
RESEARCH PAPER

Modulation of the
conformational state of
the SV2A protein by an
allosteric mechanism as
evidenced by ligand
binding assays
V Daniels, M Wood, K Leclercq, R M Kaminski and M Gillard

NewMedicines, CNS Discovery Research, UCB Pharma, Braine-l’Alleud, Belgium

Correspondence
Dr Michel Gillard,
NewMedicines, CNS Discovery
Research, UCB Pharma, Chemin
du Foriest R9, B-1420
Braine-l’Alleud, Belgium. E-mail:
michel.gillard@ucb.com
----------------------------------------------------------------

Keywords
SV2A; levetiracetam; epilepsy;
positive allosteric modulation;
anticonvulsant
----------------------------------------------------------------

Received
6 December 2012
Revised
5 March 2013
Accepted
15 March 2013

BACKGROUND AND PURPOSE
Synaptic vesicle protein 2A (SV2A) is the specific binding site of the anti-epileptic drug levetiracetam (LEV) and its higher
affinity analogue UCB30889. Moreover, the protein has been well validated as a target for anticonvulsant therapy. Here, we
report the identification of UCB1244283 acting as a SV2A positive allosteric modulator of UCB30889.

EXPERIMENTAL APPROACH
UCB1244283 was characterized in vitro using radioligand binding assays with [3H]UCB30889 on recombinant SV2A expressed
in HEK cells and on rat cortex. In vivo, the compound was tested in sound-sensitive mice.

KEY RESULTS
Saturation binding experiments in the presence of UCB1244283 demonstrated a fivefold increase in the affinity of
[3H]UCB30889 for human recombinant SV2A, combined with a twofold increase of the total number of binding sites. Similar
results were obtained on rat cortex. In competition binding experiments, UCB1244283 potentiated the affinity of UCB30889
while the affinity of LEV remained unchanged. UCB1244283 significantly slowed down both the association and dissociation
kinetics of [3H]UCB30889. Following i.c.v. administration in sound-sensitive mice, UCB1244283 showed a clear protective
effect against both tonic and clonic convulsions.

CONCLUSIONS AND IMPLICATIONS
These results indicate that UCB1244283 can modulate the conformation of SV2A, thereby inducing a higher affinity state
for UCB30889. Our results also suggest that the conformation of SV2A per se might be an important determinant of its
functioning, especially during epileptic seizures. Therefore, agents that act on the conformation of SV2A might hold great
potential in the search for new SV2A-based anticonvulsant therapies.

Abbreviations
LBS, levetiracetam binding site; LEV, levetiracetam; SV2A, synaptic vesicle protein 2A

Introduction
The synaptic vesicle protein 2A (SV2) proteins belong to
the Major Facilitator Superfamily (MFS) of transporters
and are integral 12-transmembrane glycoproteins, specifi-

cally localized to secretory vesicles in both neurons and
endocrine cells (Bajjalieh et al., 1992; Feany et al., 1992).
The SV2s exist in three isoforms (A, B and C) of which
SV2A is the most abundant and also the most studied
one.
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SV2A -/- knockout mice are characterized by a lethal
seizure phenotype without any obvious abnormalities in syn-
aptic vesicle biogenesis, supporting an important role of
the protein in synaptic transmission (Crowder et al., 1999).
Although, the exact function of SV2A in this process is not
known, current evidence points towards an involvement of
the protein in calcium-dependent exocytosis (Xu and
Bajjalieh, 2001; Nowack et al., 2010; Wan et al., 2010; Yao
et al., 2010), but also neurotransmitter loading/retention in
synaptic vesicles (Budzinski et al., 2009; Vautrin, 2009), syn-
aptic vesicle priming (Chang and Sudhof, 2009) and trans-
port of vesicle constituents (Bajjalieh et al., 1994) have been
suggested. The latter suggestion is based on the homology of
SV2A with other MFS transporters like LacY. Transport of
substrates via these transporters is believed to be mediated by
a conformational switch between alternate states open to
different sides of the membrane (Holyoake and Sansom,
2007; Kaback et al., 2007). Also for SV2A, the presence of two
alternate conformations has been reported using protein
tomography (Lynch et al., 2008). However, no endogenous
SV2A transport substrate has been reported to date.

SV2A is the binding site of the anti-epileptic drug leveti-
racetam (LEV) (Lynch et al., 2004). The principal anticonvul-
sant action of LEV does not involve the classical anti-seizure
mechanisms, for example GABAergic facilitation or inhibi-
tion of Na+ currents. Instead, LEV seems to have a unique
mechanism of action based on SV2A binding as indicated by
several lines of evidence accumulated in the recent years
(reviewed in Kaminski et al., 2012). First, a strong positive
correlation between SV2A binding affinity and anticonvul-
sant potency has been demonstrated in several epilepsy
models (Lynch et al., 2004; Kaminski et al., 2008; Gillard
et al., 2011). Second, seizure protection by LEV and other
SV2A ligands strongly correlates with the degree of SV2A
occupancy in vivo (Gillard et al., 2011). Finally, the anticon-
vulsant efficacy of LEV is reduced in SV2A-deficient animals
(Kaminski et al., 2009). One of the functional consequences
of LEV binding to the SV2A protein in brain slices was found
to be a reduction in exocytosis (Yang et al., 2007). However,
the underlying mechanistic effect of ligand binding is not
fully elucidated. One hypothesis would be that ligand
binding to SV2A would stabilize a certain conformation of
the protein resulting in a potentiation or optimization of its
function thereby providing seizure protection.

In a screening effort to search for new SV2A ligands,
we identified a positive allosteric modulator (PAM),
UCB1244283, which strongly potentiated the affinity of
UCB30889, a higher affinity analogue of LEV, for SV2A. Sub-
sequently, UCB1244283 was used to investigate the implica-
tions of allosteric modulation on SV2A-ligand binding.
Finally, we made an initial assessment of the potential of
SV2A positive allosteric modulation as a possible anticonvul-
sant therapy using the audiogenic mouse model.

Methods

Radioligands, drugs and chemicals
LEV (2S-(2-oxo-1-pyrrolidinyl)butanamide), UCB30889 ((2S)-
2-[4-(3-azidophenyl)-2-oxopyrrolidin-1-yl]butanamide) and

UCB1244283 ((4-(3,5-dimethylphenyl)-N-(2-methoxyphenyl)-
3-methylbutanamide) were synthesized at UCB (Braine-
l’Alleud, Belgium). The chemical structures of UCB1244283,
LEV and UCB30889 are depicted in Figure 1. [3H]UCB30889
(47 Ci·mmol-1) was custom labelled by Amersham Bio-
sciences (Roosendaal, The Netherlands). HEK cells (Flp-In™-
293) and zeocin were purchased from Life Technologies
(Merelbeke, Belgium). PBS, DMEM, L-glutamine, trypsin and
FBS were purchased from Lonza (Verviers, Belgium). Com-
plete protease inhibitor cocktail was purchased from Roche
(Vilvoorde, Belgium) and DNAse (Deoxyribonuclease I, Type
II from Bovine Pancreas) from Sigma-Aldrich (Bornem,
Belgium). GF/B filters and GF/C filters were from Brandel
(Alpha Biotech Ltd, London, UK) and Pall (Zaventem,
Belgium) respectively. All other reagents were of analytical
grade and obtained from conventional commercial sources.

Membrane preparations from rat cortex
Membrane proteins from rat brain were prepared as described
previously (Gillard et al., 2003). Briefly, Sprague Dawley male
rats (200–300 g) were killed by decapitation. Brains were
quickly removed and the cerebral tissues were dissected on
ice. All subsequent operations were performed at 4°C. The
tissues were homogenized (10% w/v) in 20 mM Tris-HCl
buffer (pH 7.4) containing 250 mM of sucrose (buffer A). The
homogenates were spun at 30 000 g for 15 min and the
pellets were resuspended in the same buffer. After incubation
at 37°C for 15 min, the membranes were washed three times
using the same centrifugation protocol. The final pellets were
resuspended in buffer A at a protein concentration of 10 to
15 mg·mL-1 and stored in liquid nitrogen. All studies involv-
ing animals are reported in accordance with the ARRIVE
guidelines for reporting experiments involving animals (Kil-
kenny et al., 2010; McGrath et al., 2010).

Preparation of membrane proteins from
HEK cells
Human SV2A was cloned from a fetal brain cDNA library as
described in (Lynch et al., 2004) and stably expressed in HEK
cells. Cells were subcultured in DMEM containing 200 mM of

Figure 1
Chemical structures of (A) UCB1244283, (B) levetiracetam and (C)
UCB30889.
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L-glutamine and 100 mg·mL-1 zeocin, supplemented with
10% FBS. The cells were grown in a humidified atmosphere of
5% CO2 at 37°C. Confluent cells were harvested by trypsini-
zation and pelleted by centrifugation at 1500 g for 10 min
at 4°C. The pellet was washed once with ice-cold PBS using
the same centrifugation protocol. The resulting pellet was
homogenized in a buffer containing 15 mM Tris-HCl, 1 mM
EGTA, 0.3 mM EDTA and 2 mM MgCl2 (pH 7.5) supple-
mented with complete protease inhibitor cocktail Roche. The
homogenate was freeze-thawed twice and equilibrated at
25°C followed by a 10 min DNAse (10 U·mL-1) treatment.
Subsequently, the solution was centrifuged for 25 min at
40 000 g and 4°C. Finally, the pellet was resuspended in
buffer A at a protein concentration of 5 to 10 mg·mL-1 and
stored in liquid nitrogen.

Binding experiments with [3H]UCB30889
Experiments were performed essentially as described before
(Gillard et al., 2003). For all assays, membrane proteins
(5–100 mg per assay) were incubated for 120 min at 4°C or
60 min at 25°C or 37°C in 0.2 mL of a 50 mM Tris-HCl buffer
(pH 7.4) containing 2 mM MgCl2.

Competition binding experiments. Increasing concentrations
of unlabelled competing drugs with or without 10 mM
UCB1244283, were added in the presence of 5.25 nM of
[3H]UCB30889. At the end of the incubation period, the
membrane-bound radioligand was recovered by rapid filtra-
tion through GF/B glass fibre filter plates pre-soaked in 0.1%
polyethyleneimine (PEI). Plates were washed rapidly with
0.8 mL of ice-cold Tris buffer (50 mM, pH 7.4); the total
washing procedure did not exceed 10 s. To determine the
dose-response profile of UCB1244283, increasing concentra-
tions of this compound were incubated in the presence of
5.25 nM of [3H]UCB30889 and an identical experimental pro-
cedure was followed as indicated above.

Kinetic experiments. Specific [3H]UCB30889 binding in asso-
ciation experiments was measured at the indicated times after
addition of the membrane proteins at 25°C. 10 mM of
UCB1244283 was added 60 min before, 30 min after or simul-
taneously with the initiation of the association reaction. Dis-
sociation was induced by addition of 100 mM of unlabelled
UCB30889 to the association reaction mixture at the indi-
cated times. Samples were filtered on GF/C glass fibre filters
pre-soaked in 0.1% PEI and washed with 5 mL of ice-cold Tris
buffer (50 mM, pH 7.4). The total filtration time per sample
did not exceed 2 s. In the association experiments, kobs is the
observed rate constant and equals kon*L + koff (with kon the
association rate constant, koff the dissociation rate constant
and L the concentration of the radioligand). It should be
noted that at the low radioligand concentration used in these
experiments, it was not possible to accurately calculate the kon

values given the fact that at low radioligand concentrations,
the kobs value is mainly driven by dissociation (koff).

Saturation binding studies. Membrane proteins were incu-
bated with concentrations of [3H]UCB30889 ranging from 1 to
360 nM. Samples were filtered on GF/B filters using a Brandel
harvester. The total filtration time did not exceed 10 s.

In all experiments, non-specific binding was defined as
the residual binding observed in the presence of 1 mM of
LEV. Radioactivity was determined by liquid scintillation.

In vivo seizure testing
Female mice (24–29 g) prone for sound-induced seizures were
used. The mice derived from the DBA/2 strain originally
selected by Dr. Lehmann from the Laboratory of Acoustic
Physiology (Paris) and purchased from Charles River (Italy).
They were maintained on a 12/12-h light/dark cycle with
lights on at 06:00 h and had free access to food and drinking
water. The temperature in the husbandry was maintained at
20–21°C with 40% humidity. All mice were selected for
sound-induced seizure response before surgery and kept in
the husbandry for 2 weeks prior to i.c.v. cannula implanta-
tion. All tests were performed according to the Helsinki dec-
laration and complied with the guidelines of the European
Community Council directive 86/609/EEC. A local ethical
committee approved the experimental protocols.

The mice were anaesthetized with a mixture of medetomi-
dine hydrochloride (1 mg·kg-1 i.p., Domitor, Pfizer) and keta-
mine (1000 mg·kg-1 i.p., Imalgene, Rhône-Mérieux) and
surgically implanted in the right lateral ventricle (-1 mm
anteroposterior, -0.9 mm lateral, 2.3 depth) with i.c.v. injec-
tion guide cannula (Plastics One). The pedestal of the guide
cannula was held in place with dental acrylic cement (Powder
Grip Cement, Caulk Dentistry, USA) applied to the exposed
skull surface. A recovery period of 3 weeks, in individual cages,
was allowed before compound injection and seizure testing.

UCB1244283 was solubilized in DMSO and diluted to
10% in a solution of 5% Cremophor/40% HPBCD (in-house
formulation) in water to give a final concentration of
1.55 mg·mL-1 at pH 5.8.

The testing for sound-seizures was performed in a sound-
attenuated wooden chamber (150 ¥ 50 ¥ 63 cm), containing
five Makrolon cages (267 ¥ 207 ¥ 140 mm). The light inten-
sity of this chamber was approximately 1500 lux. A loud-
speaker (AD0141T4, Philips, Anderlecht, Belgium), through
which the acoustic stimulus is delivered, was positioned
above each cage. A white noise generator (custom made,
UCB) provided a 90 dB sound, at frequencies between 10 and
20 kHz, to five cages simultaneously for a duration of 30 s.
The sound level was verified before testing, using a sound
level meter (Realistic, Radio Shack, Fort Worth, TX, USA), and
adjusted if necessary. The sound-induced seizure response
was verified in all the implanted animal the day before com-
pound testing.

On the day of compound testing, each mouse was gently
taken by the neck and an injection needle was inserted into
the i.c.v. cannula and connected to a polyethylene tubing
(Plactics One, C313C, Roanoke, VA, USA) for slow infusion of
the compound using a 250 mL-Hamilton syringe. The com-
pound solutions were administered in 10 mL volume and the
injection needle was kept in the cannula for 30 s after finish-
ing the injection to avoid fluid reflux. Each animal was placed
in the acoustic chamber 5–15 min after infusion and after
30 s habituation the sound stimulus (90 dB, 10–20 kHz) was
delivered for 30 s. During this interval, the mouse was
observed for the presence of the three phases of the seizure
activity: wild running, clonic convulsions and tonic hind-
limb extension.
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Data analysis
Data analysis was performed by computerized nonlinear
curve fitting methods (Graphpad Prism 5 software, San Diego,
CA, USA), according to equations describing several binding
models (Molinoff et al., 1981). IC50 values were corrected to Ki

by applying the Cheng and Prusoff equation (Cheng and
Prusoff, 1973). Comparison between two groups was done
using an unpaired Student’s t-test. Comparisons between dif-
ferent curve fits were done using an extra-sum-of-squares
F-test and the decision level was set at 0.05. The curve fits on
the graphs represent the predicted values of the best fit. In
vivo experiments were analysed using the one tailed Fisher’s
exact test (Graphpad Prism 5 software).

Results

UCB1244283 is a SV2A positive allosteric
modulator of [3H]UCB30889
Competition binding experiments using UCB1244283,
showed a strong potentiation of the binding of
[3H]UCB30889 both on rat cortex and on recombinant
human and rat SV2A expressed in HEK cells (Figure 2, Sup-
porting Information Figure S1). The experiments were per-
formed at 4, 25 and 37°C and the corresponding pEC50 values
for UCB1244283 ranged from 4.8 to 6.1 and are given in
Table 1. The maximal effect of UCB1244283 on the binding
of [3H]UCB30889 ranged from a 500 to 900% increase
compared to the control condition and the potency of
UCB1244283 was approximately 10- to 20-fold lower on rat
cortex compared to recombinant SV2A at 4°C. The exact
pEC50 and Emax values could not be calculated for rat cortex at

25°C and 37°C since the plateau was not reached at these
temperatures in the concentration range tested. For both
recombinant SV2A and rat cortex, a slight decrease in
potency of UCB1244283 with increasing temperature was
observed. The data were fit using a sigmoidal dose-response
model with variable slope. The Hill slopes were not signifi-
cantly different from unity.

UCB1244283 alters the binding properties
of UCB30889
Saturation binding curves of [3H]UCB30889 both on rat
cortex and on human recombinant SV2A, at 4 and 37°C, were
compatible with the labelling of a homogenous population of
binding sites (Figure 3). The Kd and Bmax values for rat cortex
(88 � 8 nM and 14.6 � 3.8 pmol·mg-1 protein, n = 3) and
human recombinant SV2A (64 � 5 nM and 66.6 �

17.1 pmol·mg-1 protein, n = 3) at 4°C, were in line with
previous reports (Gillard et al., 2003; 2006). Addition of
10 mM of UCB1244283 to the saturation binding experiments
resulted in an approximate doubling of the number of
binding sites and a strong increase of the affinity. The latter
effect was most pronounced on human recombinant SV2A
(Table 2) which would be expected at a concentration of
10 mM of UCB1244283, given the observed lower potency of
this compound on rat cortex compared to human recom-
binant SV2A (Table 1). The saturation profile however,
remained compatible with a homogenous population of
binding sites.

The effect of UCB1244283 on the affinity of UCB30889
was also evident from competition curves on recombinant
human SV2A and on rat cortex labelled with [3H]UCB30889
(Figure 4). The corresponding pKi values are presented in
Table 3. UCB1244283 induced a three- to 10-fold increase in
the affinity of UCB30889 depending on the temperature and
the protein source used, with the strongest effects again
observed on human recombinant SV2A. On the other hand,
the affinity of LEV trended to be reduced in the presence of

Figure 2
Effect of UCB1244283 and LEV on [3H]UCB30889 binding at 4°C on
rat cortex and human (Hs) and rat (Rn) recombinant SV2A. Increas-
ing concentrations of LEV or UCB1244283 were incubated with
5.25 nM of [3H]UCB30889 for 120 min at 4°C as described in mate-
rials and methods. Data were normalized to the binding of
[3H]UCB30889 in the absence of any compound (B0), n = 3 to 5.

Table 1
pEC50 and Emax values of UCB1244283 for sites labelled with
[3H]UCB30889 on rat cortex and human and rat recombinant SV2A
expressed in HEK cells at different temperatures

T
(°C)

Rat
cortex

Human
recombinant
SV2A

Rat
recombinant
SV2A

pEC50 4 4.75 � 0.45 5.72 � 0.03 6.05 � 0.19

25 5.52 � 0.11 5.64 � 0.08

37 5.47 � 0.16 5.43 � 0.19

Emax (%
of B0)

4 571 � 181 706 � 47 522 � 34

25 735 � 70 824 � 141

37 880 � 118 835 � 45

Data are presented as mean � SD (n = 3) and were obtained by
analysis of competition curves as presented in Figure 2, using a
non-linear regression model with variable slope as described in
materials and methods. Hill slopes were not significantly differ-
ent from unity.
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UCB1244283 but this trend only reached significance at 4°C
on human recombinant SV2A and at 37°C on rat cortex
(unpaired Student’s t-test). Nevertheless, the physiological
relevance of a 0.1 log reduction in the affinity of LEV in the
presence of UCB1244283 is questionable.

UCB1244283 modifies the binding kinetics
of [3H]UCB30889
Detailed binding kinetic studies were only performed at 25°C
since kinetics at 4 and 37°C were too slow and too fast
respectively to allow accurate analysis (Supporting Informa-
tion Figure S2). At 25°C, both the association and the disso-
ciation kinetics on rat cortex and on recombinant human
SV2A were best described by a biphasic model (Figure 5,
Table 4 and Supporting Information Table S1). The kinetic
constants were similar between rat cortex and human recom-
binant SV2A. However, the slow component of dissociation
was markedly slower on rat cortex than on human recom-
binant SV2A (t1/2_rat cortex 3.5 � 0.6 min vs. t1/2_recombinant SV2A 2.0 �

0.2 min, n = 3, P < 0.05). These observations are in line with
previous reports at 4°C (Gillard et al., 2006). Given the high
degree of similarity in the kinetic profile between rat cortex
and human recombinant SV2A, only the detailed curve
analysis graphs on rat cortex are displayed in the main docu-
ment, while the analysis results for human recombinant
SV2A can be found in Supporting Information Table S1.

In order to study the effect of UCB1244283 on the asso-
ciation kinetics of [3H]UCB30889, three experimental
approaches were followed. In the first one (Figure 5, �),
UCB1244283 was added to the [3H]UCB30889 association
reaction after 30 min, when the equilibrium was reached.
This resulted in the initiation of a second biphasic association
event with twofold lower kobs values. In addition, the new
equilibrium value of bound [3H]UCB30889 was approxi-
mately sixfold higher than that in the absence of
UCB1244283 (Figure 5B). This magnitude of increase corre-
sponded well with the increase of the bound fraction of
[3H]UCB30889 in the saturation isotherms in the presence of
UCB1244283 at a radioligand concentration of 5.25 nM
(Figure 3). In the second (Figure 5, �) and third (Figure 5, �)
approach, UCB1244283 was pre-incubated during 60 min
with the protein in the reaction mixture before addition of
[3H]UCB30889 or added simultaneously with the radioligand
respectively. Both approaches resulted in an identical binding
profile that could be fit with the same kinetic constants and
fractions as obtained from the curve fits of the first approach.
In conclusion, [3H]UCB30889 showed a biphasic association
profile and both components were slowed down in the pres-
ence of 10 mM of UCB1244283.

The effect of UCB1244283 on the dissociation kinetics of
[3H]UCB30889 at equilibrium was assessed by adding 100 mM

Figure 3
Effect of UCB1244283 on the binding characteristics of
[3H]UCB30889. Saturation binding curves of [3H]UCB30889 (A) on
human recombinant SV2A expressed in HEK cells and (B) on rat
cortex. Membranes were incubated with increasing concentrations
of [3H]UCB30889 for 60 min at 37°C with (open symbols) or without
(filled symbols) 10 mM of UCB1244283. Non-specific binding (NSB)
was determined as the residual binding observed in the presence of
1 mM levetiracetam. The insets are the Scatschard plots from the
transformed data. Specific binding = total binding – NSB. Results are
representative of three independent experiments.

Figure 4
Effect of UCB1244283 on the competition profile of UCB30889 and
levetiracetam against [3H]UCB30889 on rat cortex. A concentration
range of both compounds was incubated with 2.6 nM of
[3H]UCB30889 in the presence (open symbols) or absence (filled
symbols) of 10 mM of UCB1244283 during 120 min at 4°C. B0 is the
binding of [3H]UCB30889 in the absence of any competing com-
pound. Data represent the mean � SD of three to six independent
experiments. Analysis was performed using a nonlinear regression
model with variable slope as described in materials and methods.
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of unlabelled UCB30889 in the presence of 10 mM of
UCB1244283 (Figure 5A and C). UCB1244283, clearly slowed
down the dissociation kinetics of [3H]UCB30889 and the data
were best described by a triphasic model while in the absence
of UCB1244283 the dissociation profile was biphasic as indi-
cated earlier [biphasic vs. triphasic model, P < 0.001, F-test (a
= 0.05; 40, 2)] (Figure 5C). The fact that UCB1244283 clearly
converted the dissociation kinetics from a two to a (at least)
triphasic model, supports the induction of a conformational
change. Similar results were obtained from the kinetic experi-
ments on human recombinant SV2A. However, the reduction
of the kobs values in the presence of UCB1244283 was even
more pronounced on human recombinant SV2A compared to
rat cortex. The koff values were very similar on rat cortex and
on human recombinant SV2A, except for the slowest phase
which was significantly slower on recombinant human SV2A
(t1/2_recombinant SV2A 16.3 � 0.6 min vs. t1/2_rat cortex 12.9 � 0.6 min,
P < 0.001, n = 3). Finally, the proportions of the different
fractions were different between rat cortex and human

recombinant SV2A with the largest proportion of all binding
sites corresponding to the fastest fraction on rat cortex (koff

fast, � 44%) while on human recombinant SV2A the largest
proportion corresponded to the middle fraction (koff mid, �

56%).

UCB1244283 has anticonvulsant properties
in sound-sensitive mice
Given the fact that UCB1244283 is a positive allosteric modu-
lator of the SV2A protein which is the target of the anticon-
vulsant LEV (Lynch et al., 2004), this compound was tested
for potential protective effects in the audiogenic mouse
model. The experiments were conducted as described in
materials and methods and the results are given in Table 5.
Due to the poor blood-brain-barrier passage of the com-
pound, it had to be administered i.c.v. (data not shown). A
clear protective effect against both tonic and clonic convul-
sions was evident at the highest dose tested, 15 min after
i.c.v. administration (P < 0.01).

Table 2
Effect of UCB1244283 on the Kd and Bmax values of [3H]UCB30889 on rat cortex and human recombinant SV2A expressed in HEK cells at 4°C and
37°C

Rat cortex Human recombinant SV2A

+ UCB1244283 + UCB1244283

Kd (nM)

4°C 88 � 8 37 � 9** 64 � 5 13 � 5***

37°C 247 � 10 83 � 11*** 153 � 23 33 � 8***

Bmax (pmol·mg-1)

4°C 14.6 � 3.8 22.0 � 7.3 66.6 � 17.1 118.2 � 20.4*

37°C 14.9 � 1.7 25.1 � 0.9*** 69.1 � 13.8 130.2 � 14.5**

Data are represented as mean � SD (n = 3, *P < 0.05; **P < 0.01; ***P < 0.001, unpaired Student’s t-test between condition with and without
UCB1244283).

Table 3
Effect of UCB1244283 on the affinities of UCB30889 and LEV for sites labelled with [3H]UCB30889 on rat cortex and human recombinant SV2A
expressed in HEK cells at 4°C and 37°C

Rat cortex
pKi � SD

Human recombinant SV2A
pKi � SD

+ UCB1244283 + UCB1244283

4°C

LEV 5.75 � 0.14 5.48 � 0.10 5.47 � 0.04 5.38 � 0.03*

UCB30889 7.03 � 0.06 7.36 � 0.08*** 6.85 � 0.43 7.79 � 0.05**

37°C

LEV 5.32 � 0.03 5.19 � 0.04** 5.16 � 0.07 5.23 � 0.03

UCB30889 6.46 � 0.16 7.07 � 0.08*** 6.37 � 0.48 7.31 � 0.05*

Data are presented as mean � SD (n = 3 to 6) and were obtained by analysis of competition curves as presented in Figure 4, using a non-linear
regression model with variable slope as described in materials and methods. Hill slopes were not significantly different from unity. *P < 0.05,
**P < 0.01, ***P < 0.001 (unpaired Student’s t-test between condition with and without UCB1244283).
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Figure 5
Effect of UCB1244283 on the binding kinetics of [3H]UCB30889 on rat cortex at 25°C. UCB1244283 was added to the reaction mixture at different
time points as indicated in the figure legend and the concentration of [3H]UCB30889 was 5.25 nM. The experiments were performed as described
in materials and methods. Non-specific binding (NSB) was determined as the residual binding observed in the presence of 100 mM UCB30889.
Arrows indicate the onset of dissociation by addition of 100 mM unlabeled UCB30889. (B) Close-up of the association curves presented in (A). All
curves were shifted to the origin in order to allow better visual comparison of the curves. Data were fit according to a biphasic association model
as described in materials and methods. (C) Close-up of the dissociation curves as presented in (A). All curves were again shifted to the origin and
data were fit with a two phase (continuous line) and three phase (dotted line) dissociation model as described. Data are representative of at least
three independent experiments.
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Discussion and conclusions
In this study, we report for the first time that the SV2A
protein contains multiple interacting binding sites and we
identified UCB1244283 acting as a SV2A PAM of UCB30889.

The SV2A PAM was discovered in a screening effort to
identify high affinity SV2A ligands based on competitive
profiling against [3H]UCB30889. This radioligand was also
used to study the effects of positive allosteric modulation of
SV2A on the binding characteristics of SV2A ligands in
more detail since it has been demonstrated to be better
suited for this purpose than labelled LEV itself, given its
higher affinity for the LEV binding site (LBS) (Gillard et al.,
2003).

Initial dose-response curves showed that the potency of
UCB1244283 was higher on human and rat recombinant
protein compared to rat cortex with EC50 values for recom-
binant protein ranging from 1 to 4 mM and EC50 values for rat
cortex above 8 mM. Therefore, the results support a higher
potency of the PAM on recombinant protein compared to
native tissue irrespective of the species source of SV2A. In this
respect, it should be acknowledged that the potency of a PAM
increases with increasing occupancy of the receptor by
the orthosteric ligand (Christopoulos and Kenakin, 2002).
However, in the experimental conditions of this study with a
concentration of radioligand well below the Kd, the occu-
pancy by [3H]UCB30889 was very low, both on rat cortex and
on recombinant SV2A. Therefore, the fact that the affinity of
[3H]UCB30889 was higher on human recombinant SV2A
compared to rat cortex, is unlikely to have a large impact on
the difference in potency between the recombinant protein
and the native tissue. Other possible contributing factors to
the observed difference include differences in interacting
proteins and differences in protein conformation between
the recombinant and the native expression systems. Also, a
decrease in potency with increasing temperature was
observed. This is in line with the previously reported tem-
perature dependency of ligand binding to SV2A (Noyer et al.,
1995; Gillard et al., 2011) and the observations made in this
study (Table 2).

Due to the poor solubility of UCB1244283, the applied
concentration in the follow-up binding assays was limited to
10 mM. This concentration is slightly above the EC50 value on
recombinant protein. Therefore, the experimental observa-
tions are only likely to display a partial effect of the PAM,
being highest on recombinant protein compared to rat
cortex. However, since a general characteristic of allosteric
modulators is a saturation of their effect with increasing con-
centrations (Christopoulos and Kenakin, 2002), UCB1244283
is likely to display more than half of its effect at a concentra-
tion of 10 mM, at least on recombinant SV2A. At a concen-
tration of 10 mM, UCB1244283 caused a doubling of the
Bmax value and a significant increase in the affinity of
[3H]UCB30889 for the SV2A protein in saturation binding
experiments. The doubling of the SV2A binding sites may be
due to the modulation of the SV2A protein from a low to a
high affinity state for [3H]UCB30889 in the presence of
UCB1244283, thereby unveiling previously very low affinity
sites. The fact that these low affinity sites could not be
detected in the absence of UCB1244283 can be explained by
the sensitivity limit of the saturation binding assays we per-

Table 4
Kinetic constants of [3H]UCB30889 binding on rat cortex at 25°C

No UCB1244283 10 mM UCB1244283

Association
�

(n = 3)
� � �

(n = 2 + 2 + 2)

kobs fast (min-1) 3.53 � 0.27 1.40 � 0.19***

% fast 49 � 2 63 � 6

kobs mid (min-1) / /

% mid / /

kobs slow (min-1) 0.32 � 0.05 0.19 � 0.03**

t1/2 fast (min) 0.20 � 0.02 0.50 � 0.07***

t1/2 mid (min) / /

t1/2 slow (min) 2.18 � 0.35 3.72 � 0.69**

Dissociation
�

(n = 3)
�

(n = 3)

koff fast (min-1) 2.71 � 0.38 1.24 � 0.10

% fast 53 � 6 44 � 5

koff mid (min-1) / 0.24 � 0.02

% mid / 35 � 3

koff slow (min-1) 0.20 � 0.03 0.05 � 0.003

t1/2 fast (min) 0.26 � 0.06 0.56 � 0.04

t1/2 mid (min) / 2.85 � 0.26

t1/2 slow (min) 3.50 � 0.55 12.92 � 0.59

The binding kinetic constants of [3H]UCB30889 were calculated
from kinetic experiments as depicted in Figure 5 by non-linear
regression according to a model with two or three association or
dissociation components (indicated as fast, mid and slow). Data
represent mean � SD and the n-values are indicated in the
column headers. The symbols in the column headers correspond
to the ones in Figure 5 (UCB1244283 added: � simultaneously
with the radioligand, � 60 min before the radioligand, �

30 min after the radioligand). koff is the dissociation kinetic con-
stant and kobs the observed rate constant = konL + koff with kon the
association kinetic constant and L the concentration of radioli-
gand (5.25 nM in these experiments). t1/2 is the half-time of
association or dissociation. Stars indicate the significance level of
the difference between the corresponding parameters in the
presence and absence of UCB1244283 (biphasic models, **P <
0.01, ***P < 0.001, unpaired Student’s t-test).

Table 5
Effect of UCB1244283 against clonic and tonic convulsions in sound-
sensitive mice at the indicated time after administration

UCB1244283
(mg)

Time
(min)

Protected/total
(number of animals)

7.75 5 0/3

7.75 15 1/6

15.5 15 5/6**

**P < 0.01, one-tailed Fisher’s exact test.
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formed, which did not allow the detection of binding sites
with an affinity greater than 20 mM (calculated from theoreti-
cal extrapolation of the data). It should also be noted that a
fraction of the increase in the Bmax value in the presence of
UCB1244283 might be the consequence of the slowing down
of the dissociation rate of the radioligand by UCB1244283
thereby decreasing the potential loss of specific binding due
to a fast dissociation rate. However, assuming a scenario with
a washing time of 10 s at 25°C on rat cortex, this slowing
effect of UCB1244283 on the dissociation speed would only
account for a 10% difference in the Bmax values in the presence
and absence of UCB1244283 which is way below the
observed increase in Bmax of more than 150%. In reality, this
effect is predicted to be even lower given the fact that
the washing procedure is performed at 4°C. The affinity of
[3H]UCB30889 for recombinant human SV2A was increased
by fivefold in the presence of UCB1244283 while the results
were still compatible with the labelling of a homogenous
population of binding sites. The observed increase in affinity
cannot solely be explained by the potentiation of very low
affinity sites since these sites would only account for 50% of
the total population of binding sites (given the doubling of
the Bmax value) and as a consequence only contribute for 50%
to the Kd value. Therefore, the modulation of SV2A to a
higher affinity state for [3H]UCB30889 would not only imply
an affinity increase of previously very low affinity sites but
also the potentiation of the affinity of (part of) the original
sites detected in the absence of UCB1244283. This is sup-
ported by the model of De Lean et al. (De Lean et al., 1982) in
which the affinity difference between two potential subpopu-
lations in a homogenous population of binding sites cannot
be more than approximately threefold, otherwise two sites
would be seen. One explanation for the observed potentia-
tion in affinity is that UCB1244283 induces an overall con-
formational change of the protein, leading to the unveiling of
previously very low affinity states and a conformational
change in the SV2A protein, resulting in an increased affinity
for [3H]UCB30889. This idea is strongly supported by
the effect of UCB1244283 on the binding kinetics of
[3H]UCB30889: upon addition of 10 mM of UCB1244283,
both association and dissociation kinetics slowed down
significantly and the corresponding kinetic models shifted
from biphasic to triphasic. The effect of UCB1244283 on
the binding kinetics was quite instantaneous which is in
line with observations from other allosteric modulators
(Christopoulos and Kenakin, 2002). The observations from
the kinetic studies support the above predictions from
the saturation isotherms: the PAM not only induces an addi-
tional kinetic component, which could be translated into an
additional conformation, but also seems to change the
characteristics of the original components. Nevertheless, it
should be noted again that at a concentration of 10 mM,
UCB1244283 is unlikely to reach its full potential. Therefore,
the data are most likely to represent a situation in which only
part of the SV2A protein present is affected by the PAM while
the other part remains in its original state. The lower potency
of UCB1244283 on rat cortex compared to recombinant
protein probably underlies the more modest magnitude of
the PAM effect seen on rat cortex. Moreover, the existence
of at least two different conformations has already been
reported for SV2A (Lynch et al., 2008). Our data do not

support a scenario in which the effect of UCB1244283 is
mediated although binding to an endogenous interaction
partner of SV2A for two main reasons. First, HEK cells are
non-neuronal cells that do not possess synaptic vesicles
(the residence place of SV2A) and only possess very low
endogenous SV2A levels. Overexpression of SV2A in HEK
cells results in high protein levels (as evidenced by
Western blotting) and therefore, it is not very likely that
endogenous interaction partners will be able to greatly affect
the total pool of overexpressed SV2A, which is many times
bigger than the endogenous pool. Second, the effect of
UCB1244283 was observed on both rat cortex and recom-
binant SV2A expressed in HEK cells, having very different
protein backgrounds.

The results from the kinetic experiments are also consist-
ent with an increase in affinity caused by UCB1244283. A
strong decrease in the koff values was evident which, at least in
part, drives the Kd (= koff kon

-1It should be noted that it was not
possible to determine the effect of UCB1244283 on the kon

values in our experimental settings because the kobs values
were mainly driven by the koff values at the low concentration
of radioligand used. Performing the association experiments
at higher radioligand concentrations resulted in a decrease of
the specific binding window and an increase in the reaction
rate, thereby strongly reducing the accuracy of the measure-
ment of the kobs values (data not shown). Therefore kinetic Kd

values could not be calculated based on the kinetic param-
eters. The triphasic kinetic model was the model, with least
complexity, which best fitted the dissociation data in the
presence of UCB1244283. However, this does not mean that
the true conformational complexity of the protein in the
presence of the PAM is limited to three conformations. There-
fore, based on the current data, it is not possible to make
more accurate predictions on the different conformations. In
general, the kinetic constants were very similar on rat cortex
and on human recombinant protein, except for the slow
phase of dissociation. Significant differences were also
observed between the proportions of the different fractions
on rat cortex and on human recombinant protein. All these
differences might be explained by a higher potency of
UCB1244283 on human recombinant SV2A compared to rat
cortex as evidenced by the dose-response curves and the
saturation isotherms.

The SV2A protein has been demonstrated to be the
binding site of LEV (Lynch et al., 2004) and to mediate its
anticonvulsant activity in vivo (Kaminski et al., 2009). In
order to understand the physiological relevance of a confor-
mational effect on SV2A in this context, UCB1244283 was
tested in the audiogenic-mouse model which has been shown
to be highly suited to study SV2A related anticonvulsant
effects (Kaminski et al., 2008). A clear, protective effect of the
compound against both tonic and clonic convulsions was
observed after i.c.v. administration. UCB1244283 was also
tested for selectivity on 65 other potential targets including
GPCRs, ion channels, enzymes and transporters in an
in-house screen and showed great selectivity for SV2A (data
not shown). These results support the idea that a conforma-
tional change of SV2A per se may be sufficient to protect
against convulsions in the audiogenic mouse model. As a
consequence, it can be hypothesized that the SV2A PAM
promotes/stabilizes the protein in a conformation that
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enables the protein to fulfil a protective role during seizures
which might be reinforced by SV2A-ligand binding to the
LBS. In this scenario, also LEV, which is insensitive to the
conformational change induced by UCB1244283, would be
more effective since the proportion of SV2A in the more
‘effective’ conformation would be increased by the SV2A
PAM. However, additional experiments are needed to deter-
mine the real value of SV2A positive allosteric modulators as
potential antiepileptic drugs. Key questions are whether the
effect of the PAM is additive or synergistic to the effect pro-
vided by a SV2A-anticonvulsant like LEV and whether a PAM
only increases the potency or also the efficacy of these SV2A
ligands. The latter would imply that a SV2A PAM would hold
the capacity to overcome a certain level of resistance to SV2A-
anticonvulsants and that the cause of resistance to this kind
of drugs would lay – in part – in the conformation of the
protein. Indeed, it would be important to know what
determines/affects the conformational state of SV2A in its
biological context. Possible candidates are: interactions with
other proteins like synaptotagmin (Schivell et al., 1996; 2005;
Pyle et al., 2000; Wan et al., 2010) or other small substances
like nucleotides (Yao and Bajjalieh, 2008), peptides, sugars,
lipids etc., post-translational modifications [phosphorylation
(Gross et al., 1995), glycosylation (Dong et al., 2008; Chang
and Sudhof, 2009), etc.] or dimerization which has been
reported for several other members of the MFS (Geertsma
et al., 2005; Tanabe et al., 2009). The fact that the SV2A PAM
effect on UCB30889 was stronger on a recombinant SV2A
expression system compared to a native one might be related
to differences in one or more of these candidate mechanisms
in a recombinant versus a native expression system. Finally,
since SV2A is an integral transmembrane protein of synaptic
vesicles, the conformational status of the protein might be
dependent on the specific step of the synaptic vesicle cycle
during neuronal activity. This idea is supported by the obser-
vation that considerable incubation period under spontane-
ous neuronal activity or certain loading conditions are
required in order for LEV to exert an effect on neurotrans-
mission in brain slices (Yang et al., 2007).

In conclusion, we show that the SV2A protein contains
multiple interacting binding sites that are linked via the
conformation of the protein. The sensitivity to the
conformational state of the protein does not seem to be a
shared characteristic of SV2A ligands given the fact that
UCB1244283 only acts as a SV2A PAM of UCB30889 while
LEV is insensitive to this effect. However, since UCB1244283
on its own is protective in the sound-sensitive mouse model,
manipulation of the conformation of the protein might be a
novel and additional way of exploiting SV2A as a target for
anticonvulsants.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 Effect of UCB1244283 and LEV on [3H]UCB30889
binding at different temperatures on rat cortex and human
and rat recombinant SV2A expressed in HEK cells. Increasing
concentrations of LEV or UCB1244283 were incubated with
5.25 nM of [3H]UCB30889 for 60 min at 37°C or 25°C as
described in materials and methods, n = 3 to 5.
Figure S2 Effect of UCB1244283 on the binding kinetics of
[3H]UCB30889 on human recombinant SV2A expressed in
HEK cells at (A) 4°C and (B) 37°C. Experiments were per-
formed as described in materials and methods. Non-specific
binding (NSB) was determined as the residual binding
observed in the presence of 100 mM UCB30889. Arrows indi-
cate the onset of dissociation. Data are representative of one
to three experiments.
Table S1 Kinetic constants of [3H]UCB30889 binding on
human recombinant SV2A expressed in HEK cells at 25°C.
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