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Abstract

Epilepsy is one of the most common neurologicabrdisrs affecting more than 50 million
people worldwide. Despite extensive efforts in gpiteptic drug (AED) development it is
estimated that around 30% of all epileptic patieataain resistant to current AED therapy.
In addition, the majority of conventional AEDs elsit$ a large spectrum of side effects and
a high potential of drug interactions (cytochrord®®), which restrict their applicability. In
1999, the antiepileptic drug levetiracetam (LEVS)2-(2-oxopyrrolidin-1-yl)butanamide,
Kepprd) was launched on the market and soon became dhe afost successful AEDs of
the newer generation. It binds to the synapticokegprotein SV2A and thus appears to
exert its potent antiepileptic effect via a uniquechanism of action that is, however, still
not well understood. Its analogue brivaracetam (BRWhich possesses a 10- to 20-fold
higher affinity to the SV2A protein, is currently late stages of phase Il clinical trials.

In the present study, synthetic pathways were ddvisr precursor molecules of LEV and
BRYV suitable for generating *H-labeled forms oftb&EDs with high specific activity (94-
98 Ci/mmol). In a reductive amination reaction metidoric acid and previously prepared
(9-2-aminobutanamide were applied in the presencgdium triacetoxyborohydride and
acetic acid to synthesiz&){2-(3,4-dichloro-2,5-dihydro-2-oxoH-pyrrol-1-yl)butanamide,
which served as precursor for the preparationdfLEV. The second precursor molecule
was prepared via the intermediate 4-allyl-5-hydfargn-2(51)-one, obtained in a Mannich
type reaction of glyoxylic acid and pent-4-enalthre presence of morpholine hydro-
chloride, which was subsequently utilized in a e amination reaction withSf-2-
aminobutanamide for the preparation d¥)-2-(4-allyl-2-oxo-2,5-dihydro-H-pyrrol-1-
yl)butanamide. This precursor molecule allowed theneration of [*H]BRV and its
diastereomer [*H]isoBRV. In subsequent binding &sidthe applicability of the new
radioligands was confirmed. [3BH]BRV, exhibiting theghest target affinity, proved to be
highly useful for the screening of ligands that pete with its binding, as well as for
examinations of rare clinical brain samples of guikc patients. Binding studies with
[FH]BRV at recombinantly expressed SV2A protein i@ats revealed that the long
cytoplasmic loop of the SV2A protein could potelyisbe involved in ligand-binding
interactions. A previously postulated direct intti@n of LEV with AMPA receptors could
not be confirmed in our binding studies so farti&hiexperiments at brain membrane
preparations of SV2A KO mice were performed to stigate [*H]BRV binding in the
absence of SV2A with the intention to identify pdtal low-abundant target sites. Due to
its high specific activity the new radioligand [BRYV represents a most valuable tool for
the extension of these studies with the goal tatilepotential novel, low-abundant targets.

Keywords: levetiracetam, brivaracetam, SV2A protein, radafid binding studies,
epilepsy, AMPA receptor
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1 Introduction 1

1 Introduction

1.1 Epilepsy

Epilepsy (Greekémnyio, epilepsia — “seizure”) is one of the most common
neurological disorders. It affects an estimatedcgmtage of about 0.5 to 1% of the
world’s population, currently at least 50 millioegple worldwide, with an incidence of
approximately 50-80/100,000/year. While the onset can occur at any age, it is most
common among young and elderly (> 65 years) pe@elerigure 1).°’

Per 100 000 people
180 : :
160 — - — I"-\
140 — . .
0\ /

<1 1-4 5-9 10-14 15-24 25-34 35-44 45-54 55-64 65-74 75-84 85-94
Age (years)

Figure 1: Incidence of epileptic seizures, published by Vearfibased on data from Olafsson et al.

Epilepsy is characterized by the occurrence ofeefit seizures — spontaneous and
paroxysmal impairments of the physiological braindtion. It is estimated that about
10% of the whole population is affected by an ismlaepileptic seizure during the
course of one’s lifé:* According to the ILAE (International League Agaipilepsyy,
these epileptic seizures, representing “transieatiwences of signs and/or symptoms”,
have to be distinguished from the term “epilepsyhich refers to a cerebral disorder
comprising an “enduring predisposition to generafgleptic seizures” along with
several physical and mental consequences of timditoan. However, according to the
ILAE, already one epileptic seizure might be suéiint for the diagnosis of epilepsy, if
corresponding medical results (e.g. MRT or EEG)psupan increased receptiveness

for seizures.

The proper functioning of the central nervous sys{€NS) is depending on a well-
coordinated interaction between inhibitory and ®&tory neurotransmitters. This is

essential for the maintenance of the membrane paltexs well as for a specific and
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efficient transmission of neuronal signals. In epiic conditions the normal electrical
activity of the brain is impaired, which results anlowered seizure threshold due to
instabilities of the membrane potential. Consedyemieuronal networks of the brain

become more susceptible to uncontrolled electactlity and exhibit a higher risk for

the development of recurrent seizures, which eméxa abnormal, synchronic and

excessive discharges of cerebral groups of nedfdns.

With regard to the etiology, several risk factore &nown today that increase the
chances of developing epilepsy. These encompasslagic disorders (e.g. strokes and
neurodegenerative diseases) as well as brain madt@mns, head injuries, tumors,
encephalitis and metabolic disordéfsBesides external influence factors it is known
that several types of epilepsy are caused by gedisposition, like e.g. defects in genes
encoding for ion channets?**A further group of epilepsies is of unknown etipo

which in elderly patients sums up to one-third lbtases-*

Epileptic conditions and associated manifestatioggresent a very heterogeneous
symptom complex. Various efforts have been madeafastructured categorization
(reviewed by Reynolds and Rodin)from which the Classifications of Seizures
determined by the ILAE in 1981 and 1989 has becwidely accepted®'’ In general,
seizures are primarily distinguished by their loodljin, wherein (1) partial seizures
comprise locally restricted seizures of limited emdion in one hemisphere and (2)
generalized seizures include origins that are idigied over the whole brain area.
Furthermore, one differentiates between “symptochaizures (as a consequence of a
primary condition, e.g. a tumor), “idiopathic” seies (presumably of genetic etiology)
and “cryptogenic” seizures (of unknown cause, brgspmably symptomatic). The
complexity of this multifaceted disorder is addiadly reflected by numerous further
definitions, which for example refer to the affectiof consciousness (simple partial or
complex partial), seizure propagation (secondanyegaized), physical manifestation
(tonic, clonic, myoclonic, absence) as well as anber of epilepsy syndroms (e.g.
Lennox-Gastaut syndrome). The precise charactenzaf the epilepsy in combination
with the epileptic seizure type is especially intpat with regard to the choice of the

medical treatment, which ideally aims at freedoamfrseizure$:*®
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1.2 Antiepileptic pharmacotherapy

Pharmacological therapy plays an important rolthentreatment of epilepsy. However,
despite a continuous effort to develop new AEDsarptacotherapy is still mainly
limited to the suppression of emerging seizures elgvating a lowered seizure
threshold. Up to now, a curative treatment withrently available AEDs is not
possible*®

Initial pharmacological treatment, which is prefdyagiven as a monotherapy, is
selected based on various factors, e.g. seizues age, sex and concomitant conditions
and medications. It is estimated that around 50%lloépileptic patients experience
freedom from seizures by this first medication.uitlier 20% of the patients respond to
the second medication (another AED or polytherapfle an approximate percentage
of 30% remains resistant to available pharmacoftye¥a*? Due to a significant relapse
rate about two thirds of the patients have to &kisepileptic medication for the rest of

their life

Until today, more than 20 drugs have been apprdoethe treatment of epilepsy (see
also Table 1). As AEDs of the first generation, compounds swah phenytoin,
ethosuximide, carbamazepine, valproic acid and qibenital have been successfully
introduced into antiepileptic treatment. Althougiese drugs still play an important role
in modern antiepileptic pharmacotherapy, their @ggibn is strongly limited by several
unfavorable characteristics. For most of them @ liist of severe side effects has been
documented, which include teratogenicity, hepatetty hair loss, weight gain, tremor
(e.g. valproic acid), fatigue, dizziness, diplopibJood count changes (e.g.
carbamazepine) and many more. Moreover, a highaictien potential (metabolism via
cytochrome systems) and pharmacokinetic drawbalfkstahe possibility of a broad
application. Considering that for the majority gdileptics continuous medication is
needed for the suppression of seizures, it is atsvibat these conventional AEDs do
not provide a satisfying profile. With a deeper ersanding in processes of
neurotransmission and the pathology of epilepsugsirof the second generation,
including lamotrigine, vigabatrine, felbamate, gadwatin, topiramate, tiagabine,
oxcarbazepine, levetiracetam, pregabalin, and aonde, were developed. In general,
the newer AEDs are better tolerated. Neverthetdsspite the achieved improvement of
AED therapy, there are still several drawbacks tdrajoing research might overcome
with AEDs of the next generations. Apart from imyped efficacy and tolerability,
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especially drugs with potent antiepileptogenic anisease-modifying effects
(prevention or control of epileptogenesis) wouldresent a milestone in the therapy of

epilepsy‘.?,ll,l8,23—25

1.2.1 Target structures for antiepileptic drugs

In general, antiepileptic pharmacotherapy aimdeata¢ing the seizure threshold, which
is lowered in epileptic conditions due to an abraltynhigh excitability of the neuronal
network. This can either be achieved by enhancihipitory or by inhibiting excitatory
mechanisms. Based on this principle, common tamfegstiepileptic drugs include (1)
voltage-gated ion channels, (2) the inhibitory GAdgic neurotransmitter system, and
(3) the excitatory glutamatergic neurotransmittgstam®®**® The challenge of
designing specifically acting AEDs can be deriveahf the fact that more or less all
current AEDs seem to convey their effects via rpildtimechanisms by acting at
different target structures. In the following paigghs the most common targets of

AEDs will be briefly summarized and selected exaagbr each target will be given.

Voltage-gated ion channéfsare essential for the maintenance of the membrane
potential, for the production and propagation oficac potentials as well as for
neurotransmitter release into the synaptic clefier&fore, they play a role in the
generation of epileptic seizures. Several AEDs iateracting with voltage-gated
sodium, calcium and potassium channels and thesstiner inhibit the influx or
stimulate the efflux of cations, which, in turnalsilizes the membrane potential.
Sodium channel&, which contribute to the generation of action ptids, represent the
main target for several AEDs. Among these are plogémylamotrigine, carbamazepine
and oxcarbazepine, which stabilize the channelshéir inactive staté® Calcium
channel®® can be subdivided into high-voltage activated (HVand low-voltage
activated (LVA) channels, based on the degree pbldgeization at which the channel
opens. The group of HVA calcium channels comprises/Q- and N-type channels.
While L-type channels are mainly expressed postsyecelly, N- and P/Q-type channels
are located presynaptically and are therefore wredlin the regulation of transmitter
release. Gabapentin and pregabalin most likelytetheir antiepileptic effects by a
blockade of HVA calcium channels; their interactiith the a6 auxiliary subunit
proteins could be demonstrat®d! LVA calcium channels are T-type channels, which

are integrally involved in the abnormal conditiomiring generalized absence
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seizures? They presumably present the molecular target stredor ethosuximidé®
Potassium channels are also voltage-gated ion elgnwhich are essential for the
maintenance of the resting potential and imporitacellular excitability; they therefore
represent potential targets for antiepileptic thgrd The novel antiepileptic drug
retigabine, which has been approved in 2011, appeabe the first AED interacting
with potassium channels. Being a positive allostanodulator, which binds to
KCNQ2/3 potassium channels, the drug is capablepehing the channel, and thus

initiating an efflux of potassium iorfa:

GABA (y-amino butyric acid), the most important neurotraitter of the inhibitory
nervous system, plays another important role iteppic conditions.’ After release into
the synaptic cleft, it binds to three different GABeceptors (type A, B and C) from
which the ionotropic (chloride) GABA receptor represents a major target in
antiepileptic pharmacotherapy. Benzodiazepinespasgtive allosteric modulators of
the GABA receptor. They interact with subtypes that contairiaina andy subunits,
thereby increasing the sensitivity of the recegtorits endogenous ligand GABX.
Besides benzodiazepines, barbiturates are alsmatiteg with GABA, receptors’ By
positive allosteric modulation via tiesubunit the channel remains in its opened state
for an extended period of time in the presenceanbiturates. The supply with GABA
in vivois regulated by the enzyme glutamate decarboxyl@ag®), which converts the
amino acid glutamate into GABA (sddgure 2). It has been supposed (although
controversially discussed) that one of the manyhaeisms of valproic acid might be a
modulation of this enzyme leading to an increasgdthesis of GABAY® The
concentration of GABA can be further increased hg tAED vigabatrin, which
irreversibly inhibits the enzyme GABA transamina$8ABAT).***? Thus, the
degradation of GABA to succinic semialdehyde alaiity the simultaneous conversion
of 2-oxoglutarate to glutamate is inhibited (d&gure 2). Furthermore, GABAergic
signaling can be enhanced by the drug tiagabifi@is AED binds with high affinity to
the GABA transporter GAT-1, inhibits the reuptaké released GABA from the

synaptic cleft and increases its concentrationdamdtion of action.

2-oxoglutarate L-glutamate

"00C CoOr GAD "00C @By "00C. _~_0
\/\r \/\I .

NH;" -COy, +H" NH succinic
L-glutamate GABA semialdehyde

Figure 2: Metabolism of GABA; GAD: glutamate decarboxylaGABAT: GABA transaminase.
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The amino acid glutamate represents the majora®cit neurotransmitter of the central
nervous systerfi Its receptors can be subdivided into ionotropitutegnate-gated
cation channels) and metabotropic (G protein-cal)pleceptors. While the latter ones
currently do not represent targets for antiepitepgiharmacotherapy, ionotropic
glutamate receptors are addressed by several AHDse types of ionotropic glutamate
receptors are known, which have been named aftarnptological agonists that
selectively bind to and activate the correspondsudptype. NMDA N-methylD-
aspartate) receptors are permeable for sodiumsgiata and calcium ions. During the
resting potential the channel is closed by magmesand only opens upon glutamate
stimulus, if the co-agonist glycine is bound to a@lfosteric binding sité> The AED
felbamate might — at least in parts — convey ifsaéfby inhibiting NMDA receptors®
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionateyeptors; another type
of ionotropic glutamate receptors, will be discussemore detail in chapter 1.4. They
are involved in seizure spread and therefore may @h important role in antiepileptic
pharmacotherapy. Compounds like perampanel, wtschurrently in late stages of
clinical trials, are interacting with AMPA recepsoas non-competitive, highly selective
antagonisté® KA (kainic acid) receptors are the third groupiofiotropic glutamate
receptors, which represent one of the severalttaigs for the AED topiramaf@.

Carbamazepin

Lamotrigin
Phenytoin
Glutamaterge Nay, / \ Nay GABAerge
Prasynapse Ethosuximid Préasynapse
Gabapentin
Cay ‘ Cay \‘

“_“;p ey X

K { y Ca*® Ca’
Retigabin
(e o

. Levetiracetam ¥ = -
\\“\:

Benzodiazepine

Topiramat
v;pmat Phenobarbital \
Phenobarbital P Felbamat Tiagabin
Talampanel elbama TOplramat
f'(: 1_ Mg GABAg-
mGlu-Rezeptor " f Rezeptor
S &L N_a*,CaQ“ L
v AMPA/Kainat- NMDA- = GABA
. - .
Signalkaskade " pooonior  Rezeptor & Rezeptor Postsynapse

Figure 3: Schematic drawing of the most important targetcstres of AEDs (from Bohme and
Liddens)® Na, Ca, K,: voltage-gated sodium, calcium and potassium cklanrGAT-1: GABA
transporter 1.
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Table 1: Mechanisms of action and therapeutic plasma cdratéons of antiepileptic drugg:*>*
Therapeutic plasma concentrations have been ta@anMicromede® Healthcare Serie¥;nd: no data.

Antiepileptic drug

M echanisms of action

Therapeutic plasma

concentration

phenobarbital

clobazam

GABA, receptor
(positive allosteric
modulation)

GABA, receptor
(positive allosteric
modulation)

GABA receptor
(positive allosteric
modulation)

GABA, receptor
(positive allosteric
modulation)

GABA, receptor
(positive allosteric
modulation)

10-40 pg/ml

5-12 pg/ml

nd

nd

0.1-0.4 pg/ml
of active metabolite
desmethylclobazam
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Antiepileptic drug

M echanisms of action

Therapeutic plasma
concentration

clonazepam

O)\NHZ

carbamazepine

A
O)\NHZ

oxcarbazepine

N/ N\\N
F
NH,
)

rufinamide

o

phenytoin

H
O N
jv?fo

ethosuximide

L,

Qm

GABA receptor
(positive allosteric
modulation)

GABA, receptor
(positive allosteric
modulation)

Na‘-channel blockade

Na‘-channel blockade
C&*-channel blockade

Na‘-channel blockade

Na‘-channel blockade

C&*-channel blockade

nd
(no direct correlation
between clinical effects
and plasma
concentrations)

25-30 ng/mi

4-12 pg/ml

nd

nd

10-20 pg/ml

40-100 pg/ml



1 Introduction 9

Antiepileptic drug Mechanisms of action Therapeutic plasma

concentration
o /

N
Lo
@ Cd*-channel blockade 10-40 pg/ml

methsuximide

COOH
Na'-channel blockade
C&*-channel blockade 50-100 pg/ml
valproic acid GABA SUppIyT
P
N QH GABA transporter not well established
Q COOH  (GAT-1) inhibition (1-234 ng/ml observed)
tiagabine
HOOC NH, GABA transaminase
K (GABAT) inhibition, nd
vigabatrin irreversible
HO0G NH, Ca"-channel blockade > 2 ug/ml
gabapentin ((128 Subun't)

A

: Céa*-channel blockade nd
HOOC A NH: (020 subunit)
pregabalin
cl
cl
Ney Na'-channel blockade 1-4 ua/ml
L Cé&*-channel blockade HY
HN" N” NH,
lamotrigine
. 0
YOO
H +
0 0 Na'-channel blockade nd
|
lacosamide

N o
/ I +
m$8NH2 Na'-channel blockade 20-30 pg/ml

C&*-channel blockade

zonisamide
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Antiepileptic drug

Mechanisms of action Therapeutic plasma
concentration

oW
NH,

retigabine

N
O/\H
F

sultiame

OYNHZ

6]

©)/\/O\H/NH2
0

felbamate

O. NH,
\S\\

™o
H —O0 \

Farele

topiramate

K*-channel opener nd

SV2A protein interaction
C&*-channel blockade 7-40 ug/ml
GABA receptor modulation

carboanhydrase inhibition nd

NMDA receptor blockade
Na'-channel blockade
Cé&*-channel blockade
GABA modification

18-83 pg/ml

KA/AMPA receptor

Na'-channel

C&*- channel 10.5 pg/ml
GABA modification

carboanhydrase inhibition
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1.2.2 Levetiracetam and analogues

In the 1960s, there were increased efforts to dgvetdatives that were supposed to act
via the inhibitory effect of the GABAergic systefor this purpose several pyrrolidone
derivatives were synthesized with the rationale design cyclic analogues of
y-aminobutyric acid. However, in animal studies iasvfound, that some of these
compounds possessed cognitive enhancing effedtsaoh®f sedative properties. In this
context piracetam was discovered, which represedirst nootropic drug that was
applied in clinical therapy. In 1992, the potent effect of the pyrrolidone drug
levetiracetam (LEV) was discovered. By random suree Alma Gower (UCB,
Belgium) found that this §)-configurated ethyl derivative (§-a-ethyl-2-oxo-1-
pyrrolidine acetamide) of piracetam possesses pimsexl anticonvulsive effects, which
became evident by tests involving acoustically oetl seizures in sound-sensitive
mice>® Subsequent investigations suggested a specifiilepfor LEV distinct from
that of other AEDs. While LEV showed potent antiepiic effects in several animal
models of epilepsy, it was lacking potency in twdle widely used screening tests for
AEDs: the maximal electroshock (MES) test and thbcataneous pentylenetetrazol
(s.c. PTZ) test. All other clinically applied AEP®ssess activity in at least one of these
two screening tests. Furthermore, the examinatimosight forward that LEV might
possess antiepileptogenic effects, and thus colgidl lae effective in inhibiting the
progression of the disease. In addition, the alsehcevere side effects adds to the
most promising profile, which was determined foe tompound®>® LEV underwent
clinical trials and eventually was approved by E2A under the trade name Keppra
in November 19987 At that time, not much was known regarding the euolar
mechanism of action and the target of LEV, for vahidoyer et al. supposed a highly
abundant protein located in synaptic vesicle memdsaf the central nervous syst&hm.
Five years after its approval, in 2004, this sitaswdentified by Lynch et al. as the
synaptic vesicle protein SV2A, a glycoprotein ofirig ubiquitous distribution in the
brain (see chapter 1.%).Thus, it became evident that LEV most likely egdrits
antiepileptic effects via a novel mechanism of@cttand thus might represent the first
compound of a potential new class of AEDSloday, Keppra belongs to the most
successful of the newer AEDs, being widely presctifor partial as well as generalized
seizures, as a monotherapy and as an add-on meditat® With the aim to identify a
drug with even higher potency, about 12000 compsuwmete screened for their affinity
to the SV2A protein in radioligand binding studiegersus [3H](&H)-2-[4-(3-
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azidophenyl)-2-oxopyrrolidin-1-yl]butanamide, [*H}80889 (sed-igure 8) by UCB
Pharma SA, Belgium. This effort led to the discgvef brivaracetam (BRV), thelR)-
4-propylpyrrolidinyl analogue of LEV. It possess®e40- to 20-fold higher affinity for
the SV2A protein than LEV, and through potentiadliidnal antiepileptic mechanisms
of action might not only be a more potent, but @saore effective AED in comparison
with LEV. Moreover, it appears to have a side dffpfile indistinguishable from
placebo. Currently, BRV is undergoing late stagephmse Il clinical trial€®"* A
pivotal role of the SV2A protein in the antiepilepteffects of the pyrrolidone
derivatives has been postulated. For several LEWae/es binding affinities to the
SV2A protein (determined in competition binding exWments versus the radioligand
[H]ucb30889) showed a positive correlation witkitrantiepileptic potency in several
animal models of epilepsy after i.p. administratadrthe test compoundd.” However,

it has been criticized that in these studies thelwespinal fluid (CSF) levels of the
investigated AEDs had not been determined; thusannot be excluded that the CSF

concentrations of the drugs may have differed cterably’®

Apart from the known interaction with the SV2A pot, LEV appears to evoke
additional effects, which were observed in severalitro andin vivo studies. In this
context a reduction of cation currents has beewrribesi including N- and P/Q-type
calcium currents'’® as well as certain potassium currefitsConcerning sodium
currents no modulation could be obser¥®drurthermore, LEV appears to have an
influence on intraneuronal calcium stores, whereisitcapable of inhibiting the
intracellular calcium releagé.Moreover, a modulation of GABAreceptors could be
demonstrated: LEV reversed the effect of zinc ttem be applied as an allosteric
modulator to reduce the inhibitory effect of GABA epileptic brain tissu®&. In
addition, LEV also appears to have an influencahenglutamatergic system, since a
reversible inhibition of AMPA currents in the prese of LEV could be showf.So
far, for none of these effects a mechanism of actioa specific target site has been
identified. Whether these effects are related éoititteraction with the SV2A protein or
whether they are evoked by an SV2A-independentwaaths not clear yet. Also, it
remains to be elucidated to which extent thesectffeontribute to the unique

antiepileptic effects of LEV.
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1.3 SV2A protein

The identification of the putative molecular targétucture of LEV' led to increased
interest in the synaptic vesicle proteins SV2 iilegsy research. The SV2 proteins are
membrane proteins, which are present in all syna@sicles of neurons and endocrine
cells of vertebrate€® % Encoded by different genes three highly homologous
isoforms exist, termed SV2A, SV2B and SVZC? The SV2A protein is the most
abundantly expressed isoform, which is presentligoresynaptic terminals of neurons,
independent of their neurotransmitter type. Therithistion pattern of the second most
abundant isoform SV2B is more restricted and th@ G\soform is only expressed in
certain evolutionarily older brain regiofs*® SV2 proteins are composed of 12
transmembrane domains (TMDs), which are flankeatydggplasmic N- and C-termini
(seeFigure 4). In general the loops between the TMDs are radfjtishort with two
exceptions: SV2 proteins possess a long cytoplakmow between the TMDs 6 and 7,
and a long luminal loop between TMDs 7 and 8 wHglycosylation sites in three
positions® ®°It has been suggested that the sugar chains figttion as a stabilizing
gel in the intravesicular spa®®™® The three isoforms exhibit a high sequence
homology within the 12 TMDs and to a somewhat legs¢ent also within the long
cytoplasmic loop, whereas the sequences of therrhitias as well as the long

intravesicular loop are less well conserved ambeggoforms’”

Apart from the SV2 proteins a more distantly redapeotein was identified, the SVOP
(Sviwo-related _potein), which beyond vertebrates is conserved linmalticellular
organisms that have been examined so’*fat. is suggested to be a potential
evolutionary precursor of the SV2 proteins (SV2tgirgs, in contrast, have only been
found in vertebrates) possessing a similar trandonane structure, but lacking both
long loops present in the SV2 proteins. Within theansmembrane structure SVOP as
well as SV2 proteins exhibit significant homology mammalian organic cation and
anion transporters and more distantly also to strgausporter proteins in eukaryotes
and bacterid”®?Being located in the membranes of synaptic vesidtgtially it was
proposed that SV2 proteins might function as trartsps for the uptake of
neurotransmitters into the vesicfsHowever, due to the ubiquitous presence of the
SV2 proteins in synapses with different types airogansmitters this hypothesis was

discarded®
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Figure 4: Topology model of theat SV2A protein. Thesnakeplot diagram was drawn with TOPO2 v
prediction of transmembrane domains based on TMt softwar&®®* (see 8.1.1)Transmembrane
domains are numbered TMDo Xll, exons are numbered in grey Arabic numbimn 1 to 12 an
separated by lines, N- andt€mini are labeled with the corresponding let Amino acidscolored in
dark blue represent residues that are conservedgaibthree isoforms (SV2A, SV2B and SV2C), li
blue colored ones are conserved in one other ispfoesides SV2A, and white colored ones are-
conserved and only present in B2A isoform.For an enlarged view sé&égure 35.

Recently, two conformations of the SV2A protewere determined by protei
tomography (an electron microscof-based technique for the th-dimensional
visualization of proteins) By this analysis it could be shown that the protein be
present either in a compafinnel structure with a porée opening towards th
cytoplasmor in a more open, -shaped structure with a cldike opening towards th
intravesicular space. Based on these findit seems conceivable that SV2 prote
could actually perform dunction as transports. Many hypotheses have been

forward as to whichsmall moleculs might r@resent potential substraf®® 968
However,until today it was not possible to identify any strate that is recognized a
transported by the SV2 prots. On the other hand, SV2 proteiathough the might
have emerged from transporter proteinmay perform a ransporte-independent

function, as it is the case efgr the adenylyl cyclas?®
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Very recently the structural similarity of SV2 peats to transporter proteins has been
taken as a basis for combined modeling and mutagestidies to identify amino acids
that may be involved in the interaction with therpijidone drugs® Therefore, point
mutants of the SV2A protein have been created sitipas corresponding to functional
residues in related transporter proteins. By bigdatudies with pyrrolidone radio-
ligands, 14 amino acids were identified, which saggally are involved in the binding
interaction. Since the investigated transportetging (lactose permease Lacy, rat and
human organic anion transporters) do not posseasg TdVD-connecting loops, the
identified amino acids are mainly located withie thMDs. So far this study provides
the only available information concerning the pw&atSV2A-pyrrolidone interaction
site and suggests that the ligands may bind icehéral cavity of the SV2A protein.

Whereas a lot of uncertainties remain concernimgttansporter function, it is known
that SV2 proteins represent the neuronal recemorétulinum toxin A% This

peptide is interacting with SV2 proteins by bindiogthe intravesiculaN-glycosylated

loop between TMDs 7 and 8 during the release ofvédsicle content into the synaptic
cleft. After endocytotic internalization botulinutoxins inhibit further neurotransmitter
release by cleaving essential fusion-mediatinggimst Moreover, an involvement of
SV2 proteins in regulated insulin secretion hasnbseggested, presumably by

controlling the glucose-evoked insulin granule uitcnent to the plasma membratie.

To further elucidate potential functions of the SM®dteins studies with KO mice have
been performed, which revealed that SV2 proteirseasential for survival and normal
brain function’®'% SV2A KO mice (-/-), lacking the primary SV2 isofoy appear
normal at birth. However, they do not grow, exhdswere seizures and die within the
second or third week after birth. SV2B KO mice ad show this phenotype, why it has
been suggested that the function of the SV2B protain be taken over by the
ubiquitously present SV2A isoform. SV2C proteingeveot considered in these studies
due to their limited overall expressiGhHeterozygous SV2A KO mice (+/-) develop
normally, but exhibit an increased seizure susbi#pyi '°* Effects on neurotransmitter
secretion, which are caused by a knockout of th@ §&8es have been described and
discussed. Most of the studies suggest a decressmdtion of neurotransmitters in
SV2A KO'%31% a5 well as in SV2B K&® mice. In contrast, increased excitatory
neurotransmission was observed in SV2A KO mice fie study’® Other studies,
applying cultured neurons of SV2A KO mice, suppbé idea that neurotransmission is
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decreased in the absence of the SV2A prdféiRurthermore, it was observed that only
action potential-dependent (and thus®@#ependent), but not action potential-
independent neurotransmission was impaired in S¥PAmice!% Thus, a functional
role of the SV2 protein in Garegulated exocytosis was suggested. Moreover, a
binding site for the synaptic vesicle protein sywo#mmin was identified: the amino
termini of the SV2A and SV2C isoforms are intenagtwith the synaptotagmin protein,
which represents a calcium-sensor in neurotransmettocytosis’® *°The process of
exocytosis in synapses, which is part of the syoapsicle cycle, involves several
steps: initially, vesicles that are filled with metransmitters interact with the active
zone, which lies opposite to the synaptic cleficidog). Thereupon, vesicles undergo a
maturation step, which makes them competent fét-auced fusion with the synaptic
membrane (priming). Finally, exocytosis occurs upoanaction potential-evoked €a
influx (fusion)****2Chang and Siidhof suggested that the SV2A proseiagulating
neurotransmitter release by being involved in awetlentified process downstream of
vesicle priming, but before &atriggered fusion. In this context enhancementhef t

Cd*-responsiveness of synaptic vesicles was propasadale of the SV2A proteitt®

Despite many efforts, it has not been possibleltcidate the exact role of the SV2
proteins in neurotransmitter release to date. SineéAED levetiracetam (LEV) is only
interacting with the SV2A isoforl, a prominent role for this isoform in
neurotransmitter release has to be presumed. Tigeitdus expression of the SV2A
isoform, however, makes it difficult to interprétet effect that is caused by binding of
LEV to this protein. For instance, Yang et al. segjgd that the interaction of LEV with
the SV2A protein evokes reduced neurotransmittézase-* However, the broad
expression of the SV2A protein — in excitatory adl\&s inhibitory synapses — is only
hardly compatible with the distinct antiepileptiteets conveyed by LEV. Even though
several studies indicate that SV2A is the main dargnd responsible for LEV’s
pharmacological actiotf;’?it cannot be excluded that further targets, witotentially
are much less abundant, contribute to some exadrEY’s potent antiepileptic effects.
In this context it has been postulated that LE\AlIso binding to AMPA receptors, a
glutamate receptor subtype (see chapter '#>4$ince these receptors are much less
abundant than the SV2 proteins, it is conceivaide previous investigations may have
failed in determining interactions with such lowuadant targets due to limited

sensitivity of the employed analytical methods.
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1.4 AMPA receptors - glutamate receptor subtypes

1.4.1 Glutamate receptor subtypes

The amino acid L-glutamate represents the majorta®ecy neurotransmitter of the
central nervous systeffiWith the arrival of an action potential (transmittby voltage-
gated sodium and potassium channels) at the pnegsgnsite of a glutamatergic
synapse, voltage-gated calcium channels are opanécdalcium flows into the cell.
Upon this stimulus glutamate-filled vesicles areased via exocytosis. After diffusion
across the synaptic cleft, glutamate is interactvith several glutamate receptors,
which can be assigned to two main groups: metapitr(G protein-coupled) and
ionotropic (ligand-gated ion channel) receptdfsMetabotropic glutamate receptors
mediate the slow excitatory neurotransmission aadrevolved in multiple biochemical
pathways-*"**®The fast excitatory neurotransmission (on a neitlend time scal&y’ is
mediated by ionotropic glutamate receptors, whighligand-gated cation channéfS.
lonotropic glutamate receptors are further subégiohto NMDA receptors and the two
non-NMDA receptors AMPA receptor and kainate recepfheir names originate from
pharmacologic agonists that selectively bind to activate the corresponding receptor:
N-methylD-aspartate (NMDA),a-amino-3-hydroxy-5-methyl-4-isoxazole propionate
(AMPA) and kainic acid (KA), which are all structlily related to the endogenous
agonist glutamate (séegure 5).

O
O >: +

o -0 HH O
(S)-/L-glutamate NMDA AMPA kainate

Figure 5: Chemical structures of L-glutamate and its anadsgdMDA, AMPA and kainate.

1.4.2 AMPA receptors

Molecular cloning of glutamate receptors has cbaoted greatly to the understanding
of the structure and function of AMPA receptors (RERs)???2 Further
information was obtained by several crystal striectstudies of AMPAR subtypes,
which have been published during the last 10 yEars® Four subunits have been
identified (GluR1-GluR4, also named GluAl-GluAdaaftAMPA), which are encoded
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by the gene&rial-4. The subunit, which posses length of about 900 ami acids,
share a sequence homology of approximately *’ All of the four subunits are
composed of an excellular amin-terminal domain (N-terminus)a ligan«-binding
domain (D1 and B), the transmembrane domain (consisting of thresnbman-
spanning domains M1, Ma&nd M¢ and one intramembraneousemrant loop Mz,

and a cytoplasmic carboxgrminal domai (C-terminus), as depicted igure 6.

Amino- NHo
terminal
domain
D2 DA
Ligand Cotmperz;:m;c
binding antagonists
domain
Noncompetitive
antagonists
Linker
Trans-
membrane
domain
Carboxy-
terminal
COOH domain

Figure 6: Schematic model of the domain structure of a singteeptor subur of AMPARSs (modified
from Rogawski)**’ The subunits composed of an extracellular an-terminal and ligar-binding (D1
and D2) domairthat represents the binding site for the endogeagosist glutama, a transmembrar
domain €omprising three membra-spanning domains M1, M3 and M4, and aergrantioop M2), and
a cytoplasmic carboxterminal domair In the region of the linker sequences1-and S-M4 binding
sites for noncompetitive antagonist® assumed.

The long extracellulamminc-terminal domain, which idN-glycosylatedat several
positionst?® is suggested to be involved in subunit dimerizationl subtyp-specific
assembly?® Also on the extracellular site is the ligand binding (D1 and D2, which

represents the binding site for the endogenousistgginitamate as well as for AMF

It has been suggestétht the agonist initially interacts with the Db& whereupon th
D2 lobe moves towards the D1 lobe and interacth thig ligan. This conformatione
change is transmitted via the linker sequenceshéo ttansmembrane dom, thus
causing the channel to op&fl** Within the region of théinker sequences -M1 and

S2-M4 the binding sitefor noncompetitive antagons are suggestett.is assumed that
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those negative allosteric modulators stabilize toeformation of the receptor by
hindering the linker domains to transfer the comfational change onto the
transmembrane domain and thus impair the openingthef channet®’ The

transmembrane domain comprises three hydropholitaths that are spanning the
membrane (M1, M3 and M4) and a fourth domain (M@hich represents an
intramembraneous re-entrant loop. This re-entraop lforms the ion channel por&.

Within the intracellular carboxy-terminal domairetfour subunits exhibit the largest
sequence differences. This region interacts witmymdifferent proteins, and thus,

among other functions, is responsible for targetirggreceptor to synaps¥s.

All of the four AMPAR subunits exist in two variantcalled flip and flop, which are
products of alternative splicing® This flip/flop region is located on the extracédiu
site in close proximity to the transmembrane donmadglicated as M1 ifrigure 6. It is
encoded by neighbored exons of the subunit gengghwéomprise 115 bp. Among
different subunits these segments are quite sijabdribiting differences in the peptide
sequence between flip and flop in 9 to 11 aminadsacrhe flip and flop variants are
present in different expression levels during tleeetopment of the brain and also
exhibit a distinct, but partly overlapping expressipattern throughout diverse brain
structures>® They functionally differ from each other by thdiinetic properties: in
general, the flop variant desensitizes faster ttien flip variant in the presence of

glutamatel.21'136’137

A functional AMPAR that exhibits two agonist bindirsites is composed of four
subunits forming a tetrameric receptor structurbictv consists of two dimers of the
subunits GluR1 to GIURY:**®*°While homotetramers represent functional receptors
native receptors are almost exclusively heteratetra (consisting of two different
subunits each in dimer pairdf. The assembly of AMPARs varies depending on
developmental stage and subcellular localizatiavwéter, the majority of AMPARS in
the adult brain appears to consist of GIuR1/GluRfl &GluR2/GIUR3 subunit

combinationg#t142

1.4.3 The AMPA receptor subunit GluR2
Among the four subunits, the GIuR2 subunit playseatral role for AMPARS. It is
widely expressed in the central nervous systenmgopresent within the majority of all
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AMPARs 1314271446 IyR2 is the only subunit that carries a so-callgR-editing site,
which is located in the re-entrant loop forming tbe channel pore (indicated as M2 in
Figure 6)."*°*" This site has an essential function in the regnatof cation
permeability of the channel. By posttranscriptiof@NA-editing the genetically
encoded amino acid glutamine (Q) at position 60&xshanged by the amino acid
arginine (R) in almost all GIluR2 subunits. Thismediated by the enzyme adenosine
deaminase ADARZ2, which is converting adenosine twmsine by hydrolytic
deamination, thereby changing the codon CAG to ¥¥Ghis inosine is read by RNA-
dependent RNA-polymerases as guanosine, which ekarige codon to CGG.
Subsequently, arginine (CGG) instead of glutami@AG) is integrated into the
channel forming domain. Due to the positive chaagd the steric hindrance by this
residue, AMPARSs possessing the edited GIuR2 subwamé impermeable for calcium
and hence only allow monovalent ions (sodium andagsium) to pass the

Channell46,l49,150

In genetically modified mouse models lacking theR2 subunit it could be shown that
this subunit has an integral role in developmeunut famction of the brain. In the absence
of GIuR2, the mice show several behavioral abndtiealand an overall increased
mortality:****?Furthermore, it was demonstrated that mice, wkiqtress the unedited
GluR2 subunit (heterozygous), exhibit a particupdrenotype: due to unhindered
calcium permeability they develop epileptic seizuemd die shortly after birtfi>*>*

Similar observations were made with mice (homozgyolacking the editing-

responsible enzyme ADARZ®

AMPARSs represent the major mediator of excitatoggnotransmission and thus are
integrally involved in the generation and spreadpifeptic seizure¥’’ Given the fact
that the GIuR2 subunit is present in the majoritAMPARS together with its dominant
role in calcium permeability and the effects obsdrnin mice lacking edited GIuR2
subunits, it becomes evident that this subunitiatyccontributes to the physiological
functioning of AMPARs and thus very likely also tineir role in seizure propagation.
Consequently, it might be conceivable that a paénhteraction of LEV and its
analogues with AMPARs in a negative allosteric manoould contribute to their
antiepileptic effects. Due to a much lower abunéaiin@an the highly expressed SV2A
protein the detection of these receptors might behmmore difficult and hence require
more sensitive techniques than those applied wmique studies.
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1.5 Objectives

Levetiracetam (LEV) is one of the most successfuthe newer antiepileptic drugs
(AEDs) exhibiting a novel, uniqgue mechanism of @atiln 2004, the synaptic vesicle
protein SV2A has been postulated to be the moledalayet for LEV and related
pyrrolidone drug$; since LEV was shown to specifically bind to SV24twan affinity

of around 1 uM. Very recently, several amino acafsthe SV2A protein were
suggested to be involved in ligand bindifi§however, the exact binding site is still
unknown. So far the exact effects that LEV may evogon binding to this protein and
thus the mechanism of action of LEV are not wetlenstood. Several effects have been
determined for LEMn vivo as well agn vitro, e.g., on ion currents, which cannot be
readily explained by an interaction with the SV2tein. In this context, the question
remains whether the ubiquitously expressed SV2Aeprorepresents the exclusive

target for LEV, or whether other targets are ineoln its potent antiepileptic effects.

The present study was aimed at (1) contributinthéoidentification of the binding site
of the pyrrolidone drugs at the SV2A protein angl §2arching for potentially new
binding sites of LEV and BRV besides the broadlg aighly expressed SV2A protein.
Considering that potential, but so far unidentiftacget structures for LEV besides the
SV2A protein may exist, it can be assumed that theyld probably be present at much
lower expression levels than the SV2A protein. €fee sensitive detection methods
are needed. For this purpose, the first goal of fimoject was to devise synthetic
strategies, which would allow the generation oadigligand labeled with tritium with
high specific activity. Besides [?H]LEV, its analog brivaracetam (BRV) was to be
prepared as a tritiated radioligand as well, sinpessesses higher affinity for the target
structure (SV2A) and therefore would represent @proved investigational tool.
Subsequently, a valuable and reproducible assaytovae established, in which the
new radioligands could be characterized. Taking #ssay system as a basis, it was
further planned to investigate binding to differéesue samples including pathological

tissues from epileptic patients.

In order to contribute to the identification of thading site of the pyrrolidone drugs,
several SV2 variants were to be obtained by madecualoning and heterologous
expression, which afterwards should be investigatedinding studies using the new
radioligands. The effects of certain mutations d¢me thinding behavior of the

radioligands were to be investigated.
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Based on the results of published radioligand ligditudies it was postulated that LEV
and its analogues exclusively bind to the SV2A @rgtsince no binding could be

detected in membrane preparations from SV2A KO filiée
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Figure 7: Binding of [3HJucb30889 to brain membranes of wiiyghe (WT) and SV2A/B KO mice in dpm
from Lynch et af' Bars demonstrate total binding (white) and noreijeebinding determined in the
presence of 1 mM levetiracetam (black).

However, these studies were limited by a moderatéowv specific activity of the
applied radioligands. Thus, binding sites with mimlier expression levels than that of
SV2A, which would for example be the expected esgimn levels of ion channels or
many membrane receptors, could not have been ddtegtthe applied methdd’? It
has been suggested that LEV may interact with AM&eptors>**but the published
studies would have failed detecting this interacttlue to the low specific activity of
the applied radioligand and the low expressionl&gE AMPA receptors in comparison
to that of the SV2A protein (at least 10-fold diface). It was a further objective of this
study to investigate, whether direct binding of tlew radioligands to recombinantly
expressed AMPA receptors could be determined. Eurtbre, radioligand binding
studies with membrane preparations of SV2A KO miage to be performed with
radioligands of high specific activity in orderti@ave a chance to identify potential low-

abundant binding sites for LEV and BRV.
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2 Syntheses

2.1 Introduction

As mentioned above (see 1.2.2), due to various flogdeproperties, levetiracetam
(LEV) belongs to the most successful newer germrantiepileptic drugs. The newer
analogue brivaracetam (BRV), which is currentlypimase 1l clinical studies, raises
even higher expectations. However, the questiorthef mode of action of these

pyrrolidone drugs still needs to be clarified.

A very powerful technique to investigate drug-targeeractions is the performance of
radioligand binding studi€S>**® If a certain drug is available as a radioligand
(radioactively labeled compound), it represents extremely valuable tool for
examination of the drug’s binding behavior in vasoscientific problems. LEY} and
BRV'? have already been published as tritium-labeleibligdnds. They, as well as the
structurally related radioligand [3H]ucb3088%>1%41°%1%seeFigure 8), have been
applied for answering various scientific questiansluding investigations on the
binding behavior in diverse brain regions and pesipl tissues, binding to tissue
preparations from different species (rat, mousepdn), competitive binding behavior
in the presence of inhibitors, binding to recomhiha expressed SV2 proteins,

autoradiography and binding to brain membranesv@/SKO mice.

. -
N:N:N

Figure 8: Chemical structure of [*H]ucb30889 (*denotes pjosi of*H).

Based on these experiments, a wealth of informdtasbeen obtained that contributes
to the understanding of LEV’s mode of action. Hoes\there is one major drawback

that has to be brought forward concerning thesendoly published radioligands: they

all possess only moderate ([H]LEV: 36.6 Ci/mrfidip low ([2H]BRV: 8 Ci/mmoly?

specific activity and thus might not be sufficiéot answering all of the posed scientific
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questions — especially concerning the hypothesistiie SV2A protein might not be the
only target structure for LEV. Assuming that funtharget structures with much lower
abundance exist in concomitance with the SV2A pmota radioligand with low
specific activity might not be sufficient for det@ning a potential interaction. This
becomes particularly evident in previously publgh#ata, in which binding of the
radioligands to brain membranes of SV2A KO mice hasn investigate®. Within
these experiments even in controls (wild-type miaely relatively low signals have
been detected, raising the question, if the giweaduation range was still big enough
for the detection of potential low abundant targetsa recently published repetition of
this experiment (saturation binding to brain membrgreparations of SV2A KO
mice),? the applied radioligand only possessed a speafiivity of 8 Ci/mmol. These
examples emphasize that radioligands with condidieraigher specific activity are
required as powerful tools for definite clarifiaati of this matter, as well as for further
investigations regarding the interaction sites BVlLand its analogues.

Concerning the radioactive isotope, there are séwaguments, which support the
choice of tritium (3H) for labeling of the ligand®*>"1%? abeling with 3H (in contrast

to e.g.'*) offers the advantage of providing radioliganditt can be considered
biologically identical to their unlabeled (hydrogeontaining) analogues. With a half
life of 12.5 years, tritium enables the preparatioh storable radioligands. The
maximum theoretical specific activity, which is almable with one 3H atom is
28.76 Ci/mmol. Thus, it is possible to achieve isight specific activity of a

radioligand by introduction of three or four 3H wi® per molecule. Ideally. tritium-

labeled radioligands should have affinities in k& nanomolar range. Due to the fact
that LEV in this matter does not fulfill the optilmdemand of a radioligand, besides
LEV it was decided to additionally prepare its mqyetent analogue BRV as a

tritium-labeled ligand for binding studies (deigure 9).

Figure 9: Chemical structures of levetiracetai) &nd brivaracetangj.
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The objective of the first part of this study was devise a synthetic route, which
allowed for the preparation of tritium-labeled m@diands (of LEV and BRV) with high
specific activity. An alternative convenient teaiune of labeling molecules with tritium
would have been an isotope exchange e.g. by expasuwrganic compounds to tritium
gas (Wilzbach proceduré® However, this technique was not taken into accasinte
radiolabeled compounds obtained by this methodadreled randomly with often only
moderate specific activity and furthermore needomogs purification due to the
formation of a considerable amount of tritiated grpducts'® Instead, a synthetic
pathway had to be elaborated by which a reactieegicould be introduced into the
molecule that in the following step enabled thesgmbty to be transformed with
tritium gas into the required functionality. In geal, potential reactive groups that
serve for this purpose are e.g. unsaturated hyvona like alkenes and alkynes as well
as aryl halogenides. By reduction of an unsaturatgttocarbon to an alkane, or by
substitution of an aryl halogenide, respectivehg tontrolled introduction of tritium

into the molecule is possible.
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2.2 Synthesis of [*H]LEV

The synthetic strategy that was used for the sgmha the radioligand [BH]LEVY) is
based on a procedure described by Das Sarma®%tTale key step of this synthesis is a
reductive amination reaction using mucochloric ackk shown in Scheme 1
(mechanism of reductive amination as proposed angtet al}*® during the course of
this reaction mucochloric acid is cleaved intoritsy open form catalyzed by acetic
acid. After nucleophilic attack by the amine a haminal is formed, which is
transformed into the corresponding iminium ion undeimination of HO.
Subsequently, it is reduced to the secondary amittee presence of NaBH(OAcC)The
ring closure is then initiated by an intramolecutaicleophilic attack of the secondary
amine at the carbonyl carbon atom. Thus, it isiptess$o introduce the lactam scaffold
containing an unsaturated double bond twice suibstitby chlorine atoms. This motive
represents an ideal element for the introductiotribim by catalytic hydrogenation in
the last step.

NH, Q
o) “__NH cl
¢] 0 2 | OH
Cl oo Cl Cl OH o . OH +H*
cl cl cl HN 2
OH OH OH* \/\[]/NHZ
(o]

HN

Sy

0] @) @)

o) o) o)
cl cl
cl | OH cl | OH cl | OH Zi
H
cl H NaBH(OAd)s ¢ (LH‘ . . 0
H *HN HN H -H20
~_NH, \/:\n/NHz

Scheme 1:Proposed mechanism of reductive amination withaohboric acid*®

The synthesis of the radioligand [3H]LE3)(was performed as depicted Sitheme 2

The starting compound)-2-aminobutyric acid4) was reacted with thionyl chloride in
methanol to yield the methyl est& in analogy to Klieger and GibidfA’ In a

subsequent microwave reaction using ammonia in aneththe methyl ester was
transformed into the corresponding primary am@leThis amino acid amide was
applied in the above mentioned reductive aminateattion together with mucochloric
acid (7) in the presence of sodium triacetoxyborohydride eatalytic amounts of acetic

acid in chloroform to form the desired lact& which represents a suitable precursor
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molecule for the generation of the radioligsgidCompound (precursor) was custom-
labeled by Quotient Bioresearch (UK) by catalytydiogenation with tritium gas in the
presence of palladium on charcoal as a catalyst. fdrein described synthesis of
[FBHILEV was published in the Journal of Labelled Compounds and
Radiopharmaceutical$®

NH, NH," " NH,
- " on SOCh, MeOH o, NH;MeoOH = NH,
— > - =
ST zoceemen . 7T mwooee, . T
0 0 4h 0
4 5 6
cl cl
7 o 3H,, 10% Pd/C, N0
NaBH(OAC)s, HOAC N DIPEA : Nk
> “_ NH, = 2
i, 20 h 2 rt4h
D 5
8 3

Scheme 2:Synthesis of [BH]LEV; MW: microwave, DIPEAN,N-diisopropylethylamine (*denotes
positions of 3H).

2.3 Synthesis of [*’H]BRV

For the elaboration of a synthetic route for theparation of [BH]BRV 9), initially a
synthetic strategy for the unlabeled BRV was dgwedb(seesScheme 3. This synthetic
pathway provides the opportunity to introduce a-saturated structure by replacing the
propyl Grignard reagertl by the corresponding alkinyl or alkenyl Grignashgent.
Thus, a compound would be obtained that could beldal by catalytic hydrogenation

with 3H, gas.
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Scheme 3:Synthesis of BRV 1) (diastereomeric mixture); TMSCI: trimethylsilyhloride, TMSI:
trimethylsilyl iodide,N-MM: N-methylmorpholine, TMA: trimethylaluminum.

Following the above depicted synthetic pathwayip8gmethyl) hexanoic acid ) was
synthesized as previously described by Kenda &t Hhe propyl Grignard reageft
was prepared fronm-propyl bromide 10). It was directly used for the synthesis of
4-n-propylbutyrolactone13) with furanone 12) in a conjugate addition reaction in the
presence of copper(l) iodide and trimethylsilylaride (TMSCI). Thereby a C-C-bond
is formed between the alkyl moiety of the organathet Grignard reagentl1 and the
electron-deficient 3-carbon of the vinylogous coommbl2. The regioselectivity of this
synthetic step is further improved by the preseoic€ul, which is directing almost
exclusively towards 1,4-addition reactiofi$. Furthermore, TMSCI supports
regioselective 1,4-addition over the non-desirezialldition, presumably by trapping
the reactive enolate intermediate of the vinylogket® compound and thus preventing
reactions with ther-position?’®*"2The formation of unwanted side products, like e.g.
by intermolecular coupling reactions of the Grighaeagents (2 R-MgX> R-R), as
well as by other reactions, can further be infleehby factors like temperature, excess
of reagents, and velocity of additidff. Thus, compound.3 was obtained, which was
cleaved with trimethylsilyl iodide (TMSI) leading tcompoundl14 (3-(iodomethyl)
hexanoic acid).
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For the preparation of the amino acid edi®(S)-2-aminobutyric acid4) wasN-boc-
protected 15 and thereafter esterified with 4-methoxybenzylodde (16) using
CsCOQ; as a base according to a general esterificatiooepiure described by Dutton et
al.}™ After deprotection ol7 by addition of HCI (4 M) in dioxane the amino aeister
18 was reacted with the freshly prepared iodohexanoid 14 in an amide coupling
reaction. Therefore, the carboxylic groupldfwas activated as mixed anhydride using
isobutyl chloroformate in the presenceNsfnethylmorpholine based on the conditions
described by Herrmann et ’dF. The obtained amid&9 was cyclized to the lacta2D
with potassiuntert-butoxide as a base inspired by a cyclization ptaoe described by
Sanchez et &f° In the last step the ester of compo@was transformed into the
corresponding amide with an aluminum amide reagémt,situ prepared from
trimethylaluminum and NECI| applying similar conditions as described in ferm
publications:’"*"®By means of the above described synthetic routeait possible to
obtain the diastereomeric mixture of BRV in a ratfid : 1 GRandSS 21).

Subsequently, it was planned to repeat the whoiéhsyic route $cheme 3, replacing
the propyl Grignard reageritl by an unsaturated analogue (propenyl or propinyl
residue) to obtain a suitable precursor molecutetritium-labeling in the last step.
However, even though the C-C coupling reaction triasl in various attempts making
use of different mechanistic reaction principlésyas not possible to isolate the desired
product (propenyl or propinyl lactone) in satisfyipields.

A further approach that was taken into account, thasntroduction of the unsaturated
structure within the amino acid part, namely bytgsizing 2-aminobut-3-enoic atfd
(seeFigure 10), which would be employed instead of the saturateshpound $)-2-
aminobutyric acid4).

NH,
NN OH

)

Figure 10: Chemical structure of 2-aminobut-3-enoic acid.

Being aware of the fact that this strategy wouladléo a mixture of diastereomers in
both stereocenters and would only allow the intohidm of two 3H atoms, it was

rejected for the sake of another strategy, whidhdethe desired result:

In contrast to the above listed strategies, thviohg synthetic pathway allows the

introduction of four 3H atoms. Diastereomeric sefian of the radioactively labeled
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compounds, which emerge during the Ilabeling reactics performed after
radiolabeling. This presents an effective and corere method for the preparation of a
precursor molecule, which can be used for prodoatioa radioligand labeled to a high

specific activity.

In order to synthesize an adequate precursor mleléaguthe radioligand [(H]|BRVY),
initially compound22 (4-allyl-5-hydroxyfuran-2(8)-one) was prepared in analogy to
the procedure described by Bourguignon and Werriltlyoxylic acid 3) and pent-
4-enal 4) were used as building blocks to be applied inanMch-type reaction in the
presence of morpholine hydrochlorid@5)(. According to the proposed reaction
mechanism (se&cheme 4 an intermediate iminium ion was formed by reactaf
morpholine hydrochloride with glyoxylic acid, whi¢hen reacted (nucleophilic attack)
with the 3-carbon atom of the CH-acidic aldeh@de After intramolecular cyclization
the lactone26 was obtained. Elimination of morpholine under acidonditions

provided the produ@2.

Cr H_O H OH . H H
\ M, H,0 /\ /\
d W o+ [ —» d W —— |0 N= «~> d N
__/ COOH _/ COOH — COOCH — COOH
25 23

\ N /R NV
0D ) ()
HO o - OCNH Ho@o Oj_gzo

o
o HO
22 26

Scheme 4:Proposed mechanism of the synthesis of 4-allydtxyfuran-2(%1)-one @2).

Compound22 together with the amino acid amiflevere then applied for the synthesis
of the precursor molecul27 via a reductive amination reaction (s8eheme } as

described abov&® The hereby obtained precursor moleifevas custom-labeled by
Quotient Bioresearch (UK) by catalytic reductionttwtritium gas in the presence of

palladium on charcoal as a catalyst.



2 Syntheses 31
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Scheme 5:Synthesis of [FBH]BRV/[?H]isoBRV (diastereomericxtire,28); *denotes positions of 3H.

As mentioned above, during the labeling reactiodiastereomeric mixture of the
radiolabeled compound evolves28] comprising the SR- as well as the
SSdiastereomer. Consequently, diastereomeric separaf the mixture by chiral
HPLC was necessary, leading to the radioligand{BRY (9) and [3H]isoBRV R9) in

their enantiopure form.

ADC1 A, ADC1 CHANNEL A RA (0811100G021-0201.D)
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Figure 11: Chromatogram of diastereomeric separation of F6BRV (retention time: 6.516 min) and
[BH]BRV (retention time: 8.751 min) by chiral HPLChromatographic separation was performed by
Quotient Bioresearch (Chiralpak AD-H 5pum, 250 x M column, isocratic elution with
ethanol : hexane (55 : 45) at 25 °C with a floverat 1 ml/min, UV detection at 205 nm).
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2.4 Summary

Radioligands represent powerful tools for the @lzation of scientific problems related
to pharmacological or biochemical issues. They applied in a broad field of
investigational research and are especially helpduktudy drug-target interactions.
Considering that the mechanism of action of LEV el), which is successfully
applied as AED, is still not understood, it seenwiaus that suitable radioligands
represent a valuable tool for further researchhiithis study it was one goal to create
radioligands that are universally applicable: fengral binding studies as well as for
the detection of potential low abundant targetsil®vine so far applied radioligands in
this field only possess moderate specific actiaityl therefore might not be applicable
for certain scientific problems, as one part o thiudy, synthetic strategies had to be
devised, which allowed the preparation of radioligg labeled to a high degree. Apart
from [BH]LEV (3) a synthetic route likewise had to be devisedtliar preparation of
[BH]BRV (9). This pyrrolidone analogue exhibits higher atfnio the target structure
(SV2A) and thus represents another important inyasbnal tool.

Synthetic strategies for both pyrrolidone drugs ewvedevised leading to the
corresponding precursor molecules with functionabugs, which allowed the
preparation of the desired radioligands by catalyteduction with tritium.
Radiolabeling of the precursor molecules was peréal by Quotient Bioresearch. By
means of the above described procedures it wadbpmde obtain the radioligands
[FBHILEV (3) and [H]BRV Q) as well as its diastereomer [3H]isoBR29J labeled to a
high degree (94-98 Ci/mmol) with tritium (sEgure 12).



3 [BH]LEV, [3H]BRV and [3H]isoBRV binding to nativeroteins 33

3 [*H]LEV, [3H]BRYV and [*H]isoBRV binding to native proteins

3.1 Introduction

For investigations regarding protein target intdcers of LEV and its analogues,
radioligands were prepared (described in chaptevit®) high specific activity. Besides
the radioligands [*H]LEV and [3H]BRV, for which hiing studies with analogues
labeled to a much lower degree are already pulli$hé also [*H]isoBRV — the
SSdiastereomer — was obtained ($eégure 12). As an initial step it was important to
establish radioligand binding assays based on fidynpriblished procedures, which
could be applied for the characterization of thespnt pyrrolidone radioligands.
Various experiments were performed to reproducenéoly published results to
investigate the radioligand binding to diverse meanb preparations and thereby gain
insight into interactions of these radioligands hwiproteins in native tissue.
Furthermore, in the course of these experimentsiding behavior of [?H]LEV and
its more potent analogue [H]BRV were to be comgpangth each other to assess

similarities or differences in their binding behawvi

NN
0 Z}o
\/’\g/ \/\If

[FH]LEV [*H]BRV [3H]|soBRV
3 9 29

Figure 12: Pyrrolidone radioligands [*H]LEV, [3H]BRV and [?(KpBRYV (*denotes position of 3H).

3.2 Radioligand binding studies

3.2.1 Establishment of binding assays for [*H]LEV, [*H]BRV and [*H]isoBRV
Having the radioligands in hand, it was first neseeg to establish a useful and
reproducible assay system based on formerly puddisprocedure®:*>° Therefore,
initial experiments were performed to gather infatimn about suitable concentrations

of the applied radioligand as well as the amounpmftein to be used per well. In
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accordance with the reaction conditions describeldvb (see 8.5.4.1.1 anthble 21),

after an incubation time of 120 min the followiresults were obtained:

B
3000 120
2500 —~ 100
e X
g 2000 E’ 80
= 1500+ 2 60
E :
T 1000- £ 40
5 I 5
500+ 2 20
1. !_! [ . 2 .
100 pg 200 pg 300 pg 100 pg 200 pg 300 pg
rat cortical membrane preparations rat cortical membrane preparations

Figure 13: Protein concentration dependent binding of theofm@dnds [H]LEV, [*H]isoBRV and
[BH]BRYV to rat cortical membrane preparations: 1200 or 300 pg of protein per well was incubated fo
120 min at 4 °C with [BH]LEV 5 nM (light green),H}LEV 10 nM (dark green), [?H]isoBRV 1 nM
(purple), and [*H]BRV 1 nM (blue), respectively. INgpecific binding (open bars) was determined @ th
presence of unlabeled LEV (1 mM). Specific bind{dgtted bars) was obtained by subtraction of non-
specific binding from total binding, which was deténed in the absence of unlabeled LEV. All data ar
means + SEM of an experiment performed in tripicdt: Specific and non-specific binding in cpm.
B: Specific binding expressed as a percentage dftimtding.

This individual experiment allowed several obseorad: as assumed, within the
investigated ranges binding of the radioligandsraased proportionally with the
concentration of the protein. Likewise, linearitputd also be concluded for the
radioligand concentration, as demonstrated by [EVL5, and 10 nM, respectively),
shown inFigure 13A.

Specific binding of [BH]LEV was determined to b&5% (for protein concentrations of
200 pg and 300 pg per well), while [*H]isoBRV derstrated specific binding 80%
and [?H]BRV even> 95% for all protein concentrations tested (Bégure 13 B). In
general, non-specific binding is aimed to be keplosv as possible. Acceptable values
for specific binding given in literature are 50% lasing considered barely adequate,
70% as good, while 90% is considered as excelférBased on these data it can be
concluded that the radioligands under the appl@dlitions providegood to excellent

specific binding.

In order to obtain sufficiently large evaluatiomges it is important to achieve adequate
signals for the overall binding. Ideally, the sigshould not be lower than 100 cpm for

the lowest signal expected in the asSayConfirmed by this preliminary experiment —

regarding prospective studies — it was decidedptdya*H]LEV in a concentration of

10 nM and 200 pg of protein (membrane preparatigpes) well. Since the so far
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measured specific binding of [*H]isoBRV was stillitg low (around 620 cpm and less),
for future studies it was decided to apply the sagand in a concentration of 5 nM
together with 100 pug of protein (membrane prepamnad per well. For [BH|BRV a
concentration of 1 nM along with 100 pg of prot@membrane preparations) per well
was considered to provide sufficient binding andréfwith valuable results within

future experiments.

Further assay conditions, like the buffer systessag volume, determination of non-
specific binding etc. were adopted from Noyer éP4h a series of experiments it was
confirmed that a concentration of 1 mM unlabeledVLEs sufficient for the
determination of non-specific binding (data notwhy This is also consistent with data
in the literature, which suggest at least an exoé490 times the K concentratiort>’
Moreover, it was verified that incubation at 4 ‘&5, well as keeping the time of the
washing procedure as short as possible, whilsgusiid washing buffer is essential for
the quality of the results. As shown Table 2 the allowable separation time shortens
remarkably with decreasingpivalues, since dissociation accelerates with Idigand
affinities.

Table 2: Relationship between equilibrium dissociation ¢ans (Kp) and allowable separation time
(from: Yamamura et al}’

Ko (M) allowable separation
time (sec)
10° ~ 100
108 10
107 0.10
10°® 0.01

It is self-evident that a low temperature buffedanrapid washing procedure in this
context have a remarkable influence. However, cmiieg the ratio of nonspecific to
specific binding, it was further proven that thraeses with a smaller volume provide
better results than two rinses with a bigger volwhbuffer. Furthermore, it turned out
that the use of a double layer of GF/C glass fildears for the filtration procedure
(from which the upper filter was used for the asadyled to a reduction of deviations

within an assay.

Hence, it can be concluded that all of the threegbidone radioligands can be applied

under the above described, optimized conditionpéosforming standard assays.
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3.2.2 Kinetic studies

To investigate the binding of the three radioligandH]LEV, [3H]isoBRV and
[BH]BRV as a function of time, kinetic experimen®re performed using rat cortical
membrane preparations (see 8.3.1) according toitomm&l described in 3.2.2. The

following association binding curves were obtained:
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Figure 14: Specific binding of [BH]LEV 10 nM 4), [3H]isoBRV 5nM @) and [*H]BRV 1 nM ()
obtained in association binding experiments usiay brain cortical membrane preparations. The
radioligand was incubated at 4 °C with membrang@amations A: 200 pg of protein/wellB, C: 100 pg

of protein/well), which were added at different ¢&irpoints. Non-specific binding was determined ia th
presence of unlabeled LEV (1 mM). Data are repttasier of 3-4 independent experiments performed in
duplicate or triplicate; data points represent rsea8EM.

Table 3: Half time of association;$ (min) £ SEM of pyrrolidone radioligands obtained dssociation
binding experiments.

[BH]LEV [®H]isoBRV [*H]BRV

t,/2 (min) 16 £2 292 60+ 1

The given data illustrate the differences in thenetiinterval between the three
radioligands until equilibrium of binding was reach The course of association for all
radioligands showed binding to a single site. Ageeted, at 4 °C [3H]LEV showed the
fastest association kineticg/4t= 16 + 2 min), followed by [*H]isoBRV {t = 29 +
2 min), whereas association proceeded the sloweg$tH]BRV (t1> = 60 £ 1 min). In

the literature, association of [BH]LEV to rat braimembrane preparations is described as
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binding to two sites, however with a comparablersewf association providing the
same time interval until steady-state is reactiddkewise, association of [*H]BRV is
characterized as binding to two sites in the lttes’” but again the overall course of
the published association curve is consistent Wit one obtained by the here
performed association experiment. Based on thesgtsehe incubation time (time until
steady-state can be assumed) was determined a®id2@r [*H]LEV, 180 min for
[*H]isoBRV and 240 min for [3H]BRV.

Besides association studies also dissociation esuftir all of the three radioligands
have been performed (data not shown). Howeverdgia of the dissociation curves
showed considerable deviations, values fgr (kalculated withEquation 4) were not
well reproducible and kinetic giKvalues could therefore not be calculated (accgrthn
Equation 6). Nonetheless, since thepKvalue can be calculated from saturation
experiments with even higher accuracy, the data fitee dissociation experiments were

not needed for further calculations, and consedyrdre discarded.

Concluding the results of the kinetic binding sasgjivaluable information was obtained
concerning the time interval until equilibrium bind was reached by all of the three
radioligands. Based on these values, the incubétiom for prospective binding studies

was determined.
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3.2.3 Saturation studies

The three radioligands were further characterizgds#turation binding experiments
using rat cortical membrane preparations. By medtisese experiments the affinity of
the radioligands to their binding sitesp)kas well as the maximum number of binding

sites (Bnay Was determined.
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Figure 15: Specific binding of [BH]LEV A), [*H]isoBRV (B) and [*H]BRV () obtained in saturation
binding experiments using rat brain cortical membragreparations. Different concentrations of the
radioligand were incubated with membrane prepanmati@: 200 pg of protein/wellB, C: 100 pg of
protein/well) at 4 °C for 120 minA), 180 min B), or 240 min C), respectively. Non-specific binding
was determined for each radioligand concentratiotné presence of unlabeled LEV (1 mM). Curves are
representative of two independent experiments pactormed in triplicateA) or duplicate B, C); data
points represent means + SEM.

From the above depicted saturation experimentsfab@wing values were obtained

(means £ SEM of two individual experiments perfodnre duplicate or triplicate):

Table 4: Kp and B, values + SEM of pyrrolidone radioligands obtaimedaturation experiments.

[BH]LEV [®H]isoBRV [®H]BRV
Ko (nM) 1115+ 177 409 + 23 70.0+8.4
Bmax (pmol/mg protein) 3.7+0.1 104+1.2 8.3+1.5

The saturation experiment of the low affinity lighjiH]LEV was performed by means
of isotopic dilution (see 8.5.3.2.1), which allowtxd measure up to concentrations at

which a plateau (saturation) was reached. This nedspossible for the radioligands
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[*H]isoBRV and [3H]BRV, since the corresponding @&digands were not available. In
these cases the saturation binding experiments \wer&rmed with non-diluted
radioligand, which limited the highest concentratiapplied in the assay (ideally it
should encompass ~0.1 % Ko ~10 x K,).>*® Nevertheless, the course of the saturation
binding curves was sufficient for determinationtloé relevant parameters. To increase
the accuracy of the saturation studies, the “at@icentration of radioligand applied
in the assay was determined by measuring aliguogsch radioligand dilution. These
actual concentrations were used to plot the sabmraturve and hence, for the

determination of Is and B,y values.

As expected, the obtained data demonstrated inngeafinities of the radioligands to
their target site following the order [*H]|BRV > [fidoBRV > [*H]|LEV. Based on these
results [3H]BRV showed about 16 times and [3H]isaB&bout 3 times higher affinity
than [BH]LEV to their binding site. These determdri€, valuesare in accordance with
data from the literature: Gillard et al. determireep value of 62 + 8 nM for [*H]|BRV

at rat cortexX? For [3H]isoBRV no I value has been published so far, however a K
value (obtained from a heterologous binding expenivs. [3H]BRV) was determined
to be around 320 nNF. The K value published for [BH]LEV (0.8 + 0.2 pM), whietas
obtained by saturation binding to rat hippocampahtorane? is slightly lower than
the here determinedKvalue. Nevertheless, it is still within the saraaege, especially

since this low affinity ligand is more prone to@rm binding experiments.
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Figure 16: Rosenthal plots from transformed data obtainedsaturation experiments with the
radioligands [3H]isoBRV A) and [2H]BRV @).

All saturation binding curves describesimgle-phase procesgexemplarily shown by
Rosenthal plots for [3H]isoBRV and [H]BRV iRkigure 16), and thus demonstrate
labeling to a single class of binding sites. Thiasvalso suggested by published data

from saturation experiments of the radioligand [FEY and [H]BRV®""? The
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determined numbers of binding siteB(x valueg obtained from these saturation
experiments all lie within the low picomolar randéis is in accordance with the &
values of the published saturation experiments £ and 11 = 2 pmol/mg

protein)®*"2

merely the Bax value determined by the radioligand [3H]LEV isgslily
lower. This again in parts might be due to highevidtions caused by lower target
affinity (leading to a higher dissociative loss) all as to imprecision in the

determination of the R« value from saturation curves with isotopic diluiso

Summing all up, it can be concluded that all thiagioligands provide data compatible
with those published in the literature. Even thotlghlow affinity radioligand [3H]LEV
IS more susceptible for deviations, it providesikintdata as formerly suggested.

3.2.4 Competition experiments at rat cortical membrane preparations

As mentioned above (see chapter 1.2), due to amasd resistance rate of
approximately 30%*®! regarding AED therapy it becomes of great imparato
target novel structures that are distinct from ¢ho$ the so far known antiepileptic
targets. In 2004, Lynch et al. identified the SV@¥sotein as the molecular target for
LEV, thereby supporting the hypothesis that thisr@idone drug acts via a unique
mechanisnf! This is further strengthened by the fact that amlgy few compounds are
known that actually compete with the binding of LEYd its analogues;’? some of
which were investigated within this study (¥@gure 17).

One of these compoundsathosuximide an AED that is predominantly applied in the
treatment of generalized absences. It interacts wittage-gated T-type &achannels,

reducing the influx of C4 and therewith inhibiting the formation of an emtitry

postsynaptic potential (EPSP). The oral therapyalligistarts with increasing doses
(250 mg intervals over four to six days) until tigpical initial dose (adults: 500 mg per
day) is reached. This initial dose is further addpio a daily dose of generally 20 to
30 mg/kg. The optimum therapeutic index ranges fd@hto 100 pg/ml; concentrations

of 160 pg/ml are still tolerated without any sevside effects:* 2

Besides anti-convulsive, also pro-convulsive conmaisu have been identified that
compete with LEV and BRV bindingPentylenetetrazo] a respiratory stimulant,
presumably acts as a non-competitive antagonishetGABA, receptor. In high

concentrations it provokes seizures via a yet umknmechanism. Due to this effect it
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is frequently used in epilepsy research to studiegfic seizures in animal models and
to investigate the efficacy of potential anticorsrwé compounds (PTZ model). In a
timed intravenous PTZ infusion seizure t€st. PTZ test) the rat or mouse is
continuously given PTZ by infusion into the tailiveéo determine the dose (mg/kg
body weight) at which a certain type of seizureussqmyoclonic, clonic or tonic). A

potential anticonvulsive effect of a test compouwtijch is administered prior to the
infusion of PTZ, can be identified by a delayed woence of the formerly observed
seizure type. Typical infusion rates are 4-8 mg) @a3 mg (mouse) PTZ per minute. In
general, first clonic seizures occur between 3@@ang/kg®® With regard to a body

weight of 200 g, this corresponds to approxima#8yto 58 pumol per rat. In a further
animal model PTZ is administered subcutaneousty BTZ test) in concentrations of
85 mg/kg body weight and time is measured untihid®eizures occur. Whereas LEV
only showed efficacy in the i.v. PTZ test, but nothe s.c. PTZ test, its analogue BRV

proved efficacy in botf2***

Bemegridealso represents a CNS-active compound with raspyratimulating effects.
It is likewise applied in animal models to evokenealsions. The dose for inducing
clonic seizures is 30 mg/kg body weight i.p., whibrresponds to 39 umol per rat
referred to a body weight of 200'F.

Not surprisingly, competitive binding behavior halso been found for structurally
related compounds from the class of pyrrolidonegdrRiracetam, the first nootropic
drug developed, has been claimed to possess sepetahtial modes of action,
including influences on membrane fluidity and netaosmission as well as
enhancement of cerebral blood flow. Besides cognitlisorders, it has several further
indications, like e.g. cortical myoclonus and dyse In general, the required doses for
therapeutical treatment are very high, such astrestment of cognitive disorders,
which requires dosing between 2.4 and 4.8 g per idayeby, following an oral dose of

3.2 g, a plasma level of 84 ug/ml is achie¥&d®

Aniracetam is another pyrrolidone drug that likewise possessmynition enhancing
properties. The mechanism of action is still notown yet. It is discussed that
aniracetam conveys its effect via positive allasterodulation of the AMPA receptor,
therewith slowing down receptor desensitizationiclwisupposedly results in improved

short- and long-term memory storage.
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Figure 17: Chemical structures of compounds tested in thegmtestudy for competitive behavior vs.
[BHILEV and [*H]BRV.

Within this study, the pyrrolidone radioligands [BEV and [?H]BRV were further
characterized by performing competition binding exkpents at rat brain cortical
membrane preparations, in which initially the umlagd compound LEV was applied as
inhibitor.
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Figure 18: Specific binding of [BH]LEV 10 nM 4), [3H]isoBRV 5nM @) and [*H]BRV 1 nM ()
obtained in competition binding experiments witHalreled LEV using rat brain cortical membrane
preparations. Increasing concentrations of unlab&EV were incubated with membrane preparations
(A: 200 pg of protein/wellB, C: 100 pg of protein/well) and the radioligand atCifor 120 min A),
180 min B), or 240 min C), respectively. Non-specific binding was deterrmdina the presence of
unlabeled LEV (1 mM). All data are means + SEM & Bdividual experiments performed in triplicate.
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From the homologous binding experiment LEV vs. (HY, a K value of0.705 *
0.294uM was obtained, which is slightly differing, butlisfalling within the same
order of magnitude as thepKvalue (1.12 + 0.18 uM) obtained by saturation
experiments. Data published in the literature fraat hippocampal membrane
preparations for both types of binding studies psspvalues of about 0.8 p¥I.The
calculated B.x value from the above described homologous bin@ixyeriment was
2.5+ 0.9 pmol/mg protein, which is comparable to the,B value that was obtained in
the saturation experiment (3.8 = 0.1 pmol/mg pr9teihowever lower than the
published By value of 9.1 + 1.2 pmol/mg proteifl. This might still be within the
natural deviation, presumably since [H]LEV as w laffinity ligand exhibits a fast
dissociation rate and thus the binding equilibrilsmmore prone to error during the
filtration and washing procedure (dissociative JoSthe K values for LEV received
from heterologous competition experiments vs. BBHRV and [*H]BRV werel.40+
0.07puM and 1.71 # 0.23uM (literature data for LEV vs. [3H]BRV: 1.26 uKf)

respectively.

Apart from LEV several further compounds (describedetail above) were applied in
heterologous competition binding experiments verhes radioligands [*H]LEV and
[BH]BRV to investigate competitive behavior. As ntiened earlier, for these
compounds, which differ in their chemical structa® well as their pharmacological

properties, a competitive effect has been desctileéore® "2
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Figure 19: Specific binding of [BH]LEV 10 nM A) and [*H]BRV 1 nM B) obtained in competition
binding experiments with ethosuximide (blue), péamigtetrazol (green), bemegride (red), and piraceta
(orange), respectively, using rat brain corticalmtheane preparations. Increasing concentrations of
competitor were incubated with membrane preparati@ 200 ug of protein/well;B: 100 pug of
protein/well) and the radioligand at 4 °C for 12hngA), or 240 min B), respectively. Non-specific
binding was determined in the presence of unlabeEd (1 mM). All data are means + SEM of 3
individual experiments performed in triplicate.
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Table 5: K; values (uM) of different compounds obtained in petition binding experiments at rat
cortical membrane preparations, n/a: not availgblealues in grey originate from published data.

[*H]LEV Noyer et al.* [*H]IBRV Gillard et al.”
ethosuximide 424 + 86 316 312+£30
pentylenetetrazol 72.5+18.6 79.4 116+ 14 126
bemegride 6.68 £ 0.69 10.0 11.9+2.9 25.1
piracetam n/a 31.6 63.8+22.2
aniracetam n/a 1000 > 1000

Several compounds were tested in competition bgdaxperiments versus the
radioligands [*H]LEV and [3H]BRYV providing values in the uM range (s@&able 5).

The data are comparable with values that formedyehbeen published for the
compound$®’? Determination of the Kvalues of piracetam and aniracetam versus
[BH]LEV was not possible due to the presence of [MMS the assay, which decreased

the evaluation range, but was required to solubilie compounds.

Considering that the effective drug concentratibretbosuximide (40 to 100 pg/miy
corresponds to a concentration of approximatelyt®8000 uM, the obtained data from
the competition experiments (sdable 5 illustrate that competitive behavior of
ethosuximide with LEV and BRYV is expectable withapplied drug concentrations.
This is also the case for piracetam, for which aspla concentration of 84 pg/il
corresponds to roughly 590 uM and therewith reachesoncentration, where
competitive behavior must be expected.

The results from the above described competitigpegrments demonstrate a reliable
and reproducible assay system that therefore primvbe suitable for the screening of
compounds. In cases, in which published data framlogous experiments are
available, the results are in good accordance aecewith also confirm accuracy.
Comparing the results of the corresponding experimebetween [SH]LEV and
[BH]BRYV, it becomes obvious that both radioligaqevide quite similar results. With
regard to the fact that the radioligand [BH]LEVgeaneral is more prone to errors, it can
be concluded that [H]BRV (due to higher affinitgn be applied as a replacement for
LEV in experiments, which are more susceptibledisturbing influences.
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3.2.5 Binding to membrane preparations from different species

In further competition experiments binding of LE¥ing the radioligands [*H]LEV and
[BH]BRV to brain membrane preparations of differepecies was examined. Besides
the already applied preparations from rat corte®)(Ruaso striatal tissue from rat brain
(RS) was utilized in these experiments. Brains fi8lack 6 mice were kindly provided
by the group of Prof. Dr. V. Gieselmann and weredufor the preparation of whole
brain membrane preparations (M). Furthermore, pustem human brain samples
(thalamus and putamen) were available, which aaifgnwere obtained from the

University Clinic of Bonn (for additional informatin on the tissue see 8.3.3).
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Figure 20: Specific binding of [BH]LEV 10 nM A) and [*H]BRV 1 nM B) obtained in competition
binding experiments with unlabeled LEV at membrgmeparations of rat cortex (red), rat striatum
(brown), mouse brain (green), human thalamus (blaepg human putamen (purple), respectively.
Increasing concentrations of LEV were incubatedhwihembrane preparations (100-200 pug of
protein/well, se€Table 23 and the radioligand at 4 °C for 120 mif)( or 240 min B), respectively.
Non-specific binding was determined in the presesfcanlabeled LEV (1 mM). All data are means *
SEM of 3-5 individual experiments performed in lidpte.

Table 6: ICg values (uUM) of LEV obtained in competition bindiegperiments versus the radioligands
[BHILEV and [*H]BRV at membrane preparations froiffefent species. Data in brackétsey) are B
values (pmol/mg protein) determined in homologomsling experiments; n/a: not available.

[PHILEV [*HIBRV
rat cortex (RC) 0.711+£0.297 (2.5+0.9) 1.73+£0.23
rat striatum (RS) 0.542 £0.070 (3.0 £ 0.4) 0.693 £0.131
mouse brain (M) n/a 0.948 £ 0.144
human thalamus (HT) n/a 1.43+0.33
human putamen (HP) n/a 2.69+0.55

In comparing the 16 values obtained from the homologous competitigmeeixent of

LEV vs. [BH]LEV at membrane preparations framat brain with each other, quite
similar values were determined at RC (0.7410.297 uM) and at RS (0.542 +
0.070 uM). This is well comparable with the pubddnG, value from a homologous
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binding experiment (0.8 uMJ, which was determined at rat hippocampal membrane.
Regarding the heterologous competition experimentLBV vs. [EH]BRV bigger
differences between those two rat brain areas wetermined. With regard to a
published K value of the same competition experiment at RQE1LM),? the here
determined IG value at RC (1.73 = 0.23 uM) is slightly highetile the 1G, value
determined at RS (0.693 = 0.131 uM) rather fall® ithe range of the Kg values
obtained from the homologous competition experimébEV vs. [*H]LEV) at RC and
RS.

Concerning the 1§ value obtained from the heterologous competitinpeeiment at
mouse brain membrane preparations no data from an equivalgerenent has been
published in the literature yet. Nevertheless,vhleie (0.948 £ 0.144 uM) seems to be

similar to the 1G, values obtained from binding to rat membrane pagpms.

The heterologous competition experiments of LEV p8l|BRV at human brain
membrane preparations providedsd@alues of 1.43 + 0.33 uM at HT and a slightly
higher 1G, value of 2.69 £ 0.55 uM at HP. With an analogoeteiologous competition
experiment using membrane preparations of humaexc@illard et al. determined for
LEV a K; value of 2.00 uM? Hence, it can be concluded that the experimentally
determined IG, values from human post-mortem brain are consistetit formerly

published results.

Regarding the maximum number of binding sif&g.x values of 2.5-3.0 pmol/mg
protein were calculated from the data of the homols competition experiments at RC
and RS. This is in agreement with thg.Bvalue obtained from the saturation binding
experiment of [BH]LEV at RC (see 3.2.3), though émvthan an earlier published value
of 9.1 + 1.2 pmol/mg proteffi from a saturation experiment of [*H]LEV. As dissad
above, this is probably due to the low affinity tbe radioligand, which more easily
tends to dissociate from its target during the wasglprocedure and therewith a lower
number of binding sites as actually present wildeéermined. To roughly estimate the
present number of binding sites within membrane par&tions examined by
heterologous competition experiments with [BH]|BRByax values were calculated
approximately. Therefore, a presumablegol@lue for BRV had to be used, which was
chosen based on data from the literature: in tee chthe membrane preparations from
murine brain (RC, RS and M) andvalue of 0.09 uM (calculated from homologous

competition experiment at rat cortékyvas taken as approximate value. Based on this
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value according t&Equation 17 Bn,ax values were estimated to be in the range of 13 to
17 pmol/mg protein. Considering that these numlaeesonly an estimation, they are
compatible with a Rax value published in the literature (11 + 2 pmol/piptein)/?
which was obtained in a saturation experiment HiBRV at rat cortex. In the same
way, the approximate Bx values for the membrane preparations of the hupoest-
mortem brain were calculated. Therefore, a presiamiély, value for BRV had to be
used, which was chosen based on data from thatliter as 0.08 uM (calculated from
homologous competition experiments at human cofteRpsed on this value according
to Equation 17 Byax values were estimated to be in the range of 2@m@al/mg protein.
This is comparable with data from literature (3.5.2 pmol/mg protein, determined in a

saturation experiment of [3H]BRV at human corté&x).

To statistically analyze differences in affinity EV to tissue from different brain
areas and species, the data of the heterologoupetition binding experiments LEV
versus [BH]BRV (sedable 6, last column) were compared by one-way ANOVA with
Tukey’s test for multiple comparisons. On the whale significant differences were
obtained among the five examined tissues (p > 0&ept between HP and RS (**, p
< 0.01) and between HP and M (*, p < 0.05). Hetlcese experiments suggest slight
differences in the affinity of the pyrrolidone ligds between different brain areas and

species within an overall range of 0.7 to 2.7 uM.

Consequently, it can be summarized that the abdseusked results — as far as
comparable experiments have been described inténatlire — are in good accordance
with published data. Therewith, the pyrrolidone iofidands once more prove to
provide reliable and accurate results. Concerriregobtained data it can be concluded
that differences in affinity of LEV to (1) differérrain areas as well as to (2) tissue
from different species are moderate to low. Thidaigely consistent with (1) the
ubiquitous expression of SV2A within the brain atie previously stated similar
binding extent of [3H]LEV to different investigatedrain regions (hippocampus,
cerebellum, corteR§ as well as (2) with the high sequence homologB¥RA from
different species (compaii@ble 9). This conclusion will be further proven by anadys
of membrane preparations from human brain, whicls wallectedin vivo during

epilepsy surgery (see 3.2.6).
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3.2.6 Binding to membrane preparations from human epileptic brain

Epilepsy surgery may be a solution if epileptizeegs prove to be drug-resistant. The
primary aim is to achieve freedom from seizurebegithy removing the brain section
from which the seizures originate or — if not pbbsi— by isolating the affected brain
area from its surrounding with a series of incisioBesides pharmacoresistance a
further prerequisite is that all seizures evolvéhimi a locally restricted area within the
brain, which can be removed without severe impansieWithin this study several
brain samples were investigated, which were kingigvided by the Institute of
Neuropathology, University Clinic of Bonn. The bratissue was resected during
epilepsy surgery from people with focal pharmadstast epilepsy (for more details
see 8.3.3). In six of the eight patients (sampleg & and 7) selective amygdala-
hippocampectomy®* (in sample 7 together with a resection of two dhif the
temporal lobe) was performed. In one patient (sany)la tailored lesionectomy of a
cavernoma in the frontal lobe was carried out. Sar8pwas resected from a patient
suffering from a glioblastoma in the temporomesggjion.

These eight brain tissue samples of pharmacoraesisédients were examined by means
of competition binding studies of LEV versus [BH]BRand versus [?H]LEV). Three of
the samples could further be assigned to subgroapgrising patients that had been
treated with Keppfa (levetiracetam) and initially either did resporice$éponders”) or
did not respond (“non-responders”) to this medaratin this context, the classification
“responder” refers to an initial response of astesix months, while the classification
“non-responder” describes patients that never déeuban effect upon Keppta
treatment. The other five tissue samples derivenh fpatients for which no information
existed regarding their response to Kefipeither due to missing data, or because they
had not been treated with this drug before. Reggrthe different groups of patients it
was of particular interest to investigate, whetther affinity of LEV or the number of

binding sites was different among the subgrougsatients.
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Figure 21: Specific binding of [2H]BRV (1 nM) observed in cpetition experiments with unlabeled
LEV at membrane preparations of different humarnbsamples obtained by surgery from eight epileptic
patients (each shown by a different color). Indrgasconcentrations of LEV were incubated with
membrane preparations (100 pg of protein/well, Begle 23 and the radioligand at 4 °C for 240 min.
Non-specific binding was determined in the presefagnlabeled LEV (1 mM). All data represent means
+ SEM of 2-3 individual experiments performed iiplicate.

Table 7: 1Csy and By, values of LEV vs. [3H]BRV obtained in competitidainding experiments (n =
2-3) at membrane preparations from human braindisg people with pharmacoresistant epilepsy. The
samples were received by selective amygdala-hipppeatomy (A) in one sample together with a
resection of two thirds of the temporal lobe (A/BY, tailored lesionectomy of a cavernoma in thetiab
lobe (C), and by resection of a glioblastoma intdraporomesial region (D), respectively. tBvalues
were calculated assuming ansdGralue for BRV of 0.08 uM (based on competition eniments at
human cortex)? **IC 5, value determined by a competition experiment o¥ V8. [*H]LEV; nd: no data.

Sample Internal Tissue ICso Bmax™ Response to
number code type (nMm) (pmol/mg protein) Keppra®

1 (TB6883) A 0.698 + 0.449 2.5+0.7 not applied

2 (TB6888) A 1.03£0.07 57+04 responder

3 (TB6906) A 0.741 +0.102 53+0.3 non-responder

4 (TB6863) A 0.811 +0.022 43+0.7 not applied

5 (TB6859) C 1.11 £0.06 59+14 responder

6 (N454/10) A 1.05+0.09 9.4+1.2 nd

7 (TB5184) A/B 1.16 £ 0.45 8.8+0.1 nd

8 (TB5257) D 1.01+0.84 6.2+0.2 nd

(0.903 +0.033)**

For all of the eight investigated brain tissue sk®ighly reproducible competition
binding curves could be obtained. Thus, bindingg ¥ to the target protein SV2A can
also be determined in these brain samples of plammsistant patients.

The IC5p valuesfrom the heterologous binding experiments of LEMsus [3H]BRV
for all of the eight examined samples ranged fraih t0 1.2 uM. These values are

comparable to a published #alue for LEV versus [3H]BRV, which was obtaineda
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heterologous competition experiment at human cor200 pM)’? Homologous
competition experiments (LEV versus [SH]LEV) coutthly be performed for one
sample (sample 8) due to the limited amount of lakke tissue. From these
experiments an 1§ value of 0.903 uM was obtained, which is well greement with
the observed range for 4§values in the heterologous binding experimentsErsus
[BH]BRV). Moreover, the affinity of LEV for the imestigated brain samples all lie
within the same range. A statistical analysis o 15, values obtained from the
heterologous competition experiments LEV versugBRV (seeTable 7) using a one-
way ANOVA with Tukey’s test for multiple compariserrevealed that the obtained
values show no significant difference (p > 0.03)u3, these experiments demonstrated
no differences in the affinity of LEV among the @stigated tissue samples, including
samples from patients that have been charactedgeasponder or non-responder to
initial Kepprd® treatment. Nonetheless, the significance of thislysis limited by the
small number of samples (including only three pdasienvith characterized response to

initial Kepprd® therapy) examined so far.

Additionally, the maximal number of binding sité8{x) in these brain samples was
calculated as explained above (see 3.2.5). Thendeted B,.x values ranged from 2.5
to 9.4 pmol/mg protein. This is on average in thens range as the published.B
value obtained in a saturation experiment at huroartex (3.5 + 1.2 pmol/mg
protein)’? As observed earlier (compare,R values from saturation experiments in
3.2.3), the Bax value calculated from the homologous competitigpegiment with the
low affinity ligand [BH]LEV was somewhat lower (1& 0.3 pmol/mg protein), which
may result from the increased dissociative lossnduthe washing procedure. Overall,
these data suggest that differences in the expressvel of the target protein (SV2A)
might exist among the examined samples. Howevas, dssumption needs to be
confirmed with a much larger number of tissue sasnpWorth mentioning is the fact
that only a marginal difference of,B values was determined between the non-
responder (5.3 pmol/mg protein) and the sampleegfonders (5.7 and 5.9 pmol/mg

protein).

It will be required to reproduce and confirm thgseliminary data by increasing the
number of samples investigated. Especially samiptaa well characterized patients
concerning their response to Keppnaill have to be included in future experiments.
Moreover, it should be mentioned that control s$um the sense of equivalent brain
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samples from healthy humans) is not available tbical reasons, which limits the
control to samples from epileptic patients or tessis described in 3.2.5. Nevertheless,
our preliminary data so far suggest, that a lackesponse to Keppfamay not be due

to altered binding of the drug to its target.

Concerning pharmacoresistance to AEDs two hypothleaee been put forwatd The
target hypothesistates that due to a modification of the targricstire (intrinsic or
acquired) a drug loses its affinity and conseqyeitsl effectiveness. Thaansporter
hypothesis suggests that an (intrinsic or acquired) overesgiom of multidrug
transporters and a resulting increased drug efbievents effective concentrations of
the drug at the target site in the CNS. One exaraul¢he target hypothesis has been
described by Remy et al. who showed that carbanm@zep not a substrate for drug

transporters, but rather shows drug resistanceadadoss of N&channel sensitivity>

Regarding LEV-resistant epilepsy no data have hméslished so far, which would
support thetarget hypothesis- and this is in agreement with our (preliminary)
experimental results. With reference to ttansporter hypothesis has to be mentioned
that certain published data suggest that LEV (mtrest to several other AEDS) is not a
substrate for the human P-glycoprotein (Pgp), a brane efflux pump belonging to the
ABC transporters, which plays an important rolehia blood-brain barrie®***Based
on this finding Potschka et al. concluded that thight be one reason why LEV shows
efficacy in patients, who did not satisfactorilyspend to treatment with other
AEDs**'%Contradictorily, other data suggest that LEV mulstrate of Pgp as well as
of MRP (multidrug resistance transporter), whiclyanight not have been recognized
earlier due to a low substrate affinifyf.Still, this question has not been answered yet
and, moreover, there are other transporters, whale been identified to potentially
being involved in drug-resistant epilepsy (e.g. RI6, a non-ABC transportét§
Furthermore, besides efflux pumps, transporterse hbgen identified, which are
responsible for facilitated brain uptake as destfifor the AED valproat€’
According to Potschka et al. a transporter-fadéitidbrain uptake is also conceivable for
LEV since it possesses high hydrophilicity and ¢f@re does probably not penetrate
passively into the brait?* A downregulation of such transporters could betfa
reason for pharmacoresistance. However, as sugdgegteemy et al., drug resistance is

a complex phenomenon, which may be caused by rruttipchanism&>°
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3.3 Summary

Radioligand binding assays were established andned using the radioligands
[FHILEV, [*H]isoBRV and [?H]BRV at rat cortical mebrane preparations. In

preliminary experiments optimal concentrations abt@in and radioligand were

determined. Concerning the assay conditions sefagtrs were identified, which have
a remarkable influence on the quality of the outeomong these was, on the first
place, the minimization of dissociation during thashing procedure (dissociative loss)
by using ice-cold washing buffer and by keeping tb&al time of the washing

procedure as short as possible.

In association binding experiments the followingkarder was found regarding the
speed of association: [BH]LEV > [3H]isoBRV > [3H]BR Based on these results the
incubation times for radioligand binding studiesrevedetermined as 120 min for
[BH]LEV, 180 min for [3H]isoBRV and 240 min for [(BRV.

By means of saturation studies it was shown thhto&lthe three pyrrolidone
radioligands showed saturable binding to a singke &5 values (as a measure of
affinity) as well as Bax values (maximum number of binding sites) were daled to
be 1.12 £ 0.18 uM and 3.7 = 0.1 pmol/mg proteid|[EV), 409 + 23 nM and 10.4 +
1.2 pmol/mg protein ([?H]isoBRV), and 70.0 + 8.4 rivid 8.3 £ 1.5 pmol/mg protein
([BH]BRV), respectively.

In competition binding experiments concentratiospanse curves of LEV versus all of
the three pyrrolidone radioligands were determingldbreover, several compounds
known for their ability to compete with potentiaW3A ligands were investigated in
competition binding experiments versus the radaids [*H]LEV and [H]BRV. Data
were in agreement with published results. Thusptlesent radioligands are appropriate
for providing reliable data in competition bindistudies. Moreover, [3H]BRV proved
to be useful for the screening of compounds thatpsie with BRYV for its binding site.
Concerning the radioligands [*H]LEV and [3H]BRV, ¢an be concluded that both
radioligands provide similar results for competdrggs indicating that they are labeling
the same binding site. Therefore, [*H]BRV can besidered as a suitable surrogate for

[BH]LEV with improved properties.

In further competition experiments the binding &\ versus the radioligands [3H]LEV
and [®H]BRV to membrane preparations of differepedes and brain areas was
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investigated. From the obtained results it candeleided that, in general, differences

in binding affinities between different species &mdin areas are moderate to low.

Human brain samples of pharmacoresistant patietsineed from epilepsy surgery
were examined by competition binding experimentsidétermine the affinity of LEV

versus the radioligand [3H]BRV. Highly reproducibleesults were obtained
demonstrating concentration-dependent inhibitiomaafioligand binding by unlabeled
LEV. Moreover, preliminary experiments did not sholfferences between samples
classified as initial non-responder and those ithiéially had been responsive to LEV

therapy.
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4 [PH]LEV and [*H]BRYV binding to recombinant SV2 proteins

4.1 Introduction

In 2004, the binding site of LEV was identifi€tThe fact that LEV binds to the SV2A
protein suggested a completely different mechamiction, which distinguishes this
class of pyrrolidone drugs from conventional AEBs.mentioned above (see 1.3) until
today three isoforms of the synaptic vesicle proteie known (SV2A, SV2B and
SV2C), which differ by size and sequence as welha# distribution pattern. So far,
the precise role of all of the three isoforms of2Skémains to be elucidated, thus,
making it even more difficult to understand how thieraction of LEV with the SV2A
protein is translated into an anticonvulsive effestiditionally, to date there is only
little information about amino acids that are esisérfor the interaction with the
pyrrolidone ligand$°® and a concrete domain of the SV2A protein, whictesponsible

for this interaction could not be identified yet.

Within this study the radioligands were further i@dtéerized by radioligand binding to
recombinantly expressed SV2A proteins. Apart frdra 8V2A protein, its isoforms
SV2B and SV2C were recombinantly expressed and eeainn binding experiments
to verify absence of interaction with the radiohda. Moreover, different mutants
(deletion variants and variants with point mutasjpwere recombinantly expressed and
their interaction with the radioligands was invgated to gather further information
concerning the potential binding domain of the S\f#Atein.

4.2 Molecular cloning and heterologous expression

4.2.1 Constructs of SV2 wild-type proteins

For heterologous expression of teman SV2A protein in CHO cells a cDNA clone
was commercially acquired (pCMV-hSV2A, see 8.1.3I8)a first step it was planned
to introduce agreen fluorescent protei(GFP) tag at the C-terminus (3’ end). For that
reason, while amplifying the sequence by PCR {sd#e 24 primers: f-hSV2A-ATG-
EcoRI, r-hSV2A-Sall; annealing T: 56 °C; elongation135 s), the restriction sites
EcoRlI (at 5’ end) and Sall (at 3’ end) were insgrie the same time. The PCR product
was then cloned into a pCMV vector containing thePGequence. In a second PCR the
whole sequence (SV2A with GFP) was amplified (Seble 24 primers: f-hSV2A-
Notl, r-GFP-BsiWI; annealing T: 60 °C; elongatian180 s), while flanking the ends



4 [BH]LEV and [3H]BRYV binding to recombinant SV2qieins 55

with a Notl (5’ end) and BsiWI (3’ end) restrictigite. This PCR product was then

cloned into the retroviral pQCXIH vector. After yiezation of the correct sequence (see
8.6.13), the construct was first linearized (seé.18) and subsequently stably

transfected into CHO cells via lipofection (see.8.X d). Due to the presence of a gene
for hygromycin resistance, it was possible to detémnes stably expressing the human
SV2A protein.

A plasmid containing theat SV2A sequence along with the GFP sequence fused to the
C-terminus (pCMV-rSV2A-GFP) was kindly provided llye group of Prof. Dr. S.
Schoch. For cloning it into a retroviral vectoret8V2A sequence along with the GFP
sequence was first amplified by PCR (skgble 25 primers: f-rSV2A-GFP-Notl,
r-GFP-BsiWI; annealing T: 62 °C; elongation t: 180 attaching the restriction sites
Notl (5’ end) and BsiWI (3’ end) to either end. Therresponding PCR product was
cloned into the pQCXIH vector, followed by subsegjuegerification of the correct
sequence (see 8.6.13). The plasmid was used fowviral transfection of CHO cells
(see 8.7.6.2).

The plasmid containing the sequence for lthenan SV2B protein was also provided
by the group of Prof. Dr. S. Schoch (pBluescrip¥#8B, see 8.1.3.3). As an initial step,
it needed to be fused with GFP at the C-terminuserdfore, the sequence was
amplified by PCR (seeTable 26 primers: f-hSV2B-ATG-Clal, r-hSV2B-Sall;
annealing T: 56 °C; elongation t: 60 s), introdgc@lal (at 5’ end) and Sall (at 3’ end)
restriction sites at the same time. The PCR prodastthen cloned into a pCMV vector
containing the GFP sequence. After verificatiothaf correct sequence (see 8.6.13) this

plasmid was used for transient transfections (seé.8 b).

In analogy, theat SV2C sequence that was likewise obtained from the gaduprof.
Dr. S. Schoch (pCMV-rSV2C) was cloned into the pCldlesmid containing the GFP
sequence. The conditions for the PCR, during wthietrestriction sites Clal (at 5’ end)
and Sall (at 3’ end) were attached, were as listétable 26 (primers: f-rSV2C-ATG-
Clal, r-rSV2C-Sall; annealing T: 56 °C; elongatibn60 s). After verification of the
correct sequence (see 8.6.13), this plasmid wad fegetransient transfections (see
8.7.6.1 b).
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4.2.2 Constructs of rSV2A with deletions of exons 5 and/or 6

Furthermore, variants of the rSV2A protein with eteins of exon 5 and/or 6 were
investigated within this study. The variant conilagna deletion of exon 5 (pCMV-
rSV2Ad5-GFP) and the one that contained deletidnkoth, exon 5 and 6 (pCMV-
rSV2Ad5u6-GFP), were obtained from the group off FBw. S. Schoch already tagged
with the GFP protein at the 3’ end (see 8.1.3.3) Variant containing a deletion of
exon 6 (pCMV-rSV2Ad6-GFP) was constructed as folowsing the plasmid pCMV-
rISV2A-GFP as a template the sequence comprisingiseXoto 5 flanked by the
restriction sites EcoRI (at 5’ end) and BamHI (aerd) was amplified by PCR (see
Table 24 primers: f-rSV2A-ATG-EcoRl, r-rSV2A-exon5-BamHdnnealing T: 56 °C;
elongation t: 160 s). The plasmid pCMV-rSV2Ad5u6FGas simultaneously digested
with both restriction enzymes EcoRI and BamHI (8de11). Thus, besides the already
deleted exons 5 and 6, also exons 1 to 4 withinSW8A sequence were removed.
Subsequently, it was ligated with the obtained RZ&luct (exon 1 to 5) leading to
plasmid pCMV-rSV2Ad6-GFP. All of the three rSV2Aldgon variants tagged with
GFP at the C-terminus were subsequently clonedimgaoetroviral pQCXIH vector (see
Figure 22).

A

pCMV

Notl

PQCXIH-rSV2Awt-GFP pQCXIH-rsV2Ad5ué-GFP

10728 bps 10521 bps

3'LTR
rSV2Ad5ué

BsiwI

Amp 5LTR ¢

pCMV
Notl

PQCXIH-rSV2Ad6-GFP
10611 bps

pQCXIH-rSV2Ad5-GFP
10632 bps

BamHI

Bsiwl

Figure 22: Vector maps of the constructs pQCXIH-rSV2Awt-GHD, (pQCXIH-rSV2Ad5u6-GFPER),
PQCXIH-rSV2Ad5-GFP C) and pQCXIH-rSV2Ad6-GFPL). The regions of the packaging signal (Psi),
the promoter (pCMV) and the long terminal repe&fsLTR, and 3’ LTR, respectively) are marked by
boxes. Arrows indicate positions of genes encodimgthe rSV2A variant, GFP and for antibiotic
resistance (Hyg: hygromycin B and Amp: ampicilliRestriction enzymes specified in the maps were
used for cloning.
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For this purpose, the coding sequence of eachntasas amplified by PCR (sdable
24; primers: f-rSV2A-GFP-Notl, r-GFP-BsiWI; annealin@: 56 °C; elongation t:
180 s), introducing the restriction sites Notl €id) and BsiWI (3’ end) to either end.
The PCR product of each variant was then clonexthit pQCXIH vector. The correct
sequence was verified (see 8.6.13) and the plasmele applied for retroviral
transfection (see 8.7.6.2).

4.2.3 Constructs of rSV2A with point mutations
In addition, variants of the rSV2A protein with pbimutations within exons 5 and 6
were investigated by radioligand binding studielse Plasmids containing the mutants
tagged with GFP at the C-terminus (SEsble 8 and 8.1.3.3) were constructed and
kindly provided by the group of Prof. Dr. S. Schoch

Table 8: Constructs of rSV2A with point mutations.

point mutation substitution exon
pCMV-rSV2A_N364K-GFP Asn364 - Lys polar, uncharged - basic 5
pCMV-rSV2A_H387Q-GFP His387 = GIn basic = polar, uncharged 5

pCMV-rSV2A_H387Q_T395I-GFP His387 = GIn basic = polar, uncharged 5and 6
Thr395 - lle  polar, uncharged = non-polar

pCMV-rSV2A_T3951 -GFP Thr395 - lle  polar, uncharged = non-polar 6
pCMV-rSV2A_E403D-GFP Glu403 = Asp acidic = acidic 6

rSV2A  FLENEKHDEAWMVLKOQVHDTNMRAKGHPERVES THIKTIHhEDELIEIQSDTGTWYQRW 420
rSv2B  LLEMEKHDEAWMITLKOVHDTNMRAKGTPEKVET SHIKTPKhMDEFIEIQSSTGTWYQRW 363

rsvzCe  LLEVEKHDEAWMILKLIHDTNMRARGOFERKVETYNKIKTPKPIPELIEIESDTGTWYRRC 406

gRk KRRk kR Rk e kk e kSRR R R AR ek kR gk k ek ek Rk ek Rk e Rk R e ok kR R kR g ok

rSV2A  GVRALSLGGOVWGNEFLSCEFSPEYRRITIMMMGVWETMSESYYGLTVWEPDMIRHLOAVDY 480
rsSV2E  LVRFMTIFEKQVWDNALY CVMGPY RMNTLILAVVWETMALSYYGLTVWEPDMIRY FOQDEEY 423
rsv2C  EFVRIRTELYGIWLTFMRCENYPVRENTIKLTIVWETLSEGYYGLSVWEPDVIKHLOSDEY 466

* ok . .k sk * * . . ok ok ok s s s kkkk s kk ok ok ko ke s sk .k

Figure 23: Extract of the sequence alignment (modified frolus@l W, see 8.1.1) of rISV2A, rSV2B and
rSV2C, showing exon 5 and exon 6. Amino acids thiff¢r from the SV2A sequence are highlighted in
grey. Marked with black boxes are amino acids, Whiere exchanged by point mutations. Symbols
below the sequences mark identical amino acidscffserved substitutions / same functional grogps (
and semi-conserved substitutions / similar shgpe (.
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4.2.4 Transfection method: lipofection versus retroviral transduction

Lipofection

Lipofection describes the lipid-mediated incorpmatof nucleic acids into the cell. The
first lipid applied was DOTMA N-[1-(2,3-dioleoyloxy)propyl]N,N,N-trimethyl-
ammonium chloride), a cationic compound that foramslamellar liposomes. After
formation of complexes of this lipid with the nucleacid molecules, the complex is
taken up by the cell. The efficiency of the tranesfn could be improved by combining
the cationic lipid molecule with a neutral helpeipid like e.g. DOPE
(dioleoylphosphatidylethanolamine), which facildgatthe fusion of the liposome with
the membrane and therewith allows the entrappelkicuacid molecules to be released
into the cell. Nowadays, several further lipids applied for lipofection, also
nonliposomal compounds that are assumed to formplex@s with the nucleic acid.
Regarding the exact mechanism of nucleic acid w@ptdkere are still a lot of
uncertainties. Moreover, many commercially avagallibofection reagents are of
unknown composition (proprietary formulation). Hoxge, in general the uptake is
believed to proceed either by endocytosis or byofusvith the cell membrane via the

lipid moieties of the liposom&2%4

Retroviral transfection (transduction)

Strictly spoken transduction does not belong totthesfection methods, because it is a
virus-based method. Nevertheless, it is a furthethod by which nucleic acids can be
introduced into eukaryotic cells and thereforeiit tae discussed at this point.

Viruses are non-living particles, which depend orfedting cells and introducing
genetic material. Thus, transduction in generahnsextremely efficient technique.
Moreover, a lot of viruses integrate their genetiaterial into the genome of the host
cell and hence are valuable tools for the stabpgession of recombinant proteins. This
is also the case for the murine leukemia virus (Myla retrovirus that was used within

this study.
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Figure 24: Morphologic structure and part of the genetic sagaefrom murine leukemia viruA:
Crosssection of a virus particle showing the nucleoadpsihich encloses the viral RNA as well
several viral proteins. It is surrounded by a lifnidayer, which forms the viral envelope contain
transmembrane and surface proteB: Genomic sequ&e containing regulatory elements and cou
regions. gag encodes for capsid proteins as wethasrotease. pol encodes RT and integrase
encodes the transcription unit for the envelopeqimo RT: reverse transcriptase, LTR: long term
repeat,R: direct repeat, U3: -unique sequence, U5: 5-unique sequenkepackaging signalpro:
proteinase.

The MuLV is composed of a nucleocapsid, which costdhe viral genom— single
stranded RNA —-as well as viral proteins. It is encompassed byipéd bilayer,
originating from the cell membrane of the host.c&he infectivity of a virus particl
depends on several essential proteins, which #rereiomponents of envelope and ¢
or responsible for transcription of RNA into DNA agll asfor theintegration into the
host genome. These proteins are encoded by thiegares gag (core proteins), €
(envelope proteins) and pol (reverse transcripgaseintegrase), shown Figure 24 A

A further essential factor is the packaging sic¢¥ (psi), which is also encoded with
the viral genome. In laboratoipractice replicationncompetent viruses are used
safety reasons. These are modifviruses lacking the essential genes for replica
and thereforethey cannot replicate outside of-called packaging cells like e.
GP'envAM-12 cells.
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Figure 25: Production of virus particles with a helper celdaransduction of host c. (1) A helper cell
possessing plasmids with the env georange) as well as the genes gag andlgdit(and dark gree) is
transfected with a recombinant plasmid containhe gene of interest as well as the packaging sir
(red). After transcription of the viral RNA2) and expression of the viral proteir8),(a nucleocapsid i
assembled4). By budding the nucleocapsid is coated by a Igldyer 5) and afterwardreleased into
the medium ). This viruseontaining supernatant can then be applied fomtfleetion of host cells. Afte
entry into the cell{), thenucleocap:d (8) releases thB&NA containing the gene of intere:9) followed
by reverse transcriptioimto DNA (10, 1])). The DNA is stably integrated into the host gglhome 12)
and along with the genome transcribed into mRI13). Subsequently, it is translated into the g
product and therewith the recombinant protein Eressed14).

The helper cell line GRnvAM-12 is an amphotropic cell line derivifigm the murine
fibroblast (NIH 3T3), which has been transfectedhwiwo plasmids that separate
encode the env gene of MuLV on one and gag anggas on the other plasmid (
Figure 25. To ensure that CCenvAM-12 cells do not degrade or lose these
plasmids during cultivation, botHlasmids possess certain gené® plasrid with the
env gene also holda gene thatencodes resistance against the aminoglye
hygromycinB, whereas the other plasmid possesses a gpt deteehcodes fc
xanthineguanine phosphoribosyltransferase. The presence hggromycir B,
hypoxanthine xanthine and mycophenolic acid in the culture medige: Table 27,
HXM medium) puts the cells under selection pressun@king the two jasmids

essential for survival: ygromycin B enforces cells to possess hygromycsistance



4 [BH]LEV and [3H]BRYV binding to recombinant SV2qieins 61

Mycophenolic acid inhibits the endogenous purinetlsgsis, whereby only cells that
can independently synthesize purines via xanthuremime phosphoribosyltransferase
are capable of surviving. Thereby, hypoxanthine xemthine are needed as substrates.
Nevertheless, these packaging cells themselvesmgmroduce empty, non-infectious
virus envelopes, since they do not possess thetigantormation for the packaging
signal¥. For this purpose, the packaging sigWais transfected (here: via lipofection)
along with the gene of interest on the recombinalasmid, like e.g., pQCXIH or
pPQCXIN, into the packaging cells. The packagingnalgl as well as the multiple
cloning site (MCS) containing the gene of interas flanked by long terminal repeats
(LTR). These regions contain promoters and enhanesrwell as the initiation region
for reverse transcription. Along with the recombiihglasmid the packaging cells are
cotransfected with a plasmid that encodes for tivelepe glycoprotein of the vesicular
stomatitis virus (VSV-G). By integration of VSV-Gqieins into the viral envelope the
virus is capable of interacting with any phosphidispon the surface of the host cell and
is not dependent on special receptors for dockisgydotyping). That way, infectious,
replication-incompetent virus particles are prodijcehich are capable of infecting
target cells and transduction of genetic matehat will be stably integrated into the

host cell genom@&>>41°

Choice of transfection method

In general, lipofection belongs to the highly afitt transfection methods allowing
transient as well as stable transfection of theaiwi@cid molecules. Moreover, it is
possible to transfect large inserts. A drawbackthie cytotoxic effect of many
transfection reagents leading to a decreased Walf the cells. Additionally,
lipofection reagents are quite cost-intensive. @ndontrary, the retroviral transfection
system described above — once established — isyacust-effective method. Since the
applied vectors have the ability to integrate tlgggnome into the host cell genome, a
stable expression of the transgene is enablechéranbre, high transfection efficiencies
can be achieved in a great number of cell linee Tapacity of the virus particle,

however, limits the size of the insert to be transtd.

Within this study the first transfection attemptade use of the already established
retroviral transfection system with helper cell@wéver, by control of the transfection

efficiency as well as in subsequent experimentsy @dor expression levels were
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determined (see 4.3.4). Since the capacity of vatrees is limited to an insert size of
about 9-12 ki3 it seems more than likely that the applied retayplasmids including
the gene of interest (see ekigure 22) exceeded the maximum capacity of the used
MuLV and therefore were not sufficiently incorpadtinto the virus particle. Thus, in
subsequent attempts it was decided to perform rdmesfection step by lipofection.
While certain transfections were only done for siant expression of the recombinant
protein, lipofection was also applied for stablg@m@ssion of recombinant proteins. As
described by Thomas et al., mammalian cells araldapof integrating exogenous
DNA into their genome at random sites by non-homols or illegitimate
recombinatiorf? Making use of the resistance gene present in étreviral vectors
(here: hygromycin B in pQCXIH) after lipofection thithe corresponding construct, it
was possible to subsequently select clones thhlysitstegrated the transfected genes
into their genome within an appropriate region.sh®wn further on by the results of
the radioligand binding studies, with this methodvas possible to obtain cell lines

expressing the recombinant protein with very higpression levels.

4.3 Radioligand binding studies with [*H]LEV and [*H]BRV

In radioligand binding studies, applied for theastigation of recombinantly expressed
SV2 proteins, intact cells were used. Therefore, tbea day of the experiment,
transiently or stably transfected cells were haeskand prepared as described in 8.7.7.
Preliminary experiments showed that depending entype of experiment one or two
confluent dishes (152 dnwere needed for a 24-well assay. The expressioel as
controlled by fluorescence (flow cytometric anatysir fluorescence microscopy)
emitted by the green fluorescent protein fusedh&@-terminus of each recombinantly
expressed SV2 variant.

4.3.1 Saturation studies at human SV2A protein

Binding of the radioligand [H]BRV was investigateid a saturation binding
experiment on intact CHO cells transiently expmeghSV2A tagged with GFP at the
C-terminus. Therefore, CHO cells were transfecteith ihe pCMV-hSV2A-GFP

construct one day before the experiment (see & 1)5.0n the day of the experiment
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for a 24-well assay two confluent dishes were hstect and prepared as described in
8.7.7. Saturation experiments were performed asridbes! in 8.5.3.2.4.
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Figure 26, A: Specific binding of [BH]BRV obtained in saturatibmding experiments using intact CHO
cells transiently expressing GFP-tagged hSV2A jmotifferent concentrations of the radioligand wer
incubated together with the cells at 4 °C for 240.nNon-specific binding was determined for each
radioligand concentration in the presence of un&bd EV (1 mM). Depicted in the graph is a
representative curve of two single experiments MSterformed in duplicateB: Rosenthal plot from
transformed data.

The above described saturation experiments revealkgl value of 75.1+ 12.2nM.
This is in the range of the data published from ilsimexperiments (saturation
experiment of [H]BRV using intact CHO cells recamdntly expressing hSV2A
protein), disclosing a K value of 152 + 40 nM? The obtained value is furthermore
consistent with the K value (70.0 £ 8.4 nM) that earlier on was detegdinn
saturation studies at rat cortical membrane prépasa(see 3.2.3). This demonstrates
that the affinity of the radioligand [3H]BRYV to itsative protein target lies within the
same order of magnitude as the affinity to recoraily expressed hSV2A tagged with
GFP at its C-terminus. Taken together, it can beclemled that GFP attached to the
C-terminus of the protein does not hinder bindirfighe radioligand. Regarding the
course of the saturation curve, binding to a sirsge was observed, which is further
demonstrated by a Rosenthal plot with transformaiéh @f the saturation experiment
(seeFigure 26 B). This is also in agreement with findings accogdim the above
mentioned published saturation study. A very higimgfection efficiency resulting in a
high expression level can be deduced from the vbdds,.x value that was determined
to be496000+ 74000binding sites/cell.This is several fold higher than for instance
the stably transfected (retroviral transfection) @lkells expressing the humanfor
Ag receptors (around 3200 to 3600 binding sites/tietl) are successfully used in our

group for other studies (data not shown).
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4.3.2 Competition experiments at rat and human SV2A protein

To further characterize the radioligand as welktss recombinantly expressed SV2A
wild-type proteins (rat and human) in CHO cells,mpetition experiments with

unlabeled LEV were performed. Binding to transigngixpressed rSV2A-GFP and
hSV2A-GFP as well as stably expressed hSV2A-GFP iwasstigated. Transient

transfections were performed as described in & h§.using pCMV-rSV2A-GFP or

pCMV-hSV2A-GFP as DNAs. Stable expression of hSMZRP was performed as
described in 8.7.6.1 d). On the day of the exparmimgvo confluent dishes of cells were
harvested for one 24-well experiment and prepasedescribed in 8.7.7. Competition

binding experiments were performed as describédirt.1.1 and able 22Table 23
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Figure 27: Specific binding of [3H]BRV (1 nM) to recombinantlexpressed hSV2A-GFPA] and
rSV2A-GFP B) obtained in competition binding experiments witilabeled LEV. SV2A proteins were
transiently (black) or stably (grey) expressed HCC cells. Increasing concentrations of LEV were
incubated with intact cells and the radioligandl 4C for 240 min. Non-specific binding was deteredn
in the presence of unlabeled LEV (1 mM). All date aneans + SEM of 3-4 individual experiments
performed in triplicate.

The competition experiments providedsd®@alues for LEV 0f2.64+ 0.53uM (hSV2A-
GFP transient)2.05+ 0.26uM (hSV2A-GFP stable) an2l98+ 0.63uM (rSV2A-GFP
transient). Based oBquation 15 K; values can be calculated for transiently expressed
hSV2A-GFP and rSV2A-GFP (2.61, and 2.95 uM, respelgd in which the kg value
necessary for calculation was taken from the cpmeding saturation experiments.
Data from a published competition experiment of L&/ [3BH]BRV at recombinantly
expressed hSV2A protein suggest a Wlue of 3.16 pM? With regard to these

published data, accuracy of the herein obtainedtsesan be assumed.

Comparing the experimentally obtainedsd@alues with each other it is apparent that

the affinity of LEV does only marginally differ beeen the recombinantly expressed
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SV2A protein from rat and from human. This is irc@cance with the high sequence
homology between those orthologues ($able 9). It furthermore confirms the results
that earlier were determined by investigations afive brain membrane preparations
from different species (see 3.2.5) suggesting ombglerate to low differences for the
affinity of LEV. Hence, these results indicate tluiata obtained from the rat SV2A
protein are very likely transferable to the hum&2A protein.

Table 9: Homology of the amino acid sequence between hwandrrat SV2 proteins determined with the
sequence alignment program Needle (see 8.1.1).

identity similarity
SV2A 98.8% 99.6%
SV2B 94.9% 97.7%
Sv2cC 97.0% 99.0%

4.3.3 Binding to SV2B and SV2C proteins

As outlined in chapter 1.3 two further isoforms the SV2A protein have been
identified. In contrast to SV2A, which is ubiquisly expressed in the brain, these
isoforms exhibit more restricted (SV2B) distributipatterns or are found only in very
few brain regions (SV2C§®"*Matching the amino acid sequences of these three
isoforms with each other (sddgure 4), it becomes evident that a high sequence
homology exists within TMDs, while non-conservediaonacids are present in main
parts of the N-terminus and the luminal loop betw@&®Ds 7 and 8, and to a lower
extent also within the cytoplasmic loop between T8vand 7. In 2004, when SV2A
was identified as the binding site for LEV, it wsisown that [3H]Jucbh30889 (used as
surrogate for LEV due to higher affinity’ seeFigure 8), only binds to the SV2A
isoform, while no binding to the isoforms SV2B aS¥/2C could be detectéd.
Therefore, it appears that amino acids that are cooserved between those three

isoforms must be responsible for the interactioth WwEV.

Within this study the interaction of the radioligsn[*H]LEV and [3H]BRV with the
recombinantly expressed GFP-tagged isoforms SVaB $3¥2C was investigated by
radioligand binding studies and compared to bindm@V2A-GFP. For this purpose
the three isoforms SV2A, SV2B and SV2C (either haroarat) were recombinantly
expressed by transient transfection (see 8.7.6usity pCMV-hSV2A-GFP, pCMV-
hSV2B-GFP and pCMV-rSV2C-GFP as DNA. The efficierafythe transfection was
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controlled for each cell line by fluorescence msoapy (exemplarily shown for
hSV2B-GFP inFigure 28). Each SV2 isoform was expressed with the sameieity

with expression levels of approximately 60%.

Figure 28: Microscope images of CHO cells transiently expregssecombinant GFP-tagged SV2 protein
(here: hSV2B-GFP)A: transmitted lightB: GFP fluorescence.

On the day of the experiment, the cells were haedeand prepared as described in
8.7.7, in which one confluent dish was used forwldlls (2 assays, each 6 wells).

Binding studies were performed as described iM8L8L andlrable 21
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Figure 29: Binding of [3BH]BRV to CHO cells transiently trarsfted with GFP-tagged hSV2A, hSV2B
and rSV2C. Cells were incubated with [*H]BRV (1 nfdy 240 min at 4 °C. Non-specific binding (open
bars) was determined in the presence of unlabeied (1 mM). Specific binding (black/grey bars) was
obtained by subtraction of non-specific bindingnfrtotal binding, which was determined in the absenc
of unlabeled LEV. Data depicted in the graph shaw cepresentative of three individual experiments
performed in triplicate; shown are means + SEM.

The obtained data demonstrate very clearly themiffce in binding of [3H]BRYV to the
three SV2 isoforms: as shown #rigure 29 specific binding was reduced from
2550 cpm (SV2A) to about 15 cpm (SV2B and SV2C)icWidefinitely falls below the

limit of reliable signals. Binding in percentage smdetermined as hSV2A (92 £ 0%)
compared to the proteins hSV2B (7 £ 3%) and rSVR2& (%). Considering that also

non-transfected CHO cells, which do not express A¥Yoteins provide fluctuating
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values for specific binding of 0-5% that — due teeay low absolute detected signal (in
cpm) — must be considered neglectable, the detesgiedific binding to SV2B and
SV2C isoforms can be interpreted as irrelevanariranalogous experiment performed
with the lower-affinity ligand [3H]JLEV (data not skwn) comparable results were
obtained (specific binding of [3H]LEV in percent sv&1 = 2% at hSV2A, 0 + 0% at
hSV2B and 0 + 0% at rSV2C). Thus, these resulteakhkewise for [BH]LEV that the
pyrrolidone drugs do not interact with those isofer Due to the remarkably high
sequence homology between the orthologues of diifespecies (human vs. rat, see
alsoTable 9), which is > 95% for each of the three isoformigan be assumed that no
different result would have been obtained for thenan SV2C isoform. Consequently,
these data support the finding that no binding B¥Land its analogues occurs to the
lower-abundant isoforms SV2B and SV2C.

4.3.4 Binding to rat SV2A variants with deleted exons 5 and/or 6

As mentioned before, very recently the first stwdgs published, which led to the
identification of several amino acids of the SV2mtein that appeared to be essential
for the interaction with pyrrolidone ligand®. In the study that combined modeling and
mutagenesis experiments (based on a comparison thith structurally related
transporter proteins lactose permease LacY, rancgeation transporter 1, and human
organic anion transporter 1 and 2) several postion the SV2A protein, which
correspond to functional residues in those reldtadsporter proteins, were mutated
(seeFigure 35). Since the related transporter proteins — inrehto the SV2A protein
— do not possess long TMD-connecting loops, thengxed mutations were mainly
limited to regions of TMDs. Critically viewed mube the fact that the radioligands
applied for investigations of the mutants (e.g.]{¢h30889, sed-igure 8) differ
structurally from the compounds of interest LEV @MRV: the rather bulky, aromatic
phenyl-residue may exert different interactionsnthihe AEDs LEV and BRV.
Furthermore, it is debatable if functional residwésthe related transporter proteins
automatically represent important residues witlia 8V2A protein, which does not

function as a transporter anymore.

In an attempt to further contribute to the idenation of the pyrrolidone binding site
within the SV2A protein, additional mutational apaches were performed in the

present study. In contrast to the above mentioppdoach we focused on the sequence
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encompassing exons 5 and 6 (segure 35). This region mainly constitutes the long
loop between TMDs 6 and 7, which is protruding itlte cytoplasm. Like the N- and
C-termini, this loop sequence might have a funetiaole in protein interactions and
thus could potentially be modulated by interactiovith small molecules. To further
investigate this hypothesis, deletion variantshef tSV2A protein in which either exon
5 or 6 or both exons were deleted, were recombinarpressed and investigated.

Initially, radioligand binding experiments were foemed with CHO cells that were
stably transfected with the deletion variants bgrongral transfection (see 8.7.6.2).
However, with these cell lines no analyzable resalbuld be obtained, since the
observed transfection efficiencies and thus expedsvels were very low. Therefore,
CHO cells were transiently transfected (as desdripe8.7.6.1 b) with the deletion
variants as well as with rSV2A wild-type using thl@smids pCMV-rSV2Ad5u6-GFP,

pCMV-rSV2Ad5-GFP, pCMV-rSV2Ad6-GFP, and pCMV-rSV2BFP, respectively.

As verified by flow cytometric analysis, thereby chuhigher expression levels were

achieved (se€igure 30).

fluorescence intensity
(arbitrary units)
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Figure 30: Fluorescence intensity (arbitrary units) as detdty flow cytometric analysis of CHO cells
stably (grey) and transiently (black) transfecteithwGFP-tagged rSV2A wild-type (wt) and deletion
variants with deleted exons 5 and 6 (d5u6), ex¢ab3, and exon 6 (d6). Columns show the fluoreseenc
intensities (geometric mean of analyzed samplepgeh cell line without the autofluorescence, wiiets
determined with non-transfected cells.

On the day of the experiment, transiently transf@aells were harvested and prepared
for the binding studies as described in 8.7.7. Bigdexperiments were performed as
described in 8.5.4.1.1 arichble 21 using cells from one confluent dish for 12 wels (

assays, each 6 wells).
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Figure 31: Binding of [3H]BRV to CHO cells transiently tramstted with GFP-tagged rSV2A wild-type
(wt), variant with deletion of exon 5 and 6 (d5uéjriant with deletion of exon 5 (d5), and variarith
deletion of exon 6 (d6). Cells were incubated Wihi]|BRV (1 nM) for 240 min at 4 °C. Non-specific
binding (open bars) was determined in the presefceinlabeled LEV (1 mM). Specific binding
(black/grey bars) was obtained by subtraction aofi-gpecific binding from total binding, which was
determined in the absence of unlabeled LEV. Dapactled in the graph show one representative okthre
individual experiments performed in triplicate; slhroare means + SEM.

Figure 31 very clearly illustrates the remarkable changspecific binding of [H]BRV
to rSV2A variants with deletions of exons 5 andd@ompared to the wild-type protein:
specific binding in cpm decreases from 3500 cpn) ¢atless than 30 cpm (deletion
variants). The remaining detected binding to thletd® variants, which definitely falls
below the limit of reliable detection, can be colesed as irrelevant. Thus, it can be
concluded that no binding occurs to the rSV2A vagawith deletions in exon 5 and/or

exon 6.

As can be deduced frorigure 30 the transfection efficiency for cells transiently
expressing the rSV2A wild-type variant was deteedito be about twice as high as for
the deletion variants. Nevertheless, also cell$ tere transfected with the rSV2A

deletion variants still exhibited relatively higkpeession levels. Thus, regardless of the
obtained transfection efficiency if the investight@eletion variants presented a target
site for [3H]BRV binding, at least specific bindinig percentage should not have

decreased in such a drastic manner.

Taken these results together, it can be summattzgd[*H]BRV loses its affinity to
recombinantly expressed rSV2A variants if deletioh®xons within the cytoplasmic
loop (between TMDs 6 and 7) are present. Therewlise results suggest that exon 5
as well as exon 6 play an essential role for theraction of BRV with the SV2A

protein.

Nonetheless, certainly those results have to lprated with caution. By deletion of

exons 5 and 6 a region of the protein is removddchvencompasses 67 amino acids.
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Since the tertiary structure of a proi can be severelynpaired by such interventior
it cannot be excluded th#te removal of such a long regiaauses different foldin
resulting in an altered conformation of the protdihis in turn might lead to a limite
access of a ligand to its binding : or a significant change of the binding . Thus, the
interactionof a ligand with its target site might be hindesaen if a region apart froi
exons 5 and 6 iesponsible for thbinding.In subsequent investigations it is neces:
to circumvent this potential problem. To examineorex 5 and 6as region that
potentially is involved in the interaction w the pyrrolidone ligand®ne approac
would be to insert point mutatic in positions of amino acids, which are likely to
involved in binding interactiol (see 4.3.5). Thereby, occurrirpangeswithin the

protein structure cabbe expected to be less mar.

Excursus: Subcellular localization of recombinantly expressed SV2 proteins

To investigate the |adization of the recombinantly expressed SV2 prstehe cell
were examined by fluorescence microsy. The observation of thdéluorescence
excited by the GFP-tagg&l2 proteins confirmedhat the subcellular localization w
identical for each of theecombinarly expressed SV2 isoforms and SV2A mut:
investigated inthis study (exemplarily shown for G-tagged rSV2A and hSV2B
Figure 32).

A

Figure 32: Fluorescence images CHO cells transiently transfected with rSV2A-GH9),(and hSV2B-
GFP 8), respectively.

Based on these investigatir it appears that theecombinantly expresseGFP-tagged
SV2 proteins were mainlipcatedintracellularly and amaller number wi present in

the cell membrane of the transfected CHO ¢
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4.3.5 Binding to rat SV2A variants with point mutations in exon 5 and 6

Keeping the focus on exons 5 and 6 as a regiorptitantially might be involved in the
interaction with the pyrrolidone drugs, variants GFP-tagged rSV2A with point
mutations within exons 5 and/or 6 were investigafHte choice of positions where
point mutations were placed was based on non-ceegeamino acids that differ
between the sequence of SV2A and its isoforms Kggp&re 23 andFigure 35). Since

no binding of LEV and its pyrrolidone analogues wscto the SV2B and SV2C
isoform (see 4.3.3 and literatfté?, it can be assumed that non-conserved amino acids

must play a major role for the interaction with fherolidone drugs.

For radioligand binding studies CHO cells were srantly transfected (see 8.7.6.1 b)
with mutants of pCMV-rSV2A-GFP (s€Eable 8). Prior to harvesting of the cells, the
expression level was controlled for each cell Imefluorescence microscopy, which

always proved to be about 60%.

On the day of the experiment, cells were harveatetiprepared as described in 8.7.7,
using two confluent dishes for a 24-well assay. @etition binding studies were
performed with LEV versus [3H]BRYV (see 8.5.4.1.ddmble 22.
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Figure 33 A: Specific binding of [*H]BRV (1 nM) to transientlgxpressed rSV2Awt-GFP (grey),
rSV2A_N364K-GFP (green), rSV2A H387Q-GFP (yellowSV2A H387Q_ T395I-GFP (orange),
rSV2A_T395I-GFP (red) and rSV2A_E403D-GFP (blue}aited in competition binding experiments
with unlabeled LEV. Increasing concentrations oM &ere incubated with intact CHO cells expressing
the corresponding SV2A mutant and with radioligaid4 °C for 240 min. Non-specific binding was
determined in the presence of unlabeled LEV (1 mK).data are means + SEM of 3 individual
experiments performed in triplicatB: 1Cso values of LEV obtained in competition experimewmssus
[BH]BRV on rSV2A-GFP wild-type and point mutatiof®r color code refer té\). The columns show
the mean Ig, values + SEM of 3 independent experiments perfdrinériplicate.
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Table 10: IC5, values of LEV vs. [*H]BRV to recombinantly expredsrSV2A wild-type protein and
variants with point mutations.

ICso (WM)
pCMV-rSV2A-GFP 2.98+0.63
pCMV-rSV2A_N364K-GFP 1.58£0.20
pCMV-rSV2A_H387Q-GFP 2.17+0.17
pCMV-rSV2A_H387Q_T395I-GFP 1.77+0.12
pCMV-rSV2A_T3951 —GFP 1.86+0.41
pCMV-rSV2A_E403D-GFP 2.21+0.08

As can be deduced from the competition experiméesFigure 33), LEV exhibits
quite similar affinity to all of the observed rSV2Ariants, regardless if wild-type or
mutant. The most aberrant change in affinity coragawith the wild-type protein was
obtained for mutant N364K. In order to assess thien¢ of these differences, a
statistical analysis was performed applying a oag-&NOVA with Dunnett’s test for
multiple comparisons, in which the §¢value obtained from the wild-type protein was
used as control data to which the,J®@alues of each mutant were compared. For none
of these comparisons a statistically significarftedence was found (p > 0.05). Hence,
it can be concluded that the observed point mutatto not alter the affinity of LEV to
its SV2A binding site. To further confirm theseukts, it was decided to compare the
mutant with the largest change in affinity (pCMW&A_N364K-GFP) to the
wild-type protein by means of saturation bindingds¢s (see 4.3.6).
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4.3.6 Saturation experiments with rat SV2A wild-type and mutant N364K
Binding to the rSV2A variant with mutation N364K,high exhibited the largest
difference in the 1g value of LEV in competition experiments (see 43Wwas
investigated by means of saturation binding stud&iag [*H]BRV. Therefore, CHO
cells were transiently transfected (see 8.7.6.with) pCMV-rSV2A-GFP, and pCMV-
rSV2A_N364K-GFP, respectively. On the day of theesxment, cells were harvested
and prepared as described in 8.7.7, using one ummiifldish for a 24-well assay.

Saturation experiments were performed as descnh®db.3.2.4.
150000+
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Figure 34: Saturation binding curves of [3H]BRV to intact CH@lls transiently transfected with GFP-
tagged rSV2Awt-GFP wild-type (black) and rSV2A NB6GFP mutant (grey). Different concentrations
of the radioligand were incubated together with ¢els at 4 °C for 240 min. Non-specific bindingsva
determined for each radioligand concentration eapghesence of unlabeled LEV (1 mM). Each curve is a
representative of two independent experiments paegd in duplicate.

Ko (nM) Bmax (binding sites/cell)
rSV2A-GFP 106 + 11 510000 = 53000
rSV2A_N364K-GFP 87+3 497000 = 74000

The results of the performed saturation bindingdistsl illustrate that basically no
difference exists between the wild-type and mutgtexlein concerning the affinity of
[BH]BRV. Both Kp values fall within the same range. Therewith,ah de concluded
that small differences observed within the commetiexperiments (see 4.3.5) can truly

be considered as non-significant.

Consequently, the pyrrolidone ligands do not shdtered binding behavior to the
rSV2A variants possessing point mutations withiores and/or 6, which have been
investigated within this study. Hence, these resaliow the conclusion that the

positions of the examined point mutations do nience a potential binding site and
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thus are not essential for the interaction of tgerghidone ligands with the SV2A
protein. However, there are several issues that¢ awe considered. First of all, the
point mutations have been created with exchange défined amino acid randomly
against another amino acid. Thereby, also funclitbes of amino acids have been
exchanged randomly (compafFable 8§). This, after all, makes it impossible to intetpre
if an observed or non-observed effect is due tdhange in the functionality of the
amino acid, since too many variables are changedeasame time. It would be much
easier to interpret an effect caused by systersatibange, e.g. always against a neutral
amino acid like alanine. Moreover, it is also evitlthat starting with an approach by
which single amino acids are exchanged in a se@lenanner might serve less likely
for the identification of essential amino acids. this context, it would rather be
reasonable to exchange all of the non-constitudieno acids within exons 5 and 6
against the corresponding amino acid present instfferm SV2B or SV2C. Since it is
known that LEV and its pyrrolidone analogues do Iniad to these isoforms, it would
be very interesting to observe how binding willdienged to such a mutant. Following
this strategy, the potential of altering the confation of the investigated protein could

be reduced in comparison to complete deletion®féigion comprising exons 5 and 6.
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Figure 35: Topology model of the rat SV2A prote The snakeplot diagram was drawn with TOF
with prediction of transmembrane domains based MHMM software®*** (see8.1.1). Transmembrane
domains are numbered TNI to XII, exons are numbered in grey Arabic numbg&mn 1 o0 12 and
separated by lines, Nend C-termini are labeled with the corresponding lettémsino acids colored i
dark blue represent residues that are conservedgaibthree isoforms (SV2A, SV2B and SV2C), li
blue colored ones are conserved in orher isoform besides SV2A, and white colored onesrem-
conserved and only present in the SV2A isoform. domacids that were mutated in the study of Si
al*® are circled ired (no change in ligand binding), ain green (altered ligand binding), respective
Amino acids that are marked with a yellow circlere mutated and investigatedthis study
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4.4 Summary

Molecular cloning and heterologous expression

For the investigation of the SV2 protein by bindistudies to the recombinantly
expressed protein, several different cDNA clonesevabtained. SV2 wild-type cDNA
clones were received of each isoform (A, B andepyesenting either the human and/or
the rat sequence. All of these sequences initrelgded to be tagged with a GFP at the
3’ end and, as fusion proteins, afterwards werenedointo a suitable vector for
transfection. Moreover, plasmids containing segasmf rSV2A with deletions in exon
5 and/or 6 and a GFP-tag fused to the 3’ end wegeiged or constructed. Likewise,
constructs with point mutations in exon 5 and/af 6SV2A were provided, which were

already tagged with GFP at the 3’ end.

In order to introduce the genetic information itfte target cell (transfection), initially it
was planned to make use of a retroviral transfactidherefore, the sequences of the
genes of interest had to be cloned into a retrbvieator (here: pQCXIH). However,
since the sizes of the constructs most likely estedehe limit of the virion capacity, the
target cells were not transfected with high efficig. Thus, only very low expression
levels were achieved. This problem was circumvestdzsequently by transfecting the
cells by lipofection. Thereby, cells were eithemisiently transfected (using the pCMV
plasmid containing the gene of interest) and usgeztttly for binding studies or stably
transfected (using the pQCXIH plasmid containing ¢iene of interest in its linearized

form) by a subsequent selection phase of stabheslo

Radioligand binding studies with [BH]LEV and [3H]|BRV

By means of saturation binding studies, the affirof [BH]BRV to recombinantly
expressed hSV2A-GFP was investigated. The obtd{pedalue corresponds well to the
Kp value, which was obtained by saturation studiesrat cortical membrane
preparations and therewith represents the affiaisy determined in native tissue.
Moreover, this value is comparable with a publishégl value from a saturation
experiment at recombinantly expressed hSV2A profHEiis allows the conclusion that
the GFP, which is fused to the C-terminus of thetgin, does not impair the binding of
the pyrrolidone radioligand. In these assays highx Balues were determined, which
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demonstrates a successful transfection of the Cel®, gjielding to high expression

levels.

Heterologous competition experiments of LEV verdus radioligand [3H]BRV were
performed to compare the binding behavior of LEMd@oombinantly expressed SV2A
proteins (rat and human). Within these experiméntgas shown that no differences
exist in the affinity of LEV between human and 82A protein. This is consistent
with the high sequence homology of these ortholsgared furthermore suggests that
results obtained from investigations on the ratgirare most likely transferable on the

human protein.

Two further isoforms besides SV2A are known (SV2id aSV2C), which were
investigated within this study. Using GFP-taggetbrebinantly expressed hSV2B and
rSV2C protein, it could be shown that no bindingha pyrrolidone radioligands occurs

to either one of that isoforms.

Furthermore, investigations were made to elucigeitential domains of the SV2A
protein, which might be involved in the interactiovith LEV and its analogues.
Looking at its domain structure (s€ggure 4) the long loop between TMDs 6 and 7
(containing exons 5 and 6) was chosen to be examnsiece it is protruding into the
cytoplasm and might potentially interact with maatory proteins. Additionally, it
contains several non-conserved amino acids and diffess from the loops of the
isoforms SV2B and SV2C, which do not representef@rdor LEV and its analogues.
Three deletion variants of rSV2A-GFP were recomiilyaexpressed in which exons 5
and/or 6 were deleted. By means of radioligand inmpdtudies it could be shown that
the radioligand [3H]BRV does not bind to either asfethe variants. As a preliminary
conclusion this allows to assign to exons 5 and 6ssential role in the interaction with
the pyrrolidone ligands. However, it should furtherconsidered that a deletion of exon
5 and/or exon 6 might lead to a major change irptioéein’s conformation. Therewith,
it could also be conceivable that an evoked conébional change simply hinders the
accessibility or changes the structure of a tasget which after all does not lie within

exons 5 and 6.

Further focus was put on mutants of the rSV2A pnot@ which non-conserved amino
acids within exons 5 and 6 were exchanged by pwoiatations. This mutational

approach — in contrast to deletion of whole regiensould less likely lead to severe



78 4 [BH]LEV and [3H]BRYV binding to recombinant S\¢2oteins

conformational changes of the protein. Five différsnutants were provided (N364K,
H387Q, H387Q/T395I, T395I, E403D) that were invgsted within this study. The
examination of the binding behavior of LEV vers@d]BRV to these recombinantly
expressed proteins in competition experiments tedemerely marginal differences. A
subsequently performed saturation experiment ofgRY, in which the mutant with
the largest difference was compared to the wilegtypriant, revealed affinities in the
same order of magnitude. Therewith, it can be caled that the obtained SV2A
mutants, which were investigated within this studiy,not evoke altered binding of the
pyrrolidone ligands. Thus, the results suggestttimtelected positions are not essential
for the interaction with the pyrrolidone ligands though, within the constraints
discussed above.

As depicted inFigure 23, several further positions (besides the investigaesidues)
exist, in which the amino acid sequence is not enesl. Within these 12 further
positions SV2B as well as SV2C possess amino abiais are different from those
present in the SV2A isoform. For definite clariicm of this matter it would be
interesting to further analyze binding to rSV2A amts in which all non-conserved
amino acids in this loop are exchanged for thossept in the isoforms SV2B or SV2C

at the same time.
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5 Binding to AMPA receptors

5.1 Introduction

Several years after the discovery of the SV2A pnoss the binding site for LE® its
mode of operation as well as the exact role of SU2&ansmitter release still remains
to be elucidated. This certainly complicates thdanstanding of LEV’s mode of action
as an antiepileptic drug (AED). Concerning SV2A as potential target for
anticonvulsive agents, there is one main issuedtilbtaises questions: since the SV2A
protein, which is ubiquitously present in synaptésicles, is involved in excitatory as
well as inhibitory neurotransmission, it is not apmnt how the interaction of LEV can
be exclusively translated into an anticonvulsivieaf Thus, it cannot be excluded that
SV2A is not the main and/or not the only targeticire of LEV and that further
protein targets contribute to or are even respém$i its anticonvulsive effect. Bidlack
and Rasheed supported this hypothesis by statatg VvV also directly interacts with
AMPA receptors (AMPARS): based on an observed cdithe binding behavior of
different allosteric AMPAR modulators (obtained exga [3H]LEV), they postulated
that LEV binds to an allosteric modulator site oMRARs® Already earlier on an
interaction of LEV with AMPARs was described in gaclamp recordings using
cultured cortical neurons: Carunchio et al. denramstl that LEV significantly
decreases AMPA-induced currents and hence, cortlinde LEV interacts with certain
AMPAR subunit$®® On the other hand, Lee et al. suggested that aserebd effect of
LEV on the glutamate system is evoked presynapfiddly modulation of P/Q-type
voltage-dependent &achannels) leading to reduced glutamate relé&sgo far this
issue has not been clarified yet. In any case,sthectural similarity of LEV to its
analogues piracetam and aniracetam (Sigeire 17) would support the finding of
Bidlack et al. that LEV could directly interact WIAMPARS: piracetam and aniracetam
bind to AMPARSs at different allosteric binding stewhich are located at the dimer
interface of the receptor complex. Based on crystialctures of piracetam with the
AMPAR subunits GIuR2 and GIuR3 Ahmed et al. detesadithat the amide group as
well as the carbonyl oxygen atom of the pyrrolidoimg participate in the interactions
that are essential for the bindifi§.Based on these findings, it is conceivable that th
structurally related compound LEV and its analoglikewise could interact with
AMPARS.
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In order to investigate this issue, in the presatly potential direct binding of the
pyrrolidone radioligands to AMPARs was investigatéwr this purpose, AMPARS
were recombinantly expressed in HEK cells, whichrevapplied for radioligand
binding studies. Since AMPARs can be composed iitiplel ways by assembling
different subunits in homomeric or heteromeric corabons, a representative subunit
was chosen. For the reasons stated above (seg, 1 35IuR2 subunit was selected
and applied for the expression of homomeric regsp®egarding the interaction of the
pyrrolidone compounds aniracetam and piracetam wiehAMPAR essential amino
acids have been identified, which contribute to bieling interactiorf** These amino
acids in parts are also located within the reginooenpassing the flip/flop sequence,
hence, it was chosen to include both isoforms withis study. For all data shown in
the following chapters that were experimentallyedetined within the present study,
the radioligand [3H]JAMPA and the non-labeled compdWAMPA were both applied as

racemic mixtures.

5.2 Binding of [*HJAMPA to native proteins in membrane

preparations

5.2.1 Establishment of binding assays for [’ HJAMPA

In order to characterize recombinantly expressed®AMs, the radioligand [*BH]JAMPA
(racemic mixture) was purchased. As an initial stepras necessary to establish valid
and reproducible binding assays, which are suitédnlehe evaluation of its binding
properties. For this purpose, binding to membrarepgrations of native brain tissue
(rat cortex) was investigated, therewith estabtighan assay system in analogy to
formerly published binding studiéS?*® Preliminary experiments revealed that the
radioligand binding assay using [SH]JAMPA is quiteensitive concerning the
experimental conditions, which subsequently hadbéo optimized in a series of

experiments.

One definite confounder is th@resence of glutamatewhich might still be present in
the prepared membrane suspensions (according th &l 8.3.2), deriving from
endogenous stores. Since binding of the radiolig@idipAMPA would be significantly
reduced by glutamate in a competitive manner, fiteisessary to additionally wash and

sonicate membrane preparations applied for stwdids*HJAMPA.
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Concerning the influence oépeated freezing and thawing cyclesf the membrane
preparations (as well as preparations of cellsmdxoantly expressing AMPARS) on
[BH]JAMPA binding, contradictory information has be@ublished>?**?**Therefore,
membranes were always treated in the same wayr pfteluction of membrane
preparations as described in 8.3.1 and 8.3.2, @kgwere shock-frozen and stored at
-80 °C. On the day of the experiment, the requabduots were thawed, treated as
described in 8.3.4 and directly used for the expent without further freezing/thawing
cycles. For later on performed experiments withongiginantly expressed AMPARS,
cells were always harvested and prepared as dedciib 8.7.8 on the day of the
experiment, thereby avoiding any freezing and thgwi

A lot of studies are published concerning th8Buence of different anionsin the
incubation buffer. Especially the chaotropic antbiocyanate appears to have a large
effect on [BHJAMPA binding and is suggested to lssemtial for investigations of
[BHJAMPA binding to receptors in brain membrarfé%?}’?**?2The presence of
thiocyanate clearly stimulates binding of [?BH]JAMPWhich is supposed to be caused by
enhanced receptor desensitizafithPreliminary binding assays revealed results that
underline these findings and thus the importancehef presence of KSCN in the
incubation buffer: as demonstratedrigure 36 KSCN clearly enhanced the binding of
[BH]JAMPA by a factor of 3 to 44) with an increase of specific binding from ca. 30%
to ca. 70%B).
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Figure 36: Specific binding of [BH]JAMPA (50 nM) to rat braicortical membrane preparations in the
presence of different incubation buffer additiv€ke radioligand and membrane preparations (300fug o
protein/well) were incubated for 30 min at 4 °CTiris-HCI buffer (50 mM, pH 7.4) in the presence of
KSCN (100 or 200 mM), KCI (2.5 mM) or without addits of further salts (-). Non-specific binding was
determined in the presence of L-glutamate (1 mMyecHic binding was calculated by subtraction of
non-specific binding from total binding, which westermined in the absence of L-glutamate. All data
are means + SEM of an experiment performed ini¢ape. A: Specific binding in cpmB: Specific
binding expressed as a percentage of total binding.
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Furthermore, within different experiments it wasiftoned that the presence of KSCN
likewise in the washing buffer has great influemmce the quality of the results as it
minimizes the dissociative loss of binding durimg filtration procedure (compare
Kessler et al.j*’ To further keep the binding loss in filtration ags as low as possible
Kessler et al. additionally suggested using a wegshbuffer close to freezing
temperature. As experienced in a number of asHiaigsseems to be an essential point —
as well as keeping the duration of the washing guace to a minimum: following

filtration, the filters should not be washed mdrart two quick rinses.

5.2.2 Homologous competition experiments with AMPA

In compliance with the above described assay ciomdit radioligand binding studies
were performed in the manner of homologous conipetiéxperiments as described in
8.5.4.1.2. Thereby, the affinity of AMPA to its net protein target in different

membrane preparations was examined.
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Figure 37: Specific binding of [EBHJAMPA (20 nM) to membraneagparations from rat brain cortex
(black), rat brain striatum (dark grey) and mousairb (light grey) obtained in competition binding
experiments with unlabeled AMPA. Increasing conaitns of AMPA were incubated with membrane
preparations (300 pg of protein/well) and radiatigaat 4 °C for 30 min. Non-specific binding was
determined in the presence of L-glutamate (1 mMJ). data are means + SEM of 3-4 individual
experiments performed in triplicate.

Table 11: ICso and By values for AMPA versus [*H]JAMPA obtained in comien experiments at
brain membrane preparations.

I1C5o (NM) Ko (nM) Bmax (fmol/mg protein)
rat cortical membrane 86.9+33.8 66.9+33.0 420+ 174
rat striatal membrane 50.5+22.7 31.0%+20.9 510 £ 269

mouse brain membrane 64.2 £29.2 447 +27.5 358 + 187
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From the above described homologous competitiorerxgnts R,SAMPA versus
[FH]R,SAMPA) ICso values were obtained between 50 and 90 nM. Basé&thoation

16 this corresponds to Kvalues in the range of 30 to 70 nM. Analysis o thata
revealed binding to a single site for all membraneparations examined. Within these
homologous binding experiments likewise the maximwmber of binding sites was
determined, which, for all preparations investigatproved to be between 0.4 and
0.5 pmol/mg protein. Comparison of the results wittta from the literature, however,
appears to be rather difficult, since various fextare discussed, which are assumed to
have an influence on the results (e.g. protein triveat like detergents and
freezing/thawing, buffer additives, centrifugatiorersus filtration assays etéJ"
217219221 22222422590 y amples for literature K values for [BHJAMPA at rat brain

membranes (obtained in saturation binding experig)ere listed imable 12

Table 12: Exemplary K (nM) and B (fmol/mg protein) values published in literattifeé'®#! as
obtained from saturation binding experiments wi#H]AMPA at rat brain membrane preparations with
centrifugation assays. *indicates data obtainefiltration assays. In the last column it is spemdfiif the
applied radioligand was a racemic mixturRe or applied in enantiopuré&) form.

in the absence of KSCN in the presence of KSCN [BH]JAMPA
Olsen et al.”** Kp; = 28 Bmaxs = 200 Kp1 = 75 Bmax: = 1000
RS
Kp, = 500 Bmax2 = 1800 Koz ~3000 Binaxe ~18000
Murphy et al.”*  Kp; = 28 Bmaxt = 330
Kp=71* Boax = 1100* R,S
Kp2 = 3960 Brmax2 = 23600
Kessler et al.”*® Koy = 11
S
Koo, =377

For the most part in literature, binding of [*H]JAMRs described as binding to a high
and a low affinity site. However, when performingfiration assay, instead of a
centrifugation assay, Murphy et al. only determifading to a single sit&* With

regard to the published data, the obtainedvidlues within this study (30 to 70 nM)
represent the high affinity binding site. A detentof the low affinity binding site is not
possible in competition binding studies applyingloav concentration (20 nM) of
[BHJAMPA. This site could only be obtained in sation binding studies at high
[BHJAMPA concentrations (as shown ifable 12. Data published by Kessler et al.
were determined with the puBenantiomer of [BHJAMPA, therewith providing higher
affinities for both binding sites. The maximum nwmiof binding sites determined in

the present experiments (0.4-0.5 pmol/mg protemmjesponds to the high affinity site.
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As can be concluded from literature data ($able 12, Bnax values in the presence of
KSCN in generally could be expected to be high@weler, as stated by Kessler et al.,
within filtration assays Rax is very likely to be reduced (up to 50%) due to a
dissociative los&’ Finally, it has to be mentioned that publisheduealalso vary from
each other to a certain extent, as can be seentfi®@exemplary data listed irable 12
Hence, the here obtained data for AMPA binding allecorresponds to formerly
published results gained by comparable experim@ussequently, it can be concluded
that the established binding assay for [BH]JAMPA ya® to be reliable and thus
represents a suitable method for further investgatof AMPA binding sites.

5.3 Molecular cloning and heterologous expression

For several reasons that have been discussed &rwd .4.3), the GIuR2 subunit was
chosen as a representative subunit for the hetgo® expressions of homomeric
AMPARs. Therefore, the flip as well as the flopf@mons of the human GIuR2 subunit
were purchased (pCMV-hGIuR2flip and pCMV-hGluR2flgee 8.1.3.3). For stable
transfection both sequences needed to be clonedsuitable plasmids, which encode
the resistance for a certain antibiotic; hence phesmids pQCXIN and pQCXIH
(encoding G418, and hygromycin B resistance, rasmdyg) were chosen. By means of
PCR, the hGluR2flip and hGluR2flop sequences wergliied (seeTable 24 primers:
f-hGluR2-ATG-Notl, r-hGluR2-TAG-BsiWI; annealing 6 °C; elongation t: 160 s),
thereby flanking the ends with a Notl (5’ end) anBsiWI (3’ end) restriction site. The
hGIluR2flip sequence was then cloned into the pQCplidémid, while the hGluR2flop
sequence was cloned into the pQCXIH plasmid. Afterification of the correct
sequence (see 8.6.13), both plasmids were lineb(zee 8.6.11) and used for stable
transfection of HEK cells as described in 8.7.9.10ue to the presence of genes that
encode for antibiotic resistance (G418 or hygromyg), it was possible to select

clones stably expressing the gene of interest.

Similarly as discussed above for the SV2 proteses (4.2.4), initial attempts proved
that the constructs pQCXIN-hGIluR2flip and pQCXIH{b&2flop exhibit too large
sizes for the retroviral transfection method as&rpd above. Additionally, it has been
described that recombinant expression of glutamesteptors appears to be toxic for the
receptor-expressing cefl§ which means a certain challenge for attempting a

successful stable transfection of AMPARS. Neveg$gl after transfection of HEK cells
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via lipofection, which already have been reporteddpresent a suitable cell line in
several cas€s®?® it was possible to generate cell lines stably essing the
homomeric AMPARSs GIuR2 flip and GIuR2 flop.

5.4 Binding to recombinantly expressed AMPA receptors

Radioligand binding studies at HEK cells recombtharexpressing homomeric

AMPARs of the GIuR2 subunit were performed in agreet with the assay conditions
established with protein membrane preparations §s2g Cells were permeabilized
with saponin and washed several times to removegambus glutamate (see 8.7.8).
Upon this treatment, cells were directly used fandimg studies without making

membrane preparations. As determined in prelimirexgeriments (data not shown)

cells from one confluent culture flask (175%3mere used for one 24-well assay.

5.4.1 Homologous competition experiments with AMPA

A functional AMPAR consists of four subunits beingmposed of two dimers each
comprising two identical subunits. As mentionedieaon, here the GIuR2 subunit was
chosen for the heterologous expression of AMPARsrewith providing homomeric
AMPARs of either the flip or the flop isoform. Byeaans of radioligand binding studies
with the radioligand [3H]JAMPA, the recombinantly mnessed AMPARs were

investigated. Competition experiments were perfaraedescribed in 8.5.4.1.2.
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Figure 38: Specific binding of [FBHJAMPA (20 nM) to HEK cellsecombinantly expressing homomeric
AMPARs comprised of GIuR2 flip (black) and GluR2l (grey) obtained in competition binding
experiments with unlabeled AMPA. Increasing concidns of AMPA were incubated with cells and
radioligand at 4 °C for 30 min. Non-specific bingirwas determined in the presence of unlabeled
L-glutamate (1 mM). All data are means + SEM ofh@8ividual experiments performed in triplicate.
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Table 13: ICsq and B values for AMPA determined in homologous competitiexperiments at
recombinantly expressed homomeric AMPARSs (GluR2dind GIuR2 flop) in HEK cells.

I1C5o (NM) Ko (nM) Bmax (binding sites/cell)
GluR2 flip 98.1+41.6 78.8+42.1 55000 + 1700
GIluR2 flop 80.5+20.6 61.8+20.0 68000 + 5000

In case of both isoforms it was determined thatdinig proceeds to a single site,
providing 1G, values in a quite similar order of magnitude (8QL00 nM). According

to Equation 16 this corresponds to Kvalues in the range of 60 to 80 nM. The
expression level gained by this stable transfectias lower than that obtained with
various transient transfections (compargaBvalues with values from transient
transfections of SV2A variants, e.g. 4.3.6), howgewbsolutely sufficient since a
maximum binding of 1000 to 3000 cpm was determimethin these experiments.

Moreover, it is conceivable that stable transfewiccannot yield in much higher
expression levels at all, since glutamate recegtorschannels) appear to exert a toxic

effect on the cell§*®

In order to assess the experimentally obtainedtsgstomparable binding studies from
literature were taken as a referentable 14 summarizes publishedpKvalues from
saturation binding experiments of [BHJAMPA at redamantly expressed homomeric
AMPARSs of the GIuR2 subunit.

Table 14: Kp values published in literat’&29*?°as obtained from saturation binding experiments wi
[BHJAMPA at recombinantly expressed homomeric AMPARSf the GIuR2 subunit (flip and flop
isoform). In the last column it is specified if tapplied radioligand was a racemic mixture or aggpin
enantiopure) form; n/a: no information available.

GluR2 flip GluR2 flop [EHJAMPA
Andersen et al.”* Kpz = 2.9 nM Koz = 2.5 nM y
n/a
Ko, = 40.7 nM Koz = 43.9 nM
Hennegriff et al.”* Ko = 2.3 nM Ko: = 4.7 nM p
n/a
Ko, = 109 nM Koz = 28 nM
Kessler et al.”*® Koy = 2.2 nM
Ko =4 nM S
Ko, = 34 nM

According to the above listed studies, in most sasés suggested that BHJAMPA is
binding to two binding sites. Only Kessler et alogosed binding to only one site for
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the flop isoform. While for binding to the high-gdity site quite similar values were
reported (2.3 to 4.7 nM), Kvalues for the lower affinity site vary to a geraextent
(28 to 109 nM). Unfortunately, only Kessler et@ovided information on the nature of
the radioligand $enantiomer), which makes it even more difficuliriterpret the other
results. Moreover, only Andersen et al. defineddpecies from which the DNA used
for transfection originated (rat), though, basedaosequence homology of > 99% for
both isoforms between the human and the rat sequémc¢his case identical binding
behavior might be assumed. As discussed above5(8€d), literature data might only
be suitable as references to a certain extente sinmerous factors may influence the
results obtained from [BHJAMPA binding. In generdlpwever, the experimentally
determined I§ values seem to correspond to the low-affinity ssipeiblished in the
literature. This might be traced back to the obasgon by Hennegriff et al., showing
that for membrane-embedded (in contrast to sokddl receptors the low affinity site
appears to be favored (e.g. low affinity site > 86ase of GIuR2 flip as determined
in a saturation experimerfd> Thus, it might be possible that a potentially presbut
much lower abundant high affinity site was not degd at all within the performed

binding studies.

Making overall comparisons between the bindingnétfés of [BHJAMPA to native
brain receptors published in the literature, it leen concluded that affinities for
recombinantly expressed homomeric receptors cavrespo the high-affinity site of
native receptor§:® Concerning the high- and the low-affinity siteriative AMPARS, it
has been hypothesized that these two sites mags@mqirreceptors in distinct stages of
trafficking. Supposedly, AMPARSs exhibiting high-afity sites are immature variants
within the endoplasmatic reticulum, which need ndergo final processing in the Golgi
apparatus and with insertion into the synaptic nraméd undergo conversion into the
functional low-affinity receptof:®%?*??°Since the affinities determined for [2HJAMPA
to recombinantly expressed AMPARS in general cpoed to the high-affinity site of
the native receptor, it has been postulated thit used as expression systems (here:
HEK cells) might lack a cellular factor, which iiites the maturation of the
AMPARs?? Thus, it needs to be kept in mind that the quest@mains as to what
extent recombinantly expressed AMPARs in generathinreflect binding to their

native analogues.
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5.4.2 Investigations concerning potential binding of BRV to AMPAR

To examine if LEV and its pyrrolidone analogues hmeding to AMPARS several
experimental setups were performed. As mentioneaialihe subunit GluR2 was
chosen as a representative for the recombinanession of homomeric AMPARS. In
radioligand binding studies the interaction of BV with HEK cells recombinantly
expressing GluR2 was investigated. Therefore, erdtly of the experiment HEK cells
were harvested and prepared as described in 8n8.cell culture flask (175 dn
grown to confluence) was used for a 24-well asBayding studies were performed as
described in 8.5.4.1.1 andable 21 with the following variations: in different
experiments as a buffer for incubation Tris-HClfbufvas used, either with addition of
MgCl, (2 mM) or with addition of KSCN (200 mM). Bindingf the radioligand was
investigated in different concentrations (1 nM ahdM). The time of the washing
procedure of the glass fiber filter was always kaptshort as possible using ice-cold
Tris-HCI buffer with addition of 50 mM KSCN. Theruing experiment was performed
each time in triplicate.

Regardless of the examined modifications of bufdditives or radioligand
concentrations, in neither experiment specific lmgccould be detected: for binding to
the flip isoform the total binding (in cpm) was @722 cpm with a specific binding of
18 + 3 cpm. Binding to the flop isoform providedagal binding of 83 + 23 cpm and a
specific binding of 10 £ 8 cpm (data not shown).n€idering that for binding of
[BH]BRYV to non-transfected HEK cells a total binginof 86 cpm and a specific binding
of 12 cpm was determined (experiment in triplicaté) becomes evident that the
observed marginal binding is irrelevant. Thus, dasethese results it can be concluded
that no binding of [*H]BRYV occurs to homomeric AMRA of the GIuR2 subtype.

Consequently, as shown with the radioligand [H]BR¥ a potent antiepileptic
pyrrolidone drug, those experimental observatioegeal no direct binding to the
AMPARSs and therewith do not support the resultdesd by Bidlack and Rashe&d.
Surely, it is a question, if the results would hdeen different, if other subunits than
the GIluR2 subunit had been used for the investigatHowever, for the structurally
related allosteric AMPAR modulators piracetam anglaeetam subunit specificity has
been determined to be |G Bidlack and Rasheed published a brief abstrauthith
they summarized that LEV is binding to an allostesite of AMPARS since binding of
[BH]LEV was inhibited by allosteric AMPAR modula®in a concentration-dependent
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manner. Unfortunately, this abstract does not givg details or show concrete results.
Therefore, it also cannot be excluded that the exednAMPAR modulators competed
with the [BH]JLEV binding in a manner independentrr their interaction with the
allosteric AMPAR binding site. The experimentaluks that were obtained within this
study therewith would rather be in agreement witkdihgs by e.g. Lee et al. suggesting
that an observed AMPAR modulation by LEV is conwkyly a presynaptical

interaction leading to a decreased glutamate reféés

5.4.3 Potential modulation of [*’H]JAMPA binding by levetiracetam

In further binding studies it was planned to inigede if the antiepileptic compound
LEV is modulating the binding of [BHJAMPA to its ceptor. Therefore, rat cortical
membrane preparations were purified as describeBldm to ensure the removal of
endogenous glutamate. The experiment was performagcordance with conditions
described in 8.5.4.1.2, representing optimized tmms for the radioligand
[BHJAMPA. Binding of [BHJAMPA was examined in the r@sence of LEV in

concentrations from 100 nM to 1 mM.
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Figure 39: Specific binding expressed in % of [3BHJAMPA (20 hNb rat brain cortical membrane
preparations in the presence of different concéntia of levetiracetam. Increasing concentratiohs o
levetiracetam were incubated with the radioligand emembrane preparations (300 ug of protein/well) a
4 °C for 30 min. Non-specific binding was deternairia the presence of L-glutamate (1 mM). All data
are means * SEM of 4-5 individual experiments penfd in triplicate.

As can be deduced from the above described expefime modulatory effect of
levetiracetam could be observed on the bindingldfAMPA under the investigated

conditions.



90 5 Binding to AMPA receptors

5.4.4 Potential modulation of [*H]BRV binding by AMPA and L-glutamate

It was further intended to investigate if the preseof the glutamate receptor agonists
AMPA and L-glutamate influences the binding of thgrolidone compound [*H]BRV.
For these experiments rat cortical membrane prépasawere purified as described in
8.3.4 to remove endogenous glutamate. Binding esudere performed as described in

8.5.4.1.1 andable 22to ensure optimal conditions for [3H]BRV binding.
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Figure 40: Specific binding expressed in % of [3H]BRV (1 nM) rat brain cortical membrane
preparations in the presence of L-glutamate (AJ, ANMPA (B), respectively. Different concentratioofs

the test compounds were incubated with the radialig and membrane preparations (100 pg of
protein/well) at 4 °C for 240 min. Non-specific Hing was determined in the presence of LEV (1 mM).
All data are means + SEM of 3 individual experinsantth six-fold determination.

As demonstrated above, slight modifications on BRI binding by L-glutamate or
AMPA might be recognizable. In order to assessdigaificance of these effects, a
statistical analysis was performed applying a oag-&NOVA with Dunnett’s test for
multiple comparisons: therefore specific binding [8#fl]BRV in the absence of test
compounds was used as control data to which spdaifiding in the presence of test
compounds was compared. The analysis revealed rihastatistically significant
difference (p > 0.05) exists between binding of|BRV in the presence or absence of

L-glutamate or AMPA.

Consequently, it can be concluded that neither laAggears to modulate the binding of
the radioligand [CH]JAMPA (see 5.4.3), nor do L-glotate or AMPA exert any
significant effect on the binding of [?H|BRV undehe observed experimental
conditions. These results, obtained with nativeuis are in agreement with the above
mentioned observation (see 5.4.2) that no bindinfl|BRV could be observed to
AMPARSs (represented by a homomeric receptor ofh#R2 subunit).
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5.5 Summary

Since SV2A is a ubiquitously expressed synapticcl@protein, which — as far as it is
known today — contributes to inhibitory as well ascitatory neurotransmission,
questions have been raised if further potentigiets of LEV exist that are involved and
contribute to its potent anticonvulsive effect. 8a®n postulated interactions between
LEV and AMPARSs, it was decided to investigate ifredit binding of the new

pyrrolidone radioligands, which show high specifictivity, to AMPARs can be

observed.

Molecular cloning and heterologous expression

For the recombinant expression of the AMPAR, foriochthe subunit GIuR2 was
chosen as a representative, the DNA sequencesiegdooth isoforms (flip and flop)
were subcloned into retroviral vectors. Since thally planned retroviral transfection
turned out to be not suitable for these constrdatsto the limited capacity of the virus
particles, stable transfection was performed \paf&ction. Thereby, it was possible to
generate cell lines stably expressing the recombimmomeric AMPAR of the

subunit GIuR2 in its flip as well as flop isoform.

Radioligand binding studies

Initially, a suitable assay system to perform [BINJRA binding studies had to be
established. Therefore, several factors were examisome of which proved to have a
large influence on the outcome of the experimeldsng native protein preparations
(rat cortical membrane preparations), optimal cbows for a reliable assay system

were determined.

By means of homologous competition experimentsdibo of [BHJAMPA to native
protein from rat cortical membrane preparations ingsstigated and compared to data
in the literature obtained from saturation expentseCompetition binding experiments
allowed the detection of a single binding site ,vng values that are consistent with
the high affinity binding site reported in the faure. Since in competition binding
experiments in general only a relatively low cortcation of radioligand is applied, the
detection of the low affinity site described in therature can only be achieved in

saturation experiments. Taken together, it candreloded that the established assay
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system proves to be reliable and hence represesatisiable system for the investigation
of the binding of [BH]JAMPA to its molecular targstructures.

Furthermore, HEK cells recombinantly expressing boraric AMPARs of the GIuR2
subunit (flip and flop isoform) were applied in ding studies with [3BH]JAMPA.
Thereby, it was confirmed that the transfection wascessful, providing cell lines
stably expressing homomeric AMPARs with sufficieaxXpression levels. As far as
comparisons were possible, the experimentally obthdata were consonant with data
published in the literature. Consequently, it candssumed that the recombinantly

expressed AMPARSs are suitable for investigationdraf-target interactions.

To examine if AMPARs exhibit a potential bindingesifor the pyrrolidone drugs,
binding of [?H]BRV to the recombinantly expressedntomeric AMPAR was
investigated. Repeated experiments under varyimglitons revealed that no binding
of the radioligand could be detected. As far asRZlwcan be considered to be a
representative subunit for AMPARS, these resuliglynthat the pyrrolidone drugs do
not directly interact with AMPARS, neither by bingdi to an allosteric nor to an
orthosteric binding site. This is also consisterthwesults obtained from further studies
on native membrane preparations: under the obsaweditions no modulatory effect
on [BH]JAMPA binding to its protein target could loéserved in the presence of LEV.
Likewise, the presence of L-glutamate and AMPA dat significantly influence the

binding of [H]BRYV to its protein target.
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6 Binding to SV2A knockout brain tissue

With the identification of the SV2A protein as thkerget structure for levetiracetam
(LEV) and its analoguéSit was suggested that these pyrrolidone drugsrappg exert
their antiepileptic effects via a novel mechanisfaotion. By radioligand binding
studies involving brain tissue from SV2A KO micenias demonstrated that the SV2A
protein appeared to represent the only target@fpirrolidone drugs since no binding
could be detected in the absence of S\V2K However, the validity of these studies
was limited by the relatively low signal (~900 dpwihich corresponds to ~450 cpm)
that was observed in control tissue (wild-type mféeand the low specific activity of
the applied radioligand (8 Ci/mmdB,respectively. Other studies, which showed that
the affinity of different pyrrolidone drugs to tl8/2A protein positively correlated with
their antiepileptic potenc};”> have been criticized with regard to the missing
information on the actual cerebrospinal fluid levef the investigated compoun@sAs
discussed in chapter 5.1, so far it cannot be eecluhat further targets besides the
SV2A protein are involved in the antiepileptic effevoked by LEV and its analogues.
Considering that the SV2A protein is ubiquitoushggent in the brain with very high
expression levels of approximately 9 to 11 pmol/mmtein®®? it is likely that
potentially present low-abundant protein targetspfessed e.g. in femtomolar
concentrations) may not have been detectable Witlapplied radioligands under the so

far applied experimental conditions.

Having a radioligand in hand with high specificiaity, it was intended to reinvestigate
brain tissue from SV2A KO mice with the new radjalnd [H]BRV. Due to its
remarkably high specific activity, the radioligarsdsupposed to be more suitable than
the previously used on8s? to detect potential protein targets with low exssien
levels. For this purpose membrane preparations werde as described in 8.3.2 from
brains of SV2A wild-type (+/+), heterozygous SV2K+/-) and homozygous SV2A
KO (-/-) mice, which were provided by the group Rifof. Dr. S. Schoch. Binding
studies were performed similarly as described $481.1,Table 21 andTable 23 with

the following modifications: the radioligand [3H]BRwas applied in concentrations of

10 and 50 nM; the amount of protein was increasé200 pg per well.
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Figure 41: Binding of [BH]BRV in cpm to brain membrane pregi@ons of SV2A wild-type mice (+/+),
heterozygous SV2A KO mice (+/-), and homozygous S mice (-/-), respectively. The radioligand
[BH]IBRV (10 nM, and 50 nM, respectively) was inctdx with membrane preparations (200 pug of
protein/well) at 4 °C for 240 min. Non-specific ding was determined in the presence of unlabeled LE
(1 mM). Depicted is a representative result of twdividual experiments performed in triplicate; alat
points represent means + SEM.

From the above described experiments the followegplts were obtained: in brain
membrane preparations of SV2A wild-type mice (#e}y high specific binding was
achieved ranging from ~4300cpm (10 nM radioligartd) ~14300 cpm (50 nM
radioligand). In preparations of heterozygous S\K& mice (+/-) binding was reduced
to ~2800 cpm (10 nM radioligand), and ~7700 cpmr{BDradioligand), respectively.
No specific binding of the radioligand [*H]BRV watetected to brain membrane
preparations of homozygous SV2A KO mice (-/-), fmne of the applied radioligand
concentrations. Thus, no additional binding sitas[fH]BRV — besides SV2A — could

be detected in these experiments.

The experimental conditions for this analysis welesen in analogy to conditions of
previous investigations at membrane preparationS\#A KO mice®>"? which were
optimized for binding of the pyrrolidone drugs tetSV2A protein. Hence, it has to be
considered that this experimental setup might movide the ideal conditions for the
detection of potentially present low-abundant targeoteins other than the SV2A
protein. As discussed in chapter 5.2 (for the AMPBAIRd the therein cited literature,
binding of radioligands to proteins can be strongRuenced by a number of factors:
for instance Olsen et al. determined g.,Brvalue of 200 fmol/mg protein for the high
affinity binding site of [SBH]JAMPA in the absence OKSCN as compared to
1000 fmol/mg protein in the presence of KSCN witheswise optimal conditions for
[BH]JAMPA binding (seeTable 12.%® Assuming that [*H]BRV was binding with the

same affinity as it binds to the SV2A protein tpaentially low-abundant target site
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with similarly low expression levels (e.g. 200 frimg protein, which is ~ 50 times
lower than the expression level of the SV2A protetiime signal determined in the above
described experimental setup would still be belo®d 8pm. Considering that, in
addition, the applied conditions might not be id&al binding to such an unknown
target, it is conceivable that the signal wouldld&er than the limit of detection and
hence, the “unknown” target site may not be medderdy the applied approach.
Moreover, in antiepileptic therapy, KepBréLEV) is administered in very high doses
of 1-3 g/day (plasma level: 35-100 pM, peak conegiuns: 90-250 pM§*>?*"Thus, it

is conceivable that also lower affinity target gios could be addressed at therapeutic
doses.

Due to the limited amount of available brain tisstgan SV2A KO mice, it has only
been possible so far to perform a very limited nembf experiments without the
required variations of experimental conditionsfuture studies, it will be interesting to
investigate binding to the tissue under systemiaticaaried conditions, representing
optimized conditions for binding to diverse protéamgets. As can be concluded from
the above described experiment, the new radiolig@#@BRY proves to be suitable for
the performance of these experiments and hencéh&iinvestigation of potentially

present low-abundant protein targets besides ti#EAWotein.
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Since levetiracetam (LEV) was approved in 1999HeyEDA, it has become one of the
most successful of the newer antiepileptic drugk¥8). Nevertheless, its mode of
action has still not been fully elucidated. In 2004nch et af' discovered that the
pyrrolidone drug is binding to the synaptic vesipletein SV2A, thereby suggesting a
completely novel mechanism of antiepileptic acti®w. far little is known about the
exact role of this protein in neurotransmitter aske and how LEV might affect its
function. Very recently, the first study was pubgsl in which several amino acids were
identified that supposedly participate in the iat#ion with pyrrolidone drugS?
however, the exact site of ligand binding remam$e¢ elucidated. Furthermore, it is
under discussion if the SV2A protein represents riten and only target for the
pyrrolidone drugs: radioligand binding studies amfrane preparations of SV2A KO
mice argue for the SV2A protein as the only targfeticture’™’?> However, in these
studies radioligands of limited sensitivity wereplgd. Moreover, based on another
study it has been suggested that LEV is also binttiran allosteric site of AMPARS®

To contribute to the clarification of these mattersvas planned to synthesize tritium-
labeled radioligands of the AEDs LEV and its high#inity analogue brivaracetam

(BRV), which should possess high specific actiahd thus represent sensitive tools for
binding studies. Within this study, synthetic rauteere developed, which allowed the
preparation of the radioligand8H]LEV , [BH]BRV, as well as its stereoisomer

[*H]isoBRV with very high specific activity of 94-98 Ci/mm@eeSchemes S1 and
S2.

NH NH
T2 OH SOCk, MeOH 8 NH3, MeOH

ST Zecconen \/\[(o\ MW, 100 °C, WNHZ
o} o} o}
4 5 6

Cl Cl

m Cl Cl %
HO*" 5~ ~0 _ &
7 o 3H,, 10% Pd/C, 0

NaBH(OAGc)s, HOAC \ DIPEA -

: NH. ——— > \/\[(NHZ
rt,20 h 2 rt,4h
Y .
8 3
98 Ci/mmol

Scheme S1: Synthesis of [BH]LEV (3MW: microwave, DIPEAN,N-diisopropylethylamine (*denotes
positions of 3H).
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Scheme S2: Synthesis of [3H]BRV (9) and [3H]isoBR{29),*denotes positions of 3H.

An assay system, suitable for the application bthese three radioligands in binding
studies, was established. The radioligands wereacteized in kinetic studies and
saturation binding experiments. It was confirmealt tthe affinity to the target protein
(SV2A) increased in the order [H]LEV < [2H]isoBR¥/[(H]BRYV based on K values
of 1.12 £ 0.18 uM, 409 £ 23 nM, and 70.0 + 8.4 nbkpectively.

Subsequently, the new radioligand [3H]BRV was agiplin different competition
binding experiments, in which it proved to baluable for the screening of
compounds providing highly reproducible results. Moreover,was confirmed that
[BH]BRV can be considered as sitable surrogate for the low-affinity ligand
[BHILEV with superior properties due to its ~15-fold higladfinity. In competition
experiments with unlabeled LEV at diverse brain rbeme preparations [*H|BRV
proved to be a reliable tool providingsiGralues of 1.73 £ 0.23 uM (rat cortex), 0.693
+ 0.131 pM (rat striatum), 0.948 + 0.144 pM (motsain), 1.43 = 0.33 puM (human
thalamus) and 2.69 + 0.55 uM (human putamen) @ titiepileptic drug LEV.

[BH]IBRV was further employed to examinerain samples from patients with

pharmacoresistant epilepsyobtained by surgery. Competition binding experitaen
(unlabeled LEV versus [*H]BRV) provided highly repucible binding curves,
demonstratingoncentration-dependent binding inhibition with 1Cso values between
0.7 and 1.2 uM. No significant difference in affinpbf LEV to its target protein was
observed among different samples, including iniieppr&-therapy (LEV) responsive

as well as non-responsive patients.
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To investigate the interaction of LEV with the SV#otein, several different native
and mutant SV2 proteins were subcloned, expressedHO cells and subjected to
radioligand binding studies. Saturation bindingemxpents of the radioligand [3H]BRV
to the recombinantly expressed human wild-type S\fizétein showed binding to a
single saturable binding site with & Kalue of 75.1 + 12.2 nM, which was comparable
to literature values as well as to data obtainechatve membrane preparations.
Competition binding experiments of LEV versus [3IR® at recombinantly expressed
human and rat SV2A protein showed that species differenceexist (IGo. 2.64 +
0.53 uM, and 2.98 = 0.63 uM, respectively), whishim accordance with the high
sequence homology between these orthologues.

30007 By binding &periments at the differe
recombinantly expressed SV2 proteir
isoforms SV2A, SV2B and SV2( could be
confirmed that the pyrrolidone drugsnly

— bind to the SV2A but not to the SV2B «
hSV2A hsvaB rsvac

2000+

binding of
[H]BRV (cpm)

S

3

SV2C isoforms at radioligandoncentration
Binding of [*H]BRV (1 nM) to GFP-taggedof 1 nM ([BH]BRV) and 10 nM ([2H]LEV).
SV2A, SV2B, and SV2C proteins expressed in

CHO cells; h: human, r: rat.

To contribute to the identification of the liganchéing site at the SV2A protein it was
investigated if the long cytoplasmic loop comprisexons 5 and 6 (sdegure SJ) is
involved in this interaction.

40001 Therefore, studies were performed in wt

LB binding of [BH]BRV to deletion mutants
&
55 2000 the rat SV2A protein lacking exons !
£m
=T 1000 and/or 6 were investjated. In the absence

—_— == this region no binding of the pyrrolidone
wt d5u6 d5 dé

o

radioligands could bealetected, which me
Binding of [*H]BRV (1 nM) to GFP-tagged rat . . .
SV2A wild-type protein (wt), and variants witnsuggest an essential role of this area ir

deletions of exons 5 and/or 6 (d5u6, d5, d‘ﬁband-target interaction.
expressed in CHO cells.
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Figure S1: Topology model of the rat SV2A protein.The snakeplotliagram was drawn with TOPC

with prediction of transmembrane domains based MHWMM software™®*** (see 8.1.1). Exons are
numbered in grey from 1 to 12 and separated bysline- and Ctermini are indicated with th

corresponding lettergsmino acids colored in dark blue represent residhas are conserved among

three isoforms (SV2A, SV2B and SV2C), light bludored ones are conserved in one other isol

besides SV2A, and white colored ones are-conserved and onlpresent in the SV2A isoforr

Residues that were mutatadd investigate in the study of Shi et af° are marked with red (no chan

in ligand binding), and green (altered ligand bindjn@spectively. Residues that are marked wi

yellow circle were mutated and investigated in gtigly

However, deletion of a longer sequence might pakytevoke a conformation:i
change of the redting protein mutant. Therefore, it is not cl, whether the drugs
actually bind to the deleted sequence or whethafocmational changes cause th
effects. Subsequently, several point mutants ofrahe&SV2A protein were investigat
(see Figure S1): certain amino acids, which are r-conserved among the S)
isoforms,and therefore might have an essential functioméninteraction of the SV2.
protein with its ligands were exchanged (N364K, H387Q, H387Q/T395l, T3
E403D). All of these mutants baved like the wildype protein and thus do not app
to be involved in ligand binding. In future stug, it may be a reasonable approact
create a mutant in which all n-conserved amino acids of exons 5 and 6 are excH:

for the corresponding onfrom the isoforms SV2B or SV2C.
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Concerning the hypothesis that the pyrrolidone sinnight bind to an allosteric site of
AMPARs, it was planned to investigate binding oH]BRV to recombinantly
expressed AMPARs. Therefore, initially an assaytesys for [3H]JAMPA using
membrane preparations of rat and mouse brain wablisted: in competition binding
experiments with unlabeled AMPA, d¢values were obtained that are comparable with
published data. Recombinant AMPARs were stablyesg®ed in HEK cells (assembled
from the subunit GIuR2 as flip and flop isoform)damere characterized by homologous
competition experiments with [BHJAMPA. The radiddigd [3H]BRV did not show any
specific binding to HEK cells recombinantly expiegsAMPARS. In binding studies at
native protein preparations (rat cortex) LEV (100 to 1 mM) also did not modulate
the binding of [3BH]JAMPA, nor did AMPA or L-glutamatmodulate the binding of
[BH]BRV. Thus, the results of the present stuily not reveal evidence for direct
binding of LEV and BRV to AMPA receptors.

Finally, the radioligand [3H]BRV was applied to &stigate binding to membrane
preparations of brains fro®V2A KO mice, and thus to repeat investigations, which so

far were of limited validity due to the availabkedioligand<$* "2

200007 Under identical experimental conditions
515000_ with the new radioligand [*H]BRV high-
éloooo_ affinity specific binding could also not be
= detected in the absence of the SV2A
§ 21 _ m protein (-/-), while the same concentrations
e +/- - of radioligand (10 nM or 50 nM) provided

10nM&50nM 10nM&50nM 10 nM & 50 nM . ) i ) i )
o high binding in control tissue from wild-
Binding of [*H]BRV (10nM, and 50 nM,

respectively) to brain membrane preparations tfjpe mice (+/+) and reduced binding in
wild-type mice (+/+), heterozygous SV2A KO ]
mice (+/-), and homozygous SV2A KO mice (-/-). heterozygous KO mice (+/-).

The limited amount of so far available SV2A KO mhrain tissue only allowed a small
number of experiments (performed only under opticaalditions for binding to SV2A).

In future studies repetitions of this investigatievith systematical variations of
experimental conditions will help to clarify, if diional targets are addressed by the
antiepileptic pyrrolidone drugs. As demonstratethiwi this thesis the new radioligand

[BH]BRYV represents a most valuable tool for thatdckof investigations.
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8 Experimental part

8.1 General

8.1.1 Software
Microsoft Office 2007 (Excel, Word, PowerPoint, fale Manager)

ChemBioDraw Ultra 11.0.1, Cambridge Software

WIN-NMR 6.2.0.0, Bruker Daltonik GmbH

GraphPad Prism 5.01, GraphPad Software, San Dgjdprnia, USA

DNAtrans 2.1, http://www.b-und-s-software.de/

Clone Manager Basic for Windows, version 9, Scfen& Educational Software
Plasmid Map Enhancer for Windows, version 3.1, i&die & Educational Software
Oligoanalyzer 3.1, http://eu.idtdna.com/analyzepkgations/OligoAnalyzer/
Chromas Lite 2.01, http://www.technelysium.com.aumas_lite.html

ClustalW, EMBL-EBI, http://www.ebi.ac.uk/Tools/mséistalw?2/

Needle, EMBL-EBI, http://www.ebi.ac.uk/Tools/psafenss needle/

TOPO2, http://www.sacs.ucsf.edu/cgi-bin/tmhmm.py

8.1.2 Material for synthesis

8.1.2.1 Chemicals and solvents

Chemicals for synthesis have been purchased fromosA®©rganics (Nidderau,

Germany), Alfa Aesar (Karlsruhe, Germany), Bachaieil am Rhein, Germany),

Fluka (Buchs, Schweiz), Merck (Darmstadt, Germa®ygyma Aldrich (Steinheim) and

TCI Europe (Eschborn, Germany). If not stated otie chemicals were used without

further purification.

Solvents were obtained from various commercial aeair If not indicated otherwise,

they were used without further purification.
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8.1.2.2 Material and instruments
Microwave instrument
Chemical reactions with microwave radiation werggrened in a Discover microwave

instrument (CEM GmbH, Kamp-Lintfort, Germany).

Hydrogenation apparatus
Catalytic hydrogenation was performed with a HS§&C Hydrogen Generator (Proton
Energy Systems, Wallingford, USA).

TLC
Analytical thin layer chromatography (TLC) was mered on silicacoated aluminum
plates containing a fluorescent indicator (Merskica gel 60 k4 Darmstadt,

Germany).

Column chromatography
For column chromatography silica gel 60 (0.063-0.20m) from Merck (Darmstadt,
Germany) was used.

Preparative HPLC

For preparative HPLC a Knauer HPLC system (KnaumbB, Berlin, Germany) was
used comprising a Wellchrome K-1800 pump, injectiamd switching valves, a
Wellchrome K-2600 spectrophotometer, a Eurosph& @Q8 precolumn (30 mm X
20 mm, particle size 10m) and a Eurospher 100 C18 column (250 mm x 20 mm,
particle size 1@m). As mobile phase a mixture of methanol (HPLCdgraMerck,
Darmstadt, Germany) and deionised water with a fim& of 20 ml/min was used.

Lyophilization
Lyophilization of compounds was performed with AdpH-4 LSC (Martin Christ

Gefriertrocknungsanlagen GmbH, Osterode, Germany).

Polarimeter
Optical rotation of chiral compounds was measureith w241 Polarimeter
(PerkinElmer).

Melting point apparatus
For the determination of melting points Biichi MegfiPoint B-545 was used.
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NMR

NMR spectra were recorded on a Bruker Avance 5@@tspmeter H: 500 MHz,**C:
125 MHz) at room temperature. Spectra were recoedl@gdom temperature in CD{I
or CD;0D, respectively, and the remaining protons ofdbeterated solvent were used
as an internal standardH¢ & (ppm) CDCk: 7.24; CROD: 3.35 and™C: & (ppm)
CDCls: 77.0; CRXOD: 49.3). Coupling constants are given in Hertz)(And chemical
shifts in parts per million (ppm). Spin multipligs are abbreviated with s (singlet), d
(doublet), t (triplet), m (multiplet), br (broad).

HPLC-MS

Low-resolution mass spectra were obtained on an AB00 mass spectrometer
(electrospray ionization, Applied Biosystems, Daiads Germany) coupled to an
HPLC system (Agilent 1100) using the following pedare: compounds were dissolved
in methanol (0.5 mg/ml). A 10l sample of this solution was injected into the KPL
system containing a Phenomenex Luna C18 columm({@®0x 2.00 mm, particle size
3 um). It was chromatographed using a gradient of wateethanol (containing 2 mM
ammonium acetate, if not stated otherwise) from: 9@ to O : 100 in 30 min. The
gradient was started after 10 min, the flow rates \2&0ul/min. UV absorption was
detected using a diode array detector (from 1980 nm) and purity was determined
at 254 nm.

8.1.3 Material for biological work

8.1.3.1 Chemicals and additives

Acetic acid Merck, 1.00063.1011
Agarose Roth, 2267.2

(R,9-AMPA Enzo Life Sciences, EA-110
Ampicillin sodium salt Roth, K029.1

Aniracetam Sigma, A9950

ATP disodium salt AppliChem, A1348
Bemegride TCI Europe, E0284
Bromophenol blue sodium salt AppliChem, 3640
BSA/Albumin fraction V Roth, 8076.4

Calcium chloride, anhydrous AppliChem, A3652
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Calcium chloride dihydrate Fluka, 21097

Calf serum Sigma, C8056
Copper(ll) sulfate pentahydrate AppliChem, A1034
Disodium hydrogen phosphate, anhydrous  AppliCheh@)4%
DMSO (binding studies) Roth, 4720.3

DMSO (cell culture) AppliChem, A3672
EDTA Roth, 8040.3

Ethanol p.a. Merck, 1.00983.1000
Ethosuximide Sigma, E7138

Fetal Bovine Serum Sigma, F7524

Folin & Ciocalteau’s phenol reagent Sigma, F 9252
D-(+)-Glucose Sigma, G-7021
L-Glutamic acid Sigma, G1251
Glycerol AppliChem, A1123
HEPES Roth, 9105.4

H,0, sterile VWR, AX021376
Hydrochloric acid 37% Sigma-Aldrich, 30721
Hypoxanthine AppliChem, A0O700
LB agar Roth, X965.3

LB medium Roth, X968.2
Levetiracetam Chemos GmbH, Art No. 134992
Liquid Scintillation Cocktail LumaSaf& Plus, Lumac
Magnesium chloride Sigma, M8266
Magnesium chloride hexahydrate Fluka, 63068
Mycophenolic acid AppliChem, A3801
PEI solution (50% in kD) Sigma, P-3143
Penicillin-Streptomycin, liquid Gibco, 15140
Pentylenetetrazole Sigma, P6500
Phenobarbital Sigma, P1636
Phenol red solution Sigma, P0290
Piracetam Sigma, P5295
Polybrene (Hexadimethrine bromide) Aldrich, 10,768-
Potassium chloride Fluka, 60128

Potassium phosphate monobasic Sigma, P9791
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Potassium thiocyanate

Saponin

SDS solution 20%

Sodium butyrate

Sodium chloride

Sodium hydroxide

D(+)-Sucrose
Tris(hydroxymethyl)aminomethane

Xanthine

8.1.3.2 Material and instruments

Autoclave

Balance, analytical

Balance, precision

Centrifuges

Dismozor? pur
Drying cabinet
Electrophoresis chamber

Electrophoresis power supply

Gel documentation system
Glass-fiber filters

Glass homogenizer, Potter
Harvester

Hemocytometer (cell counting chamber)

Incubator for cells

Sigma-Aldrich, 20779-9
Fluka, 84510
AppliChem, A0675
Alfa Aesar, A11079
Roth, 9265.1
Fluka, 71689
AppliChem, A4734,5

Roth, AE15.3 / 5829
Sigma, X7375

VX-95, Systec
3850 ELV, Systec
XA205DU Excellence, Mettler dad
SBC 42, SCALTEC
440-47N, KERN
Mikro 200, Hettich
AllegraTM 21 R, Beckman Coulter
AvantiTM J-201, Beckman
Rotofix 32, Hettich
975400, Bode Chemie
T6120, Heraeus
Schutt Labortechnik
Power Pac 300, ELIT& Blus,
Schitt Labortechnik
Universal Hood Il GeldioRad

Whatméh Schleicher und Schiill (GF/C)

Sartorius

Brandel M24 Gaithersburg, MD, USA
Brandel M48 Gaithersburg, MD, USA

Marienfeldr@any
Jouan IG 650, Heraeus,
INC 246, Memmert
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Incubator shaker

Liquid scintillation analyzer
Liquid scintillation cocktail

Microscope

Microscope for fluorescence images
MilliQ
pH-meter

Pipets
Photometer
Rocking shaker
Safety cabinet

Steril filter
Thermal block
Thermocycler
Tip Sonicator

Tissue homogenizer

Vortex mixer

Water bath

Flow cytometer

Innova 4200 Incubator shaker,
New Brunswick Scientific
Tri-Carb 2810 TR, Rer-Elmer
LumaSafe Perkin-Elmer
Wilovert, Hund Wetzlar
Axiovert 25, Zeiss
Leica, DM IL LEDoO
PURELAB flex, ELGA
691 pH Meter, Metrohm
Seven Easy, Mettler Toledo
Eppendorf
DU-530, Beckman
ELMI Digital Rocking Shaker DRS-12
NUNE Safe flow 1.2
NUNC® MICROFLOW
Filtropur 0.22 um, 831826001, Sarsted
Thermomixer comfort, Eppendorf
T Personal, Biometra
Sonoplus HD2070, Bandelin
RW 16 basic, IKA,
Ultra-turrax T25 basic, IKA
UNIMAG Zx3, UniEquip
Vortex Genius 3, IKA
MS2 Minishaker, IKA
WNB 14, Memmert

For flow cytometric analysis the flow cytometer F8€alibur (BD Biosciences, USA)
was used, equipped with an argon laser (excitato#f88 nm). Emission was detected
between 515-545 nm. Cells were injected suspermu€tBiS buffer. Autofluorescence,
which was subtracted from the determined fluoreseantensity of each sample, was

determined with non-transfected CHO cells.
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8.1.3.3 Material for molecular biology

Plasmids
pPCMV-hSV2A (NM_014849.3)

PCMV-hGIUR2_flip (NM_000826.2)
pCMV-hGIuR2_flop (NM_001083619.1)

PCMV-rSV2Awt-GFP (NM_057210.2)

pCMV-rSV2Ad5u6-GFP
pCMV-rSV2Ad5-GFP

pBluescript-hSV2B (NM_014848.4)

pCMV-rSV2C (NM_031593.1)
PCMV-rSV2A_N364K-GFP
PCMV-rSV2A_H387Q-GFP
PCMV-rSV2A_H387Q T395I-GFP
PCMV-rSV2A_T395|-GFP
pCMV-rSV2A_E403D-GFP

Enzymes
BamHlI
BsiWiI
Clal
EcoRI
Fspl
Notl

Sall

Stul

Pyrobest¥ DNA Polymerase
AccuPrimé™ Pfx DNA Polymerase
KOD Hot Start DNA Polymerase
T4 DNA ligase

AMS Biotechnology, UK

provided by Prof. Dr. S. Schoch,
Institut fur Neuropathologie,

Universitatsklinikum Bonn

New England BioLabs

TaKaRa
Invitrogen
Novagen

New England BioLabs
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Primer for cloning

name sequence (5’ to 3') restriction site
f-rSV2A-GFP-Notl GAGCTAGCGGCCGCACCATGGAAGAAGGCTTTCRS Notl
r-GFP-BsiwI CATCATCGTACGTTACTTGTACAGCTCGTCCATGC Bail
f-rSV2A-ATG-EcoRI  ATTCAGAATTCACCATGGAAGAAGGCTTTCGAG EcoRl
f-rSV2A-Exon5-BamHlI ATAGTGGATCCTGAGAAGACTCGCTCAGGAGG BamH]I
f-hSV2A-ATG-EcoRlI ATTCAGAATTCATGGAAGAGGGCTTCCGAG EaRI
r-hSV2A-Sall AGTTTGTGTCGACCTGCAGCACCTGCCCCC Sall
f-hSV2A-Notl GAGCTAGCGGCCGCACCATGGAAGAGGGCTTCCGAGAC Naotl
f-hSV2B-ATG-Clal ATTCAATCGATATGGATGACTACAAGTATCAG Qal
r-hSv2B-Sall AGTTTGTGTCGACCATCAGGACCTGTTCTCGA Sall
f-rSV2C-ATG-Clal ATTCAATCGATATGGAAGACTCCTACAAGGATAG Clal
r-rSV2C-Sall AGTTTGTGTCGACCATCAGAACCTGGGTTCTTGTG Ba
f-hGIuR2-ATG-Notl TCAATCAGCGGCCGCATGCAAAAGATTATGCARTTTCTG  Notl
r-hGIluR2-TAG-BsiWl CATTCACGTACGCTAAATTTTAACACTTTCGAIGCC BsiwIi

Primer for sequencing

name sequence (5’ to 3)

f-pQCXI-Seq ACGCCATCCACGCTGTTTTGACCT

r- pQCXI-Seq GGCCTTATTCCAAGCGGCTTCG

f-pCMV CGCAAATGGGCGGTAGGCGTG

r-oCMvV ACAAGGCTGGTGGGCACTGG

r-rSV2A-Seql GGAACACTTTGGTTCGGGCTG

f- ISV2A Seq2 GATTGGTGGCGTGTATGCAGC

f-rSV2A-Seq3 CAGCCCGAACCAAAGTGTTCC

f-rSV2A-Seq4 TCAGCTTCTTGGGGACACTGG

f-rSV2A-Seq5 GCTCTGAAGCTGCCTGAGACC
f-hSV2A-Seql (fFhSV2A-ATG-EcoRIl)  ATTCAGAATTCATGGAABGGGCTTCCGAG
r-hSV2A-Seq2 GGAACACTTTGGTGCGGGATG

f- hSV2A-Seq3 GATTGGTGGCGTGTACGCAGC
f-hSV2A-Seqg4 CATCCCGCACCAAAGTGTTCC

f-hSV2A-Seqg5 GCCCTGAAGCTGCCTGAGACC
f-hSV2B-Seql (f-hSV2B-ATG-Clal) ATTCAATCGATATGGATGATACAAGTATCAG
f-hSV2B-Seq2 GGAGAACACCTCAGTTGGC

f-hSV2B-Seq3 CACCAACATGGGAAACTTGTG
f-hSV2B-Seq4 CCTTCGACTGCCAGAGACT

f-rSV2C-Seql (f-rSV2C-ATG-Clal) ATTCAATCGATATGGAAGRTCCTACAAGGATAG
f-rSV2C-Seq2 AGACAAAGTGGGAAGGAAGC

f-rSV2C-Seq3 ATGGACTGTCCGTTTGGTTC

f-rSV2C-Seq4 GAACGCACTCTGTAAAGCAG

f-hGluR2-Seql CATTCACGTACGAGAAAGATCCTCAGCACTTTCG

f-hGIluR2-Seq2 TTTCCTTGGGTGCCTTTATG
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marker, dyes, antibodies, reagents, kits

Lambda DNA/EcoRI+HindIIl marker Fermentas, SM0191

®X174 DNA-Haelll Digest New England BioLabs, N3026S
6x Gel Loading Dye, blue New England BioLabs, B7921
GelRed" nucleic acid gel stain New England Biotium, 41003
Lipofectaminé™ 2000 Transfection Reagent Invitrogen, 11668019
Zymoclean" Gel DNA Recovery Kit Zymo Research, D4001

DNA clean & concentratd} -5 Kit Zymo Research, D4003

ZR Plasmid Miniprep” - Classic Zymo Research, D4015
S.N.A.P™ Midi Prep Kit Invitrogen, K1910-01

Pure Link™ HiPure Plasmid Filter Midiprep Kit  Invitrogen, K2100-15

Zyppi Plasmid Maxiprep Kit Zymo Research, D4028

Pure Link™ HiPure Plasmid Filter Maxiprep Kit  Invitrogen, K2100-17

8.1.3.4 Media, supplements and solutions for cell culture

DMEM Dulbecco’s Modified Eagle Medium, Gibco/Inwagen

DMEM/F12 Dulbecco’s Modified Eagle Medium — NutrteMixture F-12,
Gibco/Invitrogen

Opti-MEM Opti-MEM | Reduced Serum Medium, Gibco/ltregen

FCS Fetal Bovine Serum, Sigma F7524

PS Penicillin-Streptomycin solution, Gibco 15140

Hygromycin B Hygromycin B Solution (100 mg/ml), Mé; 400052

G418 G418 solution (100 mg/ml), InvivoGen, ant-gn-5

CS Calf Serum, Sigma, C8056

HXM Hypoxanthine Xanthine Mycophenolic acid solutjcee
8.1.35

Trypsin/EDTA Trypsin (0.05%) / EDTA (0.6 mM) soloti, see 8.1.3.5
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8.1.3.5 Buffer and solutions for membrane preparations and binding studies

Sucrose solution (0.32 M)
D(+)-Sucrose WM=342.30 0.32M 110g
Water, deionized, autoclaved 11
The solution needs to be prepared freshly priast

HEPES buffer (10 mM, pH 7.4)

HEPES M=238.30 10mM 2.38¢
NacCl M, =58.44 80 mM 4.68 g
KCI M, =74.55 3.6 mM 0.27 g
MgCl, - 6 H,O M;=203.30 0.53mM 0.11g¢g
CaCh -2 HO M, =147.01 1.2mM 0.18 g
Water, deionized 11

pH is adjusted to 7.4 at 4 °C with saturated Na©Mteon. The buffer is stored at 4 °C.

Tris-HCI buffer (50 mM, pH 7.4)
Tris M,=121.14 50 mM 6.059
Water, deionized 11

pH is adjusted to 7.4 with HCI 37%. The buffertigred at 4 °C.
If not indicated otherwise, Tris-HCI buffer usedtins study always was 50 mM, pH 7.4

MgCl; solution (10 mM)
MgCl, M, =95.21 10 mM 95 mg
Tris-HCI buffer (50 mM, pH 7.4) 100 mi
The solution is stored at 4 °C.

Levetiracetam solution (5 and 5C mM) for non-specific binding

Levetiracetam M=170.21 5mM 8.5 mg
50 mM 85 mg
Tris-HCI buffer (50 mM, pH 7.4) 10 mi

The solution is stored at 4 °C.

PEI solution (0.1%)
PEI solution (50% in kD) 1mi
Water, deionized ad 500 ml
The solution is stored at 4 °C.
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KSCN solution (1 M)
KSCN M, = 97.18 1M 9.72¢
Tris-HCI buffer (50 mM, pH 7.4) 100 mi

100 pl of this solution in a final volume of 500 g¢dual a concentration of 250 mM. The
solution is stored at 4 °C

L -Glutamic acid solution (5 mM) for non-specific binding
L-Glutamic acid M=147.13 5 mM 74 mg
Tris-HCI buffer (50 mM, pH 7.4) 100 mi

100 pl of this solution in a final volume of 500 gdual a concentration of 1 mM. The
solution is stored at 4 °C.

Tris (20 mM) / Sucrose (250 mM) solution

D(+)-Sucrose M=342.30 250 mM 8.6¢9
Tris-HCI buffer (50 mM, pH 7.4) 40 ml
Water, deionized 60 ml

pH is adjusted to 7.4 with HCI 37%. The solutiostisred at 4 °C.

Tris (10 mM) / NaCl (150 mM) solution

NaCl M, =58.44 150 mM 877 mg
Tris-HCI buffer (50 mM, pH 7.4) 20 ml
Water, deionized 80 ml

pH is adjusted to 7.4 with HCI 37%. The solutiostigred at 4 °C.

Saponin solution (1%)
Saponin 1% 0.1g
Water, deionized 10 ml
Saponin is dissolved in water. The solution isesticait 4 °C.

Reagent Afor Lowry protein determination
N&CO; 2% 10 g
NaOH solution (0.1 N) ad 500 ml
The solution is stored at rt.
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Reagent Bfor Lowry protein determination

CusSQ - 5 H,0 0.5% 0.25¢
Sodium tartrate 1% 05¢g
Water, deionized ad 50 ml

Both salts are dissolved in water separately amdbawed afterwards. The solution is
stored at 4 °C.

Reagent Cfor Lowry protein determination
Reagent A 50 parts
Reagent B 1 part
The reagent needs to be prepared freshly prios¢o u

Reagent L: Folin & Ciocalteau’s phenol reagent working solatio
Folin reagent 18 ml
Water, deionized ad 90 ml
The solution is stored at rt.

8.1.3.6 Buffer/solutions for molecular biology, cell and bacteria culture

LB medium
LB medium 259
Water, deionized ad1l

LB medium is given into deionized water and thepgusion is autoclaved. The solution
Is stored at 4 °C.

LB medium with ampicillin (100 pg/ml)

LB medium 259
Water, deionized ad1ll
Ampicillin (100 mg/ml) 1mi

LB medium is given into deionized water and thepsnsion is autoclaved. Ampicillin is
added after the solution has cooled down < 50 H&. Solution is stored at 4 °C.
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LB agar plates with ampicillin

LB agar 329
Water, deionized ad 11
Ampicillin (100 mg/ml) 1ml

LB agar is given into deionized water and the sosjpm is autoclaved. Ampicillin is

added after the solution has cooled down < 50 °@préximately 15-20 ml of this

solution is poured into each petri dish of 10 mmanater. After the agar solidified the
plates are stored face down in a plastic bag at.4 °

CacCl; solution (0.1 M), sterile
CaCl M;=11098 0.1 M 11g
Water, deionized ad 100 ml
CaCl is dissolved in deionized water, sterilized vierie filtration and stored at 4 °C.

TAE buffer 50x (for agarose gel electrophoresis)

Tris M, =121.14 2 M 242 g
EDTA M;=292.24 50 mM 146 g
Acetic acid 57.1 mi
Water, deionized ad 11

The buffer is autoclaved and diluted 1:50 priouse. It is stored at rt.

6x loading dye (for agarose gel electrophoresis)

Bromophenol blue sodium salt 0.25%
Glycerol 5ml
Water, deionized 5ml

The loading dye is stored at 4 °C.

Sodium butyrate solution (500 mM)
Sodium butyrate V= 110.09 500 mM 55 mg
Water, deionized 1mi
After sterile filtration, the solution is stored-20° C.

Polybrene solution (4 mg/ml)
Polybrene 20 mg
Water, deionized 5ml
After sterile filtration, the solution is stored-20° C.
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EDTA stock solution (0.1 M)
EDTA M,=29224 0.1M 29g¢
Water, deionized 100 mi
After pH adjustment to 7.6, the solution is stoatdt.

Hypoxanthine Xanthine Mycophenolic acid solution (FKM)

Hypoxanthine 75 mg
Xanthine 1250 mg
Mycophenolic acid 125 mg
NaOH solution (6 N) g.s.
Methanol 5 ml
Water, deionized 45 ml

To a suspension of hypoxanthine and xanthine imK®f deionized water NaOH
solution (6 N) is added dropwise until the solutisecomes clear. Deionized water is
added ad 45 ml. In a separate vial mycophenolid ecdissolved in methanol and the
two solutions are mixed. After sterile filtratioaliquots (a 5 ml) of the solution are
prepared and stored at -20° C, protected from.light

PBS buffer
NacCl M, = 58.44 15M 8.8¢
KCI M, =74.55 25 mM 0.2¢
NaHPO, M,=141.96 75mM 119
KH.PO, M;=136.09 15mM 0.2g
Water, deionized 11

After pH adjustment to 7.4 with HCI| 37%, the bufferautoclaved and stored at rt.
PBS 10x buffer is prepared in analogy except thadumnts of salts are multiplied by 10.

Trypsin (0.05%) / EDTA (0.6 mM) solution

EDTA stock solution (0.1 M) 0.6 mM 6 ml
Trypsin (2.5%) 0.05% 20 ml
Phenol red solution (0.5%) 750 pl
PBS buffer ad 11

EDTA stock solution is given into PBS buffer an@ tolution is autoclaved. After the
solution has cooled down to rt, trypsin (sterilérdiied) and phenol red solution (sterile
filtrated) are added under laminar air-flow. Théusion is stored at 4 °C.
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8.1.3.7 Radioligands

The radioligands [SH]LEV, [*H]isoBRV and [3H]BRV we obtained from Quotient
Bioresearch (UK) by labeling previously synthesizegbcursors (see chapter 8.2).
These radioligands are solved in ethanol (1 mCi/Rdioligand [SBH]JAMPA (racemic

mixture) was obtained from PerkinElmer (USA) inaddusion of ethanol : water (1 : 1)

in a concentration of 1 mCi/ml.

Table 15: Chemical structures of radioligands applied witthiis study.

name [*H]levetiracetam [3H]brivaracetam [*H] R,.SAMPA

g :
OH
HO
o o I\, NH2

internal code [BH]LEV [3H]|soBRV [FHIBRV [FH]JAMPA

code (supplier) TRQ40411 TRQ40412 TRQ40419

specific activity 98 Ci/mmol 98 Ci/mmol 94 Ci/mmol 45.8 Ci/mmol
radiochem. purity 99.7% 99.3% 99.5% >97%

8.1.3.8 Tissue

Sprague-Dawley rat brain 56004-2, Pel Ffe@&ogers, Arkansas, USA

Black 6 mouse brain provided by Prof. Dr. V. Giesahn,
Institut fir Biochemie und Molekularbiologie,
Universitat Bonn

SV2A KO mouse brain provided by Prof. Dr. S. Schoch
Institut fur Neuropathologie,
Universitatsklinikum Bonn

human brain from epilepsy surgery Institut fir Nmpathologie,
Universitatsklinikum Bonn

human post-mortem brain Institut fir Neuropathatogi

Universitatsklinikum Bonn
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8.2 Syntheses

8.2.1 Synthesis of [*H]levetiracetam

(S)-Methyl 2-aminobutanoate hydrochloride (5}°’

The ester was prepared in analogy to Klieger arttla®{®’ Freshly distilled thionyl
chloride (30 mmol, 2.6 ml) was added dropwise taril®f methanol previously cooled
to -20 °C. §-2-aminobutyric acid (10 mmol, 1.0 g) was added #me mixture was
stirred at room temperature for several hours. rEagtion progress was monitored by
TLC and if needed additional thionyl chloride wadded until the reaction was
completed. At the end of the reaction the solveas wemoved by distillation. The
remaining residue is recrystallized from diethyéathgiving the product in nearly
quantitative yield (lit.: 80%3°’

Appearance: white crystalline powderSolubility: soluble in chloroform, methanol,
water. Detection: Ninhydrin reagentMelting point: 116 °C (lit.: 116-117 °C)*" *H
NMR (500 MHz, CDCl3) & ppm 1.08 (t, 3HJ = 7.43, C4H), 2.07-2.13 (m, 2H, C3H),
3.78 (s, 3H, C1'H), 4.09-4.13 (m, 1H, C2H), 8.73 8H, NHK'Cl). °C NMR
(125 MHz, CDCk) 6 ppm 9.63 (CH, C4), 23.78 (CH, C3), 53.04 (CH, C%3.40 (CH,
C2), 169.77 (Cq, C1).

(S)-2-Aminobutanamide (6¥%

(9-Methyl 2-aminobutanoate hydrochloride (1 mmol31bg) was dissolved in 6 ml of
ammonia (7 M) in methanol. The solution was stirrgttler microwave irradiation
(70 W) at 100 °C for 240 min. The mixture was evaped to dryness and the residue
was purified by column chromatography (gradientdathloromethane : methanol of

100 : 0 to 70 : 30, containing 2% aqueous ammoalatien). Pure fractions were
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combined, evaporated to dryness and subsequestyglded in water and lyophilized
(yield 77%).

Appearance: clear liquid. Solubility: soluble in chloroform, methanol, water.
Detection: Ninhydrin reagent'H NMR (500 MHz, CDCk) & ppm 0.95 (t, 3H,J =
7.55, C4H), 1.52-1.60 (m, 1H + 2H, C3H + HH1.78-1.87 (m, 1H, C3H), 3.28-3.30
(m, 1H, C2H), 5.79, 7.03 (2 s, 1H each, COINH’C NMR (125 MHz, CDCls) 8 ppm
9.94 (CH, C4), 27.97 (CH, C3), 56.32 (CH, C2), 1B8(Cqg, C1). Obtained data
corresponded to published daté.

(S)-2-(3,4-Dichloro-2,5-dihydro-2-oxo-H-pyrrol-1-yl)butanamide (8)*°°
Cl Cl
32

4 0

“1_NH,

N
w
N

EE

O

Mucochloric acid (2 mmol, 338 mg) an®){2-aminobutanamidg¢2 mmol, 204 mg)
were dissolved in a mixture of 10 ml of chlorofoand 0.2 ml of acetic acid. After
addition of sodium triacetoxyborohydride (3 mmadgéng, 1.5 equiv.) the mixture was
stirred at room temperature for several hours. fEaetion progress was monitored by
TLC. After approximately 20 h a saturated soluttdrammonium chloride (20 ml) was
added to the reaction mixture. The product wasaete¢d from the aqueous phase with
chloroform (3 x 20 ml). The organic layers werelected and washed with water
(20 ml) and subsequently with brine (10 ml). Aftieying over NaSQ,, the solvent was
evaporated, and the residue purified by column rolatography eluting with
cyclohexane : ethyl acetate (1 : 4). Yield 75%:(62%)°°

Appearance: white crystalline powderSolubility: soluble in chloroform, ethanol,
methanol TLC: R; = 0.38 (cyclohexane : ethyl acetate, 1B@g¢tection: UV absorption
at 254 nm, Ninhydrin reagentMelting point: > 140 °C (decomp.).'H NMR
(500 MHz, CDCk) & ppm 0.94 (t, 3H,) = 7.43, C4H), 1.70-1.79, 1.95-2.04 (2 m, 1H
each, C3H), 4.04, 4.34 (AB-system, 2H; 18.9, C4'H), 4.55-4.59 (m, 1H, C2H), 5.42,
6.17 (2 br, 1H each, Nt **C NMR (125 MHz, CDCl3) § ppm 10.42 (CH, C4), 22.42
(CH, C3), 50.98 (CH, C4’), 56.39 (CH, C2), 124.73)( C2"), 141.37 (Cq, C3’), 165.00
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(Cg, C1'), 171.40 (Cq, C1LC-MS m/z 237 (IM + H[). [a]*%: -21.2 (c = 0.33,
CHCl).

(29)-2-(2-Oxopyrrolidin-1-yl)butanamide (1)*°°

(9-2-(3,4-Dichloro-2,5-dihydro-2-oxoH-pyrrol-1-yl)butanamide (50 mg, 0.2 mmol)
was dissolved in 2 ml ethanol. Triethylamine (0Onl7 0.5 mmol) and dry 10% Pd/C
(5 mg) were added and the mixture was hydrogenatef0 psi for 2 hours while
stirring at room temperature. The mixture wasditid (elution with dichloromethane)
through a short column of silica gel, which predlyuhas been washed with hexane to
remove lipophilic impurities. The filtrate was ewapted to dryness giving the product
with nearly quantitative yield (lit.: 919§

Appearance:white crystalline powdeiSolubility: soluble in chloroform, ethyl acetate,
methanol, watemMelting point: 116-119 °C (lit.: 115-117 °C¥°*H NMR (500 MHz,
CDClI3) & ppm 0.89 (t, 3H,) = 7.40, C4H), 1.67, 1.95 (2 m, 1H each, C3H), 192
2H, C3'H), 2.40 (m, 2H, C2'H), 3.41 (m, 2H, C4'H},43 (dd, 1H,J = 8.85, 6.95,
C2H), 5.47, 6.28 (2 s, 1H each, CONH*C NMR (125 MHz, CDCls) & ppm 10.5
(CH, C4), 18.1 (CH, C3’), 20.9 (CH, C3), 31.1 (CER’), 43.9 (CH, C4’), 56. 1 (CH,
C2), 172.1 (Cg, C1’), 176. 1 (Cq, C1).

(29)-[3,4-3H]2-(2-Oxopyrrolidin-1-yl)butanamide (3)

O
NH,

nee

The labeling of (8)-2-(2-oxopyrrolidin-1-yl)butanamideith tritium was performed by
Quotient Bioresearch, UK using the following progesl (25)-2-(2-oxopyrrolidin-1-
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yh)butanamide(3 mg) and 10% palladium on charcoal (20 mg) weireed in ethanol
(2 ml) containingN,N-diisopropylethylamine (10(0l) in the presence of tritium gas
(10 Ci) for 4 hours. Labile tritium was removed IBpeated evaporation to dryness
from ethanol. The crude yield was 850 mCi and théiachemical purity was 60%.
Purification of the radioligand was performed byllP(detection at 205 nm) leading to
a radiochemical purity of 99.7%. The specific atyiwas determined to be 98 Ci/mmol
(3.6 TBg/mmol).

8.2.2 Synthesis of [*H]brivaracetam

4-Allyl-5-hydroxyfuran-2(5 H)-one (22)

The synthesis was performed in analogy to the phaeedescribed by Bourguignon
and WermutH®® Glyoxylic acid monohydrate (10 mmol, 0.92 g) andrpholine
hydrochloride (11 mmol, 1.4 g) were suspended ml&lioxane. Under continuous
stirring 2.5 ml of water and freshly distilled pehenal (10.5 mmol, 1.0 ml) were added
dropwise. The mixture was stirred for 1 h at rooemperature until it became
homogenous. It was then heated under reflux foh.28or the workup dioxane was
removed by evaporation under vacuum. The produstex#&racted from the remaining
aqueous residue with diethyl ether (3 x 20 ml). ®hganic phases were combined and
washed with water. After drying with MO, it was evaporated to dryness. Purification
was performed by column chromatography using dromh@thane : ethyl acetate (9 : 1)
for elution. Yield 42%.

Appearance: yellowish liquid. Solubility: soluble in diethyl ether, chloroform,
methanol TLC: R; = 0.49 (cyclohexane : ethyl acetate, 1[¢tection: UV absorption
at 254 nm, Ninhydrin reageridt NMR (500 MHz, CDCls)  ppm 3.02-3.25 (m, 2H,
C5H), 5.19-5.21, 5.22-5.23 (2 m, 1H each, C7H)p%®88 (m, 2H, C2H+C6H), 6.01
(s, 1H, C4H).**C NMR (125 MHz, CDCls) 5 ppm 31.8 (CH, C5), 98.8 (CH, C4),
118.1 (CH, C2), 119.4 (CH, C7), 131.3 (CH, C6), .86(Cq, C3), 171.4 (Cq, C1)C-
MS m/z138.9 ([M - H]).
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(S5)-2-(4-Allyl-2-ox0-2,5-dihydro-1H-pyrrol-1-yl)butanamide (27)

The reaction is performed essentially as describe®i2.1 applying similar conditions
as described by Das Sarma et'#.4-allyl-5-hydroxyfuran-2(5i)-one (3.6 mmol,
0.50 g) and $-2-aminobutanamide (3.6 mmol, 0.37 g) were giveto ia mixture of
15 ml of chloroform and 0.4 ml of acetic acid. Sodi triacetoxyborohydride
(5.4 mmol, 1.1 g, 1.5 equiv.) was added and thaurexwas stirred at room temperature
for several hours, while reaction progress was toogil by TLC. After completion of
the reaction (approximately 24 h), a saturatedtsmiuof ammonium chloride (15 ml)
was added to the reaction mixture. The product exdsacted from the aqueous phase
with chloroform (3 x 15 ml). The organic layers warombined and after washing with
water (2 x 20 ml) and subsequently with brine (4 the organic phase was dried over
Mg.SQO,. The solvent was evaporated under vacuum ancethaining residue purified
by column chromatography eluting with dichlorometha methanol (9 : 1). Yield 53%.

The sample used for labeling with tritium was fertlpurified by preparative HPLC:
Elution was performed with methanol >® 30 : 70 for 10 min, then a gradient to a
final ratio of 50 : 50 was run over 40 min. The gwot was eluted at a retention time of

19.6 min, detection was performed by UV absorp&ab@54 nm.

Appearance:yellow waxy solid.Solubility: soluble in chloroform, methandlLC: Ry

= 0.51 (dichloromethane : methanol, 9:Detection: UV absorption at 254 nm,
Ninhydrin reagentMelting point: 72-74 °C.*H NMR (500 MHz, CDCl) & ppm 0.89
(t, 3H,J = 7.43, C4H), 1.67-1.76, 1.94-2.03 (2 m, 1H edcBH), 3.09-3.11 (m, 2H,
C5'H), 3.84-3.88, 4.01-4.05 (2 m, 1H each, C4A'H}844.51 (m, 1H, C2H), 5.12-5.16
(m, 2H, C7'H), 5.54 (br, 1H, N§J, 5.77-5.86 (m, 2H, C6'H+C2'H), 6.44 (br, 1H, MH
13C NMR (125 MHz, CDCls) § ppm 10.6 (CH, C4), 22.2 (CH, C3), 34.1 (CH, C4),
51.6 (CH, C5’), 55.8 (CH, C2), 118.4 (CH, C7’), 12XCH, C2), 132.8 (CH, C6),
159.2 (Cq, C3'), 172.4, 172.6 (Cq, C1'+CLE-MS m/z207.1 (M - H]).
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(29)-2-(2-Oxo-4-propylpyrrolidin-1-yl)butanamide (21)
(diastereomeric mixture of brivaracet&n

7|
> 6'
.

o
1

@)
'1NH2

+ w
llzgﬂ

N
w
N
o

The precursor molecul27 (0.18 mmol, 37 mg) was given into a hydrogenatitad
containing 2 ml of ethanol. A catalytic amount afy dl0% palladium on charcoal
(40 mg) was added and the suspension was hydragkeatb0 psi for 1 h while stirring
at room temperature. The reaction mixture was fileered through Celit® eluting
with methanol. The obtained filtrate was evaporateddryness under vacuum and
subsequently purified by preparative HPLC: elutisas performed with methanol :
H2O, 30 : 70 for 20 min, continuing with a gradieata ratio of 50 : 50 within 40 min,
then a gradient to a final concentration of 100%haeol was run over 10 min. The
product was eluted at a retention time of 42.5 ndietection was performed by UV

absorption at 205 nm.

Appearance: white crystalline solidSolubility: soluble in chloroform, ethyl acetate,
methanol.Melting point: 77 °C.*"H NMR (500 MHz, CDCk) & ppm 0.87-0.91 (m,

6H, C7’H+C4H), 1.27-1.34 (m, 2H, C6'H), 1.36-1.48,(2H, C5'H), 1.62-1.71, 1.88-
1.97 (2 m, 1H each, C3H), 2.03-2.14 (m, 1H, C2'2ip8-2.36 (m, 1H, C3'H), 2.48-
2.59 (m, 1H, C2'H), 2.97-3.00, 3.45-3.53 (2 m, létcle, C4'H), 4.39-4.44 (m, 1H,
C2H), 5.39, 6.20 (2 br, 1H each, NH"*C NMR (125 MHz, CDCls) 5 ppm 10.4, 10.5

(CH, C4)*, 14.0 (CH, CT7’), 20.5, 20.6 (CH, C6)*03B, 20.9 (CH, C3)*, 31.8, 31.9
(CH, C3)*, 36.6, 36.8 (CH, C5")*, 37.6, 37.9 (Clg2")*, 49.5, 49.7 (CH, C4’)*, 56.0

(CH, C2), 171.9, 172.2 (Cqg, C1")*, 175.5, 175.7 (€4)* [*double signals result from

diastereomeric mixturel.C-MS m/z213.3 ([M + HJ).
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(28)-[3H]2-(2-Ox0-4-propylpyrrolidin-l-yl)butanamide (28, mixture of9 and29)

Compound $-2-(4-allyl-2-oxo-2,5-dihydro-H-pyrrol-1-yl)butanamide was labeled
with tritium by Quotient Bioresearch according e following procedure: 3 mg oy
2-(4-allyl-2-ox0-2,5-dihydro-H-pyrrol-1-yl)butanamide and 10 mg 10% palladium on
charcoal were given into 2 ml of ethanol and dtirre the presence of tritium gas
(10 Ci) for 4 h. The suspension was filtered to oeen catalyst and subsequently
repeatedly evaporated to dryness from ethanolntmve labile tritium. The crude yield
obtained was 1.5 Ci and radiochemical purity waemieined to be greater than 90%.
Separation of diastereomers was achieved by chHRIC (Chiralpak AD-H 5 um,
250 x 46 mm column, isocratic elution with ethandlexane (55 : 45) at 25 °C with a
flow rate of 1 ml/min, UV detection at 205 nm). [BRV was eluted after 8.75 min
with a radiochemical purity of 99.5% and a specifictivity of 94 Ci/mmol
(3.5 TBg/mmol). [3H]isoBRV was obtained with a nmeien time of 6.52 min with a
radiochemical purity of 99.3% and a specific atyiaf 98 Ci/mmol (3.6 TBg/mmol).

8.2.3 Synthesis of brivaracetam

4-n-Propylbutyrolacton (13)" (via Grignard reagent)

Reaction conditions for the preparation of the Gag reagent n-
propylmagnesiumbromidel{) were adopted from a published procedure of anang

reagent>° Therefore, magnesium turnings (100 mmol, 2.43 epevplaced in a reaction
vial, which was flame-dried and flushed with argafterwards. 12 ml of diethyl ether

were added to cover the turnings. Under continustusing, 1 ml of a solution of
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n-propylbromide (88 mmol, 8.0 ml) in 28 ml of digtlether was added and the reaction
was started by cautious heating. The n-propylbremsmlution was then added dropwise
in a rate to maintain a gentle reflux. After adalithas been completed the mixture was
gently refluxed for 30 more minutes. The freshlgpared Grignard reagent (assumed
concentration: 1.76 mmol/ml in diethyl ether) waeecktly used for the next reaction

step.

To prepare the propyl-substituted lactof8) (in accordance to the procedure described
by Kenda et af® copper(l) iodide (8.2 mmol, 1.6 g) was placed ineaction vessel,
which was flame-dried and filled with argon afterd& 3 ml of diethyl ether were
added to cover the copper(l) iodide. The suspensias cooled down to -20 °C
(acetone/dry ice) and the Grignard readein(16.4 mmol, 9.32 ml) was added dropwise
under stirring. It was then stirred for 30 more umes at -20 °C, before the mixture was
cooled down to -40 °C and trimethylsilyl chlorid8.Z mmol, 1.1 ml) was added
dropwise. Subsequently, a solution of the furand?2€8.2 mmol, 0.58 ml) in 5 ml of
diethyl ether was added dropwise. The cooling systas removed and after stirring at
room temperature for 30 more minutes saturated ammochloride solution (20 ml)
was added for cleavage of the formed trimethylsalgler. The mixture was filtered to
remove copper salts and then the product was @uataiy extraction (3 x 20 ml) with
ethyl acetate. The organic layers were combineghe with HO, dried over Ng5O,
and evaporated to dryness in vacuum. The lactorseused for the following reaction

step without further purifications.

Appearance: clear liquid. Solubility: soluble in dichloromethane, ethyl acetal.
NMR (500 MHz, CDCk) 6 ppm 0.92 (t, 3HJ = 7.25, C7H), 1.25-1.44 (m, 4H,
C5H+C6H), 2.16 (dd, 1H) = 17.0, 7.85, C2H), 2.50-2.63 (m, 2H, C2H+C3HR(3.
4.39 (2 dd, 1H each] = 9.15, 6.95, C4H)**C NMR (125 MHz, CDCls) & ppm 13.9
(CH, C7), 20.6 (CH, C6), 34.5, 35.2, 35.5 (CH, C&, C3), 73.4 (CH, C4), 177.3 (Cq,
C1).LC-MS m/z126.8 ([M - H]).
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3-(lodomethyl)-hexanoic acid (14}

The crude lacton&3 (6.5 mmol, 0.83 g) was dissolved in 6 ml dichloathane and the
solution was cooled down to 0 °C. Under stirringmethylsilyl iodide (7.2 mmol,

1.0 ml, 1.1 equiv.) was added dropwise. It wasresdirfor 2 further hours at room
temperature. Afterwards, 7.2 ml HCI 1 M was addeitb¥ved by 2.5 ml 10% sodium
thiosulfate solution. The product was extractedmfrdhe aqueous phase with
dichloromethane (3 x 10 ml). Organic layers wermbimed, washed with brine, dried
over NaSQ, and evaporated to dryness under vacuum. The predhg used without

further purification.

Appearance: dark yellow liquid. Solubility: soluble in dichloromethanéH NMR
(500 MHz, CDCk) 6 ppm 0.89-0.93 (m, 3H*, C7H), 1.25-1.36 (m, 4H* KE5C6H),
1.69-1.76 (m, 1H, C3H), 2.36, 2.45 (2 dd, 1H ea&kch,16.4, 7.25, C2H), 3.29, 3.38 (2
dd, 1H eachJ = 10.1, 4.10, C4H) [*signals superimposed by initguirom reactant
(Grignard)].**C NMR (125 MHz, CDCl3) 8 ppm 13.9 (CH, C7), 14.6 (CH, C4), 19.6
(CH, C6), 35.3 (CH, C3), 36.5 (CH, C5), 38.9 (CI2)C176.3 (Cq, C1). Obtained data
corresponded to published déta.

(S)-2-(tert-Butoxycarbonylamino)butanoic acid (15§

.
e 1

4~ YOt NH

~_1_OH
4\3/2\[]/

O
For N-protection of the amino acid){2-aminobutyric acid (50 mmol, 5.2 g) was given
into a mixture of 25 ml dioxane and 20 mb® which was cooled down to O °C.
Sodium hydroxide (55 mmol, 2.2 g, 1.1 equiv.) wassolved in 10 ml of KD and
given into the reaction mixture. After addition diftert-butyl dicarbonate (55 mmol,
12 g, 1.1 equiv.), the vessel was rinsed with Sdimokane and the reaction mixture

stirred at room temperature for 24 h. Dioxane veasaved under vacuum, some more
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H,O was added and by addition of 10% sodium hydrcgdfate solution the mixture
was acidified to ~ pH 3. The product was extrachath ethyl acetate (3 x 30 ml),
organic layers were combined and washed with bAfter drying with MgSQ,, it was

evaporated to dryness under vacuum. Yield: almaanttative (lit.: 100%7>*

Appearance: clear high-viscosity oil. Solubility: soluble in dichloromethane,
chloroform, ethyl acetate, methandILC: R; = 0.28 (hexane : ethyl acetate, 2:1 +
1 drop acetic acidDetection: Ninhydrin reagentH NMR (500 MHz, CDCk) & ppm
0.96 (t, 3H,J = 7.40, C4H), 1.43 (s, 9H, C3'H), 1.67-1.76, 1.883L(2 m, 1H each,
C3H), 4.05-4.28 (2 m, 1H, C2H), 5.00, 6.17 (br dr+ 1H,J = 7.5, NH). *C NMR
(125 MHz, CDCk) 6 ppm 9.6 (CH, C4), 25.6 (CH, C3), 28.3 (CH, C33,5(CH, C2),
80.2 (Cq, C2), 155.6 (Cq, C1), 177.3 (Cqg, C1).t@bed data corresponded to
published dat&®' LC-MS m/z202.1 ([M - H]).

(S)-4-Methoxybenzyl 2-(ert-butoxycarbonylamino)butanoate (17)

g
Je 1
M
- O 1"™NH \/©/O e
~1_0
Y

O

NY 1Z

In analogy to esterification procedures describg®btton et al'’* a solution of §)-2-
(tert-butoxycarbonylamino)butanoic acid (20 mmol, 4.1irg)30 ml anhydrous DMF
was cooled down to 0 °C and cesium carbonate (20Ip®xb g, 1 equiv.) was added.
After stirring for 1 h at 0 °C, 4-methoxybenzyl chitle (20 mmol, 2.7 ml, 1 equiv.) was
given into the suspension and stirred for 30 furtimnutes at 0 °C. It was then left
stirring at room temperature over night. For thekup the reaction mixture was poured
into 100 ml HO and the product extracted with cyclohexane. Tigarmc layers were
combined, washed with saturated sodium hydrogdrocate solution, brine and water,
dried over MgSQ, and evaporated to dryness under vacuum. Absenaeastant
(amino acid) was confirmed by TLC, before the pridwas precipitated as

hydrochloride without further purifications.

Appearance: white crystalline solidSolubility: soluble in cyclohexane, chloroform,
dioxane, methanolTLC: R; = 0.71 (cyclohexane : ethyl acetate, 1Dgtection: UV
absorption at 254 nm, Ninhydrin reageMelting point: 61 °C.*H NMR (500 MHz,
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CD3OD) & ppm 0.86 (t, 3H,) = 7.25, C4H), 1.41 (s, 9H, C3"H), 1.61-1.69, 1.7B5
(2 m, 1H each, C3H), 3.79 (s, 3H, OMe), 4.23-4128 TH, C2H), 4.98-5.13 (2 m, 3H,
NH+C1'H), 6.86, 7.26 (2 d, 2H each,= 8.80, Ar)."*C NMR (125 MHz, CDsOD) §
ppm 9.5 (CH, C4), 25.9 (CH, C3), 28.3 (CH, C3"%.6 (CH, C2), 55.3 (CH, OMe),
66.8 (CH, C1"), 79.7 (Cq, C2"), 113.9 (CH, Ar), 15 (Cq, Ar), 130.1 (CH, Ar), 155.3
(Cq, C1"), 159.7 (Cq, Ar), 172.7 (Cq, C)C-MS m/z324.4 (M + H]).

(S)-4-Methoxybenzyl 2-aminobutanoate ljase of18)

OMe
o I
< 1 O

T
O

(S)4-Methoxybenzyl 24ert-butoxycarbonylamino)butanoate was dissolved inm10
HCl/dioxane (4 M) and stirred at room temperatubiter approximately 1.5 hours
20 ml diethyl ether were added dropwise and stifoe® additional hours. The formed
precipitate was filtered, washed with diethyl ethed dried at 30 °C. To remove the
carboxylic acid, which partially formed by acidigdrolysis of the ester, the filtrate was
dissolved in some #D, alkalized with saturated sodium hydrogen cartosalution

and directly extracted from the aqueous phase ditiioromethane.

Appearance: colorless liquid.Solubility: soluble in THF, chloroformMelting point
(18): > 235 °C (decomp.Detection: UV absorption at 254 nm, Ninhydrin reagel.
NMR (500 MHz, CDCk) & ppm 0.90 (t, 3H) = 7.43, C4H), 1.55-1.64, 1.69-1.78 (2 m,
1H each, C3H), 3.38-3.40 (m, 1H, C2H), 3.79 (s, G¥e), 5.04-5.09 (m, 2H, C1'H),
6.87 (d, 2HJ = 8.55, Ar), 7.27 (d, 2HJ = 8.85, Ar).”*C NMR (125 MHz, CDCls) &
ppm 9.8 (CH, C4), 28.0 (CH, C3), 55.3 (CH, OMe),B8CH, C2), 66.4 (CH, C1",
114.0 (CH, Ar), 127.9 (Cqg, Ar), 130.1 (CH, Ar), 189Cq, Ar), 176.0 (Cq, C1).C-
MS m/z223.9 (M + H]).
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(25)-4-Methoxybenzyl 2-(3-(iodomethyl)hexanamido)butaoate (19)

For the amide coupling reaction conditions wereliadpas formerly described by
Herrmann et al’® 3-(lodomethyl)-hexanoic acid (2.2 mmol, 0.56 g)swdissolved in
10 ml anhydrous THF and-methylmorpholine (2.2 mmol, 0.22 g, 1 equiv.) veasled.
After the solution has been cooled down to -25 gy (ice/isopropanol) isobutyl
chloroformate (2.2 mmol, 0.30 ml, 1 equiv.) was edidinder stirring. Approximately
1 min later a solution ofJj-4-methoxybenzyl 2-aminobutanoate (2.5 mmol, @56
1.1 equiv.) in 10 ml THF, which previously has beewled on ice, was added and the
vessel rinsed with THF. The reaction mixture wasest for 3 more hours, while it was
allowed to gradually warm to room temperature. e workup THF was removed
under vacuum and some® (20 ml) was added. The mixture was acidified tb Jp2
with 10% sodium hydrogen sulfate solution and ext&d with ethyl acetate (3 x 20 ml).
The organic layers were combined and washed thress teach with saturated sodium
hydrogen carbonate solution andQHd Subsequently, it was dried over )8, and
evaporated to dryness under vacuum. Due to indtatile product was only roughly
purified by a short chromatographic column elutimigh cyclohexane : ethyl acetate
(2 :1). Yield: 59%.

Appearance: yellow waxy solid.Solubility: soluble in THF, chloroform, ethyl acetate.
TLC: Ry = 0.53 (cyclohexane : ethyl acetate, 2018tection: UV absorption at 254 nm,
Ninhydrin reagent.'H NMR (500 MHz, CDCk) & ppm 0.84-0.93 (m, 6H*,
C7"H+C4H), 1.22-1.35 (m, 4H* C6"H+C5"H), 1.60-Z4 (2 m, 1H each,
C3"H+C3H), 1.82-1.90 (m, 1H, C3H), 2.13-2.25 (nH,2C2"H), 3.27-3.40 (m, 2H,
C4"H), 3.79 (s, 3H, OMe), 4.52-4.60 (m, 1H, C2H)04-5.14 (m, 2H, C1'H), 6.00-
6.04 (m, 1H, NH), 6.86 (d, 2H] = 8.50, Ar), 7.27 (d, 2HJ = 8.50, Ar) [*signals
superimposed by impurity from reactant (lactonéJf NMR (125 MHz, CDCls) &
ppm 9.5 (CH, C4), 13.9 (CH, C7"), 16.4, 16.6 (C&4")*, 19.6, 19.7 (CH, C6")*,



128 8 Experimental part

25.4, 25.6 (CH, C3)*, 35.2, 35.5 (CH, C3")*, 36.36.6 (CH, C5")*, 41.8, 41.9 (CH,
C2")*, 53.2, 53.4 (CH, C2)*, 55.3 (CH, OMe), 67(CH, C1’), 114.0 (CH, Ar), 127.4
(Cg, Ar), 130.2 (CH, Ar), 159.8 (Cqg, Ar), 170.9 (0g1), 172.1 (Cg, C1”) [*double

signals result from diastereomeric mixture].

(29)-4-Methoxybenzyl 2-(2-oxo-4-propylpyrrolidin-1-yl)butanoate (20)

The cyclization reaction was perfomed applying Emconditions as described by
Sanchez et df® (29-4-Methoxybenzyl 2-(3-(iodomethyl)hexanamido)bwtate
(2.2 mmol, 0.55 g) was dissolved in 50 ml THF, airoys and cooled down to 0 °C.
After gradual addition of potassiutart-butoxide (1.3 mmol, 0.15 g) under stirring, the
mixture was allowed to warm to room temperature @mwias stirred for 2 additional
hours. At the end of the reaction time 30 ml saagtammonium chloride solution were
added and the product was extracted with ethylaéed8 x 30 ml). The organic layers
were collected and washed with 10% sodium thiotlémlution and FD. Finally, it
was dried with MgSO, and evaporated to dryness under vacuum. Purdicatas done
by column chromatography using cyclohexane : etogtate (1 : 1) as eluant. The
product was further purified by HPLC: elution wasfprmed using methanol .8 (25

: 75) for 20 min, continuing with a gradient toaio of 50 : 50 within 20 min, followed
by a second gradient to 100% methanol within 10 mihich was maintained for 20
more minutes. The product was eluted after 51.Q detection was performed by UV

absorption at 254 nm. The ratio of the two isonveas 1:1 (determined by NMR).

Appearance: white crystalline solid.Solubility: soluble in toluene, diethyl ether,
chloroform, ethyl acetatd.LC: R; = 0.50 (cyclohexane : ethyl acetate, 10¢gtection:
UV absorption at 254 nnMelting point: 44 °C.*H NMR (500 MHz, CDCk) & ppm
0.85-0.90 (m, 6H, C7"H+C4H), 1.25-1.39 (m, 4H, G6-C5"H), 1.59-1.66, 1.94-2.00
(2 m, 1H each, C3H), 2.03-2.09 (m, 1H, C2"H), 2234 (m, 1H, C3"H), 2.47-2.53
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(m, 1H, C2"H), 2.88, 3.01, 3.35, 3.51 (4 d@H, J = 9.45, 9.15, 7.90, 6.65, C4"H),
3.78, 3.79 (2's 3H, OMe), 4.66-4.69 (m, 1H, C2H), 5.00-5.04, 5569 (2 m, 1H
each, C1'H), 6.86 (d, 2H, = 8.50, Ar), 7.25 (d, 2H] = 8.20, Ar) [double signals result
from diastereomeric mixture}*’C NMR (125 MHz, CDCls) § ppm 10.4 (CH, C4), 13.7
(CH, C7”), 20.2, 20.3 (CH, C6") 21.6, 21.9 (CH, C3)31.5 (CH, C3"), 36.2, 36.5,
37.1, 37.2 (CH, C2”, C5"), 48.7, 49.1 (CH, C4"), 54.7, 54.9 (CH, C2, OMé}.3
(CH, C1), 113.6 (CH, Ar), 127.3 (Cq, Ar), 129.729.8 (CH, Ar), 170.7 (Cq, C1),
175.2 (Cq, C1") [double signals result from diastereomeric mixtuts}-MS m/z
334.3 ([M + H]).

(25)-2-(2-Oxo-4-propylpyrrolidin-1-yl)butanamide (21)
(diastereomeric mixture of brivaracet&jn
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The general performance of the following reacticasvdone according to a procedure
described by Levin et % For the preparation of the aluminum amide reagent
(assumed: 0.67 M) ammonium chloride was suspendddnl toluene, anhydrous and
cooled to 5°C. 2ml of a trimethylaluminum solui¢2 M in toluene) were added
dropwise, before the cooling was removed and thetumg stirred for 2 h at room

temperature.

(29-4-Methoxybenzyl 2-(2-oxo-4-propylpyrrolidin-1-yutanoate (0.41 mmol, 0.14 g)
was dissolved in 4 ml anhydrous toluene and flooaliglal argon. After addition of 2 ml
of the previouslyin situ prepared aluminum amide reagent (1.3 mmol, 3 egitiwas
heated up to 50 °C and stirred over night. Thetr@aevas stopped by cautious addition
of water. The formed precipitate was removed hyafilon followed by washing with
ethyl acetate and saturated sodium hydrogen cabos@ution. The product was
extracted from the obtained filtrate with ethyl &te (3 x 10 ml), the organic layers

were combined, dried over MO, and evaporated to dryness under vacuum. The final
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product was purified by HPLC: elution was perfornveith methanol : HO (30 : 70)
for 20 min, continuing with a gradient to a ratid %0 : 50 within 40 min, then a
gradient to a final concentration of 100% methamat run over 10 min. The product
was eluted with a retention time of 42.5 min, detec was performed by UV
absorption at 210 nm. Yield: 20%.

For chemical properties see 8.2.2

8.3 Membrane preparation of native tissue

8.3.1 Rat brain membrane
For radioligand binding studies rat brain membrpreparations from cortex as well as

striatum were utilized. During the whole prepamatocedure brains were kept on ice.

After thawing frozen brains (-80 °C) in ice-coldcsose solution (0.32 M), they were
put on an ice-cold glass plate for dissection. ravere carefully cut on the top side
along the two hemispheres with a scalpel, alloviireyremoval of the cortex on either
half. Cortical tissue was collected and storecc@dold sucrose solution (0.32 M) until
further preparation. In the meanwhile, the striatdra subcortical, striped brain region
located in the forebrain — was dissected out. trigsssue was collected in ice-cold
Tris-HCI buffer.

Striatum

After determination of the wet weight, the colletsdriatal tissue was placed in ice-cold
Tris-HCI buffer and disrupted (Ultraturrax, settiBg 10 s). The obtained suspension
was centrifuged (37000 g, 4 °C for 15 min) and slpernatant was discarded. The
remaining pellet was resuspended in ice-cold TK@&-Huffer and centrifuged again
(37000 g, 4 °C for 15 min). The pellet was resuspeénin ice-cold Tris-HCI buffer
(100 mg per 1 ml buffer) and homogenized (Ultraxsrsetting 3, 10 s). The obtained

homogenate was aliquoted, shock-frozen and staréD&C until use.

Cortex

The collected cortical tissue in ice-cold sucrogkeitson (0.32 M) was disrupted with a
Potter glass homogenizer and afterwards centrifugied 000 g, 4 °C for 10 min.

Whereas the pellet P1 — containing e.g. cell detnd nuclei — was discarded, the

supernatant was transferred into a new tube andcemisifuged at 37000 g, 4 °C for
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1 h. The resulting pellet was resuspended and hemped (Ultraturrax, setting 3, 10 s)
in ice-cold deionized water. After centrifugation3@000 g, 4 °C for 1 h, a second wash
step was performed in which the pellet was resusgeiand homogenized (Ultraturrax,
setting 3, 10 s) in ice-cold Tris-HCI buffer andaagcentrifuged at 37000 g, 4 °C for
1 h. After removal of the supernatant, the pelleiswesuspended and homogenized
(Ultraturrax, setting 3, 10s) in a small amount ioé-cold Tris-HCI buffer. The
homogenized membrane suspension was aliquotedk-ffuzen and stored at -80 °C

until use.

8.3.2 Mouse brain membrane

Like all membrane preparations of native tissue, ole procedure of mouse brain
membrane preparation was performed on ice. Forevhidin membrane preparations,
frozen (-80 °C) brains of Black 6 wild-type micer brains of SV2A KO mice,
respectively, were thawed in Tris-HCI buffer stored ice. After disruption of the
brains with a Potter glass homogenizer, the suspengs centrifuged (37000 g, 4 °C,
15 min). The supernatant was discarded and thetpedls resuspended in ice-cold Tris-
HCI buffer and homogenized (Ultraturrax, settind@,s). The obtained suspension was
centrifuged (37000g, 4 °C, 15min) and the supamawas discarded. After
resuspension, it was once more centrifuged andethaining pellet was resuspended in
a small amount of ice-cold Tris-HCI buffer and haganized (Ultraturrax, setting 3,

10 s). The suspension was aliquoted, shock-fromdrstored at -80 °C until use.

8.3.3 Human brain membrane

Preparation of human brain tissue was performecmuptevated precautionary safety
measures (under the hood, face mask, double ldygtowes etc.). All waste was

collected (S2) and autoclaved prior to disposapléments and place of work were

sterilized with Dismozoh afterwards.

Membrane preparations from human thalamus and hyomeamen each were prepared
separately by pooling tissue from three differeratito samples. As far as it is known,
utilized brain samples originated from males aslvasl females, aged 25-46 years
without relevant underlying conditions. Indicateaises of death were accident, cardiac
death/arteriosclerosis and hypothermia.
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Membrane preparations from tissue obtained by pgye surgery from
pharmacoresistant epileptic patients were prepéoeccach sample separately. The
following information were provided along with thissue: the brain tissue was resected
during epilepsy surgery from people with focal phacoresistant epilepsy after
standard presurgical assessment including cer8bFatla magnetic resonance imaging,
neuropsychological testing and video-EEG telemetsing scalp electrodes. In all
patients, tissue resection was clinically indicatgéith the goal to treat epilepsy. In six of
the eight patients (samples 1-4, 6 and 7) selectmggdala-hippocampectomy (in one
patient (sample 7) together with a resection of thiods of the temporal lobe) was
performed. In one patient (sample 5) a tailoredofectomy of a cavernoma in the
frontal lobe was carried out. Sample 8 was resefitad a patient suffering from a

glioblastoma in the temporomesial region.

Brains were kept on ice during the whole prepanapicocedure. Initially, brain tissue,
which was stored at -80 °C, was thawed on ice.rAfegermination of the wet weight,
ice-cold HEPES buffer was added and the tissue m@wogenized (Ultraturrax,
setting 6, 10 s). The obtained suspension wasifteged (35000 g, 4° C, 20 min). The
supernatant was discarded and the pellet resuspeimtdeHEPES buffer and
homogenized (Ultraturrax, setting 6, 10 s). The hwag procedure was repeated until
the supernatant remained clear. The final pellet than resuspended in a small volume
of HEPES buffer and homogenized (Ultraturrax, sgttl, 5 s). The homogenate was

aliquoted, shock-frozen in liquid nitrogen and stbat -80 °C until use.

When needed for binding studies, required amouht@iguots were thawed at room
temperature, diluted with Tris-HCI buffer and horenged (vortex mixer). After
centrifugation (35000 g, 4 °C, 20 min) the supeanatvas discarded and the remaining
pellet was resuspended (vortex mixer) in Tris-H@ffér to a final concentration of

5 mg/ml.

8.3.4 Treatment of membrane preparations for studies with [*’H]JAMPA

Protein membrane preparations used for binding iesudvith [SBHJAMPA were
additionally purified by washing and sonication.eféfore, membrane preparations
(8.3.1 and 8.3.2) were diluted with additional TiHEI buffer to a volume of 10 ml and

were sonicated, while cooling with ice. The suspmmsvas spun down (30000 g, 4 °C,
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20 min) and after resuspension of the pellet iml@f Tris-HCI buffer the sonification
and centrifugation procedure was repeated. Thdtiregypellet was resuspended in a

defined volume of Tris-HCI buffer and was direatised for binding studies.

8.4 Protein determination (Lowry)

To determine the protein amount in a prepared mangbrsuspension a protein
determination according to Lowh¥ was performed. This method is based on a
colorimetric reaction in which the protein concatibn directly correlates with the
developing intensity of a color. It consists of twartial reactions: under alkaline
conditions copper(ll) cations interact with freeatton pairs of the nitrogens in peptide
bonds. The emerging complex is square planar amel ddlored (Biuret reaction). This
copper protein complex acts as reducing agent, lwhétluces the likewise added
yellow Folin-Ciocalteau reagent, containing molybde(VI)- and wolfram(VI)-
heteropolyacids (molybdenum blue reaction). Theceraechanism of this reaction is
not completely understood. It is assumed that cergal copper, which previously has
been reduced to copper(l), as well as the aronaatino acid residues of tyrosine and
tryptophan (independent from complex formation) iar®lved in the reduction of the
Folin-Ciocalteau reagent. By determination of tixéinetion of several samples with
known protein concentration, a sample with unknguvatein concentration can be
determined according to Lambert-Beer Law, whichcdbss the proportionality

between extinction and concentration:

Ey=1¢ -c-1
Equation 1: Lambert-Beer Law

E,.: extinction at wavelength
€. absorption coefficient

C: concentration

I: path length

One should be aware that several non-proteinogempounds like EDTA, ammonium

sulfate, Tris, sucrose, citrate and phenols fal$igy protein determination. If this is the
case, in protein suspensions where these companedpresent, proteins should be
precipitated with trichloroacetic acid and resolzled in water.
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In this present study BSA was used as standardeioeration of a calibration line: the
actual concentration of a solution with a supposedcentration of 1 mg/ml was

determined by measuring the extinction at 280 nasedd on the knowledge that a
1 mg/ml solution of BSA possesses an extinctio.66. This standard solution was
used for the preparation of a series of dilutiarging from 50 to 500 pg/ml. The series
of dilutions as well as dilutions from the protaamples with unknown concentration

(in a total volume of 200 ul) were complexed acowogdo the following protocol:

To each sample (BSA standard and protein samg@esyell as to a blank (no protein),
1 ml of freshly prepared reagent C (see 8.1.3.53 added, homogenized and the
solution incubated for 20 min at room temperatiiteereafter, 100 pl of reagent D (see
8.1.3.5) was added, immediately homogenized andbated for 30 more minutes. The

extinction was then determined at a wavelengthOof fiam.

8.5 Radioligand binding studies

8.5.1 Introduction

Radioligand binding studi&¥**® are broadly used for the investigation of ligand-
receptor interactiom vitro. The availability of a radioactively labeled lighallows to
easily examine and characterize its binding bemmawionative tissue as well as to
recombinantly expressed receptors. In principle, thdioligand simply needs to be
incubated with a preparation of the protein of iest for a certain amount of time. After
separation of protein-bound from protein-unboundiaiggand, it is possible to draw
conclusions on the binding behavior by measuring temaining quantity of
radioactivity. Ligands labeled with the radioacti®tope tritium can be considered
biologically identical to the unlabeled compoundl &inus, provide valuable information
for understanding ligand-receptor interactions anadecular level.

As simple the principle concept, there are sevdemhands that are indispensable for
reliable and reproducible binding studies, aboveoalthe radioligand itself. Ideally,
radioligands should possess high affinity (< 5 nMmbined with a high specific
activity (tritiated ligands: 30 to 100 Ci/mmol) almv non-specific binding (< 10-30%).
It is furthermore important to optimize the proceglthat enables separation of bound
from free radioligand. The lower the affinity ofradioligand, the bigger the effect

caused by dissociation during delayed separatmedi(dissociative l0ss).
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The underlying principle of a ligand binding to resceptor is described Wyquation 2
(based on the law of mass action):

k+1

R+L RL

k—1
Equation 2: Equilibrium of receptor-ligand binding
R: receptor
L: unbound ligand: Free

RL: receptor-ligand complex Bound
k+1: association rate constant
k_1: dissociation rate constant

General procedure

If not indicated otherwise, all experiments weref@ened in polypropylene test tubes
in a total volume of 0.5 ml. After completion ofcubation period (at 4 °C), protein-
bound ligand was recovered by vacuum filtratiorotigh glass fiber filters, followed by
a wash step. For the filtering process with GFI@m, always a double layer of this
filter type was used, from which the upper one wastinued to be used for analysis.
Subsequently, the filters were dried (50 °C, 90)naimd filter pieces of each individual
well were given into a separate vial and filledwécintillation cocktail (LumaSaf¥).
After incubation for at least 6 hours, radioactiwitas determined by liquid scintillation
counting. Non-specific binding was determined byaswing radioligand binding in the
presence of a high concentration of a coldligandn{labeled compound). Specific
binding was determined by subtracting non-spediincling from total binding for each

single value. Data were analyzed by GraphPad Briot.

8.5.2 Kinetic experiments

8.5.2.1 Background

In kinetic experiments binding of a constant coriaion of radioligand to a protein
preparation is measured after different time irdexyv Association experiments (see
Figure 42 A) describe the binding of a radioligand to a regegtarting from timegt

until steady state has been reached, whereas @issnexperiments (sdegure 42 B)
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start at binding in steady state, when dissociatibnadioligand from the receptor is
initiated until no more radioligand remains bouadtte receptor.

B
120 1201

100 100+

©
e

80

specific binding (%)
g

specific binding (%)
3
1

T T T T 1 O T T T 1

time time

ti

Figure 42: Example curves of association binding) (and dissociation bindingBj{; t;, indicates
association half-life.

From association experiments the association lifalft], can be determined, which
allows the calculation of the observed kinetic ¢ansks (min™) from Equation 3:
_ In2
obs — t1/2
Equation 3: Calculation of ks

kobs Observed kinetic constant (rfin
t12: half-life of association (min)

By determination of the dissociation half-lifg,tfrom the dissociation experiment, it is

possible to calculate the dissociation kinetic tamisky (Equation 4):

In 2
korr = 7—
1/2
Equation 4: Calculation of k
Koff: dissociation kinetic constant (n’ﬁh

t12: half-life of dissociation (min)
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Via Equation 5

kon _ kobs - koff
L
Equation 5: Calculation of k,
kon: @ssociation kinetic constant tMnin™)
kobs Observed kinetic constant (rfin
kot: dissociation kinetic constant (min

L: concentration of radioligand (M)

the association kinetic constan, ks obtained, which allows calculation of the kinet

equilibrium dissociation constanpKEquation 6):

Koy

K- =
7 kon

Equation 6: Calculation of kinetic i
Kp: Kinetic equilibrium dissociation constant (M)
koft: dissociation kinetic constant (nin
kon: @ssociation kinetic constant (Mnin™)

8.5.2.2 Performance of kinetic experiments

Kinetic experiments were performed essentially ascdbed by Noyer et &. For
association experiments the radioligand was givea buffer solution. The protein
preparation (rat cortical membrane preparations,88.1) was added at different time
intervals prior to vacuum filtration. Non-specifimnding was determined for several
time intervals by addition of unlabeled levetirasgat(1 mM) and subtracted from each
measured value (total binding) to obtain the spechinding. For dissociation
experiments the radioligand was first incubatecetiogr with the protein preparation in
the buffer solution until steady state was reacHgidsociation was then started by
addition of unlabeled levetiracetam (1 mM) at d#éf& time intervals prior to vacuum
filtration. For determination of specific bindinghe value, which asymptotically is
approximated by the function, was subtracted fracheneasured value (total binding).
For filtration GF/C glass fiber filters, pre-soakéar 30 min in 0.1% aqueous PEI
solution, were used. After filtration the filterseve washed three times with Tris-HCI
buffer. Given results were obtained from three vidlial experiments performed in

triplicate ([?H]LEV), three individual experimentsperformed in duplicate
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([BH]isoBRYV), or four individual experiments perfoed in duplicate ([*H]BRV),

respectively.

Table 16: Conditions for kinetic binding studies.

[*HILEV [®H]isoBRV [H]BRV
buffer solution Tris-HCI buffer containing MgCl, (2 mM)
radioligand concentration 10 nM 5nM 1nM
amount of protein per well 200 ug 100 pg 100 pg
incubation time until 120 min 180 min 240 min

dissociation was started

8.5.3 Saturation experiments

8.5.3.1 Background
Saturation experiments constitute a further subgraiureceptor binding experiments,
by which the affinity (K value) of a radioligand for a receptor as weltresdensity of

a receptor (Bax value) in a certain protein preparation can berdeined.

A B

-1

slope = -1/Kp

bound/free
(fmol/mg protein x nM

[radioligand] poung (CPM)

Ko [radioligand] fee (M) bound (fmol/mg protein)

Figure 43: Example curve of saturation binding experimeX &nd linear transformation to a Rosenthal
plot (B); Kp indicates the concentration of the equilibriumsdigation constant and, B, indicates the
maximum number of binding sites.

Therefore, the radioligand is incubated with thet@n preparation in increasing
concentrations, covering a range of 0.1 x #® 10 x Ko, if possible. The resulting

function is a hyperbola (séggure 43 A), described b¥quation 7:
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B L
R _ L — max
Kp+ L
Equation 7: Mathematical function of saturation binding curve

R-L: receptor-ligand complex Bound

Bmax maximum number of binding sites (cpm)
L: unbound ligand: Free

Kp: equilibrium dissociation constant (M)

As indicated inFigure 43 the Ky value corresponds to the concentration of racholiy
at which 50% of the receptors are occupied, wheBas equals the value that is
asymptotically approximated by the hyperbolgsBcpm) can subsequently be used for

the calculation of Rax (pmol/mg protein) Equation 8 to Equation 10):

Bmax (Cpm)
V (ml) - efficiency (%) - 2.2 - spec. activity (Ci/mmol)

pM Bound =

Equation 8: Calculation of pM Bound
Bmax maximum number of binding sites (cpm)
V: volume per well (ml)
efficiency: counter efficiency (cpm/dpmcpm in %)
2.2: factor for converting cpm in Bq
for details see Deupree et'al.
spec. activity: specific activity of radioligandi(@mol)

Bmax (pmol/well) = pM Bound -V (1)

Equation 9: Calculation of B, (pmol/well)

Biax (pmol/well)

B l tein) =
max (pmol/mg protein) protein (mg/well)

Equation 10: Calculation of B, (pmol/mg protein)

By plotting the concentration of bound radioligamghinst the quotient of bound/free
radioligand (se€igure 43 B) a Rosenthal plot is obtainé#.In case of ligand binding
to a single site a linear correlation can be olerirhereby, the slope of the line equals

-1/Kp, while the x-intercept corresponds to the valuagf,. If the ligand is binding to
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more than one binding site, the Rosenthal plot déliate from a linear function and
express a bent curve. However, it should be meadidhat the Rosenthal plot should
only be used for visualizing not analyzing datacsithe transformation is more prone

to errors.

For saturation experiments, in which intact catistéad of membrane preparations are
used, Rax (binding sites/cell) can be calculated using tld#lofving equations
(Equation 8, Equation 11landEquation 12):

pM Bound -V (1)
cells per well

Bax (pmol/cell) =

Equation 11: Calculation of R, (pmol/cell)

Bpax (binding sites/cell) = Byqx (pmol/cell) - 10712 - N,

Equation 12: Calculation of B, (binding sites/cell)
Na: Avogadro constant (6.022 - %D

8.5.3.2 Performance of saturation experiments

All saturation experiments were performed in angltg the procedure described by
Noyer et af® The protein preparation was incubated for a aergmount of time at
4 °C in a total volume of 0.5 ml Tris-HCI bufferprtaining MgC} (2 mM) and the
radioligand. Non-specific binding was determined &l radioligand concentrations
separately in the presence of unlabeled levetiaatél mM). Separation of bound from
unbound radioligand was achieved by filtration tigh GF/C glass fiber filters
pre-soaked for 30 min in 0.1% aqueous PEI solutsuibsequently, it was washed three

times with ice-cold Tris-HCI buffer.

8.5.3.2.1 Saturation studies with [*H]LEV at rat brain cortical membrane
preparations

The saturation experiment of [BH]LEV at rat braortecal membrane preparations (RC)

was performed with radioligand diluted with a camt percentage of unlabeled

levetiracetam (isotopic dilution). This is a coniett method to decrease the amount of

radioligand applied in the assay, if unlabeledrddyéor dilution is available. In this case
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the radioligand [BH]LEV (98 Ci/mmol) was diluted key factor of 100 according to
Equation 13

spec. activity,; (Ci/mmol) - Ly (nM) - f + V} torar (M)
1000
Equation 13: Calculation of the amount of radioligand (uCi)
spec. activity. desired specific activity after dilution (Ci/mmol
L4 highest desired concentration of radioliganchim assay (nM)

f: assay dilution factor (here: 5, since 100 plgiken into a total volume of 500 pl)
V| totar: required volume of the highest concentrated tag#ind solution

radioligand (uCi) =

0.98 Ci/mmol - 30000nM -5 - 1.1 ml
1000

[BH]LEV (uCi) = = 161.7 uCi

Since the original radioligand [3H]LEV solution gesses a concentration of 1 mCi/ml
according tdequation 13 a total amount 0162 pl of [*BH]LEV was needed.

The required amount of unlabeled levetiracetam (fagXilution can be calculated by
Equation 14

1 1
unlabeled ligand (mg) = M - L (a—d — a—)
o

Equation 14: Calculation of the amount of unlabeled ligand (mg)
M: molecular weight of unlabeled ligand (mg/mmol)
L: required amount of radioligand as calculated (ImC
ay. desired specific activity after dilution (mCi/miho
a: specific activity of original radioligand soluidmCi/mmol)

1
980 98000

LEV (mg) = 170.11 mg/mmol - 0.1617 mCi ( ) (mmol/mCi)

=28 g

Consequently, for the preparation of 1100 ul of tiighest concentrated radioligand

solution 162 ul [3H]LEV and 28 ul of levetiracetaolution (1 mg/ml) were given into
910 pul Tris-HCI buffer.
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The series of dilution starting from the highesh@entrated radioligand solution was
prepared according to the following table:

Table 17: Preparation of dilution series for [BH]LEV soluti® (30000-5 nM); f.c.: final concentration in
the assay, f: dilution factor with regard to premgosolution. From the radioligand solution with the
highest concentration (first row), 300 pl are takseee last column) to prepare the next dilutiort@sd
row). Since this requires to dilute the first saatby the factor of 3 (second column), 600 pl a6IHCI
buffer need to be added (third column). This adasoua volume of 900 pl (fourth column), from which
130 ul are taken (last column) for the preparatibthe next dilution (third row), and so on.

f.c. dilution step prepared remaining
(nM) (previous solution + Tris-HCI) (pul) V (ul) V()
30000 1100 (-300) = 800
10000 3 300 + 600 900 (-130) =770
1000 10 130 + 1170 1300 (-550) = 750
500 2 550 + 550 1100 (-260) = 840
100 5 260 + 1040 1300 (-500) = 800
50 2 500 + 500 1000 (-240) = 760
10 5 240 + 960 1200 (-400) = 800

5 2 400 + 400 800

For saturation experiments with [3H]LEV at rat eceit membrane preparations (RC)
200 pg of protein membrane preparation (see 8fdwell were used. The assay was
incubated for 120 min. The actual concentratiomaoioligand in the assay, which was
determined by measuring aliquots of each radiotigdifution, was used for plotting the
saturation curve. Obtainedbkand B,ax values are means of two individual experiments

performed in triplicate.

8.5.3.2.2 Saturation studies with [*H]isoBRV at rat brain cortical membrane
preparations
Since no unlabeled ligand was available for diluted the radioligand the saturation
experiment with [3H]isoBRV was performed withoutbtgpic dilution. In order to
reduce the amount of applied radioligand, the s#itum experiment was not performed
until a highest concentration of 10 times the eige& value. Instead, a total amount
of 1000 ul of the original radioligand solution éhanol was vaporized to dryness at
ambient pressure over several days. The residue diga®lved in the determined
volume of Tris-HCI buffer required for the highesincentration (se€able 18 and the
series of dilution was prepared as described ifdt@wing table:
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Table 18: Preparation of dilution series for [3H]isoBRV stiuns; relative f.c.: final concentration in the
assay in relation to lowest concentrated solutisecdnd last row), f: dilution factor with regard to
previous solution. For a detailed explanation Balgle 17.

relative . dilution step prepared remaining
f.c. (previous solution + Tris-HCI) (jul) V (ul) V (ul)
200 1235 (-785) =450
100 2 785 + 785 1570 (-1116) =454
80 5/4 1116 + 279 1395 (-945) = 450
60 4/3 945 + 315 1260 (-810) = 450
40 3/2 810 + 405 1215 (-765) =450
30 4/3 765 + 255 1020 (-570) = 450
20 3/2 570 + 285 855 (-405) = 450
10 2 405 + 405 810 (-360) = 450
5 2 360 + 360 720 (-270) = 450
2 5/2 270 + 405 675 (-225) = 450
1 2 225 + 225 450
0 only Tris-HCI

For saturation experiments with [3H]isoBRYV at rattecal membrane preparations (RC)
100 pg of protein membrane preparation (see 8gedyell were used. The assay was
incubated for 180 min. Final concentrations (nM)tled radioligand in the assay were
determined by measuring an aliquot of each dilutiime results from two individual
experiments performed in duplicate were plotted irega determined actual

concentrations.

8.5.3.2.3 Saturation studies with [*H]BRV at rat brain cortical membrane
preparations

As already described for the saturation experimgith [3H]isoBRV, likewise no

isotopic dilution was done for the saturation ekpent with [BH]BRV, since no

unlabeled ligand was available. For a requiredalagiind concentration of 650 nM

(final concentration in the assay) the amount agioal radioligand solution was

determined according quation 13

94 Ci/mmol - 650nM -5 - 1.37ml

3H1BRV (uCi) =
[*PH]BRV (uCi) 1000

= 419 uCi
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The corresponding amount (419 ul) of original [3IRM solution was given into 951 ul
Tris-HCI buffer to add up to the determined totalume (1370 pl) for the highest

concentration (se€able 19, which was diluted as described in the followiable:

Table 19: Preparation of dilution series for [BH]BRV solut® (650-1 nM); f.c.: final concentration in the
assay, f: dilution factor with regard to previoadusion. For a detailed explanation sesble 17.

f.c. . dilution step prepared remaining
(nM) (previous solution + Tris-HCI) (jul) V (ul) V (ul)
650 1370 (-920) = 450
400 13/8 920 + 575 1495 (-1035) =460
300 4/3 1035 + 345 1380 (-930) = 450
200 3/2 930 + 465 1395 (-945) = 450
150 4/3 945 + 315 1260 (-810) = 450
100 3/2 810 + 405 1215 (-765) =450
75 4/3 765 + 255 1020 (-560) = 460
50 3/2 560 + 280 840 (-370) =470
25 2 370 + 370 740 (-288) =452
10 5/2 288 + 432 720 (-270) = 450
5 2 270 + 270 540 (-90) = 450

1 5 90 + 360 450

For saturation experiments with [3H]BRV at rat c@at membrane preparations (RC),
100 pg of protein membrane preparation (see 8fdyell were used. The assay was
incubated for 240 min. The results from two induadl experiments performed in

duplicate were plotted against determined actuateotrations.

8.5.3.2.4 Saturation studies with [*H]BRV on intact cells

Saturation experiments with [BH]BRV on intact CH®@lls recombinantly expressing
the protein of interest were performed as followitrgnsiently transfected CHO cells
(see 8.7.6.1 b) were prepared for binding studsedescribed in 8.7.7. For saturation
experiments on CHO cells recombinantly expressiBy2A-GFP cells of two dishes

(152 cnf) grown to confluence suspended in Tris-HCI buffere used for a 24-well

assay, whereas for experiments on CHO cells requanby expressing rSV2A-GFP

and rSV2A N364K-GFP the amount of cells was redumedne confluent dish per
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24-well assay. The incubation time for the assay 240 min. kg and Byax values are
means of two individual experiments performed iplaate. The radioligand was used
without isotopic dilution by vaporizing a certaimaunt (~500 - 750 ul) of original
radioligand solution at ambient pressure over sways and dissolving the residue in
a defined volume of Tris-HCI buffer as describedTiable 2Q Final concentrations
(nM) of the radioligand in the assay were determhibg measuring an aliquot of each

dilution.

Table 20: Preparation of dilution series for [3H]BRV solutg relative f.c.: final concentration in the
assay in relation to lowest concentrated solutiast(row), f: dilution factor with regard to preuv®
solution. For a detailed explanation Sexble 17.

relative ¢ dilution step prepared remaining
f.c. (previous solution + Tris-HCI) (jul) V (ul) V (ul)

65 912 (-462) = 450
30 13/6 462 + 539 1001 (-540) = 461
20 3/2 540 + 270 810 (-360) = 450
10 2 360 + 360 720 (-270) = 450
5 2 270 + 270 540 (-90) = 450
1 5 90 + 360 450

8.5.4 Competition experiments

8.5.4.1 Background

Competition experiments enable the determinationthef affinity of an unlabeled
compound (competitor) to a receptor by measuriaglility to displace a radioligand
from its receptor. Therefore, a constant conceaotrabf radioligand is exposed to
increasing concentrations of the competitor. If hhotadioligand and competitor,
compete for the same binding site, radioligand ibigpds decreased with increasing

amounts of added competitor.
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specific binding (%)
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Figure 44: Example curve of competition binding experimentsl indicates the concentration of
competitor at which specific binding of the radiglnd is reduced to 50%.

By logarithmic application of the concentration (Mj the competitor against the
specific binding of the radioligand (cpm or %), ignsoidal curve is obtained whose
inflection point marks the concentration, which responds to the Kg value (see
Figure 44). This value indicates the concentration of thengetitor at which specific
binding of the radioligand is reduced by 50%. Sitiee IG, value is dependent of the
concentration of the radioligand and its alue and therewith is not comparable with
ICso values from other experiments, whenever possi@artdependent value, Khould
be indicated. The Kvalue (equilibrium inhibition constant of competit is obtained
from the Cheng-Prusoff equatfdh(seeEquation 15):

ICsg

L
1+

Kiz

Equation 15: Cheng-Prusoff equation
Ki: equilibrium inhibition constant (M)
ICs0: half maximal inhibitory concentration (M)
L: concentration of radioligand (M)
Kp: equilibrium dissociation constant of radioligaii)

Besides experiments in which the competitor stmatiy differs from the radioligand
(heterologous binding experiment), it is also commitw perform homologous
competition experiments in which the radioligandnpetes with a coldligand that is
structurally identical. Basically, homologous bingliexperiments are comparable with

saturation experiments and therewith allow the rdateation of the i and Bhax value
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of a compound. Since in a homologous competitiopearment K is identical to k

Equation 15 simplifies toEquation 16

KD= IC50_ L

Equation 16: Calculation of k in homologous competition experiments

Kp: equilibrium dissociation constant (M)
ICs0: half maximal inhibitory constant (M)
L: concentration of radioligand (M)

As further explained by De Blasi et?df.the calculation of the maximum number of
binding site B.ax in homologous competition experiments can be dacmording to
Equation 17

BO * ICSO
Bnax = T

Equation 17: Calculation of B, in homologous competition experiments
Bmax maximum number of binding sites (cpm)
Bo: specific binding (cpm)
ICs0: half maximal inhibitory constant (M)
L: concentration of radioligand (M)

For the determination of Bxin fmol/mg protein, or binding sites per cell, pestively,

the obtained Baxin cpm can be substituted inkmuation 8.

8.5.4.1.1 General performance of competition experiments with radioligands
[*H]LEV, [*H]BRV and [*H]isoBRV

In general, all competition experiments with [FBHNH3H]BRYV and [*H]isoBRV were

performed as described by Noyer ef%hA constant amount of radioligand was given

into Tris-HCI buffer containing MgGl(2 mM) and in case of competition experiments,

various concentrations of the competitor. After iidd of the protein preparation, it

was incubated for a certain amount of time at 4T@al binding was determined in the

absence of competitive compounds, whereas nonfgpeiriding was determined in the
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presence of LEV (1 mM). In general, the stock sohg as well as the dilutions of the
competitor were prepared in Tris-HCI buffer. In quatition experiments, in which the
competitor was added in DMSO solution, the sameusrof DMSO (here 10 ul) was
also added to wells used for determination of tatadl non-specific binding. DMSO
concentration in the assay was always kepfo. Separation of bound from unbound
radioligand was achieved by filtration through GFRJlass fiber filters pre-soaked for
30 min in aqueous PEI solution (0.1%). Subsequeiithyas washed three times with
ice-cold Tris-HCI buffer. If not indicated otherwisresults were obtained from three

individual experiments performed in triplicate.

Table 21: General pipetting scheme for sole determinatiototafl and non-specific binding (pyrrolidone
radioligands).

total binding [ul] non-specific binding [jl]
MgCl, solution (10 mM) 100 100
Tris-HCl buffer 200 100
Levetiracetam solution (5 mM) - 100
radioligand in Tris-HCI buffer 100 100
protein in Tris-HCI buffer 100 100
total volume 500 500

Table 22: General pipetting scheme for competition experitméoyrrolidone radioligands).

total binding  non-specific binding competitive

[w] [wi] binding [ul]
MgCl, solution (10 mM) 100 100 100
Tris-HCl buffer 200 190 190
Levetiracetam solution (50 mM) - 10 -
dilution of competitor - - 10
radioligand in Tris-HCI buffer 100 100 100
protein in Tris-HCI buffer 100 100 100

total volume 500 500 500
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Table 23: Conditions for competitive binding experiments. Asotein components membrane
preparations from rat cortex (RC), rat striatum YR®ouse brain (M), post-mortem human brain of
thalamus (HT) and putamen (HP) and human brain feumgery of epileptic patients (HEB) were
applied. Cells investigated were CHO cells recombily expressing the gene of interest.

[BH]LEV [®H]isoBRV [®H]BRV
buffer solution Tris-HCI buffer containing MgCl, (2 mM)
radioligand concentration 10 nM 5nM 1nM
amount RC (8.3.1) 200 pug 100 pg 100 pg
of RS (8.3.1) 200 pg 100 pg
protein
(per well) | M (8.3.2) 200 pg 100 pg
HT, HP (8.3.3) 400 pg 200 pg
HEB (8.3.3) 200 pug 100 pg
cells (8.7.7) 2 dishes (152 cm?)
grown to conflucence
per 24-well assay
incubation time 120 min 180 min 240 min

8.5.4.1.2 General performance of competition experiments with [*’H]JAMPA

For competition binding experiments with [BHJAMPARQ nM) the radioligand was
given into Tris-HCI buffer containing KSCN (200 mMhnd the competitor in various
concentrations. After addition of either 300 pgtpne membrane preparations (RC, RS,
or M, see 8.3.4) or permeabilized cell preparafsae 8.7.8), the assay was incubated at
4 °C for 30 min. Total binding of the radioligancasvdetermined in the absence of
competitive compounds, non-specific binding wasedrined in the presence of
L-glutamate (1 mM). In experiments in which the qmtitor was added in DMSO
solution, the same amount of DMSO was also addesetts for the determination of
total and non-specific binding. The total amountDMSO in the assay was always
< 2%. After incubation time was completed, the assay filtered through GF/C glass
fiber filters, which afterwards were quickly washégice with ice-cold (~0 °C)
Tris-HCI buffer containing KSCN (50 mM). Results meobtained from three to four

individual experiments performed in triplicate.
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8.6 Molecular biology

8.6.1 Production of competent bacteria

In general, bacterial cell walls are impermeablerfocleic acids. If DNA needs to be
introduced into bacteria cells, these bacterid fiesse to be treated in a way that they
become transformation competent, which facilitates uptake of DNA under certain

conditions.

In this study the E.Coli genotype TOP10 was useanfwhich 50 pl of a glycerol
culture were given into 4 ml LB medium (without dnbtics), which was incubated in
the bacteria shaker at 37 °C, 220 rpm over nighe Tollowing day, 500 ul of this
preculture were transferred into 40 ml LB mediumitifaut antibiotics) and again
incubated in the bacteria shaker (37 °C, 220 rpifjer approximately 45 min, the
optical density of this suspension at 550 nm {§gDwvas measured against a blank (LB
medium without bacteria). If necessary the incudratime was extended until an @p
of 0.5 was obtained. At this time, it can be assithat bacterial reproduction is within
the exponential phase of the bacteria growth cufve suspension was centrifuged
(1700 g, 4 °C, 20 min) and the resulting pelleuspended in 20 ml cold Calolution
(0.1 M). After incubation on ice for 30 min, thespension again was centrifuged
(1700 g, 4 °C, 20 min). The obtained pellet wasispended in 2 ml cold Ca3olution
(0.1 M). After addition of 0.5 ml glycerol and gki©homogenization, the suspension

was aliquoted a 100 ul and stored at -80 °C.

8.6.2 Transformation

Replication of a plasmid of interest can efficignle achieved by incorporation into
bacterial cells. With each cell cycle of the tramsfed bacterium, the plasmid is
replicated and passed on to the daughter cell., Tdruemerged bacterial colony, which
derived from a single transformed bacterial clooentains multiple copies of the
plasmid. There are several different chemical ahgsigal methods to enforce a
bacterium to take up a plasmid (transformation)ictvtwill not be discussed here in
detail. On either way, only a marginal number ottbaa will actually take up the
DNA, why it is important to make use of antibiotresistance (here: ampicillin
resistance, which is encoded on the plasmid) t@csetlones that successfully

incorporated the plasmid of interest.
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For transformation of bacteria cells, in this stulg method of heat shock was applied.
Therefore, 100 pl of a suspension of competent ETXP10 (see 8.6.1) were thawed
on ice. The plasmid (10-50 ng) was added and diyefuxed with a pipette tip. After
incubation on ice for 30 min, the bacteria were csqul to the heat shock: the tube
containing the bacteria suspension was incubat&¥ 4C in a water bath for 2 min,
followed by two minutes incubation on ice. Subselye 200 pl of LB medium
(without antibiotics) were added and carefully niixeith a pipette tip. The suspension
was incubated in a thermal block at 300 rpm, 37ACL h, before it was spread on a
LB agar plate with ampicillin (100 pg/ml), which svéncubated at 37 °C over night.
Since these agar plates contained ampicillin, anlgcessfully transformed bacteria

possessing recombinant plasmids with an ampic#igistance gene survived.

8.6.3 Cultivation of bacteria

Bacteria (e.g. a selected colony from an agar patan aliquot of a glycerol stock)
were given into 4 ml LB medium with ampicillin (1Q/ml). The suspension was
incubated over night in a bacteria shaker (220 ®nt,C).

8.6.4 Plasmid isolation

One of the most frequently used methods to isqkemid DNA from bacteria is based
on the principle of alkaline lysf$® Therefore, bacteria containing the plasmid of
interest are first centrifuged and obtained as letp&his pellet is resuspended in a
specific buffer containing NaOH and SDS, which ealssis of the cells as well as
denaturation of the DNA, RNA and proteins due t® ligh pH level. RNA is degraded
in the presence of RNAse. In the presence of EDivAlent cations are complexed and
thus removed from the environment, whereby badtenaleases are hindered in their
function to degrade plasmid DNA. Subsequently, @tia acid/acetate buffer is added,
which neutralizes the pH level. In this milieu, shq@asmid DNA renaturates and
passes into solution, while genomic bacterial DNflyarenaturates incompletely and
remains precipitated as do proteins and other leelicomponents. By centrifugation
plasmid DNA can then be separated from the predgut material. Adsorption of
plasmid DNA to silica membrane columns allows paaifion of the DNA with ethanol

based washing buffers and a final elution with gy®.
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Isolation of plasmid DNA in this study was perforineith different kits (see 8.1.3.3)
according to the manufacturer's protocol. Theses kite all based on the above

described principle.

8.6.5 Determination of DNA concentration
A 1:500 dilution (2 pul DNA solution + 998 ul watesj the DNA solution was prepared
to determine the concentration photometrically. Tieasurement was made at 260 nm

using water as a blank.

8.6.6 Preparation of glycerol stocks

For long-term storage of bacteria, an aliquot @& thilture was conserved as glycerol
stock. Therefore, 800 pl of a bacteria culture weriged with 200 pl glycerol and
stored at -20 °C. To recultivate bacteria, a smailbunt of the glycerol culture was
given into LB medium with ampicillin (100 pg/ml) dnncubated in the bacteria shaker
(220 rpm, 37 °C) over night.

8.6.7 Primer design

All primers applied in this study were either desig as primer for PCR or for DNA

sequencing reactions (see 8.1.3.3). What theyaakk n common, is the requirement to
bind as specific as possible to a certain sequehtiee DNA. Only that way it can be

guaranteed that the DNA polymerase, which useptimeer as starter oligonucleotide

for elongation of the complementary strand, wiltlesively amplify the DNA sequence

of interest. For the performance of a PCR as wela aequencing reaction, a pair of
primers had to be designed (forward and reversi)¢chware complementary to the
3’ end of the sense and anti-sense strand andwtilerank the DNA sequence of

interest. Ideally, a primer possesses a GC-colitgr@nine-cytosine content) in a range
of 45 to 60%, a melting temperature between 557&ntC and comprises a length of 18
to 22 nucleotides. Furthermore, it should not fany stable hairpins (intramolecular
base pairing), nor stable dimers with other primaolecules (intermolecular base
pairing). Primers designed for this study have baealyzed with the online program

Oligoanalyzer 3.1, Integrated DNA Technologies @4el).
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8.6.8 Polymerase chain reaction

The polymerase chain reaction (PCR), which wasrntes by Kary Mullis in 1983
(nobel prize 1993), is an efficient and fast metfadthe amplification of DNA. It is
based on a heat program, which — depending on ttbgept temperature — causes
denaturation or renaturation of the DNA templatethle presence of a heat stable DNA
polymerase, DNA strands are amplified by elongatiof’- to 3'-direction. Therefore,

a pair of specific primers (see 8.1.3.3) is needduch flank the template sequence and
serve as starter oligonucleotides for the polymeerass building blocks for the
emerging strand the polymerase requires nucleobtéiéise four bases A, T, G and C,
which are added in form of dNTPs (ATP, TTP, GTP &fP) into the reaction
mixture. It is further important to choose an ampiate buffer system with additions
like e.g. certain cations, providing an optimizecorking environment for the

polymerase.

In a typical PCR, the reaction mixture, which iagad in a thermocycler, is first heated
up to a temperature that lies above the meltingpggature () of the DNA strand.
This step (e.g. 94 °C for a couple of seconds) esaubke double-stranded DNA to
denaturate into two single strands. Subsequertily,thermocycler cools down to a
temperature that is just a few degrees beneathmigléng temperature ¢J) of the
primers. The temperature, which roughly lies betw®&® and 65 °C, is dependent on the
GC-content of the primers. During this second skepprimers anneal to the 3’ end of
the sense or anti-sense strand, respectively. wdiels, the elongation of the DNA
strand is achieved by heating up to a temperaterg. (/2 °C) that represents the
temperature optimum for the DNA polymerase. Theatian of the third step is
dependent on how quickly the polymerase can woideunthe given conditions (e.g.
proceeding speed of 1 kbp/min) and should be nextliiccording to the template’s
size. This three-step cycle (denaturation, anngalelongation) is repeated several
times (typically 30 to 35 cycles), which causesaponential amplification of the DNA

template.

In this study the PCR protocols listed in the faolilog were used. Annealing
temperatureslinn) were chosen based on the df the applied primers. The duration of
the elongation step was determined by the sizeeofdmplate and the proceeding speed

of the polymerase.
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Table 24: PCR with Pyrobe&Y DNA polymerase.

PCR mixture temperature program

X ul template DNA 20 ng

2 ul f-primer 10 pmol 98°C 10s denaturation

2 ul r-primer 10 pmol 30X | Tomn 30s annealing

0.5pul  Pyrobest™ DNA Polymerase 72°C 1kbp/min elongation

5 pl 10x Pyrobest™ Buffer Il

4 ul dNTPs Mixture (2.5 mM) 72°C 10 min final
elongation

ad 50 ul H,0, sterile

Table 25: PCR mit AccuPrimE” Pfx DNA polymerase.

PCR mixture temperature program
95°C 2min initial

denaturation

X ul template DNA 20 ng

2 ul f-primer 10 pmol 95°C 15s denaturation

2 ul r-primer 10 pmol 35x | T,,n. 30s annealing

0.8 ul Accu Prime™ Pfx DNA Polymerase 68 °C 1 kbp/min elongation

5l 10x Accu Prime™ Pfx DNA mix

ad 50 ul H,0, sterile 68°C 5min final
elongation

Table 26: KOD Hot Start DNA polymerase.

PCR mixture temperature program

X ul template DNA 20 ng

3ul f-primer 15 pmol 94°C 2 min initial
denaturation

3ul r-primer 15 pmol

1ul KOD Hot Start DNA polymerase 94°C 20s denaturation

5l 10x buffer 35x | Tomn 155 annealing

5l dNTPs Mixture (2 mM) 70°C 3 kbp/min elongation

4 pul MgS0O, (25 mM)

5ul DMSO 70°C 10 min final
elongation

ad 50 ul H,0, sterile




8 Experimental part 155

In this study, after the PCR has been completezlyehaction mixture was mixed with
6x loading dye (see 8.1.3.3 and 8.1.3.6, 1 ul ipal ¥olume of 6 pl) and loaded onto

an agarose gel (see 8.6.9) for purification.

8.6.9 Agarose gel electrophoresis

Agarose gel electrophoresis is a simple methodhiseparation of nucleic acids using
a gel, whose pore size can be varied by the coratemt of added agarose. For
separation, the samples are given into small veellthe upper end of the gel placed in
TAE buffer (pH ~ 8). When subjected to an electrigaltage, the negatively charged
nucleic acid molecules migrate in the electricalditowards the anode. Short and small
molecules migrate faster and therewith run furtimethe gel as do long and bulky
molecules, which are stronger retained by the gatim By addition of an intercalating
dye (e.g. ethidium bromide) into the gel, it is gibte to visualize the nucleic acids by
light emission under UV light afterwards.

Within this study 1% agarose gels were used, fockvlagarose was given into TAE
buffer (e.g. 500 mg in 50 ml) and carefully heatedhe microwave until agarose had
completely dissolved. After short cooling-down, tinéercalation dye (here GelR®d
was added (1:20000 dilution, here 2.5 pl) and hanegusly distributed. The gel was
poured into a gel chamber and after hardening, tveassferred to the electrophoresis
chamber filled with TAE buffer. 6x loading dye (s4..3.3 and 8.1.3.6) was added to
the DNA samples as well as to the respective DNddéa (molecular weight size
marker, see 8.1.3.3) and each sample was trardfarte a well of the gel. The
electrophoresis was run at 100 to 200 V dependmghe size of the electrophoresis
chamber. Subsequently, the gels were analyzed whddéght.

8.6.10 Gel extraction

After separation by gel electrophoresis, the bahthterest was cut out of the agarose
gel. From this piece of gel the DNA was regaineihgishe Zymocleal! Gel DNA
Recovery kit according to the manufacturer’s protodhereby, the agarose gel is
solubilized in a high-salt binding buffer liberaginthe DNA, which afterwards is

purified on small silica columns.
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8.6.11 Restriction enzyme digestion

Restriction endonucleases are enzymes that reegetain sequences on the DNA
molecule and thereupon cleave the strands in aymemspecific manner. In this study
for restriction endonuclease digestion, enzymesnfidew England BiolLabs (see

8.1.3.3) were used in combination with suppliedfdénsfand additives according to the
manufacturer’'s protocol. If two enzymes were ushkdt theeded different reaction
conditions the digestion was performed sequentisttlygeneral, the following protocol

was used:

DNA (plasmid or PCR product) X i

reaction buffer (10x) 1l
restriction enzymes 10 U, each
(BSA solution 10x, if needed) 1l

H,0O, sterile ad 10 pl

If not indicated otherwise in the manufacturer’'stpcol, after incubation at 37 °C for
1 h, the enzymes were heat inactivated by incubatid®5 °C for 20 min. The digested
product was either purified by agarose gel eletioopsis (see 8.6.9) or — as was the
case for digested PCR products — using the DNAnckaconcentrataf-5 kit (see
8.1.3.3).

For plasmid DNA that was linearized in order toapplied for stable transfections (see
8.7.6.1, c and d), 50 pg of the plasmid was cleassag 50 U of the below mentioned
restriction enzyme in the presence of 1x BSA atG7or 3 h.

PQCXIH-hSV2A-GFP: Fspl NEbuffer 4
PQCXIN-hGIluR2flip: Stul NEbuffer 4
pPQCXIH-hGluR2flop: Fspl NEbuffer 4

8.6.12 Ligation

For ligation of two nucleic acid sequences (e.digested PCR product with a digested
plasmid), the ATP-dependent enzyme ligase, was.uf¥eéd enzyme ligates the

3’-hydroxy terminus of one fragment with the 5-ipbate terminus of the other
fragment under formation of a phosphodiester bdine. reaction mixture was prepared

according to the following protocol:
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plasmid, digested 50 ng
PCR product, digested 150 ng
10 x ligation buffer 1l

T4 DNA ligase 2U
ATP (10 mM) 1ul
H.0, steril ad 10 pl

The ligation mixture was incubated at 16 °C ovghhiand afterwards directly used for

transformation of competent bacteria (see 8.6.2).

8.6.13 Sequencing
Analysis of DNA sequences was performed by GATQdib AG, Konstanz.

8.7 Cell Culture

8.7.1 Revitalization of cells

Cells that have been frozen in FCS/DMSO (see 8anhd)stored in liquid nitrogen for
long-time storage were revitalized according to ftileowing procedure: a cryovial of
frozen cell suspension was thawed in a water aB7 4C. Immediately before the cell
suspension was thawed completely, the suspensisntramasferred into a falcon tube
containing 10 ml of culture medium prewarmed t0°@7 The suspension was pelleted
(5 min, 200 g) and the supernatant containing #ietaxic DMSO was discarded. The
cell pellet was resuspended in new culture medwhch afterwards was transferred
into a cell culture flask. For cultivation the aui¢ flask was placed into a cell incubator
(37 °C, 95% humidity, 5-10% C

8.7.2 Cultivation of cells

Table 27: Cultivation of cells.

cell type cultivation medium preparation of incubation and
medium* passaging ratio
CHO-K1 basal medium
DMEM/F12 500 m| DMEM/F12 37 °C, 5% CO,,
~10% FCS 50 ml FCS 95% humidity
~ 100 U/ml penicillin 5ml PS 1:30

~ 100 pg/ml streptomycin
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cell type cultivation medium preparation of incubation and
medium* passaging ratio
HEK293 basal medium
DMEM 500 mI DMEM 37 °C, 10% CO,,
~10% FCS 50 ml FCS 95% humidity
~ 100 U/ml penicillin 5 ml PS 110
~ 100 pg/ml streptomycin '
GP'envAM-12 HXM medium
DMEM 500 m| DMEM 37 °C, 5% CO,,
~10% CS 50 ml CS 95% humidity
~ 100 U/ml penicillin 5ml PS

CHO_hSV2A-GFP

HEK_hGluR2flip

HEK_hGluR2flop

~ 100 pg/ml streptomycin
~ 200 pg/ml hygromycin B
~ 15 pg/ml hypoxanthine
~ 250 pg/ml xanthine

~ 25 pg/ml mycophenolic acid

basal medium

DMEM

~10% CS

~ 100 U/ml penicillin

~ 100 pg/ml streptomycin

selection medium

DMEM/F12

~10% FCS

~ 100 U/ml penicillin

~ 100 pg/ml streptomycin
~ 500 pg/ml hygromycin B

selection medium

DMEM

~10% FCS

~ 100 U/ml penicillin

~ 100 pg/ml streptomycin
~ 400 pg/ml G418

selection medium

DMEM

~10% FCS

~ 100 U/ml penicillin

~ 100 pg/ml streptomycin
~ 300 pg/ml hygromycin B

1 ml Hygromycin B

5 ml HXM

500 ml DMEM
50 ml FCS
5ml PS

500 ml DMEM/F12

50 ml FCS
5ml PS

2.78 ml hygromycin B

500 ml DMEM
50 ml FCS
5 ml PS

2.22 ml G418

500 m| DMEM
50 ml FCS
5 ml PS

1.67 ml hygromycin B

1:6

37 °C, 5% CO,,
95% humidity

37 °C, 5% CO,,
95% humidity

1:30

37 °C, 10% CO,,
95% humidity

1:10

37 °C, 10% CO,,
95% humidity

1:10

*For information on culture medium and supplemesas 8.1.3.4.



8 Experimental part 159

8.7.3 Passaging of cells

After removal of old culture medium, cells attachedhe flask were washed with PBS
buffer and afterwards incubated with 1-2 ml trypSIDTA solution at 37 °C for a few
minutes until cells began to detach. New culturelioma was added and cell aggregates
in the suspension were separated by pipetting dpdamvn. A certain amount of cell
suspension was then transferred into a new celureulflask containing prewarmed
culture medium in a total volume of 5-25 ml depewdion the flask’'s size. For

cultivation, cells were stored in the incubatore(8e7.2).

8.7.4 Cryopreservation of cells

For long-term storage of cells, backup aliquots ev@repared according to the
following procedure: cells grown to confluence @@%) in a cell culture flask
(175 cnf) were washed with PBS buffer and incubated witml 2of trypsin/EDTA
solution at 37 °C for a few minutes. When cellsdedo detach, the trypsin reaction
was stopped by addition of new culture medium agltlaggregates in the suspension
were separated by pipetting up and down for sevenals. The suspension was pelleted
by centrifugation (200 g, 5 min) and the supernateas discarded. The cell pellet was
resuspended in 4 ml of freezing medium consistihgr@S containing 10% DMSO.
Being aware that the cryoprotectant DMSO is toxidhe cells, the suspension was
quickly transferred into cryovials (a 1 ml). Forngle freezing the cryovials were put
into a freezing box filled with isopropanol, whiatas stored at -80 °C over night,
allowing the suspension to cool down at an appratennate of 1 °C/min. The following

day, the cryovials were transferred into a liquidagen tank.

8.7.5 Cell counting

To determine the number of cells in a given solytia hemocytometer (Neubauer
chamber) was used. Therefore, the chamber wad fi¢gh cell suspension and cells

within a square of the dimension 1 x 1 mm were tedimnder the microscope. Since a
square of these dimensions — due to a depth ahfh} contains 100 nl, the number of
cells counted in this square multiplied by torresponds to the number of cells per ml.
To increase the accuracy of the determinations eelhin two or more of these squares

were counted and the mean was used for calculafioells per ml.
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8.7.6 Transfection

The term transfection refers to the introductiomo€leic acids into eukaryotic cells by
non-viral methods. If, as a result thereof, thelgiccacid molecule is integrated into the
host genome (stable transfection), the transfestedieic acid will be replicated along
with the host genome with each cell cycle and tlemegproduct will be stably
expressed. If the nucleic acid molecule is notgrdaged into the host genome (transient
transfection), it will only temporarily remain with the cell and will get lost during
mitosis or will be degraded by time. Several déf@rtransfection methods are known at
present, which make use of various electrical, d¢baimor physical principles.
Furthermore, nucleic acids can also be introducet ia host cell by viruses
(transduction).

Within this study, liposome transfection (lipofext) and transduction were used as
methods for the introduction of DNA into eukaryotells.

8.7.6.1 Lipofection

In general, lipofection with Lipofectamiffé 2000 was performed according to the
manufacturer’'s protocol, as described in the follmy one day before transfection,
cells were seeded in seeding medium (no antibjotind cultivated over nightl). On
the following day, the culture medium was exchanagainst OptiMEM (2). In a tube
Lipofectaminé™ 2000 was added to OptiMEN mixed by inverting and incubated for
5 min @). In the meanwhile, the DNA solution was prepabgdadding the required
amount of DNA into OptiMEM in a second tube 4). Subsequently, the
Lipofectaminé™ 2000 solution was given into the DNA solution, etxby inverting
and the mixture was incubated for 20 min at roomperature. At the end of the
incubation time, liposome-DNA complexes have formetiich were given drop-by-
drop onto the cells. After incubation for 6 h thedium was exchanged against basic

culture medium¥g).

a) Conditions for transient transfection for proiilue of virus particles

The performance and the conditions for the trangiansfection of GRenvAM12 cells

are described in detail below (see 8.7.6.2).
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b) Conditions for transient transfections for rdidiand binding studies
1 number/type of cells 15 x 1CHO-K1 cells

seeding medium DMEM/F12 + 10% FCS, 20 ml
dish/cell culture flask 152 cheulture dish
cultivation conditions 5% C£ 37 °C, 95% humidity

2 amount of Opti-MEM 20 ml

3 Lipofectamine solution 3.6 ml Opti-MEfH+ 150 pl Lipofectamin&' 2000

4 DNA solution 3.75 ml Opti-MEM + 66 pg DNA

5 culture medium se€able 27, cultivation medium of CHO-K1 cells, 20 ml

CHO cells transiently transfected for radioliganidding studies were cultivated over

night. On the next day, they were prepared as ibestn 8.7.7.

¢) Conditions for stable transfection of hGluRPMiop into HEK293 cells
1 number/type of cells 3.5 x IBEK293 cells

seeding medium DMEM + 10% FCS, 5 ml
dish/cell culture flask 25 chreell culture flask
cultivation conditions 10% C£H37 °C, 95% humidity
2 amount of Opti-MEM 5 ml
3 Lipofectamine solution 25 pl Lipofectamife2000 + 600 pl Opti-MEN
4 DNA solution 10 pg DNA (linearized pQCXIH-hGIluR2fipsee 8.6.11)
+ Opti-MEM"® ad 625 pl, or
10 pg DNA (linearized pQCXIN-hGIuR2flip, see 8.6)11
+ Opti-MEM® ad 625 pl

5 culture medium se€able 27, cultivation medium of HEK293 cells, 20 ml

Cells transfected with linearized DNA (pQCXIH-hGl2fiop or pQCXIN-hGIuR2flip)
were cultivated over night (37 °C, 95% humidity2d@Q,). The following day, they
were detached and transferred into a big cell oailflask (175 crf) containing 25 ml
cultivation medium for HEK cells (se@able 27. 24 h later, the medium was
exchanged against selection medium containing mygcon B or G418, respectively
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(selection medium for HEK_hGIluR2flip, or HEK_hGlufsh, seeTable 27. The
medium was replaced every two days by new seleghedium until selection was
finished. For cultivation, stably transfected cellsre kept in selection medium and

passaged twice a week.

d) Conditions for stable transfection of hSV2A-GhRf» CHO-K1 cells
1 number/type of cells 2.5 x iCHO-K1 cells

seeding medium DMEM/F12 + 10% FCS, 5 ml
dish/cell culture flask 25 chreell culture flask
cultivation conditions 5% C£ 37 °C, 95% humidity
2 amount of Opti-MEM 5 ml
3 Lipofectamine solution 25 pl Lipofectamie2000 + 600 pl Opti-MEM
4 DNA solution 10 pg DNA (linearized pQCXIH-hSV2A-GFgee 8.6.11)
+ Opti-MEM® ad 625 pl

5 culture medium se@able 27, cultivation medium of CHO-K1 cells, 20 ml

CHO cells transfected with linearized pQCXIH-hSVEZAP were cultivated over night
(37 °C, 95% humidity, 5% C£. The following day, they were detached and trameti
into a big cell culture flask (175 &@ncontaining 25 ml cultivation medium for CHO-K1
cells (seeTable 27). After 6 h of cultivation (37 °C, 95% humidity%sCQ,), the cells
had attached onto the flask’s ground (~60% confjuand the medium was exchanged
by 25 ml selection medium for CHO_hSV2A-GFP (Sexble 27). The medium was
replaced by new selection medium every two days selkection was finished. Stably
transfected cells were cultivated in selection medand passaged twice a week.

8.7.6.2 Retroviral transfection and infection

For retroviral transfection, it was first necesstoyproduce virus particles containing
the gene of interest, which can be used for inf@ctif a cell line. Therefore, alay one
1.2 x 16 packaging cells (GfenvAM-12 cells) were seeded in a small cell cultiaek
(25 cnf) in a total volume of 5 ml basal medium (séable 27 basal medium of

GP'envAM-12 cells). On the morning afay twq the medium was exchanged against
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6.25 ml medium without antibiotics (DMEM + 10% CSA few hours later, the
packaging cells were cotransfected (by lipofectiauith 6.25 pg of the recombinant
plasmid and 3.75 ug of the plasmid containing tlemegfor the VSV-G protein.
Therefore, 600 pl DMEM and 25 ul LipofectamiMe2000 were mixed in a tube by
inverting and incubated for 5 min at room tempeamatin the meanwhile, in a second
tube the DNA (gene of interest + VSV-G) was mixethibMEM in a total volume of
625 ul. Subsequently, the Lipofectamine solutiors vadded into the DNA solution,
mixed by inverting the tube and was incubated fomn at room temperature. The
whole mixture containing the DNA-Lipofectamine cdewes was then given dropwise
onto the packaging cells and was homogenoushildiséd by gentle rocking. The cells
were incubated at 37 °C, 5% g0ver night. Orday three the medium was replaced by
3 ml basal medium (se€able 27 basal medium of GenvAM-12 cells) and 30 pl
sodium butyrate solution (500 mM) were added anchdgenously distributed. For
production of virus particles, from then on the ksging cells were incubated at 32 °C,
5% CQ for 48 h. Onday four, the target cell line (3 x 2CHO-K1 cells) was seeded in
a small cell culture flask (25 énin 5 ml basal medium (s€Bable 27 and incubated
over night at 37 °C, 5% GOOnday five the target cells were infected with the virus
particles (transduction). Therefore, the mediuntheftarget cell line was removed. The
supernatant of the packaging cells containing thes\particles was sterile filtered and
transferred onto the target cells. Additionallytl6polybrene solution were added and
homogenously distributed. After incubation at 32 f@& 2.5 h, the medium was
removed and displaced by 5 ml basal medium {sdxe 27, basal medium of CHO-K1
cells). Cells were then incubated at 37 °C for@l82 h before selection of successfully
transfected cells was started: therefore, the featesd cells were detached from the
flask and transferred into a big cell culture fl§&K5 cnf) containing selection medium
(basal medium with addition of hygromycin B). Theedium was replaced by new
selection medium every two days until selection Waished. Stably transfected cells
were cultivated in selection medium (basal mediuith addition of hygromycin B) and

passaged twice a week.
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8.7.7 Preparation of cells for binding studies: intact cells

Cells for radioligand binding studies on intactlgelere prepared as described by
Gillard et al*®* The culture medium of 1-2 cell culture dishes (&%) grown to
confluence was aspirated and the cells were washiédd PBS buffer. 2 ml of
trypsin/EDTA solution was distributed onto the sedind incubated at 37 °C until cells
began to detach. New cell culture medium was addexiop the trypsin reaction and
cells were carefully scraped off with a cell scragde cell suspension was given into a
falcon tube and cell aggregates were separatedplesting up and down. Subsequently,
cells were spun down (500 g, 4 °C, 10 min) andréselting pellet was resuspended in
PBS buffer. Again, the cell suspension was cergetl (500 g, 4 °C, 10 min) and the
cell pellet was resuspended in cold Tris (20 mMNbputrose (250 mM) solution (2.8 mi

per 24-well assay).

8.7.8 Preparation of cells for binding studies: permeabilized cells

Cells for radioligand binding studies using permizdd cells were prepared
essentially as described by Kessler et'&The culture medium of a dish (152 9m
grown to confluence was aspirated and cells wershec with PBS buffer. 2 ml of
trypsin/EDTA solution was given onto the cells, ahiwere then incubated at 37 °C
until cells began to detach. New cell culture mediwas added to stop the trypsin
reaction and cells were carefully scraped off vatlzell scraper. The cell suspension
was given into a falcon tube and cell aggregatee 8eparated by pipetting up and
down. Cells were spun down (2000 g, 10 min) andrd¢iselting pellet was resuspended
in 10 ml Tris (10 mM) / NaCl (150 mM) solution. Aga it was centrifuged (2000 g,
10 min) and the cell pellet was resuspended in 9nd (10 mM) / NaCl (150 mM)
solution and 1 ml saponin solution (1%). After cdagation (2000 g, 10 min) the
resulting pellet was twice again resuspended imfLTris (10 mM) / NaCl (150 mM)
solution and the suspension spun down in the ¢aegé&i(2000 g, 10 min). After the last
centrifugation step, the pellet was resuspendedoid Tris-HCI buffer (2.8 ml per

24 well assay).
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ABC ATP binding cassette

ad up to atin)

ADA adenosine deaminase

AED antiepileptic drug

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazole propionate
AMPAR AMPA receptor

ANOVA analysis of variance

ATP adenosine-5’-triphosphate

b base(s)

Bmax maximum number of binding sites
bp base pair(s)

Bqg Becquerel

br broad

BRV brivaracetam

BSA bovine serum albumin

CDClg chloroform, deuterated

cDNA copy DNA

CHO Chinese hamster ovary

Ci Curie

CNS central nervous system

cpm counts per minute

CS calf serum

d doublet

Da Dalton

decomp. decomposition

DIPEA N,N-diisopropylethylamine

DMEM Dulbecco's Modified Eagle's Medium
DMF dimethylformamide

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dNTP deoxyribonucleotide triphosphate

DOPE dioleoylphosphatidylethanolamine
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DOTMA N-[1-(2,3-dioleoyloxy)propyl]N,N,N-trimethylammonium
chloride

dpm disintegrations per minute

E.coli Escherichia coli

EDTA ethylenediaminetetraacetic acid

EEG electroencephalography

e.g. exempli gratia(for example)

EPSP excitatory postsynaptic potential

et al. et alii (and others)

EtOH ethanol

f forward

f.c. final concentration

FCS fetal calf serum

FDA Food and Drug Administration

g gram

G418 geneticin

GABA y-aminobutyric acid

GABAT GABA transaminase

GAD glutamate decarboxylase

GAT GABA transporter

GF/C glass fiber filter type C

GFP green fluorescent protein

GluR glutamate receptor

GPCR G protein-coupled receptor

G protein guanine nucleotide-binding protein

h hour(s)

h human

HEK human embryonic kidney

HEPES N-(2-hydroxyethyl)piperazin®¥'-(2-ethanesulfonic acid)

HOAc acetic acid

HP human post-mortem membrane preparation frormpara

HPLC high performance liquid chromatography

HT human post-mortem membrane preparation fronathas

HVA high-voltage activated
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HXM
Hz
ICso
ILAE
I.p.
V.

J

KA
Kp
Ki
KO
Kobs
Kott
Kon

I

L

LB medium
LC
LEV
lit.
LSC
LTR
LVA
m

m

M

M
MCS
Me
MeOH
MES
min
M,
MRNA

hypoxanthine xanthine mycophenolic acid solatio
hertz
half maximal inhibitory concentration
International League Against Epilepsy
intraperitoneal
intravenous
coupling constant
kainic acid
equilibrium dissociation constant
equilibrium inhibition constant
knockout
observed kinetic constant
dissociation kinetic constant
association kinetic constant
liter
ligand
lysogeny broth medium
liquid chromatography
levetiracetam
literature
liquid scintillation counter
long terminal repeat
low-voltage activated
meter
multiplet
mouse brain membrane preparations
Molar
multiple cloning site
methyl
methanol
maximal electroshock
minute(s)
relative molecular mass

messenger RNA
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MRP multidrug resistance protein

MRT magnetic resonance tomography
MS mass spectroscopy

MuLV murine leukemia virus

MW microwave

n number of experiments

N normal

n/a not available

nd no data

NMDA N-methylD-aspartate

N-MM N-methylmorpholine

NMR nuclear magnetic resonance

OAc acetate

oD optical density

p.a. pro analysi

PBS phosphate buffered saline

PCR polymerase chain reaction

PEI polyethyleneimine

Pap P-glycoprotein

PS Penicillin-Streptomycin solution
PTZ pentylenetetrazol

g.s. quantum satigas much as needed)
r rat

r reverse

R receptor

RC rat cortical membrane preparations
Ry retention factor

RNA ribonucleic acid

rpm rounds per minute

RS rat striatal membrane preparations
rt room temperature

RT reverse transcriptase

S singlet

S second(s)
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S.C.
SDS
SEM
SV2
SVOP

Tann.
TAE
THF
TLC
Tm
TMA
TMD
TMSCI
TMSI

Tris

uv

Vis

VS.
VSV-G

subcutaneous(ly)

sodium dodecyl sulfate
standard error of the mean
synaptic vesicle protein 2
_SMwo-related potein
triplet

annealing temperature
Tris Acetate EDTA buffer
tetrahydrofuran

thin layer chromatography
melting temperature
trimethylaluminum
transmembrane domain
trimethylsilyl chloride
trimethylsilyl iodide

tris(hydroxymethyl)aminomethane

units

ultraviolet

volume

visible

versus

vesicular stomatitis virus

wild-type
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