific sequence strettdsattach to them to carry out their
tasks in the fully condensed state. In fact, cefle the compaction of DNA regions into
heterochromatin to keep them transcriptionallyraigel. Thus, chromatin can not be a
rigid structure, but has to be a highly dynamicstarct undergoing regulated unfolding
and folding.

For fully condensed metaphase chromosomes, fibameaters up to 300 nm were
showrt?”. At mitotic exit to interphase, regional decondsim down to chromonema
fibers with 60 to 80 nm diameter was obsef¥&din a model system, activation of
transcription resulted in decondensation to 80-hf® fibers which were suggested as
basic higher order structure allowing gene expoesSt A second model in a more natural
context lead to observation of at least fully comsbl 30 nm fibers in regions of active
transcriptiod®®. Thus, it seems not necessary to fully untangleABidm the histones to

provide the accessibility required. However, retgdachromatin remodeling is certainly

needed. Several mechanisms act together to acthisvgoal.
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First of all, chromatin is not only built of the ra@nical nucleosomes. There are several
histone variants with special functions in chromatructure. One of them has been shown
to be essential for centrosome assembly and funaiod an H3 variant replaces canonical
H3 during transcription. Several variants of H2A@#&een found, one of them involved in
X-chromosome inactivation. H2AZ, another variant BRA, has a different tail
sequencE’ and is involved in transcriptional activation amgressiot?>**3 It seems to
exert a role in chromatin folding as it preventstiar condensation of 30 nm fib&ts
However, not much is known at present about thgetarg of these histone variants to
specific regions of chromatin. In addition, alsamrostone proteins were shown to bind to
nucleosomes. These so-called high mobility grougtgins (HMG) also seem to affect

chromatin structuré®

In addition to incorporation of variants of histenmto chromatin for special functions,
two major mechanisms act together in chromatin datfiog. Proteins of the Swi2
superfamily use the energy of adenosine triphogpllaTP) hydrolysis to modify the
chromatin structure. The second mechanism is basgubsttranslational modification of
the histone tails. Both activities are present motgin complexes often recruited by
transcriptional activatot®. It is not clear whether there is some sort ofoffdr the action

of these mechanisms. ATP-dependent remodeling éas shown to be prerequisite for
posttranslational histone modifications in the ca$egenes transcribed during mitosis
when the genome is highly condensed. On the otlred,ithe reverse order is observed for

cell-cycle independent gertds

2.2.3 Histone tail modifications

Histones are subject to a multitude of posttraimiat modifications, most of them
occurring at the histone tails. In fact, it seeiks hlmost every solvent accessible residue
of histones is modified in one way or another. Ftbmalready highly conserved histones,
the tail regions are evolutionary conserved madgicating the importance of the presence
of the residues that are target of covalent maalioms. Posttranslational modifications of
histones include acetylation, methylation, phospladion, ubiquitination, sumoylation,
glycosylation, and ADP-ribosylation with the firgiree of the modifications occurring
most frequent. Acetylation and methylation can ocuthe side-chain amino groups of
lysine and arginine. For methylation, complexityingreased by the fact that arginine

residues can carry two methyl groups and lysinéouihiree. Phosphorylation takes place
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on serines and threonines, and the small protdguitim as well as the related SUM@re
attached to lysine side chains. A wide variety whidtions has been addressed to these
modifications. Acetylation is generally associavéth transcriptional activation, although
there are exceptioh§. The various methylation marks were shown to belired in both
activation and repression of transcription depemdin the site and number of methyl
modification$®’. For histone phosphorylation, a role in transéimal activation and
chromosome condensation in mitosis was sHdwrReversible ubiquitination of core

histones H2A and H2B is associated with transanatl activity.

2.2.3.1The histone code

Given the multitude of modifications, the existeda histone “code” was proposed. This
word is rather misleading as it implies that a a@ertmodification does always have the
same function. But the functional impact of histonedifications seems to be the result of
the interpretation of a whole pattern of modifioas depending on the gene and the
cellular contex® Some marks are needed for further modificatiorilevbthers may
block modification of nearby residues. Two rolessddeen postulated for the histone
code. The first is to provide heritable chromosmpeeific epigenetic marks. Somehow a
cell passes on the pattern of active and silenee@gyto its daughter cells. Some sort of
marks has to survive DNA replication and segregatb chromosomes during mitosis.
Histone modifications have been suggested to belvad in this process, especially
methylation as it is viewed as a rather stable figadion in contrast to others, although
enzymes responsible for removal of methyl markseHasen discovered recerttfy/ 4142
However, to which degree histone modifications rasgponsible for epigenetic memory is
still controversial and needs further investigatfdnOn the other hand, the combinatorial
function of posttranslational histone modificatioirs localized control of events on
chromatin including transcriptional activation ameghression as well as histone deposition

in S-phase or chromosome condensation in mitosistisf question.

2.2.3.2Targeting of histone modifications

A multitude of cellular processes are influenceddme or the combination of several

histone modifications. Thus, their placement netalsdbe precisely targeted. This is

& Small ubiquitin-related modifier

24



INTRODUCTION

achieved in part by the inherent substrate spdgifaf the enzymes responsible for the
modifications but also by their recruitment to gpecloci via association with gene-
specific activators or repressors or with the RNélymerase Il holoenzyme complex.
Enzymes involved in DNA repair were shown to beuwged directly by DNA lesions. A
special case is the methylation of histone 3 lySinghich seems to be targeted by small
non-coding ribonucleic acids (RNAs) via the RNAerierence (RNAI) pathway resulting
in formation of heterochromatin required for cemmoe function® Apart from the
precisely targeted modifications required for sfiedunctions, there are bulk chromatin
modifications, too, involved in histone depositiafier passage of a replication fork or
chromosome condensation in mitosis. For example, nibn-targeted action of histone
acetyltransferases and deacetylases seems to masotae sort of equilibrium level of
histone acetylation in yed&t After targeting of the histone modifying enzyntesertain
loci, the exact point of modification is determinagtheir substrate specificity but also by
cross-talk with other marks that are already presEmese can promote or inhibit further
modifications, some types of PTMs might rival fédretsame residue. Thus, a pattern

coding for a specific function can be built up secfially.

2.2.3.3Function of histone modifications

When the modifications are finally in place, theyrehow have to exert their function.
Two models have been proposed. The first is bagpeh the change of the charge of
histone tails by PTMs. Elimination of positive cpas from the overall basic histones
could weaken the interaction with the negativelgrged DNA backbone. However, a lot
of modifications would be necessary to significamdduce the overall charge of histones
given the number of basic residues present. Fumitver, hyperacetylation did not release
histone tails from DNAN vitro. It seems more plausible that removal of critickarges

destabilizes internucleosome contacts disruptiregHigher-order structure of chromatin

and, thus, reducing DNA compactigh

In the second model, PTMs modify the surface fastgin interactions creating new
binding sites for proteins which then in turn exéér¢ functions mediated by the PTMs.
Evidence for this model comes from the discovery splecific binding domains.

Bromodomains were shown to bind to acetylated 8sirSome of them are even specific
for a certain acetylated lysine residue. Howeweis hot clear whether all bromodomains

bind acetyllysine. Bromodomains are present in mamnscription and chromatin
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regulators like histone acetyltransferases (HATS) ATP-dependent chromatin
remodeler§®**” The chromodomain was discovered as methyl-lysinding domain, but
later on chromodomains were shown to interact wlitlerse targets including histones,
DNA, and RNA. Chromodomains are present in manyuleggrs of chromatin
structuré*®**? Tudor-, MBT-, and PHD-domains recognize methyilgs, tod®°. The
model of histone modifications as protein bindintgs also gives a nice explanation for
cross-talk as neighboring PTMs could easily infeeerthe binding of these specific
domains. Several modifications could act togetiegive a certain function in different
ways. Either a specific pattern of modificationga@sognized by a single binding protein
which would require that they are on the same héestail or at least the same nucleosome.
On the other hand, each modification could be rezegl separately by individual proteins
which then interact physically or functionally. Shivould allow the modifications to be
quite distant from each other. In each case, thditg proteins could be the basis for the
assembly of multiprotein complexes that exert thecsic functions. However, the basic
coding unit could either be a single nucleosome cnromatin stretch of undefined size

Taken together, both proposed models how postaaosal modifications of histone tails
influence chromatin structure provide some explanat Furthermore, they are not

exclusive, so it is very likely that reality is neoclosely to a combination of both models.

2.2.4 Histone acetylation

The first hint on a role for histone acetylationtmnscriptional control came from the
observation that actively transcribped regions teiod be hyperacetylated whereas
transcriptionally silent regions tend to be hypageged®". All core histones except H2A
have four or five potential acetylation sites ggyia total of 26 sites for acetylation on a
nucleosome. Acetylation of histone tails was shdwrdisrupt higher order chromatin
folding®®? resulting in better accessibility for proteinseirgtcting with DNA. Furthermore,
acetylation maintains the unfolded structure ofismibed nucleosom&d and acetylation
of 46% of all acetylation sites is sufficient taciligate transcription. Despite the obvious
link between histone acetylation and transcriptibns important to distinguish different
types of acetylation. Partial chromatin decondeosatinduced by broad histone
acetylation does not directly correlate with actirascription, but rather marks regions of
transcriptional competence. In this state, pronsotee accessible for the transcription

machinery and transcription elongation is supported. In contrast to broad acetylation,
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activation of transcription often comes along wahgeted histone acetylation at promoters

and could function in recruitment of other chromagmodeling activiti€’s*

The two models described previously also fit fa thescription of the function of histone
acetylation. Neutralization of positive chargesdogtylation could weaken the interaction
with the DNA backbone as well as interactions regpliifor higher order chromatin
structure. Additionally, acetylated residues coatd as docking sites for proteins that, in
turn, carry out the functions mediated by histometgation. The best characterized
module for this purpose is the bromodomain whickabite to recognize acetyllysitié
This domain is present in many regulators of tréption and chromatin structurg.
Bromodomains were shown to play a role in five tiors so far. First, they are important
for chromatin acetylation by HATs. Bromodomainsgenet in several HATs are required
to anchor them to acetylated chromatin. Second, -ddendent chromatin remodeling
complexes like SWI/SNF and RSC require their broomodins for acetylation dependent
chromatin remodeling. The third function is in angaation of chromosome and chromatin
domains. Brd proteins build a physical barrier ketw euchromatin and heterochromatin,
associate with acetylated chromatin regions inrpitase and/or mitosis, and reorganize
chromatin. Fourth, bromodomains also recognizeyéatetd non-histone proteins. Several
transcription factors and chromatin remodelerssatigiect to lysine acetylation. In some
cases, it has been shown to promote associatidhesk proteins with HATs. Finally,

bromodomains can act as regular protein- or DNAtinig module¥”’.

2.2.5 Histone acetyltransferases

Although the connection between reversible his@aretylation and transcriptional control
has been known for quite some time, it took urtié ©90s to identify the enzymes
responsible. The breakthrough was the discoveryaoprotein from Tetrahymena
thermophilathat has histone acetylation activity and is reldtethe yeast protein Gch&
Gcen5 was known before as a transcriptional coactiyand the demonstration of its HAT
activity established the connection between hist@oetylation and transcriptional
regulation. Since then, several transcriptionahctivators and co-repressors were shown

to possess histone acetylation and deacetylatitivitgcrespectively®.
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2.2.5.1HAT families

Histone acetyltransferases are grouped in sevamlli€s which display high sequence
similarity between families but poor to no simitgrbetween familie$®. These are named
Gen5/PCAR, p300/CBP, MYSTS, SRC, TAFR25C%, Hatl, and ATF-2 The members of
these families combine HAT domains of differentesizith other protein domains like the
bromodomain in the case of Gen5/PCAF, CBP/p300, BAE, 250, the chromodomain
and a cysteine-rich zinc-binding domain in MYST wsll as cysteine-histidine rich
domains in CBP/p300. ATF-2 differs from the othéescause it is the only sequence
specific DNA-binding transcriptional activator withAT activity. The diversity of HAT
families enables them to exert various functionsluding a role in transcriptional
activation and silencing, formation of leukemic nsbbcation products, and dosage
compensation irDrosophila melanogasterA subgroup of cytoplasmic enzymes also
called B-type HATs acetylate newly synthesizeddmiss prior to their incorporation into
chromatin. The best studied example is Ffft1The HATs with nuclear localization

involved in transcriptional control are also calkedype HATS.

2.2.5.2HAT structure and mechanism

Some HATs were shown to belong to the Gcnb5 reldeacetyltransferase (GNAT)
superfamily, a family of proteins with diverse ftions. In addition to HATs, the GNAT
superfamily also includes aminoglycoside N-acedyisferases, serotonin N-
acetyltransferase, glucosamine-6-phosphate N-d@igferase, mycothiol synthase,
protein N-myristoyltransferase, and the Fcm fanotyacyltransferases. Members of this
family display limited sequence homology in fougseents called motif A, B, C, and D.
Although the pairwise sequence identity between difterent members of the GNAT
family ranges only between 3 and 23%, they all sharstructurally conserved fold
consisting of an N-terminaB-strand, twoa helices, three antiparallgl strands, a

“signature” central helix, a fiftB strand , a fourtl helix, and a finap strand®’.

4 p300/CBP associated factor

® CREB binding protein

¢ Named after the founding members MOZ, Ybf2/Sas323and Tip60
4 Steroid receptor coactivator

¢ TBP associated factor

" Activating transcription factor
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Figure 2: Conserved fold of Gen5 family members

(A) Topology of the core GNAT fold. From N- to Crieinus, structural elements are colored greenoyell
red, and blue. The N-terminal stra@is not completely conserved and the deep bluer@ibal strand may
be contributed by the same or another monomerS{B)erposition of 15 GNAT structures. Residues with

root medium square deviation < Z7are shown in reéd

The histone acetyltransferases of this family,udoig Gen5, PCAF and CBP/p300, show
no significant homology in motif C, but motifs A, &d D form a structurally conserved
domain involved in binding of CoA. Other HATs whiaco not belong to the GNAT
superfamily were suggested to contain a structusathilar motif for CoA interaction. The
A-D motif consists of three antiparallgistrands followed by a helix underneath the sheet
in parallel orientation. The similarities in HAT rgttures extend this motif with a
conserved loop $-strand C-terminal of the helix. Together, thisustural element is
approximately at the center of the HAT proteins gigidved as core domain. It is believed
to play a role in Acetyl-CoA binding and catalysfSoenzyme A is bound in a bent
conformation. Motif A makes most of the contactspexcially with the pantetheine chain
and the pyrophosphate group of CoA. A catalyticale rhas been suggested for a
conserved glutamate residue (E173 in yGCNS5) andircoed by mutagenesi&. It seems

to act as general base to facilitate deprotonaifate substrate lysine and is surrounded
by non-polar residues raising the pMalue. Structural superposition of HATs from
different families reveals corresponding conservgldtamate residues in similar
arrangement in MYST and Hat1 famifté

In contrast to the core domain, the domains atNhe&nd C-terminus seem to mediate
histone substrate binding. The sequence divergenoal in these regions might account

for different substrate specificities of the HATSonetheless, superposition of the core
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domains reveals an N-terminal helix-loop and a ibefpix motif in the C-terminal domain
found in other HATSs, too. Furthermore, these regiqtay a critical role in substrate
binding and contain residues highly conserved enrt#spective families. The substrate is
bound in a long channel in a random coil confororatMost interactions with the enzyme
occur via main chain atoms of the substrate and #hw not contribute to substrate
specificity. Selectivity is provided by extensivedractions of few critical residues as well
as by the requirement of the substrate to adopnésgled conformation. Other histone
modifications were shown to play a role in selattivand to some degree the substrate
specificity is also determined by other proteinggant in multisubunit complexes

harboring the HATs as catalytic subunits.

Despite the structural similarities between différelATs, their mechanisms differ. The
kinetic mechanism of Gen5 and P/CAF is ordered BiAetyl-CoA binds first followed
by the histone substrate. CoA binding was showrnntluce localized conformational
changes in the enzyme, especially the histone miedtinding groove is widen¥d The
carbonyl of Acetyl-CoA is hydrogen bonded to theyme polarizing it for nucleophilic
attack by the amino group of the substrate andilizialy the anionic tetrahedral
intermediaté®’. After transfer of the acetyl moiety to the sultsr the acetylated histone is
released prior to Co&>'® In contrast, MYST HATs utilize a ping-pong mecisam
where the acetyl group is transferred to a cystesmdue at the active site. After

dissociation of CoA, the acetyl group is moved ahihistone substrdfé

2.2.5.3HAT complexes

Some conserved patches in HATs are not involvesibstrate binding. These regions are
likely to act as protein interaction sites. In fatiost HATs are in multisubunit complexes
in vivo'®". The complexes characterized best are the yea8A3Auman PCAF/Gcn5 and
yeast NuA#/human Tip60 complexes. Both have roles in regulation of traipsion'®%’
HAT proteins and their complexes have similar bustinct substrate specificity.
Furthermore, the complexes are typically more acthan the catalytic subunits alone.

Thus, associated subunits are involved in regulatibthe HAT activity as well as in

2 Spt-Ada-Gen5-acetyltransferase
® Nucleosome acetyltransferase of H4
¢ Tat interactive protein
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recruiting substrates. For example, yeast Genbeat@m only acetylate free histones, but
Gcen5 functions as a catalytic subunit in two nathh8T complexes named ADA and
SAGA, which acetylate nucleosomal histoi&sFurthermore, Gen5 alone acetylates
predominately lysine 14 of histone H3 on free ms®while ADA acetylates 9,14, and 18
and SAGA 23 in additiofi®. Ada2, Ada3, and Gen5 form the catalytic corehafse HAT
complexes. Ada2 seems to potentiate the Gcn5 tiatagtivity and Ada3 facilitates
nucleosomal acetylation and expanded lysine spiwifi> The SAGA complex also
contains Spt gene products that are linked to®fBRction. This indicates the importance
of histone acetylation during steps in transcriptarctivation but also demonstrates that
these modular complexes have multiple, indepenfigrtions in chromatin modification
and TBP recruitment®'©® Some subunits of HAT complexes also contribute to
transcriptional function in targeting the complexespromoters. For example, the yeast
HAT complexes SAGA and NuA4 contact several yeasivators through their only
common subunit Trdf’ A similar functionality is observed for TRRARNn human
complexes. MYST HATSs are part of large complexed @eir activity and specificity is
modified by the other subunits, too. Their subuniifer from the elements present in
complexes of HATs of the GNAT superfamily and irad& a role in epigenetics and cell

proliferation control for MYST complexes.

2.2.6 Non-histone-targets for acetylation

Up to now, many HATs were shown to have other pmosbstrates in addition to
histones. The first non-histone protein found talarget for HAT acetylation was p53, a
tumor suppressor and sequence specific DNA-bindiranscription factor that is
acetylated by p300/CBP and deacetylated by HDA®* Acetylation occurs at several
lysine residues at the DNA binding regulatory damanhancing DNA binding and
thereby increasing activation of target genes. dditeon, acetylation seems to promote
protein stability due to protection of lysine rasd that need to be ubiquitinated for
degradation. Since then, a multitude of transaiptfactors as well as several other

cellular and also viral proteins were shown to liessrates for lysine acetylatidn

2 TATA-binding protein
® Transformation/transcription associated protein

¢ Histone deacetylase
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2.2.6.1Acetylated transcription factors

YY1? has multiple roles including sequence specific DblAding and activation as well
as repression of transcription. While acetylatiorin@ zinc-finger DNA binding domain
decreases DNA binding activity, acetylation at thepression domain affects

transcriptional activitioh®

High mobility group (HMG) proteins are known to Hino distorted DNA and induce
bending in linear DNA. Members of different subféies can be acetylated by p300/CBP
and/or PCAF. Acetylation yields different effecespgnding on the specific protein and the
lysine residue modified including increased or dased DNA binding affinity, increase in

transcriptional activation as well as influencenuelear localizatioH "

STAT® is a latent cytoplasmic transcription factor am tdownstream effector of
cytokine signaling pathways. Acetylation of STAT® bB300/CBP enhances dimerization

which is required for nuclear translocation as waslDNA binding and activation of target

geneé81,182

c-MYCF® is known as an oncoprotein. Although acetylatibesstargeted by PCAF/GCN5
and Tip60 reside in the nuclear localization seqaeand the leucine zipper domain, their
modification has no effect on localization or irtetion with proteins. Instead, acetylation
seems to increase the stability of the protein t®venting ubiquitination of the lysine

residue¥®

Nuclear receptors targeted by acetylation include @androgen receptor (AR) and the
estrogen receptoa (ERa). Several HATs seem to be involved in the regatatof

ﬁ84'185:

activation of A while acetylation of ER at the ligand binding domain regulates

hormone sensitivity without affecting induction MAPK signaling®®

Members of the GATA family of transcription factomssociated with hematopoiesis are
regulated by reversible acetylation, too. Acetglatincreases transcriptional activation for
GATAL, 2, and 3 as well as DNA binding for 1 arf§’2*

2Yin Yang 1
® Signal transducer and activator of transcription
¢ Myelocytomatosis
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EKLF?is also involved in hematopoiesis. EKLF is acasdaby p300/CBP at two specific
lysine residues located in the transactivation domand the zinc finger domain.
Interestingly, transactivation requires acetylatdrthe first residue but does not influence
DNA binding, but rather enhances recruitment of 8WI/SNF chromatin remodeling
complex®% Acetylation of the second residue is associati#d function of EKLF as a

repressor and recruitment of co-repressars

MyoD® is critical for skeletal myoblast differentiatiorAcetylation by PCAF and
p300/CBP regulates its activity by enhancing DNAdang and also facilitates binding to
p300/CBP via its bromodomditi*4

Acetylated members of the E2F family promote pesétion. Modification by pCAF
and/or p300/CBP of residues conserved in E2F Bnd, 3 at the DNA binding domain
enhances DNA binding and, in consequence, transdictn. Furthermore, protein stability
is increased by preventing ubiquitinatioit®® Acetylated E2F1 is recruited to pro-
apoptotic genes as p73 which itself is a targetfmtylation by p300. Again, acetylation
prevents degradation and facilitates activatiomtb®r pro-apoptotic gen€é*® A direct
binding partner of E2F, the tumor suppressof, Rbalso acetylated by p300 and pCAF

which seems to regulate differentiation-specifiadiions like cell cycle exit®.

The function of NF«B? is regulated by acetylation by p300/CBP. Contrsigresults are
available on the influence of acetylation on DNAding, transactivation, and interaction

with 1xB®200-202

HIF1 plays a role in adaption to changes in oxygenlabiity. Its stability is regulated by
acetylation, but, in contrast to previous exampieghis case the modification promotes

ubiquitination and subsequent proteasomal deg@d&ti

& Erythroide Kruppel like factor

P Myogenic differentiation

¢ Retinoblastoma

4 Nuclear factor of kappa light polypeptide geneasder in B-cells
¢ NF«B inhibitor

" Hypoxia-inducible factor 1
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Finally, Smad7 acetylation by p300 increases itabikty by protecting it from
ubiquitination and degradation induced by Pafignaling®.

2.2.6.20ther acetylated proteins

Although the acetyltransferase responsible is dentified so far, acetylation eftubulin
is known to play an important role in microtubul@kslity. While stable microtubules

contain mainly acetylateg-tubulin, the opposite is true for dynamic micraites>2

Acetylation of importinee by p300/CBP was shown to promote the interactiath w

importin, required for subsequent nuclear import of cangoeing®’.

Ku70 is involved in the repair of double-stranddk® via the non-homologous end-joining
DNA repair pathway and in regulation of apoptogisetylation by PCAF and CBP was
shown to impair the interaction of Ku70 with theofmpoptotic factor Bax enabling

initiation of apoptosiS®

Acetylation of the molecular chaperone Hsp@@s shown to block its interaction with the

glucocorticoid receptor (GR) preventing transcadptil activation by GR®#1

The adenoviral protein E1A is acetylated by p30@CG#d PCAF which was suggested to
either influence interaction with the C-terminahding protein resulting in transcriptional

activation or localization by disrupting bindingitoportin-o32+%

The small and large delta antigen of hepatitisadeitus both are targets for acetylation.
Modification of the small antigen by p300 was shotenbe required for its nuclear

localization and viral RNA replicatiGf.

In conclusion, acetylation targets a multitude oh4histone proteins exerting various
functions including regulation of DNA binding affip, transcriptional activation, protein
stability, and protein-protein interactions. In trast to the widespread irreversible-N
terminal acetylation that occurs co-translationafipsttranslational acetylation of the
amino-group of lysine residues is highly reversibléus, the non-histone acetylation
targets are also substrates for deacetylating eegyrnm fact, most if not all histone

deacetylases are able to deacetylate non-histateips. Together, the dynamic character

®heat shock protein

34



INTRODUCTION

of lysine acetylation and the diversity of targetgteins clearly suggest a role for
acetylation beyond regulation of transcription. fact, a general regulatory role for
acetylation has been suggested similar to proteasphorylatiof*. Anyway, this clearly

demonstrates that prediction of a function as ditahsferase by similarity to known
HATs does not mean that the preferred substraté lvel histones. Thus, extensive

characterization of such a protein is indispensable
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3 Results and Discussion

For the longest time, sequence analytics has besved as a support unit for research
groups. The work was more or less request-baseth e development of more and
more prediction tools and the availability of fulsequenced genomes, the field of
sequence analytics developed a new dynamics. Genareescreens produced lots of
predictions and interesting suggestions for nevickopf research. Some results that fitted
into the scientific orientation of research groupere picked up by them, but other
promising topics, sometimes of vital interest farrther improvement of sequence
analytical tools, remained untouched. Thus, it desided to build up a new biochemical
unit integrated into the sequence analytics graups unit was designated to develop
biochemical assays for the experimental confirnmatd sequence analytical predictions
and to also start follow up projects on promisiaguits. This is where | came in at the start

of my diploma work.

3.1 Development of anin vitro assay for investigation of the
prenylation status of selected proteins

Lipid posttranslational modifications have beenamtopic in our group for a while now.
Prediction tools for glycosylphosphatidylinositolnchors (GPB®, protein N-
myristoylatiod®, and, last but not least, prenylafibhhave been developed. Large scale
application of the prenylation predictor and cluisig of hits into protein families revealed
several groups of predicted prenylation targetdwid experimentally verified member.
Since experimental testing of lipid anchor incogimn is laborious, annotation of lipid
modifications by similarity to known targets hasebeused widely over the database,
although it is known that the existence of the rfiallie residue alone (a C-terminal
cysteine for prenylation and N-terminal glycine foryristoylation) is not sufficient
without a proper sequence environment. At the same, consistent prediction of lipid
anchoring within a protein family with the PrePS1a¥MT/MyPS tools together with an
experimentally verified member can be consideredfa indication for the respective lipid
modification among that group of targets. Therefdtewas of vital interest to test
representative candidates from these new protemiliés. Using well established
prenylation targets as a positive control, | depebtb anin vitro assay for analysis of the

prenylation status of proteff4 It was based upon a previously described methitzing
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in vitro transcription and translation in the presenceaolialabeled lipid substreft&2
but included several improvements. N-terminal G&iBions of the cDNAs encoding the
candidate proteins were amplified by polymerasencheaction (PCR, see Materials and
Methods: PCR) and used as template for coupleditro transcription/translation with
rabbit reticulocyte lysate in the presence of 3belad mevalonate (precursor for both
types of prenylation, is converted to the finalidipsubstrates in the lysate),
farnesylpyrophosphate (FPP), or geranylgeranylgyosphate (GGPP,). The translated
protein was separated from other components ofyate by GST-affinity purification
and subjected to polyacrylamide gel electrophoresider denaturing conditions (with
sodium dodecylsulfate, SDS-PAGE). After electrosfan of the protein to a nitrocellulose
membrane, incorporated radioactive label was detesith a thin layer chromatography
(TLC) linear analyzer followed by determinationtofal protein yield by a Western Blot
with anti-GST-antibody (see Material and MethodsxdBemical techniqués

This experimental setup has several advantagesareahpo the previous method. Without
purification, the multitude of proteins in the ratbteticulocyte lysate limits the amount of

product analyzed in SDS-PAGE. The purification gitee opportunity to load the whole

protein yield on a gel instead of just an aliguedr proteins with weak expression, it is
even possible to upscale the reaction volume tohrelae desired amount of translation
product. Furthermore, the purification step alstuces radioactive background increasing
the signal to noise ratio. Thus, it is possibl@é&bect prenylation of candidates that would
have been classified as non-prenylated in the eflapps Another important improvement is

the detection of incorporated radioactive label.il/fautoradiography or fluorography

could take several weeks or even months, the Th€al analyzer reduces the time effort
to 20 minutes per lane. This makes it easier teeaephe experiments and optimize
reaction conditions in reasonable time. Last butleast, the determination of the total

protein yield is enhanced by the use of Westerrt.Bltiere is no need for a parallel

reaction with §°S]Jmethionine. It is possible to directly check tfield of the reaction with

the prenyl anchors. Due to the GST-tag, the sarnieaaly can be used for all candidates.

This newly developed assay was used then succlys8fulthe verification of selected
candidate proteins from groups predicted to be emtbjo farnesylation with no

2 Glutathione-S-transferase
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experimental evidence so fdt The human proteins RasD2, Rab28, the hypothetical
protein FLJ32421, and C-terminal peptides of Petkland 2 were shown to be
farnesylatedin vitro. Furthermore, the wild-type versions of the caatkd as well as
modified sequences with mutated prenylation siteewexpressed as fusions to GFP in

HelLd cells to demonstrate the importance of prenyldfiwriocalization of the proteins.

3.2 Prenylation of bacterial proteins

In addition to these proteins, a bacterial proteias investigated, too. Although the
prediction of the prenylation of YopQ fronfersinia pestisSiNP_995392) was in the

twilight zone of the algorithm, the protein was siecial interest. According to current
knowledge, there are no prenyltransferases in bactdo protein from bacteria has been
shown to be prenylated, too. For myristoylationeréh are cases of proteins from
pathogenic organisms utilizing the hosts NMT. ThHusjas tempting to speculate that the
same could be true for prenylation. Unfortunately,turned out that YopQ is no

prenylation target.

After my diploma work was finished, this topic waisked up again. Two more potential
prenylation targets were selected for experimemakstigation: an ankyrin repeat
containing protein fromCoxiella burnetiiand a hypothetical protein frorhegionella

pneumophila

3.2.1 Coxiella burnetii

A potential target for prenylation of a bacteriabiein was identified ir€oxiella burnetii,
the cause of Q-fever. It is a hypothetical protamtaining ankyrin repeats, hence it will
be referred to as AnkRep protein for simplicityffBient versions of AnkRep are present
in distinct strains. The respective proteins frorhe tstrains Dugway 7E9-12
(ZP_01298590) and RSA331 (ZP_0130976.1) are alnuesitical differing only in a
single residue far away from the C-terminal pretigfamotif. In the strain RSA493, the
gene is split into two open reading frames by &aeiition resulting in a much shorter
prenylation target corresponding to the C-termiatishe longer version (NP_819396.1).
The N-terminal fragment carries no prenylation ofihe strain Graves harbors a C-

terminally truncated version lacking the prenylatiootif.

2 Henrietta Lacks
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Figure 3: Sequence alignment of ankyrin repeat comaining protein variants from different strains of

Coxiella burnetii
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Application of the prenylation prediction suite dhese proteins classified them as
substrates for both farnesyltransferase (FT) amdnyégeranyltransferase (GGT) type 1
(C-terminal peptide IKRVLAMPFEELMLETSIEEIKPSEDCLVMFT score 0.165, P-
value 4.9e-03, GGT1 score 0.862, P-value 2,2e-DB&.in vitro prenylation assay has
been used to investigate the prenylation stattisese protein variants. GST-fusions of the
wildtype protein and a cysteine to alanine mutaffaeventing prenylation) of the shortest
version, the C-terminal fragment from RSA493, haserb subjected to coupled
transcription/translation in the presence of 3Helad mevalonic acid first to verify that the
protein becomes isoprenylated, and subsequently [#i]FPP and [BH]GGPP to identify
which type of anchor is incorporated preferentiallyne standard procedure was slightly
modified. The elution buffer containing glutathiomeas not able to elute sufficient
amounts of protein from the beads. Thus, the tat@dIprotein was eluted by addition of
50 ul 2 x sample buffer and incubation at 95°C5onin.
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Figure 4: Western Blots and TLC scanning results foankyrin repeat containing protein from Coxiella
burnetii strain RSA493

Western blot and corresponding scans from TLC fliremlyzer of wild-type GST-fusion protein translat
with [3H]mevalonate, the C246A-mutation with [3H]wedonate, as well as wildtype with [H]FPP and
[BHIGGPP.

It is clearly visible that the protein is farnesgldin vitro but, in contrast to the prediction,
no geranylgeranylation was detected. Loss of tléoagtive signal with the cysteine to

alanine mutation demonstrated specific incorporatib the labeled isoprenoids. To rule
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out influence of the additional amino acid sequewnéethe longer versions on the
accessibility of the C-terminus for the farnesyisterase, these proteins were also
investigated. Both proteins from the strains Dugw&®-12 and RSA331 show clear and
specific incorporation of a product of [3H]mevalonacid. The prenylation motif is
identical in these proteins, so the specificitytlué isoprenoid type is expected to be the
same. Therefore, the test with FPP and GGPP wapeski The C-terminally truncated

version from the strain Graves was included asdaitianal negative control.

Counts Counts Counts Counts
20 Lj 1III| 2!] 0 1!] 20 Q 1!] 20 Lj 1III| 20
L i L | L ] L ] L ]
wit CHE24 4, wit CE24.4 et
L | L |
Dugway REA331 Graves

Ankyrin Hepeat Domain Pratein

Figure 5: Western Blots and TLC scanning results foankyrin repeat containing protein from Coxiella
burnetii strains Dugway 7E9-12, RSA331 and Graves

Western blot and corresponding scans from TLC tfireelyzer of wild-type and C624A mutated GST-
fusion protein translated with [3H]mevalonate frahe strains Dugway7E9-12 and RSA331 as well as
wildtype GST-fusion protein from Graves.

To check the potential influence of prenylationtbe localization of the proteins in host
cells, HelLa cells were transiently transfected Wtherminal GFP-fusions of the wildtype
proteins and cysteine to alanine mutations (seeelédé and Methods: Cell culture
techniques). The cells were fixed, permeabilizest|@i co-stained with’4-Diamidino-2-

phenylindol (DAPI) and analyzed by fluorescence roscopy (see Materials and
Methods: Fluorescence microscopy of GFP-construétsjliffuse cytosolic localization

was observed. All variants except for the N-terrtyngruncated protein from the strain
RSA493 were clearly excluded from the nucleus. Ni@ience in localization was found

for the mutations.
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wit Mutation C to A

Dugway 7E9-12

RSA331

Graves

RSA493

Figure 6: Localization of N-terminal GFP-fusions ofankyrin repeat containing protein from Coxiella

burnetii strains Dugway 7E9-12, RSA331, Graves and RSA498HelLa cells.

Fluorescence microscopy of Hela cells transieniiyngfected with N-terminal GFP-fusions. Nuclei co-

stained with DAPI are blue, GFP is green. The whiigle bars represent a size of 10 pum.
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3.2.2 Legionella pneumophila

The second potential target for prenylation of atédal protein was identified in
Legionella pneumophildt is a hypothetical protein containing an F-bogtif, thus it was
named F-Box protein for convenience (YP_096532The prenylation prediction suite
predicts F-Box to be substrate for both farnesytifarase and geranylgeranyltransferase
type 1 (C-terminal peptide SQNLYINQDETIELFNKYTEEKMN-CSIL, FT score 0.155,
P-value 5.09e-03, GGT1 score 2.501, P-value 5.9etddfortunately, application of the
in vitro prenylation assay on F-Box resulted in very lowtein yields. A preliminary
result indicated weak incorporation of a producfbimevalonic acid into F-Box but, due
to the problems with the protein yield, the resu#s not reproducible. All attempts to
improve the result by skipping the purification nanimize losses or by increasing the
reaction scale were not successful. Thus, it was iahpossible to identify the nature of the
isoprenoid incorporated into the translated protémn conclusion, prenylation of the

protein can not be ruled out, but could not be destrated free of doubt.

As an alternative approach, the localization ofeNwtinal GFP-fusions of wildtype and
cysteine to alanine mutation of F-Box in transignttansfected Hela cells was
investigated by fluorescence microscopy. The wdtprotein is clearly localized to some
intracellular membrane compartments while the nmtatshows a more diffuse
distribution between intracellular membranes ané tytosol. This indicates that
prenylation might be important for localization BfBox, but of course this gives only

indirect evidence for prenylation.

C442A

Figure 7: Localization of N-terminal GFP-fusions of F-Box containing protein from Legionella

pneumophilain HelLa cells.

Fluorescence microscopy of HelLa cells transiemélpgfected with N-terminal GFP-fusions. The whitals

bars represent a size of 10 um.
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3.2.3 Discussion

Thein vitro prenylation assay clearly demonstrated that AnkiRep Coxiella burnetiiis

a substrate for farnesyltransferase. Localizatiadigs using fluorescence microscopy of
GFP-fusions showed no difference upon mutationhef prenylated cysteine. Thus, the
protein might not become prenylated in HelLa célig, it is also possible that other factors
dominate the localization of AnkRep and the pranyiety is required for specific protein
interactions or only in a certain context. For ep#m Ankyrin repeats are known to
mediate protein interactions. Thus, an interacpartner could dictate the localization of
AnkRep. For F-Box,n vitro prenylation was indicated by preliminary experitsehut
doubtless evidence for incorporation of an isopi@rs well as identification of the type
is missing. In this case, localization studies iaLBH cells suggest importance of the
prenylation for subcellular membrane targeting.cOfirse, more data are needed to shed
light on prenylation of bacterial proteins. For exade, it will be important to address the
guestion whether the proteins are secreted into dedls where they might get in contact
with prenyltransferases. If they are not, the plaign motifs could be an evolutionary
curiosity that has arisen by chance because tlser® inegative selection against it in
bacteria. If the proteins are accessible for a poshyltransferase at least part of their
lifetime, prenylation could be an important factoifuencing localization and/or function.
As a prerequisite for further experiments, an amwjb was raised against a peptide
common to all investigated variants of AnkRep. Utfpately, it did not fulfill the
requirements for the intended use. Nonethelesh, imtential cases of prenylated bacterial
proteins are still under investigation by other rbens of the lab. Recent results suggest
secretion of the F-Box protein frorhegionella pneumophilanto the cytoplasm of
macrophage¢Hwei Ling Khor et al., 2008, to be published). Shyrenylation of the

proteinin vivo seems plausible.
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3.3 Influence of SNPs on prenylation

Single nucleotide polymorphisms (SNPs) are DNA riots that have managed to
survive in the gene pool of a population to a dertdegree. They account for
approximately 90% of all variations in the humamagme. They are not distributed
equally over the genome, but occur in differinggfrency in certain regions. SNPs can
alter the amino acid sequence of the proteins exttdy the DNA. Therefore, they can
account for different susceptibility of individuafer diseases and/or drugs. Since the
recognition motifs for prenyltransferases requireeatain type of amino acid at some
positions and at least a certain pattern of phygsicgperties in general, SNPs are able to
influence those motifs. An SNP could destroy a pla&ion site by mutation of the
modified residue or of a residue in its environmamd influence the type of anchor that is
preferably attached or the accessibility for thengitransferases. Thus, SNPs can be
involved in both generation and destruction of fiowal prenylation motifs. By
application of the prenylation prediction suiteyvesal cases of human proteins were
identified where the score of the prediction isngfigantly altered by an SNP. The
candidates selected for investigation were ALDH3BBEXZ2’, UTP14A and the
hypothetical protein FLJ20364.

Name Accession C-terminal sequence FT-scaB&T1-score
ALDH3B2 | NP_000686.2 TDWNQQLLRWGMGSQSCTLL -2.761| -2.051
TDWNQQLLRGGMGSQSCTLL | -1.485 -0.638
BEX2 NP_116010.1 RAVSTDPPHHDHHDEFCLMP -2.768 -12086
RAVSTDPPHHDHHDEFCLNMH | -1.912 -15.262
UTP14A NP_006640.2 RNPKRITTRHKKQLKKCSVD -2.692 -685
RNPKRITTRHKKQLKKCSVG -0.771 -10.423
FLJ20364 | NP_060255.2 SHPILYVSSKSTPETQCPQQ -1.870 3.913
LHPILYVSSKSTPETQCPQQ -2.170 | -24.213

Table 1: Selected candidate proteins with SNPs inhé prenylation motif predicted to influence

prenylation

2 Aldehyde dehydrogenase 3 family, member 2

® brain expressed X-linked 2

¢ U3 small nucleolar ribonucleoprotein, homolog A
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ALDH3B2 is suggested to become a better targebdtin FT and GGT1 after replacement
of Trp375 with glycine. BEX2 and UTP14A show an noyed score suggesting potential
prenylation only for FT, and in the case of FLJ208&e protein is predicted to be a worse

farnesylation target due to the SNP.

All candidates were investigated by threvitro prenylation assay in both variants. No
prenylation for either version was detected indase of BEX2 and UTP14A. Preliminary
results indicated incorporation of a product of]fftdvalonic acid for FLJ20364, but no
significant difference between the SNP variantsaly, ALDH3B2 turned out to be an

example of SNP-influenced prenylation. For ALDH3B®terminal GST-fusions of the

full-length protein did not yield a sufficient anmutwof protein. Therefore, it was decided to
use a GST-fusion of a C-terminal peptide consistihig25 amino acids instead since
previous experiments had indicated better expressichorter constructs. A significantly
stronger signal from an incorporated product ofjifielvalonic acid was detected with Gly
at the position corresponding to amino acid 375hef full protein compared to Trp.

Consistent with the prediction, the protein was ified by both FPP and GGPP.

Specificity was demonstrated by loss of the sigvihl a cysteine to alanine mutation.
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Figure 8: Western Blots and TLC scanning results foa C-terminal peptide of human ALDH3B2

Western blot and corresponding scans from TLC lirewlyzer of a fusion protein consisting of GST as
well as residues 361 — 385 from the C-terminus bDA3B2 with a Trp at position 375 translated with
[BH]mevalonate, [3H]FPP and [*H]GGPP, the W375G atioh with [*H]mevalonate and the C382A-

mutation with [BH]mevalonate.

47



RESULTS AND DISCUSSION

Localization studies were performed with HelLa cdhansiently transfected with N-
terminal GFP-fusions of both SNP variants of ALDH3BLJ20364 and UTP14A. BEX2
was not included as its prenylation was alreadgdwut by then vitro experiments at that

time point. No significant difference in localizati was observed between the SNP

variants in any case.

W353 G353

ALDH3B2

L586

FLJ20364

G771

UTP14A

Figure 9: Localization of N-terminal GFP-fusions of SNP variants of ALDH3B2, FLJ20364 and
UTP14Ain Hela cells.

Fluorescence microscopy of Hela cells transieniiyngfected with N-terminal GFP-fusions. Nuclei co-

stained with DAPI are blue, GFP is green. The whitale bars represent a size of 10 pm.
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3.3.1 Discussion

The case of ALDH3B2 clearly demonstrates that Sbisinfluence prenylation motifs.
Thus, they might participate in the genesis (otrdeson) of such motifs in the course of
evolution. Of course, this example only shows wnapshot of the whole process. The
modification with isoprenoids is only slightly enfeed by the mutation W375G and thus
it is not surprising that no influence on subceliulbcalization was observed. Until now,
ALDH3B2 remains a theoretical example for the iaflae of SNPs on prenylation.
Whether this SNP has any relevameeivois still unclear. The members of the aldehyde
dehydrogenase family play a role in detoxificatioh aldehydes generated by alcohol
metabolism and lipid peroxidation. The cDNA of ALBB2 (also named ALDHS8) is
highly similar to ALDH7, but contains a terminatieodon corresponding to the seventh
amino acid in the ALDH7 sequence. Thus, ALDH3B2 ekher a non-processed
pseudogene or a functional gene if the stop coslakipped or suppres$ét The mRNA
has been shown to be expressed specifically imasgligland, but protein expression has
not been investigated so far. To address this mquestn antibody has been raised against a
peptide specific for ALDH3B2. Unfortunately, thetdnody was not good enough to use it
for testing expression of ALDH3B2 in tissue samplascommercial antibody available
for ALDH3B2 did not meet the requirements, too.tRarmore, it might be necessary to
generate an antibody specific for ALDH7 in additimnensure maximum specificity. In
conclusion, investigation of the expression statuALDH3B2 seems not to be an easy

task, but the project is still continued by othembers of the lab.
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3.4 Experimental investigation of protein N-myristoylation

According to our focus on lipid posttranslationabdifications, a sequence analytical tool
for the prediction of protein N-myristoylation wakeveloped in our grodff. Another
group at the institute showed interest in severatemtial myristoylation targets in
Drosophila melanogasteihence it was decided to try to adapt ouwitro assay for the
investigation of protein N-myristoylation. In addin, our interest in “paradox’-targets,
proteins showing a motif for a lipid posttranslatb modification in a context where it is
usually not found like the bacterial prenylationgets, prompted us to investigate a

transcription factor predicted to be myristoylated.

3.4.1 Adaption of the assay for the detection of myrisiiogn

Since the main application of @mvitro myristoylation assay was the investigation of the
candidates from fly, it was decided to use a pasitiontrol from this organism for setting
up the assay. The perfect candidate for this perpuss igloo-£ (AAB32065.1). This
protein was shown to be modified with myristic acidingin vitro transcription and
translation, demonstrating that sufficient NMT wityi is present in rabbit reticulocyte
lysaté?> Several modifications to the experimental setigedufor the detection of
prenylation were necessary. First of all, a C-teahiGST-tag had to be used since
myristoylation occurs at the N-terminus. Due to ldek of commercially available vectors
with C-terminal GST-Tag, a self-constructed plasmaks used (GST was amplified from
pPGEX-5X-1 and cloned into a pSK+-vector, the canstwill be referred to as C-GEX).
As radioactively labeled lipid substrate, [3BHlmyigsacid was used. Furthermore, the
reaction time had to be changed. While an incubaimoe of four hours (at least) yielded
best results for prenylation, a reduction to twoursogave the best results with
myristoylation. Longer incubation times did not riease the incorporation of radioactive
label, but reduced the total protein yield. Sincenitistoylation occurs at the N-terminus
and usually as a co-translational modificatiorseems plausible that less time is needed
than for prenylation which requires the C-terminaideave the ribosome to be accessible
for the prenyltransferase. The decrease of protielild over time seems to be caused by
adsorption of the hydrophobic myristoylated progetio the reaction tubes. This effect was
already observed with prenylated proteins and peseth more problems with the more

% Invertebrate GAP-43 like, the L symbolizes thgéarisoform
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hydrophobic myristoylated proteins. Therefore, atbe purification step introduced
successfully for the prenylated proteins had tslkipped in the myristoylation assay. No
conditions were found that allowed elution of as$ging amount of GST-fusion protein
from the beads, even with increased glutathione@aination. Elution with SDS-PAGE
sample buffer was also tested but yielded in ctiggiwf a lot of background radioactivity
rendering the purification rather useless. Thusdihect application of unpurified reaction

mix on the acrylamide gel turned out to be the bekition.

After elaboration of all necessary modificationgplcation of the final assay on igloo-L
demonstrated functionality of the assay. The radiody measurement yielded a peak at a
molecular weight corresponding to the band in thesi&fn blot of igloo-L-GST, leaving
no doubt about the incorporation of myristic adi.contrast, the G2A mutant protein,
which served as a negative control, gave no sigxakeding the background noise
although the protein yield in the Western blot vea®n larger (another hint for loss of
myristoylated protein). In conclusion, it was pbésito apply at least some of the positive

aspects of the improved assay also for protein Kstoylation.
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Figure 10: Western Blots and TLC scanning resultsdr igloo-L

Western blot and corresponding scans from TLC lireelyzer of wild-type and G2A mutated C-terminal

GST-fusions translated with [BH]myristate.
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3.4.2 In vitro myristoylation status of predicted myriglhation
targets from Drosophila melanogaster

The D. m. numb protein is important in the development oé thervous system.
Asymmetric distribution of the protein during mit®ss associated with cell polarity and,
in consequence, determination of cell fate. Duasgmmetric cell division of the sensory
organ precursor, numb is segregated to only onghdaucell where it antagonizes Notch
signaling®#* Two isoforms of the protein are known named nuUmnPAAA28730.1)
and B. Numb-B is an N-terminal truncation of is@foA lacking 41 residues including the
glycine obligatory for myristoylation. The N-ternaih sequence of numb-A
(MGNSSSHTHEPLERGFTR) is predicted as a reliableistgylation site (score 0.949,
P-value 1.75e-03). C-terminal GST-fusions of wifgthyand G2A mutated numb-A were
transcribed and translated in the presence of [§i$tic acid. The proteins in the reaction
mix were resolved by SDS-PAGE, transferred to eoodllulose membrane and analyzed
by scanning with a TLC linear analyzer and Wesilot with anti-GST HRP-conjugated
antibody. A clear signal of incorporated myristet&letected for the wildtype protein, but
missing for the G2A mutant protein, indicating sfieanodification of the N-terminal
glycine with myristic acid.
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Figure 11: Western Blots and TLC scanning resultsdr numb-A

Western blot and corresponding scans from TLC lireelyzer of wild-type and G2A mutated C-terminal
GST-fusions translated with [BH]myristate.
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Par-1 is a serine/threonine kin&Seexpected to play multiple roles iBrosophila
development. It is involved in oocyte fate deteramion and maintenance by establishing
anterior-posterior polarity of the oocyte. The lacation of Par-1 changes during oocyte
developmerft®?? Consistent with multiple roles, fifteen differesyilice variants of Par-1
are described. Three different N-terminal sequeacegpresent in those variants, but only
one of them is a potential target for myristoylatiorhe sequence of this N-terminus
(MGQTSSHRQM HHSSNNNN) is predicted as a reliableristpylation site (score 3.596,
P-value 2.46e-05). For convenience, the shortesteijor harboring the myristoylation
motif, Par-1 isoform Q (AAM75016.1), was chosen famvestigation. Specific
modification of the N-terminal glycine of Par-1 feom Q was verified by application of
thein vitro myristoylation assay on wildtype and G2A mutatete@rinal GST-fusions.
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Figure 12: Western Blots and TLC scanning resultsdr Par-1 isoform Q

Western blot and corresponding scans from TLC lirselyzer of wild-type and G2A mutated C-terminal
GST-fusions translated with [BH]myristate.

The third protein from Drosophila melanogaster celé for experimental investigation is
neuralized (neur). Similar to numb, it plays a rimlaletermining cell fate in development
of the nervous system. While numb is segregateshéodaughter cell of the sensory organ
precursor inhibiting Notch signaling there, neuinberited by the other daughter cell. In
contrast to numb, Notch signaling is activated bufff°. Four different transcript variants

are described for neur designated A, B, C, ang@forms A and B as well as C and D are
identical except for a glutamine which is presenpasition 672 in isoform A and in

position 590 in isoform C but is missing in isof@m® and D. Since, according to current
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knowledge, only the first 17 amino acids of a pirotare of relevance for its
myristoylation, only isoforms B (AAK93411.1) and (BAO41451.1) were investigated.
Neuralized B and C differ in their N-terminal segoe. While both of them harbor a
glycine at position 2, only neur-C is predicted aseliable myristoylation target (N-
terminal sequence MGQSAGKIVRRSPSSCPG, score 1.#0Value 9.69e-04) while
isoform B is rejected by the predictor due to savaegative physical property terms (N-
terminal sequence MGLSDIPANYMQGSHPHL, score -12,4B6évalue 4.75e-01). The
hydrophobic leucine residue at position 3, a negattharge at position 5, and the
hydrophobic residues with reduced backbone fleikyodt positions 6 and 7 (isoleucine

and proline) do not fulfill the requirements of thabstrate binding pocket of animal NMT.

In agreement with the predictions, neither the type protein of neur-B nor the G2A
mutant negative control show incorporation of 3Hdked myristic acid in thén vitro

assay, although a satisfying total protein yieldlétected. In contrast, neur-C wildtype
protein yields a clear radioactive signal while tB2A mutant protein gives no signal

above background noise at comparable protein yield.
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Figure 13: Western Blots and TLC scanning resultsdr neuralized-B and C

Western blot and corresponding scans from TLC lirselyzer of wild-type and G2A mutated C-terminal
GST-fusions translated with [BH]myristate. As isofis A and B as well as C and D are almost identtbal
results can be expected to reflect the myristaytastatus of all four isoforms. The band correspumndo
the calculated molecular weight of neur-B is mariith an arrow.
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3.4.3 Localization in fly embryos

To investigate the influence of myristoylation dre tlocalization of the proteina vivo,
transgenic flies were generated expressing C-telfyirmyc-tagged constructs. These
experiments were carried out in cooperation with Ittb of Jirgen Knoblich (Institute for
molecular biotechnology, IMBA). Fluorescence miamsy of embryonic epithelial cells
revealed cortical localization of wildtype igloo-lwhile the G2A mutant was
predominately cytosolic. For numb-A, the mutantl hows cortical localization but
seems to be partially delocalized to the cytoplaBath wildtype and G2A mutant neur-B
are localized cortical, consistent with the findihat neur-B is not myristoylatad vitro.
Obviously, other factors determine the localizatimin neur-B. Unfortunately, no flies
yielding satisfying results were generated for s@urFor Par-1 isoform Q, cortical

localization is clearly disrupted by mutation oétimyristoylated glycine residue.
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Igloo

Numb

Par-1 Q

Figure 14: Localization of igloo-L, numb-A, neur-Band Par-1 isoform Q in embryonic fly epithelium

Fluorescence microscopy of embryonic fly epitheliegxpressing C-terminal myc-fusions of wildtype and
G2A mutant candidate proteins stained in green. DNgtained in blue and the cortical marker Mirairda

red.
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3.4.4 Myristoylation of proteins homologous to neuralizegdm
mouse

Only two of the isoforms of neur in Drosophila angristoylatedin vitro, although all of
them harbor a glycine at position 2. Other diffeein the N-terminal sequences account
for the selective myristoylation of isoform C and Do get a more complete picture of
selective myristoylation of neur isoforms, two hdogwus proteins fronMus musculus
(M. m), neuralized-like 1 (AAH58386.1) and 2 (AAK9749p.lwere chosen for
investigation additionally. Like the proteins frdbmosophila, they are highly identical. In
fact, except for the very N-terminal sequence, theyidentical in all but one residue. In
contrast to the proteins from Drosophila, reliaiblgristoylation sites are predicted for both
isoforms (neuralized-like 1 with the N-terminal segce MGNNFSSVSSLQRGNPSR
with score 2.348, P-value 2.40e-04 and neuralided2 with the N-terminal sequence
MGGQITRNTIHDSIGGSF with score 1.124, P-value 1.141F. Both versions were
investigated with then vitro myristoylation assay. Unfortunately, no satisfyipigptein
yields were produced with the GST-fusions of thé-langth proteins. Since shorter
sequences often tend to give better protein yigitis in vitro transcription/translation, it
was decided to use N-terminal fragments represgntie first 262 amino acids of

neuralized-like 1 and the first 245 residues ofrakzed-like 2, respectively.
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Figure 15: Western Blots and TLC scanning resultsdr mouse neuralized isoforms

Western blot and corresponding scans from TLC lireelyzer of wild-type and G2A mutated C-terminal
GST-fusions representing the first 262 and 245 amaitids of the mouse neuralized isoforms transhaiéd

[BH]myristate
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With these truncations, glycine-dependent incorfiameof myristic acid into both versions

was clearly demonstrated.

To address the effect of myristoylation on the lizedion of the proteins, too, C-terminal
GFP fusions of the full-length sequences were tearly transfected in mouse 3¥éells.
Fluorescence microscopy revealed membrane attachohéoth wildtype versions while
the G2A mutations were predominately present inniheeus. Our result is in agreement

with data in a recently published work on neuralifike 1**°

GFP  GFP + DAPI

NeurGGQITN
wi A
. -
NeurGNNFSN ¥
wt 4

Figure 16: Localization of mouse neuralized isoformin 3T3 cells

Fluorescence microscopy of mouse fibroblasts (Ekpyessing C-terminal GFP-fusions of wildtype and
G2A mutant mouse neuralized isoforms. DNA is stdiimeblue.

23-day transfer, inoculum 3 x 16ells
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3.4.5 Discussion

The investigated candidates frdbmosophila melanogastenumb, Par-1, and neuralized,
are three examples of proteins expressed in diffeisoforms. In all three cases, only
some, but not all, different versions are subjeamiyristoylationin vitro. It is likely that
the selective myristoylation of only a subpopulataf the proteins might be of importance
in vivo. Different isoforms could exert different funct®rmr a similar function but at
different locations. Unfortunately, very little kmown on the functional differences of the
isoforms. Some phenotype rescue and localizatiger@xents concerning Par-1 already
gave a first hirff®*! and it will be of growing importance in the fututo separately
investigate the different isoforms of a proteinntoing up the results gathered with the
vitro myristoylation assay on proteins from both fly amduse, all predictions were
verified experimentally indicating that the predicis capable of distinguishing between

the ability of N-terminal glycines in different caxt to become modified by NMT or not.

The localization studies underscore the importasfceyristoylation for targeting of the
investigated proteins. In the case of igloo-L amd-P Q as well as the mouse neuralized
proteins, mutation of the site of attachment ofthgistoyl moiety drastically changes the
localization of the proteins. The smaller effecs®tved for numb-A indicates that several
other membrane attachment factors might contributbe correct targeting of the protein
compensating the loss of myristoylation to some releg As already discussed,
myristoylation is believed to provide only trandiénteraction with membranes which
have to be enhanced by other MAFs for stable memebastachment. Numb could be part
of a protein complex that is able to bind membranigisout myristoylation of numb, too.
This assumption remains to be verified experiméntdlhe cortical localization oD. m
neur-B seems to be determined by other factors,a®d is not influenced by mutation of

the N-terminal glycine.
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3.5 NFAT5-A — a myristoylated transcription factor?

Two common mechanisms for regulation of translecatf transcription factors to the
nucleus are widely accepted in the scientific comityu One type are cytosolic
transcription factors with the nuclear localizatisignal (NLS) masked by binding of an
inhibitor protein like in the case of NB. Upon activation of the appropriate signaling
pathway, the inhibitor proteirkB is removed from the transcription factor exposihg
NLS that guides translocation into the nucfétisThe second type of transcription factors
has their NLS exposed all the time but is preveriein entering the nucleus by
membrane anchorage via transmembrane regions REBES which is attached to the
endoplasmatic reticulum (ER). Upon activation, eoiytic cleavage releases the
transcription factor from the membrane enablintpienter the nucle@®. As membrane
attachment is not only possible via transmembragens, ann silico screen was carried
out to look for transcription factors predictedkte substrates for lipid modifications. As
the most promising candidate derived from the sgrélee human transcription factor
NFAT5-A® (NP_619728) was chosen for experimental investigatAgain, this is an
example of selective modification of proteins isofig. The three variants of NFAT5
named A, B, and C (b: NP_619727, c: NP_006590kdifinly in their N-termini where
only the shortest isoform a harbors a glycine mssidn the context required for

myristoylation.

Expression of sufficient amounts of the full-lengttotein (158 kDa) fused to a C-terminal
GST-tag was not achieved, hence it was decidedé¢oautruncation representing the first
541 amino acids of NFAT5-A. The vitro myristoylation assay indicated covalent
attachment of radioactive myristate at the wildetyfusion protein, whereas the G2A

mutated version yielded no radioactive signal desgimilar protein yield.

& Sterol regulatory element binding protein
® Nuclear factor of activated T-cells 5, isoform a
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Figure 17: Western Blots and TLC scanning resultsdr human NFAT5-A

Western blot and corresponding scans from TLC lirselyzer of wild-type and G2A mutated C-terminal
GST-fusions representing the first 541 amino aofdsuman NFAT5-A translated with [3H]myristate.

To check the impact of myristoylation on the lozation of NFAT5-A, HelLa cells were
transiently transfected with C-terminal GFP-fusioof wildtype and G2A mutated
NFAT5-A. As expected, the wildtype protein accuntedh at intracellular membranes

while the mutated version that can not be myristt®d anymore is found predominately in

the nucleus.

wt

Figure 18: Localization of human NFAT5-A in HelLa cédls

Fluorescence microscopy of HelLa cells transieméipgfected with C-terminal GFP-fusions of wildtygured

G2A mutant human NFAT5-A. DNA is stained in blue.
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3.5.1 Discussion

NFATS5-A is the first example of a lipid modifiedatnscription factor. Myristoylation has
been demonstrateth vitro, and the relevance of the lipid anchor for inttater
localization has shown by fluorescence microscopysBP-fusions. This finding could
represent a new mechanism for the regulation ofeandmport of transcription factors.
Membrane attachment mediated by the myristoyl anskems to be required to prevent
NFAT5-A from entering the nucleus. Different optsonome to mind for a mechanism
including myristoylation of the transcription facté\s myristic acid is not able to provide
stable membrane binding, other factors could erdaihe membrane interaction of
NFAT5-A. A cysteine residue is present at posit®rproviding a potential site for
palmitoylation. If NFAT5-A is indeed stably assded to the membrane via double
acylation, it has to be released upon activatiams Ttould be achieved by proteolytic
cleavage in analogy to other membrane attacheddrigtion factors. Alternatively, de-
palmitoylation could weaken the membrane interacfacilitating detachment from the
membrane. This could be enough to enable the rayt&ed protein to enter the nucleus.
In theory, one could also think of a switch meckaniwhere the myristoyl moiety is

buried in a hydrophobic pocket of the protein aft@onformational change.

If NFAT5-A is not palmitoylated to achieve stableembrane binding, the myristoyl
anchor could act as brake delaying nuclear impidre other isoforms B and C are no
substrates for myristoylation, but are kept outdide nucleus, too. A mechanism with
active nuclear export of NFAT5 has been suggé&tetihis mechanism could also apply
for NFAT5-A, but with the addition that nuclear o upon activation is delayed for
NFAT5-A due to transient membrane interactions medi by myristoylation. In this
model, isoforms b and ¢ would represent kind chst fesponse to an activating stimulus
while NFAT5-A could mediate a slower long-term respe. Further experiments will be
required to elucidate the impact of myristoylation the function of NFAT5-A and a
potential mechanism for release of lipid-anchomathdcription factors. My lab colleague
Michaela Sammer, who also participated in the laatibn experiments presented in this

work, currently continues the investigation of NFAT
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3.6 Mec-17 — an uncharacterized protein predicted to das N-
acetyltransferase

Mec-17 (NP_501337) was identified originally as eng expressed i€@aenorhabditis
elegans(C. e) touch receptor neurofis The gene product seems to be required for
maintained differentiation of these neurons. In fhécdeficient animals, expression of
mec-3, which seems to be a major determinant fdierdntiation, is lost during
developmerft®?¥’ A BLAST® search was carried out to search for homologooiims in
other species. In the course of analysis of coesesegments, the sequence stretch Q-R-
X-G-X-G was found almost identical in all homologwend identified as part of motif A in
histone acetyltransferases from the GNAT superfaniihis motif was well known from
previous work in our lab with Ec6® and is part of the acetyl-CoA binding site.
Subsequent alignment with other members of the GNAFerfamily revealed additional
similarities in the unique motifs B, C, and D, td@ken together, significant conservation
was found including a common hydrophobic patteetosdary structure (predicted for
mec-17), and functional residues. Thus, an enzynfatiction as N-acetyltransferase was
suggested. This would provide a plausible explanafior the influence of mec-17 on the
expression of others proteins as acetylation dbhestails or transcription factors is well
known to be involved in regulation of transcriptiohe homologues mec-17 and
w06b11.1 (NP_508981) frorg. e, 2610110G12Rik (BAC25866) froriMius musculus
(M. m) and c6orfl34 (AAH25755) fromHomo sapiens(H. s) were selected for

experimental investigation.

#Basic Local Alignment Search Tool
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Figure 19: Alignment of mec-17 homologues with GNABuperfamily members

GNAT family members: AANAT (Ovis arie$ Arylalkylamine N-acetyltransferase, Hatlag@haromyces
cerevisiag, Gcn5 Homo sapiens PCAF Homo sapiens AAC-3 (Pseudomonas aerugingsa
aminoglycoside N-acetyltransferase, AACEh{erobacter cloach YP-256739.1%ulfolobus acidocaldarius
DSM 639 Elp3 related proteinhomologous genes of mec-1B5JCHGC006093chistosoma japonicym
c6orf134 Homo sapiens 2610110G12Rik Mus musculys LOC406389 Danio rerig, EAN95981.1
(Trypanosoma crui CAJO5171.1l(eishmania majgr CG17003-PADrosophila melanogastgrwo6b1l.1

(Caenorhabditis elegaips

3.6.1 Recapitulation of previous results on mec-17 fuorcti

The putative N-acetyltransferases were recombipaapressed as GST-fusions in
Escherichia coli(E. col) and purified using affinity chromatography. Anzgme linked

immunosorbent assay (ELISA) with immobilized histaail peptides was used to test the
HAT activity of the recombinant proteins vitro. These experiments revealed intrinsic
acetyltransferase activity for all four tested pis$, albeit the activity was weak compared

to the known HAT PCAF as a positive control. Furthere, mutation of conserved
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residues in the acetyl-CoA binding site did noindigantly reduce the activity, although
the initial signals might have been too low to dete partial loss of activity. Several
explanations are possible for these results. Tllgidaistone acetyltransferases are part of
multisubunit protein complexes. The other membdrsuzh complexes were shown to
modulate both activity and substrate specificity toé HATs. Thus, the recombinant
proteins might show only partial activity or insgféent substrate recognition.
Alternatively, missing posttranslational modificais might cause reduced activity in the
ELISA assay. Modifications of the enzymes or of shistrate peptides could be required
for full activity as recognition of histone taily Imodifying enzymes is strongly influenced
by the PTMs already present on the histone taitsaAhird explanation, histones might
not be the preferred substrate for the putativaylansferases after all. Preliminary
localization experiments with the homologues fromuse in N2A cells and from human
in HeLa cells, respectively, indicated localizatioh the proteins outside the nucleus
supporting the assumption that non-histone proteiight be the true substrate. To address
these questions, it would really help a lot to tifgnthe proteins interacting with the
homologues of mec-17. Due to the lack of experierageequipment for work witg. e.in

our lab, it was decided to focus on the homolognfroouse, 2610110G12Rik, for further

experiments. For simplicity, it will be referredasM. m mec-17 from now.

3.6.2 Expression profile of mec-17

According to RNA expression profiles). m. mec-17 is expressed strongest in the brain.
To check the expression on the protein level, atévie$Blot with total protein lysates from
various tissues was done with a specific antib@dyed against the first 194 residues of
mec-17 (see Materials and Methods: Protein expregwiofile of M. m. mec-17). Indeed,
of all tissues examined, prominent expression of-ié was only detected in the brain.
Thus, the RNA profile seems to give a represerggticture of the protein expression of

mecl7.

& Murine neuroblastoma
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Figure 21: Mouse major tissue Western Blot with aribody directed against mec-17

The expected size of mec-17 is marked by the arfdwe. band marked with an asterisk seems to be dause

by a cross-reaction of the antibody.
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3.6.3 Yeast-2-hybrid screen

To look for proteins interacting with mec-17, it svdecided to carry out a yeast-two-
hybrid screen. Mec-17 is primarily expressed inlihein as demonstrated above. Thus, a
mouse brain cDNA library was used as prey. Sinedititary was cloned into a vector of
the LexA-system and the other components wereaailat the institute, this system was
chosen for the screen. The LexA-system uses arfusidhe protein of interest to the
bacterial protein LexA as bait and a library fusedhe transcriptional activator B42 as
prey. Expression of the library is induced by gedae. An interaction reconstitutes a
functional transcription factor binding to LexA-apéors and activating transcription of
downstream sequences. LEUZ2 is integrated as ateepgene into the yeast strain
providing growth selection, and a reporter plaspadying LacZ enables visual selection.
A fusion of LexA to the yeast transcription fact®AL4 is used as positive control and a
fusion to theD. m protein bicoid as a negative control (see Makenal Methods: Yeast

2-hybrid screen).

First of all, the library was amplified by transfoation into E. coli and subsequent
plasmid preparation from the bacteria to produdécsent amounts of DNA (see Material
and Methods: Amplification of the cDNA library).

To test the autoactivation potential of the bakxAanec-17, bait and reporter plasmid
were co-transformed into the yeast strain EGY48@ated onto selective medium. In
addition, positive and negative controls were ideldl The yeast containing the bait
plasmid was able to grow on medium selective ferglasmids, but not on medium
requiring activation of the LEU2 reporter gene3-falactosidase filter assay was done
additionally (see Materials and Methoflsgalactosidase filter assay). The positive control
colonies turned blue after 5 — 10 min, the baitnsba faint blue color after 45 min, and
the negative control was still white after 60 nitrwas decided that the autoactivation

potential of LexA-mec-17 is low enough for the sare

Expression of the fusion protein was checked by térasBlot with anti LexA-antibody
(1:20.000) from a total protein lysate of the tfansied yeast and found satisfying (see
Material and Methods: Total protein lysate fromsteaThe ability of the fusion protein to
enter the nucleus and bind to LexA-operators wateteby a repression assay. In this

assay, a test plasmid harboring a constitutivetiva@romoter preceding LexA operators
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and the lacZ gene is co-transformed with the BA&lten the bait protein is expressed,
enters the nucleus, and binds to the LexA-operataaascription of the reporter gene is
blocked. Again, transcription of the reporter gemes tested by #-galactosidase filter
assay. Colonies expressing LexA, LexA-mec-17, otA-bicoid turned slower blue than
colonies harboring only the test plasmid suggestiag the bait is able to enter the nucleus

and bind the LexA operators.

For the screen, large scale transformation of itrly is necessary. As transformation
into yeast already carrying the bait and reporfaspid failed to work with sufficient
efficiency, it was done into yeast carrying onlye thait plasmid (see Materials and
Methods: Large scale yeast transformation). Theasfaamed yeast was plated onto
medium inducing expression of the library and gdatecfor the plasmids and also for
activation of the reporter gene due to interactibthe proteins. Transformation efficiency
was monitored by plating a serial dilution on mexligelective only for the plasmids. A
total yield of 14 million colonies was measured floe screen. After 3 days, 164 colonies
growing on —Leu were picked. Seven clones did motvganymore after transfer to a new
plate, and 5 clones could also grow on -Leu withodtiction of the library exposing them
as false positives. These clones were eliminatesimRhe remaining 152 clones, plasmid
DNA was isolated (see Materials and Methods: Pldssdlation from yeast), transformed
into a bacterial strain (KC8) allowing selection fbe library plasmid by electroporation
and plated onto minimal medium selective for thHadry plasmid. Plasmid DNA was
isolated from the bacteria (4 minipreps for eacbne) and inserts were checked by
restriction digestion. Only 52 clones yielding $@me pattern for all four minipreps were
further characterized. These plasmids were retoam&fd into the yeast strain carrying bait
and reporter plasmid. As a selectivity control, #@ne was done with the empty bait
plasmid expressing only LexA instead of LexA-mec-IGrowth selection with and
without induction of the library was repeated aindaddition, visual selection was done by
a B-galactosidase filter assay (see Materials and MithLiquid B-galactosidase assay).
46 clones passed all tests. The plasmid inserte wequenced and the results blasted
against the mouse mRNA database. Only protein goslaguences creating an in-frame
fusion with the activation domain were considereduiting in 11 potential interaction
partners for mecl7. A quantitative ligyiehalactosidase assay was done with these clones
to estimate the strength of the interaction. Lex@edv alone was tested as an

autoactivation control, a LexA-GAL4 fusion as pog&t control, and LexA-bicoid as
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negative control. The empty library plasmid pJGd&s tested in combination with LexA-
mecl?7 to exclude interaction of mec-17 with theivation domain. In addition, all
candidates were tested also without inducing esasof the interaction partner as well
as in combination with LexA alone instead of LexAet7 to exclude interaction of the
candidates with LexA. All these controls yieldeduks in the same order of magnitude as

the negative control.

LexA-mecl7 (autoactivation control 0,86 +/- 0,13units
LexA-GAL4 (positive control) 2877 +/- 1570,1 units
LexA-bicoid (negative control) 1,21 +/- 0,18 unjts

pJG4-5 (specificity control) + LexA-mecly 1,26 +/-0,31  units
Psmc5 (NP_032976) + LexA-mecl7 450,95 +/- 268,68 units
Rps274 (expressed as fusion to
ubiquitin, NP_001029037) + LexA-mecl7 355,2 +/- 0@ units
Epb4.113 (NP_038841) + LexA-mecl? 308,91 +/- 91,47 units
Kif5B® (NP_032474) + LexA-mecl? 293,42 +/- 59,24 units
Immt®, Mitofilin (NP_083949) + LexA-mecl7 266,09 +/- 28, units
6330407J23Rik (NP_080414) + LexA-mecl7 181,17 +/54,32 units
Dctn? (NP_031861) + LexA-mecl? 162,05 +/- 43,5 units
mRAS’ (NP_032650) + LexA-mecl7? 139,02 +/- 27,68 units
Kctd13' (NP_766335) + LexA-mecl? 107,06 +/- 85,48 units
Kif2A' (NP_032468) + LexA-mecl? 83,15 +/- 30,15 units
Spnb2 (NP_787030) + LexA-mecl? 50,78 +/- 9,1 units

Table 2: g-galactosidase activity of clones interacting wittmec-17

2 Proteasome 26S subunit, ATPase, 5

P Ribosomal protein S27a

¢ Erythrocyte protein band 4.1 like 3

4 Kinesin family member 5B

€ Inner membrane protein, mitochondrial

" Dynactinl

9 Muscle and microspikes RAS

" Potassium channel tetramerization doman contaihing
" Kinesin family member 2A

I Spectring2
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Figure 22: Column diagram of g-galactosidase activity

3.6.4 Co-Immunoprecipitation of mec-17 with interacticarimers

To further strengthen the data from the screemag tried to co-precipitate mec-17 and its
interaction partners from N2A cells. Therefore, e&¥\encoding the full-length sequences
of the candidates identified were gathered. Unfataly, no cDNAs representing the
desired sequences of Dctnl, 6330407J23Rik, Kif24W, 8pnb2 were available. The others
were cloned as N-terminal fusions with a FLAG-HAgTand co-transfected with an
untagged mec-17 expression clone into N2A cellse Qay after transfection, the cells
were lysed and mec-17 precipitated with specifithbaay bound to beads. After washing,
proteins were eluted with sample buffer and resblby SDS-PAGE. Proteins were
detected by Western Blot with anti-mec-17 antib&mtyprecipitated mec-17 and anti-HA-
HRP-conjugate for co-precipitated interacting pircde(see Materials and Methods: Co-
Immunoprecipitation). Immt, Kif5B, and Rps27a coulot be detected in the lysate prior
to precipitation and seem to be not expressed. E[ff4Psmc5, and mRAS were
expressed, but not detected after precipitatiom. K&td13, co-precipitation with mec-17
was clearly demonstrated. As a control, the samegalure was done without antibody
from the same lysate to exclude unspecific bindofgKctd13 to the beads. This

experiment shows that Kctd13 is only precipitatagether with mec-17 and not alone.
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Figure 23: Co-IP of Kctd13 with mec-17 from transiatly transfected N2A cells

3.6.5 Discussion

Several potential interaction partners of mec-1vehiaeen isolated. Only one interaction
could be confirmed by co-immunoprecipitation (c9;IPut this does not rule out a
potential functional linkage to the other proteils.co-IP requires a relatively stable
association over the time needed for the experiahgmtocedure. Thus, some of the

proteins found in the yeast 2-hybrid screen cowddsbbstrates for mec-17 that interact
with the enzyme only transiently.

Unfortunately, not much is known about the one rordd interaction partner of mec-17.
Kctd13 has been shown to interact with the smatiusit of DNA polymerased and
PCNA?® simultaneously. Furthermore, Kctd13 stimulates Dpblymerase activity in the
presence of PCNA. Nuclear localization was shownregllication foci suggesting a
function in DNA replicatioA®. This is consistent with a function of mec-17 indulation
of chromatin structure. Conflicting results on tlexalization of mec-17 previously
gathered in our lab could be an artifact of overegpion of the protein or crossreactivity
of antibodies. However, a function in replicatidmows no obvious correlation with the

role in differentiation of neurons observeddnelegans

Psmc5 is known best as part of the 19S regulatanyige of the 26S proteasome.
Additionally, involvement in transcriptional regtian has been suggested. This is
consistent with the finding that Psmc5 is localipeddominately at the nucleus, in fact, it
has been shown to be part of the nuclear 26S matea Interaction with several nuclear

receptors/transcription factors has been demomstré®smc5 could exert its effect on

® Proliferating cell nuclear antigen
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transcription by targeting transcription factors $elective degradation by the proteasome
or by modulating protein-protein interactions inartscriptional complexé®2*
Additional evidence comes from the yeast homolog3UIt has been shown to display
helicase activit§*? and to enhance the interaction of the SAGA coatiiv complex
(which also harbors the HAT Gcn5) with other trai®nal coactivators and its
recruitment to promote?®. Recently, direct involvement of Sugl in regulatiof
transcription of MHC class 3lby controlling promoter association of Cll¥Aas been
demonstrated. Together with documented functionsotber 19S ATPases, a role in
regulation of transcription by controlling chronmatinodifications seems plausiblé Al
these data are consistent with a role of mec-l7arasacetyltransferase involved in
transcriptional regulation. Furthermore, Psmc5 hapotential acetylation site at Ala2
annotated. Thus, it could be a substrate for meghliig an explanation for the failure to
co-immunoprecipitate with mec-17 despite the intBom demonstrated in the yeast 2-

hybrid screen.

The interaction of mec-17 with proteins associawgth the cytoskeleton as Dctnl,
Epb4.113, Spnb2 as well as Kif2A and 5B is consisteith a neuron-specific function for
mecl7 since the cytoskeleton is of special impegafor the function of neurons.
Consistent with this, iI€. e.individuals harboring a mutation in mec-17 showeduced
number of cell-specific microtubules in touch receg®. Dctnl is part of the dynactin
complex required for retrograde axonal transporténroné®. A mutation of Dctnl at the
microtubule binding domain is linked to motor neurdegeneratidii®. Kif5B is involved

in axonal transport of mitochondria and synaptisicle precursofé’. For Epb4.113, a role
in the interaction of axons with Schwann cells araturation of axons and in myelinating

glial cell-axon interactions has been suggeéted

Immt (Mitofilin) is an integral membrane protein tbfe inner mitochondrial membr&ie
Although it has been shown to be acetylated onsmdyresidug®, the interaction of an

integral membrane protein in a yeast 2-hybrid stmsems questionable.

Rps27a is expressed as fusion to ubiquitin whiclery likely subject to cleavage. Due to

the architecture of the library plasmid used in $kheeen, mec-17 is probably interacting

% Major histocompatibility complex class Il

P Class Il transactivator
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with the ubiquitin, not with Rps27a itself. The seas for interaction of mecl7 with
ubiquitin could be manifold but it may be linked ttee interaction with the proteasomal

protein Psmc>5.

For mRas, a role in cell survival of neural deriveglls has been implica%’& The
expression of mRas (also known as R-Ras3) is higkdyricted to the central nervous
system, and ectopic expression of the protein whews to induce neuronal

differentiatiorf®2

Summing up, the precise function of mec-17 wasumyeiled by the interacting proteins
found in the screen, but several candidates unolerscrole in neuron development and/or
function, and there are also some hints that mea¥ef indeed be involved in

transcriptional control and/or regulation of chrdmatructure.
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4 Conclusion

For the first time, the functionality of prenylationotifs present in bacterial proteins has
been demonstrated. The C-terminus of variants ardayrin repeat protein from different
strains of Coxiella burnetiibecomes farnesylated by the eukaryotic enzymeeptes
rabbit reticulocyte lysate vitro. Thus, pathogenic bacteria seem to be able iriptanto
utilize the prenyltransferases of their eukarydtasts for prenylation of their proteins.
Furthermore, localization studies in human cellslidated that prenylation of the
Legionella pneumophilaF-Box protein is important for targeting the proteio
intracellular membrane compartments. Together wWité recent result that F-Box is
secreted into the cytoplasm of macrophages (Hweig LKhor et al.,, 2008, to be
published), it is highly likely that prenylation bfacterial proteins is not just a freak of
nature caused by the lack of prenyltransferases #ndg, lack of selection against
prenylation motifs in bacteria, but a mechanisnt théght be importantn vivo for the
proper localization and function of secreted preiFurther studies of other bacterial
proteins with predicted prenylation sites will beeded to clarify whether this mechanism

is widely used or just a rare occasion.

Prenylation motifs display specific sequence rexquints needed for functionality, with
restriction up to a single amino acid at the sifeatachment. In the surrounding
environment, at least a certain pattern of phygcaperties is needed. Thus, exchange of a
single residue due to SNPs could influence theieficy of recognition and modification
by prenyltransferases. Among several protein categdwith SNPs predicted to influence
the prenylation motif, prenylation of human ALDH3B#2rned out be significantly
improved by exchange of W353 with glycine. This repée can be viewed as a snapshot
of evolution as prenylation motifs might be genedabr destroyed by the accumulation of
several mutations over time. Furthermore, SNPs sarggested to be the cause for
individual differences in susceptibility to diseasend drugs which would be explained
nicely by an influence on the posttranslational ification status of proteins. Therefore,
the differential prenylation of the SNP variants AEDH3B2 represents an exciting
example for the influence of SNPs. Further invedtans will be needed to explore the full

impact of this observation on biochemistry and roied.

Together with other membrane attachment factorsistoylation is responsible for proper

targeting and membrane attachment of a manifolayawf proteins. One important group
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consists of proteins involved in asymmetric celvigion in neural development.
Myristoylation of certain asymmetrically localizegrotein targets is suggested to be
required for asymmetric distribution to daughteliscafter mitosis. The proteins numb-A,
neur-C, and Par-1 isoform Q froBrosophila melanogastess well as neuralized-like 1
and 2 fromMus musculusvere shown to be myristoylated vitro. The impact of the
modification on subcellular localization was stutlia transgenic flies and in mouse cells,
respectively. Interestingly, all of the fly protsiexist in more than one isoform but only a
subset of these isoforms is myristoylated. Othdefxiinal sequences of numb and Par-1
miss the obligatory glycine residue while neur-Bi¢ag myristoylated, despite the presence
of an N-terminal glycine, due to other unfavorabksidues in the sequence. The
differential myristoylation of protein isoforms gyggts that they might carry out different
functions or the same function at different locasio These results also underscore the
importance of distinguishing between isoforms wittlifferent potential for

posttranslational modification in functional stuglie

The human transcription factor NFATS is anotheritaxg example of this phenomenon.
While isoforms B and C do not possess an N-ternghaline, isoform A is myristoylated
in vitro. Furthermore, myristoylation was shown to be regfito prevent translocation of
NFAT5-A to the nucleus. Thus, this might be thetfrase of a transcription factor using a
new mechanism for regulation of mobilization anclear shuttling. While the nuclear
localization sequence of cytosolic transcriptiorctéa proteins is usually masked by
inhibitor proteins that are removed upon activat@rsecond class of transcription factors
has their NLS exposed all the time but is anchdogdtransmembrane domains and
released by proteolytic cleavage. A similar mectiancould be utilized by a myristoylated
transcription factor. Alternatively, reversible padoylation could be used as a switch for
membrane attachment and release. In conclusionprapletely new mechanism is
suggested for the regulation of localization of NFRAA. As the other isoforms are not

myristoylated, they might exert divergent functions

A function as histone acetyltransferase was predidor mec-17 from Caenorhabditis
elegans as well as homologous proteins from otheciss. N-acetyltransferase activity of
these proteins was successfully demonstrated inaturHowever, histones turned out to
be a weak substrate. HATs are usually part of pratein complexes. The other
components of these complexes are known to inflr@ativity and substrate specificity of

the HATs. Furthermore, various non-histone proteiresacetylated by so-called HATs. A
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yeast 2-hybrid screen was used to identify protaiteracting with mouse mec-17. These
might be members of a complex or substrates faykt®mn. The interaction with Kctd13
has been verified biochemically by co-immunoprdeatmn. Together, the proteins
identified indicate a function in transcription&gulation and/or regulation of chromatin
structure. Furthermore, the suggested role in malrdevelopment is underscored by the

results.
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5 Materials and Methods

5.1 Buffer Composition

DNA sample buffer

50% Glycerol

1mM EDTA

0.25% Bromophenol blue
0.25% Xylene cyanol FF

EF-buffer

1269 KHPO,
369 KHPO,
09g¢g Na-citrate
0.18g MgSQ
1.89  (NH)SO,
88 ¢ Glycerol
for 1 L buffer

ESB buffer

10 MM KOAc, pH 6.2
10 mM KCI

50 mm CaG

10% Glycerol

Glutathione elution buffer (GEB)

50 mM Tris-HCI, pH 8.0
10 mM reduced glutathione
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Hunt-buffer

20 mM  Tris-HCI pH 8.0
100 mM NacCl

1mM EDTA

0.5%  Nonidet P-40

Lysis buffer A

20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfoaud (HEPES) pH 7.5 (with acetic
acid)

100 mM KOAc

5mM  Mg(OAc)

0.1%  Triton X-100

One-Step-buffer

200 mM LiOAc
100 mM Dithiothreitol (DTT)
40% PEG 4000

prepare fresh before use from stock solutions
Pl

50 mM Tris-HCI pH 8.0
10 mM EDTA
0.01% RNase A

0.2M NaOH
1% Sodium dodecyl sulfate (SDS)

3M KOAc, pH 5.5
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Phosphate buffered saline (PBS)

10 mM NahPQy/NaHPO,, pH 7.4
150 mM NacCl

PBS-T

See PBS, + 0.1% Tween 20

SDS-PAGE running buffer

309 Tris base
144 g Glycine
1049 SDS

for 1 L 10-fold buffer

SDS-PAGE sample buffer

60 mM Tris-HCI, pH 6.8
10% Glycerol

2% SDS

1% 2-mercaptoethanol
0.002% Bromophenol blue

use as 6-fold buffer
TBE-buffer

89 mM Tris base/boric acid, pH 8.3
2mM EDTA

TE

10 mM Tris(hydroxymethyl)aminomethane (Tris)-HCH .5
1 mM Ethylendiaminetetraacetic acid (EDTA)

TE/LIOAC

100 mM LiOAc
in TE
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TE/PEGI/LIOAC

100 mM LIiOAc
40% PEG 3350
in TE

Z-buffer

60 MM NaHPG;

40mM  NahPG;

10 mM KCI

ImM MgSQ

(50 mM B-mercaptoethanol)
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5.2 Composition of media

bacterial defined minimal medium

Autoclave 5 times 15 g agar in 800 ml&H cool to 50°C.

Dissolve

68.77 9 KHPO

2259 KHPO,

59 (NHy)2SOy

25¢g Na-citrate . 2O

in 800 ml dHO, autoclave and cool to 50°C, add 50 ml each oAJMRS and LEU (stock
(4 mg/ml), 5 ml 1 M MgS@ 50 ml 20% glucose, 5 ml Kanamycin (stock 10 my/i&l5
ml Ampicillin (stock 100 mg/ml) and 2.5 mg thiamH€l.

Mix 200 ml of this solution with 800 ml of the agswlution and pour plates.

Luria Broth (LB)

1% Yeast-extract
1% Trypton

0.5% NaCl

0.1%  Glucose

0.67% Yeast nitrogen base (YNB) without amino acids
2% Glucose (or galactose, with additional 1% raf$e)
1% 100 x amino acid mix without X

for plates, add 3 % agar

0.5%  Yeast extract
2% Trypton

10 mM NacCl

2.5 mM KCI

10 mM MgCh

10 MM MgSQ
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oC

See SOB + 20 mM glucose

SOP-medium

Dulbeccos modified eagle medium (DMEM)

Fetal calf serum (FCS)

1% Penicillin (stock 10.000 units/ml)
1% Streptomycin (stock 10 mg/ml)
1% Glutamine (stock 200 mM)

1% Yeast Extract

2% Pepton

2% Glucose

5.2.1 100 x Amino acid stocks

Adenosine 3 mg/ml Lysine 4 mg/ml
Uracil 4 mg/ml Phenylalanine 5 mg/ml
Histidine 2 mg/ml Tyrosine 2 mg/ml

Methionine 2 mg/ml Isoleucine 2 mg/ml
Tryptophane 3 mg/ml Valine 6.5 mg/m
Threonine 15 mg/ml Arginine 3 mg/ml

leucine 8 mg/ml Asparagine 10 mg/m

Do not autoclave Trp and Thr!
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5.3 cDNA clones

organism name Protein source
accession
Coxiella  burnetii| Ankyrin repeat NP_819396.1 J. E. Samuel
(RSA493) containing protein
CBU_0356
Coxiella burnetii| Hypothetical ZP_01298590 J. E. Samuel
(Dugway 7E9-12) | protein,
CburD_01001505
Coxiella  burnetii| Hypothetical ZP_01309761.1 J. E. Samuel
(RSA331) protein,
CburR_01001221
Coxiella  burnetii J. E. Samuel
(Graves)
Legionella Hypothetical YP_096532.1
pneumophila protein Ipg2525
Homo sapiens ALDH3B2 NP_000686.2 IRAUp969B0231D6
(imaGenes)
Homo sapiens BEX2 NP_116010.1 IRATpP970G1018D4
(imaGenes)
Homo sapiens UTP14A NP_006640.2 IRAUpP969B0312D6
(imaGenes)
Homo sapiens FLJ20364 NP_060255.2 IRAUp969B0653D
(imaGenes)
Drosophila Igloo-L AAB32065.1 RE17162 (DGRC)
melanogaster
Drosophila Numb-A AAA28730.1 LD45505 (DGRC
melanogaster provided by J
Knoblich
Drosophila Neur-B AAK93411.1 provided by J.
melanogaster Knoblich
Drosophila Neur-C AAO41451.1 RE20876 (DGRC)

melanogaster
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Drosophila Par-1-Q AAM75016.1 GH14769 (DGRC)

melanogaster

Mus musculus Neuralized-like 1 AAH58386.1 IRAVp968A0211806
(imaGenes)

Mus musculus Neuralized-like 2 AAK97495.1 Modified from
neuralized-like 1 by
PCR

Mus musculus 2610110G12Rik NM_082752 RIKEN cDNA library

(mec-17 homolog)

Mus musculus Kctd13 NP_766335 RIKEN cDNA library

Mus musculus Rps27a NP_077239 RIKEN cDNA library

Mus musculus Immt NP_083949 RIKEN cDNA library

Mus musculus MRAS NP_032650 RIKEN cDNA library

Mus musculus Psmc5 NP_032976 Mouse brain cDNA
library

Mus musculus Kif5b NP_032474 IRAVP968G12160D
(imaGenes)

Mus musculus Epb4.113 NP_038841 Provided by |[J.
Conboy

All cDNA clones were checked by sequencing. The ABNrom Coxiella burnetiiwere

kindly provided by James E. Samuel,

Department oicrébial and Molecular

Pathogenesis, College of Medicine, Texas A&M Hed&ldience Center, College Station,

TX. A mouse brain cDNA library was provided by EgOgris, Department of Medical

Biochemistry, Max F. Perutz Laboratories, Medicalersity of Vienna. The cDNAs for

numb-A and neur-B frordrosophila melanogastenere provided by Jirgen A. Knoblich,

Institute of Molecular Biotechnology. A cDNA encadi Epb4.1I13 was provided by John

G. Conboy, Life Science Division, Ernest Orlandavt@nce Berkeley Laboratory, CA.
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5.4 Cloning procedures

For thein vitro prenylation assay, candidate cDNAs were amplifigd RCR with
appropriate primers (MWG Biotech) including the Bt©odon. The PCR products were
cloned into the pGEM-T Easy vector (Promega). Matet were inserted by site directed
mutagenesis. The constructs were subcloned into X1 (Amersham). For

localization studies, the same constructs werelsobd into pEGFP-C2 (Clontech).

For thein vitro myristoylation assay, candidate cDNAs were ampulifiy PCR without
stop codon with primers adding a T7 promoter ana@akoconsensus sequence directly
prior to the start codon (aagcgtaatacgactcactatagggacc).The PCR products were
cloned into the pGEM-T Easy vector and subcloned @nself constructed vector for C-
terminal GST-tagging. This vector was created byldmation of GST from the pGEX-
5X-1 vector and insertion downstream of the mudtiploning site of the pSK+ vector
(Stratagene). For localization studies in HeLa @8 3ells, the same constructs were
subcloned into pPEGFP-N3. For generation of tranegéies, the candidate sequences
were amplified by PCR without stop codon with primeontaining attB recombination
sequences for Gateway cloning. The PCR producte vemombined into pDONR221 and
subsequently recombined into a Drosophila pUASEway destination vector with a C-

terminal myc-tag.

For the yeast 2-hybrid assay, the cDNA encodihgm. mec-17 was amplified by PCR
with appropriate primers including the terminatioodon, cloned into pGEM-T Easy and
then subcloned into the bait vector pEG202.

For immunoprecipitation experimentd, m.mec-17 including the termination codon was
subcloned into the pEGFP-N3 vector for expressighout tag. The cDNAs for mec-17
interaction partners from the screen were amplifigd®CR including the Stop-Codon and
cloned via pGEM-T Easy into pENTR4. These conssruatre recombined into a

Gateway destination vector harboring an N-termiahG-HA double tag.

5.4.1 PCR

In a standard setup, a total amount of 10 pmol @rsmand ~20 ng plasmid DNA were

used per reaction. PCR reactions for cloning weneedwith 1 pl deoxynucleotide mix
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(Eppendorf) and 1 pPfu® Turbo polymerase (Stratagene) in a total reaact@ome of 25

ul. Amplification of DNA for use in coupleth vitro transcription/translation was done
with PuReTag Ready-To-Go PCR beads (GE Healthc&tandard reaction conditions
were 30 cycles with a denaturing temperature o€94hnealing temperature usually 53°C
(depending on the primer melting temperature), exténsion at 72°C for one minute per
kb product size. For TA-cloning of PCR products erated withPfu polymerase, 1 pl of
50 mM MgCh, 1 ul 10mM ATP, and 1 |ifad® polymerase were added subsequently and
incubated for 15 min at 72°C. The samples were lde@nd purified by agarose gel

electrophoresis.

5.4.2 Agarose gel electrophoresis

For a standard gel 1% agarose (Biozym) in TBE buifas boiled in the microwave and

cooled to ~50°C. Prior to pouring, 0.5 pg ethidioramide per ml was added from a stock
solution (10 mg/ml). DNA samples were mixed 5:1hADINA sample buffer, loaded onto

the gel, and run in TBE buffer at a constant vatad 100 V. Subsequently, DNA was

visualized by UV illumination. When agarose gel ctlephoresis was used for

purification, DNA fragments were excised from thel gvith a scalpel blade and eluted
with the QIAquick gel extraction kit (QIAGEN) acating to the manual.

5.4.3 Ligation

Ligation of PCR-products into pGEM-T Easy (Promegegs done according to the
manufacturers manual. Ligation of fragments credtgdestriction digestion was done
with T4 DNA ligase (Roche) at room temperature (R¥r)one hour or at 16°C overnight.
Ligation products were transformed into chemicalbmpetente. coli (strain DH) for

amplification.

5.4.4 Transformation into chemically competent bacteria

Bacteria were inoculated into 3 ml LB-medium anduipated at 37°C overnight with

shaking. 1 ml of the culture was diluted into 100LB-medium and grown at 37°C to an

Pyrococcus furiosus

® Thermophilus aquaticus
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ODggo (optical density) of 0.5 — 1. Cells were pelletgdcentrifugation at 4000 g for 10
min at 4°C, resuspended in 15 ml FSB buffer, arcdlated for 10 min at 4°C. A second
centrifugation step was followed by resuspensiod #n8 ml FSB (depending on the final
OD). This suspension was used immediately or ddvzidéo aliquots and stored at -80°C.

Frozen aliquots of chemically competent bacteriaewtbawed on ice. 100 pl were used
for each transformation. Ligation products (or plasin appropriate dilution) were mixed
with the cells and incubated on ice for 30 min. Thés were heat-shocked at 42°C for 45
sec and then cooled on ice for 2 min. After additaf 1 ml LB-medium, cells were
revived for ~ 1 h at 37°C with shaking. Cells werdleted for 1 min at 13.000 rpm in a
tabletop centrifuge. Medium was decanted and celsspended in the residual medium
(=100 ul). The whole suspension was plated ontecteé agar plates (containing the
appropriate antibiotic) and incubated upside dowr8B#C overnight. For blue/white-
selection (with pGEM-T Easy), 100 ul of 0.1 M Isopyl-B-D-thiogalactopyranosid
(IPTG) and 20 pl of 5-Brom-4-chlor-3-indoxgHD-galactopyranosid (X-Gal, 20 mg/ml)

were plated prior to the cells.

5.4.5 Plasmid preparation from bacteria (Mini-Prep)

Single colonies were picked and inoculated intol4hthe appropriate selective medium.
Cells were grown at 37°C overnight. If needed, lstogere prepared by mixing 500 pl of
culture with 500 pl 2 x EF-buffer and stored at°@03 ml of culture were pelleted in a
tabletop centrifuge at 13.000 rpm for 3 min. PlabDNA was prepared with the QlAprep
Spin Miniprep kit (QIAGEN) according to the manufaers manual. Alternatively, the
alkaline lysis method was used. Cells were reswdgmtim 300 pl P1. 300 pl P2 was added
and mixed by inverting the tube several times. 3DB3 were added and mixed again. Cell
fragments were pelleted for 10 min at 13.000 rpmainabletop centrifuge, and the
supernatant was transferred to a new tube. 658bptopanol was added and incubated for
10 min at RT. After centrifugation for 10 min at.Q80 rpm, the supernatant was aspired
and the pellet washed with 70% ethanol, dried gpeedvac, and solubilized in TE. The

DNA preparation was checked by restriction digestio

5.4.6 Restriction digestion

Usually 2 — 300 ng plasmid DNA was digested witluirbts of one or more restriction

enzymes (Roche or Fermentas) in a total volumebqilXor one hour (reaction conditions
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like buffer and temperature as suggested for theyreas by the manufacturer). For
subcloning, the vector was dephosphorylated witbnit shrimp alkaline phosphatase
(Roche) for 10 min at 37°C. Subsequently, the emzymas deactivated for 15 min at
65°C. The digests were analyzed by agarose getefdmwresis.

5.4.7 Site directed mutagenesis

Site directed mutagenesis was done with the QuiakGé XL site directed mutagenesis

kit (Stratagene) according to the manufacturersuagn

5.4.8 Gateway cloning

PCR products with attB recombination sites weremgzined with a donor vector using
BP clonase mix (Invitrogen) according to the manuakating an entry vector.
Alternatively, standard restriction cloning methadsre used to clone the ORF of interest
into an entry vector. Subsequently, the ORF wasméined into a destination vector with
LR clonase mix (Invitrogen) to create an expressitome. Gateway reaction products
were transformed into chemically competeid. coli or electroporated into
electrocompeteri. coli. TheE. coli strain DB3.1 was used for maintaining stocks ef th

empty Gateway vectors.

5.4.9 Transformation of E. coli by electroporation

Bacteria were inoculated into 5 ml LB-medium anduipated at 37°C overnight with
shaking. The culture was diluted into 500 ml LB-nued and grown at 37°C to an @dd

of 0.5. The cells were chilled on ice for 30 mirdgrelleted by centrifugation at 4000 g for
10 min at 4°C. Subsequently the pellet was resufgzkin 300 ml 10% glycerol and
pelleted again. The procedure was repeated withnilsdhd 10 ml. Finally, the cells were

resuspended in 2 ml 10% glycerol, divided into @it and stored at -80°C.

For transformation, electroporation cuvettes wéeared with soap and then washed with
dH,O and 70% ethanol. Subsequently, the cuvettes iadiated for at least one hour
with UV light. Frozen electrocompetent cells welawed on ice. 50 pl cells were mixed
with plasmid DNA on ice and transferred to a clealectroporation cuvette.
Electroporation with a gene pulser (BioRad) at\, 25 pFD and 20@ resulted in time

constants between 3.7 and 4.3. The cells were mvixeédl ml SOC-Medium, revived for
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30 min at 37°C with shaking, pelleted by centrifilgga and plated onto selective medium.

The plates were incubated for up to 2 days at 37°C.

5.5 Biochemical techniques

5.5.1 Coupled in vitro transcription/translation

For the N-terminal GST-fusions analyzed regardingirt prenylation status, DNA was
amplified by PCR with puReTaq Ready-To-Go PCR Be@dlmersham Biosciences)
using a 5’-primer containing a T7-promoter and a#&oconsensus sequence. It anneals at
the 5’-end of the DNA encoding the GST-tag:

5’ gcgtaatacgactcactatagggagacesgicccctatacttaggttattgg 3’

The bold region represents the start codon of t8&-Gg. The 3’-primer was designed to
anneal in pGEX-vectors downstream of the inseldwaihg the use of the same primer pair

for all proteins:
5’ agatcgtcagtcagtcacgat 3’

For C-terminal GST fusions analyzed for myristoglaf DNA was amplified by PCR

using a 5’-primer annealing to the T7 promoter elbpstream of the start codons:
5’ gcgtaatacgactcactatagggagaccacc 3’
A 3’-primer was designed to anneal downstream efitisert:
5’ ccctcactaaagggaacaaaagce 3’

For analysis of lipid modifications, the radioaetivabel of choice, that is 20 pCi
[BH]mevalonate, 10 pCi [BH]JFPP, or 10 pCi [BH]JGGR& prenylation or 20 uCi
[BH]myristic acid for myristoylation (all purchasedrom American Radiolabeled
Chemicals), was transferred to Eppendorf tubesdaied in a speedvac under vacuum at
room temperature to remove the ethanol which cdidcupt the transcription/translation.
20 pl rabbit reticulocyte lysate, 0.5 pl PCR-Enleanand 0.5 pl methionine were added
which were all supplied with the TNT Quick Couplddanscription/Translation Kit
(Promega). For preliminary translation test®S]-methionine (Amersham) was used

without radioactive lipids.
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The reaction was started by addition of 2.5 plhef PCR reaction and incubated at 30 °C
(4 h for prenylation, 2 h for myristoylation). Fpuarification of the translated protein, 50ul
glutathione sepharose 4B-beads (75% slurry, AmersB#osciences) were separately
resuspended in 0.5 ml PBS and spun down in a n@otdtuge at 1.600 rpm for one
minute. The supernatant was removed and the wastapyrepeated once to equilibrate
the beads for protein binding. The whole TNT reaetinix and PBS to a final volume of
200 pl was added. After resuspension, the beads imeubated with gentle agitation at
room temperature for 1 hour. Afterwards, they wesmeshed 5 times with 0.5 ml PBS.
Following the last washing step, 50 ul of GEB buffeere added and incubated again for
1 hour with agitation. The supernatant was remow@ged with an appropriate volume of
sample buffer,incubated for 5 min at 95°C, and Ikesxb by SDS-PAGE. For
myristoylation targets, purification was skippedstead, the reaction mix was diluted to a
total volume of 100 pl with PBS, mixed with an apmiate volume of sample buffer,
incubated for 15 min at 60°C and resolved by SD$EAThe protein was transferred
from the gel to a nitrocellulose membrane by etdattitting. The membrane was left to
dry. Each lane was scanned separately for 20 niig @sBerthold TLC linear analyzer LB
282. Total protein yield was detected by Westert Blith anti-GST antibody (Anti-GST-

HRP-conjugate, Amersham Biosciences, 1:5.000).

5.5.2 Co-Immunoprecipitation

A 10 cm dish of N2A cells (~80% confluent) was siemtly transfected with the desired
expression clones. The next day, cells were dethfiben the dish with trypsin. Medium
was removed by centrifugation at 500 g for 5 mid“&@. The cells were washed with 1 ml
PBS and resuspended in 500 pl Hunt-buffer suppléedemwith Complete protease
inhibitor cocktail (Roche). Lysis was achieved lbgeizing in liquid nitrogen, thawing at
37°C, and another step with freezing and thawinB&t Cellular debris was removed by
centrifugation at 13.000 rpm in a tabletop ceng&uor 10 min at 4°C. The lysate was
split in two aliquots and 50 pl anti-mec-17 antipodas added to one aliquot. After
incubation on a rotor at 4°C for 1 h, 50 ul antisd 1gG-beads (100 ul suspension,
Dynabeads M-280, sheep anti-rabbit IgG, Invitrogen)each aliquot were equilibrated in
Hunt-buffer and incubated with the lysate for 1t/4&C. The beads were washed three
times with 500 ul Hunt-buffer, and then protein wasted by addition of 50 ul 2-fold
sample buffer and incubation at 95°C for 5 min.t8rowas resolved by SDS-PAGE and
detected by Western Blot.
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5.5.3 SDS-PAGE

Separation gel 10% | 15% Stacking gel

H.0 12 8 HO 6,8

1M Tris-HCI, pH8.8 7 7 0,5M Tris-HCI, pH6,8 1,25

AA (30%) 37,5:1 10| 15 AA (30%) 37,5:1 1,7

10% SDS 0,3 0,3 10% SDS o,
TEMED () 25 | 25 TEMED (u) 10
APS 20% (ul) 150] 150 APS 20% (1) 50

The recipes are for eight gels. All volumes arenih unless otherwise noted. All
components were mixed according to the recipe addifNNN'N’-

Tetramethylethylenediamine (TEMED) and ammoniumpléate (APS) last. Separation
gel was poured, overlaid with butanol, and left pmlymerization at RT for at least 15
min. Subsequently, butanol was removed and the&kistagel cast. For electrophoresis,
gels were inserted into a Mini-PROTEAN 3 cell (BaR after washing the slots with

running buffer. Gels were run at a constant curoé®0 — 50 mA per gel.

5.5.4 Western Blot

Proteins were transferred from the gel to a nitiollse membrane by semi-dry
electroblotting in SDS-PAGE running buffer for 2aha constant current of 150 mA. The
membrane was blocked with 5 % skim milk powder BSPT for 1 h at RT with gentle

agitation. The membrane was rinsed in PBS-T andbated with primary antibody

diluted into PBS-T for 1 h at RT or alternativelyesnight at 4°C. It was washed three
times for 10 min in PBS-T. If required, incubatiith secondary antibody was done for 1
h at RT followed by washing. The wet membrane wasibated with ECL plus Western
Blotting Detection solution and exposed with HygerfECL (Amersham Biosciences) for

appropriate time.
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5.5.5 Protein expression profile of M. m. mec-17

A ready-to-use mouse mixed tissue Western Blot gépa was blocked, incubated with
anti-mecl7 antibody (1:1000) as primary antibodyd aanti-rabbit-HRP-conjugate
(1:20.000, Amersham) as secondary antibody. Deteetas performed as described.

5.6 Cell culture techniques

Cells were cultured in SOP-medium in 100 mm diskte37°C and 5% C£O For dilution

of confluent cells, the medium was aspired andcils were washed with 10 ml PBS. To
detach the cells from the dishes, they were inatbuatith 1 ml 0.05% trypsin (Gibco) for
5 min at 37°C. Afterwards, they were diluted withn® medium, and an appropriate
volume was transferred to a new dish. For microgcoells were seeded onto cover slips
placed in 6 well plates. Transfection was done withofectamine Plus (Invitrogen)

according to the manual.

5.7 Fluorescence microscopy of GFP-constructs

Cells were cultured on cover slips and transfettaasiently with GFP-fusion constructs.
The day after transfection, the cells were ringed®BS, fixed in PBS containing 2%
formaldehyde for 15 — 20 min, washed again, andanpebilized with PBS containing
0.1% Triton X-100 for 10 min. After a last wash WwiPBS, the cover slides were rinsed in
dH,O and mounted on microscope slides using Vectaklhatd-set mounting medium
H1500 (Vector Laboratories). Fluorescence microgasas carried out with an Axioplan
2 Imaging Microscope (Zeiss). Images were acquinagth a Coolsnap HQ camera
(Photometrics) and analyzed using the software Metph 6.2r4 (Universal Imaging

Corp.).
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5.8 Yeast 2-hybrid screen

All plasmids needed for the screen were kindly et by Andreas Hartig:

pPEG202 (bait vector, N-terminal LexA fusion)

pSH18-34 (reporter plasmid, lacZ downstream of L@p&rators)

pRFHM-1 (negative control, LexA fusion of fly pratebicoid)

pSH17-4 (positive control, LexA fusion of GAL4)

pJK101 (test plasmid for repression assay, comisgtypromoter in front of LexA-

operators and lacZ)

All plasmids were checked by restriction digestiBhmouse brain cDNA library cloned
into the prey vector pJG4-5 was kindly provideddgon Ogris as well as the yeast strain
EGY48, the bacterial strain KC8, and LexA antibody.

5.8.1 Amplification of the cDNA library

20 ml of chemically competent Did5were transformed with 20 pg library DNA in
aliquots of 0.5 ml and plated onto 14 LB-Amp pla@® x 45 cm). Transformation
efficiency was checked by plating a serial dilutioh an aliquot. After incubation
overnight at 37°C, transformation efficiency wadetimined (4 mio. colonies in total,
library theoretically has 3.6 mio. independent el®n The colonies were scraped into 300
ml LB-Amp and diluted to 800 ml to give an @of 4.0. The cells were incubated for 3
h at 37°C and harvested by centrifugation at 6068 ¢5 min. DNA was prepared with a
total of 16 Maxi-Prep columns (QIAGEN Plasmid M#it) to yield a total amount of ~4
mg library DNA. The DNA was checked by restrictidigestion.

5.8.2 Yeast one-step transformation

Fresh cells are taken from a plate and mixed wi (1l of one-step buffer as well as 2 pl
plasmid DNA and 5ul hs-DNA (herring sperm). The maas incubated at 45°C for 30

min, plated onto selective medium, and incubate2Da€ for 2 days.
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5.8.3 f-galactosidase filter assay

Colonies were picked and streaked onto new platts sglective medium and grown at
30°C. A nitrocellulose membrane was put onto tfeepand softly pressed on the agar to
transfer the colonies to the membrane. The membnaefrozen in liquid nitrogen to
break the cells and thawed at RT. Afterwards, trembrane was put on a piece of
whatman paper soaked in Z-buffer containing 1 mgfr@al (stock 100 mg/ml in DMF)
and incubated at 30°C. Color was monitored for 1 h.

5.8.4 Total protein lysate from yeast

A preculture was grown at 30°C overnight. 15 mestVe medium were inoculated at an
ODggo of 0.2 and grown to ~ 0.6. The cells were hangebtecentrifugation at 10.000 g for
5 min. Medium was decanted and the cells resuspedéhe residual medium. After
transfer to screw-cap tubes, they were pelletextefn in liquid nitrogen, and thawed at
RT. Cells were resuspended in 200 pl lysis buffeard ~ 200 pl sterile glass beads were
added. Cells were broken in the Fast-Prep two times0 sec at speed 6. The lysate was

separated from the beads by centrifugation.

5.8.5 Large scale yeast transformation

Yeast already containing the bait plasmid was graw@50 ml selective medium over
night at 30°C to an Ofgy of ~5. The pre-culture was used to inoculate 12.8PD
medium to an OD of 0.2. The culture was grown &C3for ~3.5 h to an OD of 0.6. Cells
were harvested by centrifugation at 1000 g for &,miashed in dkD, and split into 10
aliquots. Those were resuspended in 5 ml TE/LiOAche Hs-DNA (10 mg/ml) was
heated for 5 min at 95°C and then cooled on iceedah aliquot, 5 mg Hs-DNA and 50 ug
library DNA were added prior to 30 ml of TE/LIOAGHS. The mixture was incubated at
30°C with moderate agitation for 30 min. After aduh of 3.5 ml dimethylsulfoxide
(DMSO) to each aliquot, heat shock was done at 45&water bath for 15 min followed
by 2 min on ice. The cells were harvested by crmjation, resuspended in 500 ml YPD,
and revived at 30°C for 3 h. Cells were pelletedimgresuspended in 32 ml TE, and
plated onto 16 plates (45 x 45 cm) with galactosgliom (to induce expression of the
library) selective for the plasmids and also lagkireu to select for interaction of the
proteins.
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5.8.6 Plasmid isolation from yeast

2 ml selective medium were inoculated with one ogland grown at 30°C overnight. 1.5
ml were pelleted at 13.000 rpm in a tabletop ckrgd. Supernatant was decanted and the
pellet resuspended in the residual liquid. 20Q/gikl buffer (TE plus 2% Triton X-100, 1%
SDS, 100 mM NaCl) and 200 pl phenol/chloroform/megtalcohol (25:24:1) were added.
After addition of ~0.3 g acid washed glass beads$ \@rtexing for 2 min, the samples
were centrifuged at 13.000 rpm for 5 min. 200 uthef upper phase were transferred to a
new tube and mixed with 20 pl 3 M NaOAc pH 5.5 dd€ pl 95% ethanol by vortexing.
DNA was pelleted at 13.000 rpm for 20 min, washéith @00 pl 70% ethanol, dried, and

resuspended in TE.

5.8.7 Liquid p-galactosidase assay

3 independent colonies for each clone were inoedlaito 1.5 ml selective medium and
grown at 30°C overnight. 3 ml medium were inoculatéth the overnight culture to give
an ODyoo of 0.1 and grown for ~5 h to give an OD of 0.5.8.@.5 ml were pelleted at
13.000 rpm for 1 min, washed with 1 ml Z-bufferdaesuspended in 300 pl Z-buffer. OD
was measured again to correct for losses. 100 d wansferred to a new tube, frozen in
liquid nitrogen and thawed at 37°C. The proceduas vepeated three times. 700 pl of Z-
buffer with B-mercaptoethanol and 160 ul freshly prepared ONPG-buffer (4 mg/ml)
were added, mixed by inversion, and incubated &C30r 30 min (5 min for positive
control). The reaction was stopped by addition @ 41 1 M NaCQOs. Cell debris was
removed by centrifugation at 13.000 rpm for 10 naind OD,y was measuredp-

galactosidase activity was calculated accordinfpédollowing formula:
1000 x OD2(/(t x V x ODsgo X concentration factor)

Time is given in min, volume in ml.

97



MATERIALS AND METHODS

98



TABLE OF FIGURES

6 Table of Figures

Figure 1: Secondary structure of SCNMT ......ocemieeiiiiii e e 13
Figure 2: Conserved fold of Gen5 family memberSa .. ..cooviieiiiiiiiii e 29

Figure 3: Sequence alignment of ankyrin repeatainimg protein variants from different

Strains OfCOXIEHA BUIMELI ... c.ee e e e 40

Figure 4: Western Blots and TLC scanning resultsaftkyrin repeat containing protein
from Coxiella burnetiistrain RSAZ493.... ..o et e e e 41

Figure 5: Western Blots and TLC scanning resultsaiakyrin repeat containing protein
from Coxiella burnetiistrains Dugway 7E9-12, RSA331 and Graves...............42

Figure 6: Localization of N-terminal GFP-fusions afkyrin repeat containing protein
from Coxiella burnetiistrains Dugway 7E9-12, RSA331, Graves and RSA403 i
HELA CEIIS. ...t e e e 43

Figure 7: Localization of N-terminal GFP-fusions BfBox containing protein from
Legionella pneumophilan HeLa CellS. ... 44

Figure 8: Western Blots and TLC scanning resultsadC-terminal peptide of human
ALDHSBB2 ... e e e e as 47

Figure 9: Localization of N-terminal GFP-fusions &NP variants of ALDH3B2,

FLJ20364 and UTP14M HeLa Cells.........ccooooiiiiiiii e 48
Figure 10: Western Blots and TLC scanning resoitsgloo-L...............ccevveeeevieeiiinnnnnnn. 51
Figure 11: Western Blots and TLC scanning resoititimb-A ..............ccccooeieiiiineene. 52
Figure 12: Western Blots and TLC scanning reswoilt$far-1 isoform Q ...........cccccevvnnnn. 53
Figure 13: Western Blots and TLC scanning reswoltseuralized-Band C .................... 54

Figure 14: Localization of igloo-L, numb-A, neura®d Par-1 isoform Q in embryonic fly
EPItNEIIUM ... et 56

Figure 15: Western Blots and TLC scanning resuwitsrfouse neuralized isoforms......... 57

99



TABLE OF FIGURES

Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:
Figure 22:

Figure 23:

Localization of mouse neuralized isof®im3T3 cellS.............eevvviviiiiininnnnnns 58
Western Blots and TLC scanning resolthfiman NFAT5-A.............ccccee. 61
Localization of human NFATS5-A in HeLalse.............ccooooviiiiiiiiiiiiines 61
Alignment of mec-17 homologues with GNgdperfamily members............ 64
Transcription profile of 2610110G12Ri@rh GNF Symatlas........................ 66
Mouse major tissue Western Blot withlzody directed against mec-17........ 66
Column diagram @tgalactosidase activity............cceuuvuuiiamcccceeeeeiiiineeeen. 70

Co-IP of Kctd13 with mec-17 from tramglg transfected N2A cells............. 71

100



ABBREVIATIONS

7 Abbreviations

A, Ala alanine

ADP/ATP adenosine diphosphate/adenosine triphosphat
AnkRep ankyrin repeat

Bp base pairs

C, Cys cysteine

cAMP cyclo-adenosine monophosphate
cDNA complementary DNA

C.e. Caenorhabditis elegans

Ci Curie

CoA coenzyme A

D, Asp aspartate

Da dalton

DAPI 4',6-diamidino-2-phenylindol
DNA deoxyribonucleic acid

D. m. Drosophila melanogaster
DMSO dimethylsulfoxide

DTT dithiothreitol

E. coli Escherichia coli

EDTA ethylendiaminetetraacetic acid
ELISA enzyme-linked immunosorbent assay
ER endoplasmatic reticulum

F, Phe phenylalanine

FPP farnesylpyrophosphate

FT farnesyltransferase

G, Gly glycine

GFP green fluorescent protein
GGPP geranylgeranylpyrophosphate
GGT geranlgeranyltransferase
GPCR G protein coupled receptor
GPI glycosylphosphatidylinositol
GST glutathione-S-transferase
GTP guanosine triphosphate

H, His histidine

HA hemagglutinin

HAT histone acetyltransferase
HDAC histone deacetylase

HelLa Henrietta Lacks

HIV human immunodeficiency virus
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H. s. Homo sapiens

I, lle isoleucine

IPTG isopropylp-D-thiogalactopyranoside
K, Lys lysine

L, Leu leucine

M, Met methionine

MAF membrane attachment factor

M. m. Mus musculus

MRNA messenger RNA

N, Asn asparagine

NLS nuclear localization sequence
NMT N-myristoyltransferase

oD optical density

PAT palmitoyl acyltransferase

PBR polybasic region

PBS phosphate-buffered saline

PCR polymerase chain reaction

Pfu Pyrococcus furiosus

PTM posttranslational modification

Q, GIn glutamine

R, Arg arginine

RNA ribonucleic acid

RNAI RNA interference

RT room temperature

S, Ser serine

S.c. Saccharomyces cerevisiae

SDS sodium dodecylsulfate
SDS-PAGE sodium dodecylsulfate polyacrylamide ¢gdteophoresis
SNP single nucleotide polymorphism
T, Thr threonine

Taq Thermophilus aquaticus

TLC thin layer chromatography

TNT transcription and translation

Tris tris(hydroxymethyl)aminomethane
V, Val valine

W, Trp tryptophane

X-Gal 5-bromo-4-chloro-3-indolyp-D-galactoside
Y, Tyr tyrosine
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