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Abstract

We investigated the recognition properties of different GABAA receptor subtypes and mutant receptors for the biflavonoid amentoflavone,

a constituent of St. John’s Wort. Radioligand binding studies showed that amentoflavone recognition paralleled that of the classical

benzodiazepine diazepam in that it had little or no affinity for a4- or a6-containing receptors. Lysine and alanine substitutions at position 101

of the rat a1 subunit resulted in a complete loss of competitive amentoflavone binding, but functional analysis of the alanine mutant

expressed with h2 and g2 subunits in Xenopus oocytes revealed no significant difference in the negative modulation of GABA-induced

currents brought about by amentoflavone. Furthermore, elimination of the g subunit had no effect on the negative modulation of these

currents. This negative modulation was also observed at a1h1g2 GABAA receptors and is therefore not likely mediated by the loreclezole site.

These results suggest a complex mechanism of amentoflavone interaction at GABAA receptors.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The flavonoids are a group of compounds found in all

vascular plants and therefore constitute an important part of

the human diet (Medina et al., 1997; Marder and Paladini,

2002). Although the full extent of biological activity of these

compounds is largely unknown, research into flavonoid

actions on the central nervous system (CNS) has begun to

indicate effects at some neurotransmitter receptors (Butter-

weck et al., 2002). In particular, there has been increasing

evidence that flavonoid effects may be mediated by the g-

aminobutyric acidA (GABAA) receptor benzodiazepine

ligand binding site (Nielsen et al., 1988; Medina et al.,

1997; Marder and Paladini, 2002; Butterweck et al., 2002).

The GABAA receptor is the major inhibitory neuro-

transmitter receptor in the mammalian CNS, and is a

member of the superfamily of ligand-gated ion channels

(Sieghart, 1995; Barnard et al., 1998, Sieghart et al., 1999).

Similar to other members of this superfamily (nicotinic
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acetylcholine receptor, 5HT3A receptor, glycine receptor),

the receptor is composed of five subunits arranged in a

rosette conformation around a central chloride ion channel

(Nayeem et al., 1994). Thus far, 19 subunits have been

identified including 6a, 3h, 3g, y, q, k, u and 3U subunits

belonging to the GABAC subtype (Barnard et al., 1998;

Sieghart et al., 1999; Korpi et al., 2002). The a1h2g2
receptor subtype is thought to be the most abundant subtype

in the mammalian CNS.

The chloride current flowing through the integral ion

channel of the GABAA receptor is gated by the endogenous

agonist g-aminobutyric acid (GABA), and can be modulated

by a number of different classes of compounds including the

barbiturates, the benzodiazepines, the cyclopyrrolones,

ethanol, zinc, and the steroids (Sieghart, 1995). It has been

shown that the presence of both an a and a g subunit is

necessary to form a benzodiazepine binding site (Pritchett et

al., 1989; Zezula et al., 1996). Recent models based on the

acetylcholine binding protein indicate that this site may best

be described as a cleft or pocket within which benzodiaze-

pine site ligands bind (Cromer et al., 2002). The large

extracellular N-terminal domains of the a and g subunits

which interface are thought to contribute to formation of this
logy 519 (2005) 199 – 207
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cleft, with discrete subsets of amino acid residues from each

subunit involved in forming binding contacts for ligands

that interact at this site (Galzi and Changeux, 1994;

Changeux and Edelstein, 1998). Specifically, loops A, B,

and C of the a subunit are thought to contribute, along with

loops D, E, and F of the g subunit (Corringer et al., 2000;

Cromer et al., 2002). Site-directed mutagenesis experiments

involving point mutation of residues found within these

loops allow for the study of subsequent effects on the

affinity and efficacy of ligands that interact with the

benzodiazepine binding site (Davies et al., 2001). Specifi-

cally, histidine 101 of loop A (rat a1 subunit) is an amino

acid residue which has been shown to be important to the

binding of classical benzodiazepine agonists such as

diazepam (Wieland et al., 1992). The a4 and a6 subunits,

which have an arginine in this position, confer insensitivity

to classical benzodiazepine agonists.

Amentoflavone, a biflavonoid constituent of St. John’s

Wort (Hypericum perforatum), was the first flavonoid

compound shown to have very high affinity for brain

benzodiazepine receptors in vitro, being able to inhibit [3H]-

flunitrazepam binding with an IC50 of 6 nM (Nielsen et al.,

1988). Subsequent studies with GABAA receptors have

shown similar results (Baureithel et al., 1997; Butterweck et

al., 2002). A recent study used functional GABAA receptor

assays to show that a semisynthetic preparation of amento-

flavone acted as a negative modulator of GABA at

recombinant a1h2g2 GABAA receptors, and that this

negative modulation was not blocked by the addition of

the benzodiazepine site antagonist flumazenil (Hanrahan et

al., 2003).

The present study examined the binding affinity of

amentoflavone at recombinant wild type and mutant

GABAA receptors. In particular, we looked at recombinant

wild type receptors containing a1, a4, a5, or a6 subunits

expressed in combination with h2 and g2 subunits. Addi-

tionally, mutant receptors incorporating the array of

histidine 101 mutant a1 subunits constructed previously in

this lab were also studied (Davies et al., 1998). Changes in

affinity resulting from amino acid substitution at histidine

101, as compared to rat brain membrane GABAA receptors

and wild type recombinant a1h2g2 GABAA receptors, were

examined. Functional modulation of GABA-gated chloride

currents, measured from recombinant wild type and mutant

GABAA receptors expressed in Xenopus laevis oocytes, was

assessed using the two-electrode voltage-clamp technique.

Our results suggest that the biflavonoid amentoflavone

binds to recombinant wild type GABAA receptors express-

ing different a subunits in a manner resembling that of the

classical benzodiazepine agonist diazepam. Despite the high

affinity of amentoflavone for the benzodiazepine site, and

the observed pattern of binding similar to that of diazepam,

negative modulation of GABA-gated chloride flux of

GABAA receptors by this biflavonoid may occur by means

of a mechanism independent of both the benzodiazepine and

loreclezole sites.
2. Materials and methods

2.1. Transfection of cells and preparation of membrane homogenate

Transient transfection of tsA 201 cells was performed using a

calcium phosphate transient transfection protocol (Chen and

Okayama, 1988; Newell and Dunn, 2002). Cells were maintained in

low-glucose Dulbecco’s modified Eagle’s medium [Hyclone, Logan,

Utah] containing 10% fetal calf or bovine growth serum and stored at

37 -C in a 7% CO2 humidified incubator. Cells were passaged twice a

week. cDNAs encoding the subunits of interest were added in equal

amounts to an appropriate volume of 250 mM CaCl2, followed by

addition of an equal volume of N,N-bis(2-hydroxyethyl)-2-amino-

ethanesulfonic acid (BES) buffer [50 mM BES, 280 mM NaCl, 1.5

mMNa2HPO4, pH7.0]. Contentsweremixed and allowed to stand for

5 min at room temperature before aliquots were added dropwise to

plates of cells. Cells were then incubated at 37 -C in a 3% CO2

humidified incubator for 48 h, and media was replaced with fresh

media 24 h following transfection. Cells were harvested into a Tris–

HCl solution [50 mM Tris, 250 mM KCl, 0.02% NaN3, pH 7.4,

supplemented with 1 mM benzamidine, 0.1 mg/ml bacitracin, 0.01

mg/ml chicken egg white trypsin inhibitor, and 0.5 mM phenyl-

methylsulfonyl fluoride] and sheared using an UltraTurrax T25

homogenizer [IKALabortechnik, Staufen, Germany] (13 500 rpm for

two 10 s pulses). Homogenized cells were pelleted and the membrane

homogenate resuspended and stored at �80 -C.

2.2. Radioligand binding assays

Radioligand competition binding experiments were performed as

described previously (Davies et al., 1998; Newell and Dunn, 2002;

Derry et al., 2004). Aliquots of cell homogenates were incubated

with [3H]Ro15-4513 or [3H]Ro15-1788 in a Tris–HCl buffer [50

mM Tris, 250 mM KCl, 0.02% NaN3, pH 7.4] at a final volume of

500 Al for 1 h at 4 -C. GF/B filters [Whatman, Maidstone, UK] to be

used were also soaked in Tris–HCl buffer at 4 -C for 1 h.

Nonspecific binding was determined in the presence of excess

unlabelled ligand. The mixture was filtered using rapid filtration via

a cell harvester [Brandel, Gaithersburg, MD] and washed twice with

5ml of ice-cold Tris–HCl buffer. Filters were then dried under a heat

lamp and placed into scintillation minivials. CytoScint scintillation

fluid [ICN, Costa Mesa, CA, 5 ml] was added to each vial and

radioactive decay was measured by liquid scintillation counting.

2.3. Data analysis

Data from competition binding assays were fit to curves using

least-squares nonlinear regression analysis of GraphPad Prism 3.0

[GraphPad, San Diego, CA]. Log IC50 values were determined as

meanTS.E.M. of at least three independent experiments. Ki values

were determined using the equation of Cheng and Prusoff (1973).

One-way analysis of variance between groups (ANOVA) was used

for data analysis and levels of significance were determined using

Dunnett’s post-test.

2.4. Transcript preparation and injection of oocytes

The histidine 101 array of mutants was created via site-directed

mutagenesis as described previously (Davies et al., 1998). Briefly,

the a1 subunit was subcloned into the pAlter-1 vector using the

Altered Sites kit [Promega, Madison, WI]. The presence of a



Fig. 1. Displacement of [3H]Ro15-4513 by amentoflavone at GABAA

receptors containing different a subunits. Competition binding curves using

cell membrane expressing a1h2g2 (n), a4h2g2 (0), a5h2g2 (?), and a6h2g2
(g) GABAA receptor subtypes. Rat brain membrane (x) is also included for

comparison. [3H]Ro15-4513 was present at a concentration equal to its Kd

value as determined by saturation analysis. For competition assays using rat

brain membrane, [3H]Ro15-1788 was used as the reporter ligand. Data are

from at least three separate experiments performed in duplicate.
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restriction site, introduced by the mutagenic oligonucleotide as a

silent mutation, was used to identify potential mutants. Correct

substitutions were verified by DNA sequencing, and mutant a1

cDNAs were then subsequently subcloned into the pcDNA 3.1

expression vector [InVitrogen, San Diego, CA].

cRNA transcripts were prepared by standard protocol as

described previously (Hope et al., 1993) using cDNAs in the

pcDNA 3.1 vector, encoding a, h, and g subunits, that had been

linearized. cRNA transcripts were injected [50 nl of 1 mg/ml cRNA]

into stage Vand VI X. laevis oocytes that had been defolliculated by

treatment with collagenase A [2 mg/ml, Beohringer-Mannheim,

Indianapolis, IN] for 3 h at room temperature. Care and handling of

Xenopus frogs was in accordance with approved guidelines by the

Canadian Council on Animal Care, and the Biosciences Animal

Policy andWelfare Committee of the University of Alberta (Smith et

al., 2004). The oocytes were individually maintained at 14 -C for up

to 14 days in 96-well plates containing 200 Al of standard ND96

solution [96 mM NaCl, 5 mM HEPES, 2 mM KCl, 2 mM CaCl2, 1

mM MgCl2, pH 7.4] supplemented with 0.1 mg/ml gentamycin.

2.5. Electrophysiological recordings

Following a 48 h incubation period, injected oocytes were used

for electrophysiology experiments for up to 14 days. Experimental

method was similar to that described previously (Pistis et al., 1997;

Dunn et al., 1999; Kapur et al., in press). Briefly, a GeneClamp 500

Amplifier [Axon Instruments, Inc., Foster City, CA] was used to

hold the membrane potential of an oocyte in the bath chamber at

�60 mV, via the two-electrode voltage-clamp mode. The chamber

(0.5 ml) in which the oocytes were held was supplied with a

constant flow of ND96 perfusion buffer [96 mM NaCl, 2 mM KCl,

1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, pH 7.4] using a

gravity-flow drip system. The voltage-sensing and current-passing

electrodes were filled with 3 M KCl such that they had a resistance

of 0.5–3.0 MV as measured in ND96 perfusion buffer. The

electrical signal from the amplifier was transduced to a digital

signal that was fed into a computer by a Digidata 1322 A [Axon

Instruments, Inc., Foster City, CA] data acquisition system. Current

response to drug application over a time interval was obtained as a

current trace that could be analyzed using the Axoscope 9.0 [Axon

Instruments, Inc., Union City, CA] acquisition program.

For all GABAA receptor subtypes studied, the effects of

amentoflavone were investigated using a GABA concentration that

elicited a current approximately 50% (EC50) of the maximal GABA

response, with the exception of the experiment testing amento-

flavone block of diazepam positive modulation of GABA-evoked

current, where a 3 AM concentration of GABA was used.

Amentoflavone stock concentrations were made by dissolving the

compounds in dimethyl sulfoxide, and stocks were stored at room

temperature under light-sensitive conditions. In all experiments, the

concentration of dimethyl sulfoxide was kept constant at a

concentration that produced no overt vehicle effects. Control

currents using an EC50 concentration of GABAwere first recorded

until current amplitude was consistent to within T5% over three

successive challenges, with a 12 min wash with perfusion buffer

allowed between each application to permit recovery. A 3 min

perfusion of amentoflavone was followed by coapplication of the

compound with an EC50 concentration of GABA. This protocol was

also followed for application of diazepam and its coapplication with

a 3 AMconcentration of GABA. Evoked current was recorded, and a

12minwash with perfusion buffer was again allowed before the next
application of amentoflavone. Control responses to the EC50

concentration of GABAwere recorded periodically throughout each

experiment to confirm that current response remained stable, and

that the effects of amentoflavone application were reversible.

2.6. Data analysis

Data analysis was performed by means of nonlinear regression

techniques using GraphPad Prism 3.0 [GraphPad, San Diego, CA].

The effects of amentoflavone were fit by one-site binding analysis

using the equation:

I ¼ Io þ
IGABA � Ioð Þ
1þ 10x�cð Þ

where I is the measured amplitude of evoked current, IGABA is the

current in response to EC50 GABA concentration in absence of

amentoflavone, Io is the current in the presence of both EC50

GABA concentration and a saturating concentration of amento-

flavone, X is the logarithm of amentoflavone concentration, and C

is the logarithm of the IC50 concentration. Data are presented as log

IC50TS.E.M. and mean with 95% confidence intervals of

observations made from at least three oocytes.

2.7. Drugs

[3H]Ro15-4513 and [3H]Ro15-1788 were obtained from Perkin-

Elmer (Boston, MA). GABA was obtained from Sigma Chemical

Co. (St. Louis, MO). Amentoflavone was obtained from Indofine

Chemical Co. (Hillsborough, NJ). Diazepam was a gift from Dr. G.

Baker of the Department of Psychiatry at the University of Alberta.
3. Results

3.1. Amentoflavone binding at GABAA receptors containing

different a subunits

The binding affinity of amentoflavone for recombinant wild

type GABAA receptors was examined. Competition binding



Fig. 2. Displacement of [3H]Ro15-4513 by amentoflavone at GABAA

receptor histidine 101 mutants. Competition binding curves using cell

membrane expressing glutamine (r), tyrosine (l), lysine (0), and alanine

(>) mutations at position 101 of the a1 subunit are shown. a1h2g2 (n) is

also included for comparison. [3H]Ro15-4513 was present at a concen-

tration equal to its Kd value as determined by saturation analysis. Data are

from at least three separate experiments performed in duplicate.

R.S. Hansen et al. / European Journal of Pharmacology 519 (2005) 199–207202
experiments were carried out using membranes from tsA201 cells,

where a1, a4, a5, or a6 GABAA receptor subunits had been

transiently expressed in combination with h2 and g2 subunits.

[3H]Ro15-4513, a benzodiazepine site inverse agonist that binds to

each of these GABAA receptor subtypes with nanomolar affinity,

was used as the reporter ligand. Amentoflavone was able to

displace bound [3H]Ro15-4513 from all of the recombinant

preparations in a competitive manner with nanomolar affinity,

except from the a4h2g2 and a6h2g2 receptor subtypes (Fig. 1). A

slight increase in reporter ligand binding was noted for the a5h2g2
receptor subtype at low concentrations of amentoflavone as

compared to a1h2g2; however Ki values were similar between

the two subtypes. Amentoflavone also displaced [3H]Ro15-1788 in

competition experiments using rat brain membrane preparations.

The affinity of amentoflavone for rat brain membrane and

recombinant GABAA receptor subtypes are summarized in Table 1.

3.2. Amentoflavone binding at histidine 101 mutant GABAA

receptors

Site-directed mutagenesis was performed previously to incor-

porate different amino acid substitutions at the histidine 101 site of

the rat a1 subunit (Davies et al., 1998). Four of these substitutions

were examined in the present study. Amentoflavone displaced

[3H]Ro15-4513 for receptors containing the glutamine and tyrosine

mutations, with only slight decreases in affinity observed as

compared to recombinant wild type a1h2g2 receptors (Fig. 2; Table

2). A complete loss of competitive binding by amentoflavone was

revealed for receptors containing the lysine and alanine mutations,

as no significant displacement of bound [3H]Ro15-4513 was

observed.

3.3. Functional effects of amentoflavone at GABAA receptor

subtypes

Two-electrode voltage-clamp electrophysiology was used to

determine functional effects of amentoflavone at recombinant

GABAA receptors expressed in X. laevis oocytes. No effect was

observed when amentoflavone was tested alone with oocytes

expressing recombinant a1h2g2 wild type GABAA receptors. In

contrast, amentoflavone displayed a significant negative modu-

lation of GABA-evoked currents at these receptors, and was able to

inhibit the EC50 GABA response almost completely (IC50=2.23

AM, 95% CI: 0.17–29) (Fig. 3).Amentoflavone showed a
Table 1

Effects of a subunit substitution on the affinity of amentoflavone for the

GABAA receptor benzodiazepine site

a subunit Affinity

Log IC50TSEM (M) Ki (nM)

a1h2g2 �7.57T0.1 13.8

a4h2g2 N.D. N.D.

a5h2g2 �7.54T0.1 15.0

a6h2g2 N.D. N.D.

rata �7.20T0.06 23.9

All values are derived from displacement of [3H]Ro15-4513 at a

concentration equivalent to its Kd value for each receptor subtype. N.D.

indicates values not determined. Data are from at least three experiments

performed in duplicate.
a Rat brain membrane competition assays were performed as described

above using [3H]Ro15-1788 as the reporter ligand.
comparable negative modulation of GABA-evoked currents at

recombinant a1h2 wild type GABAA receptors (IC50=1.20 AM,

95% CI: 0.75–1.9) (Fig. 3B). This receptor subtype is normally

insensitive to classical benzodiazepine modulation, as it lacks the

required g subunit. No effect was seen when amentoflavone was

tested alone at the a1h2 GABAA receptor subtype.

A negative modulation of GABA-evoked currents at recombi-

nant a1h2g2 GABAA receptors containing the alanine mutation at

position 101 of the a1 subunit, expressed in oocytes, was observed

to be comparable to that seen at recombinant wild type a1h2g2
GABAA receptors, (IC50=1.10 AM, 95% CI: 0.25–4.9) (Fig. 3B).

Similar to the other GABAA receptor subtypes tested (above),

amentoflavone produced no observable effects when given alone.

Fig. 3B illustrates the inhibitory effect of amentoflavone on the

EC50 GABA response of the a1h2g2 GABAA receptor subtype

containing the alanine mutation. When data were fit to one-site

binding analysis, the curve produced appeared biphasic; a

significant difference was found with regards to curve fit when

two-site binding analysis of the same data was performed. Data

were therefore presented using two-site binding analysis, as a

biphasic effect was apparent.

Recombinant a1h1g2 GABAA receptors, expressed in oocytes,

were tested to determine whether a h1 versus h2 subunit effect of

amentoflavone could be established, similar to that seen for
Table 2

Effects of a1 subunit histidine 101 mutation on the affinity of amento-

flavone for the GABAA receptor benzodiazepine site

a1 subunit mutation Affinity

Log IC50TSEM (M) Ki (nM)

Glutamine �7.40T0.2 19.9

Tyrosine �7.13T0.2 30.6

Lysine N.D. N.D.

Alanine N.D. N.D.

All values are derived from displacement of [3H]Ro15-4513 at a

concentration equivalent to its Kd value for each receptor subtype. N.D.

indicates values not determined. Data are from at least three experiments

performed in duplicate.



Fig. 3. Negative modulation of GABA-mediated currents by amentoflavone. A) Current traces recorded when amentoflavone was tested with oocytes

expressing recombinant a1h2g2 wild type GABAA receptors. A 3 min perfusion of each amentoflavone concentration (not shown) was followed by

coapplication of amentoflavone with an EC50 concentration of GABA. B) The effects of amentoflavone on currents induced by GABA at a concentration

approximately equal to its EC50 value in the a1h2g2 (n), a1h2 (r), a1h2g2 containing the alanine mutation (>), and a1h1g2 (0) receptors are shown. Data are
from observations made from at least three oocytes.
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loreclezole and the h-carbolines (Stevenson et al., 1995).

Amentoflavone given alone produced no effect, but showed a

significant negative modulation of the EC50 GABA response at

this receptor subtype (Fig. 3B), similar to that observed for

recombinant a1h2g2 GABAA receptors (IC50=0.764 AM, 95%

CI: 0.028–21). All electrophysiology data for amentoflavone are

summarized in Table 3.

Amentoflavone was tested at a nanomolar concentration to

determine whether the functional effects of the classical benzodia-

zepine positive modulator diazepam at recombinant a1h2g2
GABAA receptors expressed in oocytes could be blocked. Positive

modulation of GABA-evoked current by diazepam at this receptor

subtype was inhibited by approximately one-half upon the addition

of an equivalent concentration of amentoflavone (Fig. 4).
Table 3

Negative modulation of GABA-mediated currents by amentoflavone

Subtype Log IC50TSEM (M) IC50 (95% CI) (AM)

a1h2g2 �5.65T0.4 2.23 (0.17–29)

a1h2 �5.92T0.05 1.20 (0.75–1.9)

a1h2g2 (alanine mutation)

(1)a �5.96T0.2 1.10 (0.25–4.9)

(2) �3.55T0.5 285 (1.9–42000)

a1h1g2 �6.12T0.3 0.764 (0.028–21)

Data are from observations made from at least three oocytes. Experiments

were performed using GABA EC50 concentrations.
a Data recorded from the a1h2g2 subtype containing the alanine mutation

at position 101 of the a1 subunit was analyzed using two-site binding

analysis (see Results).
4. Discussion

4.1. Amentoflavone and diazepam binding at the benzodia-

zepine site

In the present study, amentoflavone binding was shown

to differentiate between GABAA receptor subtypes con-

taining different a subunits in a manner resembling

diazepam binding. Although amentoflavone showed affin-

ity for subtypes containing the a1 or a5 subunit, a loss of

competitive binding was observed at GABAA receptor

subtypes containing the a4 or a6 subunit. This suggests

that amentoflavone binding at the benzodiazepine site may

involve binding contacts that also play a role in the

binding of classical benzodiazepine positive modulators

like diazepam.

Further evidence supporting a similar manner of bind-

ing for amentoflavone and diazepam at the benzodiazepine

site involves histidine 101 (rat a1 subunit). As mentioned,

the presence of a histidine or arginine residue at this

position has been shown to be responsible for the

diazepam-sensitive and diazepam-insensitive GABAA

receptor subtypes, respectively (Wieland et al., 1992). In

addition, studies involving histidine 101 mutant GABAA

receptors have supported the importance of this residue to

the binding and function of classical benzodiazepine

positive modulators such as flunitrazepam, as well as



Fig. 4. Potentiation of the GABA-mediated currents at recombinant a1h2g2 GABAA receptors by diazepam is inhibited by an equivalent concentration of

amentoflavone. Current traces recorded from an oocyte expressing recombinant a1h2g2 wild type GABAA receptors in response to 3 AM GABA. Potentiation

of the GABA-mediated current upon perfusion of 60 nM diazepam followed by coapplication with 3 AM GABA is shown, which is subsequently inhibited by

the addition of 60 nM amentoflavone.
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other benzodiazepine site ligands such as Ro15-4513 and

Ro15-1788 (Davies et al., 1998; Dunn et al., 1999). In this

study, we found that competitive binding of amentoflavone

was abolished by mutation of histidine 101 to either an

alanine or lysine residue. This finding suggests that

histidine 101 plays an important role in the ability of

amentoflavone to bind to the benzodiazepine site. Differ-

ences in the structure of the residue at position 101 may be

responsible for the effect seen on amentoflavone binding,

albeit this is difficult to conclude. When histidine 101 is

mutated, there is a loss of its imidazole side moiety.

However, comparison of the side chains of the replacement

residues studied provides no obvious reason for the loss of

affinity for amentoflavone at two of the mutant receptors.

Tyrosine and glutamine both contain side chains which are

uncharged polar groups, whereas alanine and lysine have a

nonpolar methyl group side chain and a positively charged

polar butylammonium side chain, respectively. Interest-

ingly, the lysine mutation was also shown to result in a

complete loss of classical benzodiazepine positive modu-

lator flunitrazepam binding at a1h2g2 GABAA receptors,

whereas the tyrosine and glutamine mutations only resulted

in right-fold shifts in flunitrazepam binding affinity (Dunn

et al., 1999). In addition, the small size of the methyl

group side chain of alanine may play a role in the loss of

amentoflavone affinity observed with that mutation. There-

fore, we cannot exclude the possibility that changes in

steric or charge–charge interactions are involved in the

dramatic changes in affinity for amentoflavone seen with

the mutant receptors containing the alanine or lysine

residue.

4.2. Functional effects of amentoflavone distinct from

benzodiazepine site binding

Previous work with amentoflavone has shown that it acts

as a negative modulator of GABA-gated chloride currents at

recombinant a1h2g2 GABAA receptors (Hanrahan et al.,
2003). In agreement with this finding, functional analysis of

amentoflavone in the current study also revealed that it acts

as a negative modulator of chloride currents elicited by an

EC50 concentration of GABA at a1h2g2 GABAA receptors

(IC50=2.23 AM, 95% CI: 0.17–29). However, it appears

that the functional effects of amentoflavone may not be

mediated through the same site at which high affinity

binding occurs. The functional effects of amentoflavone at

this GABAA receptor subtype were observed at micromolar

concentrations, whereas radioligand binding experiments

showed that amentoflavone binds to the benzodiazepine

binding site with nanomolar affinity (Tables 1 and 3). In

addition, it was observed that amentoflavone negatively

modulated EC50 GABA-gated chloride currents at recombi-

nant a1h2 GABAA receptors (IC50=1.20 AM, 95% CI:

0.75–1.9). These receptors do not contain a classical

benzodiazepine binding site as they lack the proposed a–

g interface. The inhibition by amentoflavone observed at

these receptors was not significantly different from that seen

at the a1h2g2 GABAA receptor subtype. This finding is in

agreement with recent studies involving other flavonoids.

Goutman et al. (2003) performed the first functional

experiments that directly tested the effects of flavonoid

compounds on receptor-mediated ionic currents. Their

findings questioned whether flavonoid actions at GABAA

receptors are actually mediated by the benzodiazepine

binding site, despite the strong evidence that flavonoids

do competitively bind to this site (Nielsen et al., 1988; Viola

et al., 1995; Baureithel et al., 1997; Medina et al., 1997;

Marder and Paladini, 2002). In addition to showing that

flavonoids had similar actions at U1 GABAC receptors,

which lack the classical benzodiazepine site, they demon-

strated that specific flavonoid actions at the GABAA

receptor were flumazenil-insensitive. More recently, it was

shown that 6-methylflavone has actions at a1h2 GABAA

receptors (Hall et al., 2004). Therefore, the observation that

amentoflavone functionally modulates GABA-gated chlor-

ide currents at both recombinant a1h2g2 and a1h2 GABAA
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receptor subtypes in a similar manner concurs with previous

speculation that flavonoid actions at GABAA receptors may

be mediated by a site different from that which mediates

classical benzodiazepine modulation (Goutman et al., 2003;

Hanrahan et al., 2003; Hall et al., 2004).

Functional analysis of the effects of amentoflavone at the

mutant a1h2g2 GABAA receptor subtype containing the

alanine substitution at position 101 further substantiates the

idea that flavonoids are acting at the GABAA receptor via a

non-benzodiazepine site-mediated mechanism. Despite the

complete abolishment of benzodiazepine site competitive

binding of amentoflavone observed at this mutant receptor

subtype (see Fig. 2), we showed that amentoflavone

displayed a functional effect at the a1h2g2 GABAA receptor

containing the alanine mutation comparable to that seen at

the wild type recombinant a1h2g2 GABAA receptor.

Although amentoflavone produced no effect when given

alone, it was shown to be a negative modulator of GABA-

gated chloride currents, with no significant difference

between its inhibitory activity at the mutant receptor

(IC501) compared to the a1h2g2 GABAA receptor subtype.

This result suggests that even though specific binding at the

benzodiazepine binding site is lost, amentoflavone retains

its functional activity at the mutant GABAA receptor by

means of a different mechanism.

Taken together, these data implicate a flavonoid mech-

anism of action at GABAA receptors that does not involve

the classical benzodiazepine binding site. We sought to

further characterize amentoflavone interaction at the

GABAA receptor by focusing on the h subunit. The

loreclezole site at the GABAA receptor is dependent upon

the presence of a h2 or h3 subunit, and this site has also been

shown to be a low affinity binding site for the h-carbolines
(Wafford et al., 1994; Wingrove et al., 1994; Stevenson et

al., 1995). A number of the h-carbolines are known to bind

to the benzodiazepine site with high affinity, whereas low

affinity binding to the loreclezole site was shown to

discriminate between h1- versus h2- or h3-containing

GABAA receptors based on a single amino acid difference

(Stevenson et al., 1995). It was observed that h-carboline
low affinity binding to the loreclezole site was dependent

upon the presence of an asparagine residue (h2 and h3;

serine in h1) in the transmembrane 2 region of the h subunit.

We tested amentoflavone at recombinant a1h1g2 GABAA

receptors to determine whether its effects at GABAA

receptors are dependent upon the h subunit variant. We

found no significant difference in the effects of amento-

flavone at the a1h1g2 GABAA receptor subtype compared

to the wild type recombinant a1h2g2 GABAA receptor

subtype. That is, amentoflavone negatively modulated

GABA-gated chloride currents in a similar manner

(IC50=0.764 AM, 95% CI: 0.028–21), but had no effect

when given alone. This suggests that amentoflavone does

not discriminate between h1- versus h2-containing GABAA

receptor subtypes, and therefore is likely not acting via the

loreclezole site.
Given that the functional effects of amentoflavone at

the a1h2g2 GABAA receptor subtype were observed at

micromolar concentrations, whereas radioligand binding

experiments showed that amentoflavone binds to the

benzodiazepine binding site with nanomolar affinity, we

tested whether a nanomolar concentration of amentofla-

vone could block the modulation of GABA-evoked

current by the classical benzodiazepine positive modulator

diazepam. We observed that the positive modulation of

GABA-evoked current by diazepam was inhibited by

approximately one-half upon the addition of an equivalent

concentration of amentoflavone (Fig. 4). This observation

supports findings from both the current study and

previous studies (Nielsen et al., 1988; Baureithel et al.,

1997) which conclude that amentoflavone does bind to

the classical benzodiazepine binding site with high

affinity, and further reveals that amentoflavone is acting

as an antagonist at this site.

Numerous studies have been undertaken to create and

refine a model of flavonoid binding at the benzodiazepine

binding site (Dekermendjian et al., 1999; Marder et al.,

2001; Kahnberg et al., 2002; Hong and Hopfinger, 2003). In

addition, attempts have been made to ascertain specific

substituents that may increase the affinity of flavonoid

binding to this site (Huen et al., 2003). Of both naturally-

occurring and synthetic flavonoids, amentoflavone has one

of the highest affinities for the benzodiazepine site (Medina

et al., 1997; Marder and Paladini, 2002). Amentoflavone, or

I3, II8-biapigenin, is biflavonoid in structure, with its half-

structure being the structure of the flavonoid apigenin.

Apigenin has also been shown to bind at the benzodiazepine

site, albeit with much less affinity than amentoflavone

(Viola et al., 1995). Functional studies performed using

apigenin have shown that it has a very modest negative

modulatory effect on GABA-induced chloride currents at

recombinant a1h2g2 GABAA receptors (Campbell et al.,

2004). In contrast, the same concentration of amentoflavone

has a considerably higher potency at recombinant a1h2g2
GABAA receptors. This difference may be attributable to

amentoflavone being a much larger and/or more hydro-

phobic molecule than apigenin, being twice its size. These

may be reason for an enhancement of both benzodiazepine

site- and non-benzodiazepine site-mediated interactions of

amentoflavone at the GABAA receptor, in comparison to

apigenin.

In conclusion, these results suggest that amentoflavone

interactions at GABAA receptors include binding to

classical benzodiazepine binding sites, as well as functional

effects not mediated by these binding sites. Interestingly,

this biflavonoid binds to GABAA receptor subtypes in a

manner resembling diazepam binding, and similar to

diazepam, amentoflavone affinity for the benzodiazepine

site is affected by changes to histidine 101. Nevertheless,

our observations suggest that amentoflavone is acting as an

antagonist at the classical benzodiazepine site, and that the

functional effects at GABAA receptors are most likely
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mediated by mechanisms distinct from the benzodiazepine

and loreclezole binding sites.
Acknowledgements

We thank Kyla M. Smith and members of Dr. J. D.

Young’s laboratory for providing Xenopus oocytes, and all

members of Dr. S. M. J. Dunn’s laboratory for their

comments and suggestions.
References

Barnard, E.A., Skolnick, P., Olsen, R.W., Mohler, H., Sieghart, W., Biggio,

G., Braestrup, C., Bateson, A.N., Langer, S.Z., 1998. International

Union of Pharmacology. XV. Subtypes of gamma-aminobutyric acidA

receptors: classification on the basis of subunit structure and receptor

function. Pharmacol. Rev. 50, 291–313.

Baureithel, K.H., Buter, K.B., Engesser, A., Burkard, W., Schaffner, W.,

1997. Inhibition of benzodiazepine binding in vitro by amentoflavone, a

constituent of various species of Hypericum. Pharm. Acta Helv. 72,

153–157.

Butterweck, V., Nahrstedt, A., Evans, J., Hufeisen, S., Rauser, L., Savage,

J., Popadak, B., Ernsberger, P., Roth, B.L., 2002. In vitro receptor

screening of pure constituents of St. John’s wort reveals novel

interactions with a number of GPCRs. Psychopharmacology (Berlin)

162, 193–202.

Campbell, E.L., Chebib, M., Johnston, G.A., 2004. The dietary flavonoids

apigenin and (-)-epigallocatechin gallate enhance the positive modu-

lation by diazepam of the activation by GABA of recombinant

GABA(A) receptors. Biochem. Pharmacol. 68, 1631–1638.

Changeux, J.P., Edelstein, S.J., 1998. Allosteric receptors after 30 years.

Neuron 21, 959–980.

Chen, C.A., Okayama, H., 1988. Calcium phosphate-mediated gene

transfer: a highly efficient transfection system for stably transforming

cells with plasmid DNA. BioTechniques 6, 632–638.

Cheng, Y., Prusoff, W.H., 1973. Relationship between the inhibition

constant (K1) and the concentration of inhibitor which causes 50 per

cent inhibition (I50) of an enzymatic reaction. Biochem. Pharmacol. 22,

3099–3108.

Corringer, P.J., Le Novere, N., Changeux, J.P., 2000. Nicotinic receptors at

the amino acid level. Annu. Rev. Pharmacol. Toxicol. 40, 431–458.

Cromer, B.A., Morton, C.J., Parker, M.W., 2002. Anxiety over

GABA(A) receptor structure relieved by AChBP. Trends Biochem.

Sci. 27, 280–287.

Davies, M., Bateson, A.N., Dunn, S.M., 1998. Structural requirements for

ligand interactions at the benzodiazepine recognition site of the

GABA(A) receptor. J. Neurochem. 70, 2188–2194.

Davies, M., Newell, J.G., Dunn, S.M., 2001. Mutagenesis of the GABA(A)

receptor alpha1 subunit reveals a domain that affects sensitivity to

GABA and benzodiazepine-site ligands. J. Neurochem. 79, 55–62.

Dekermendjian, K., Kahnberg, P., Witt, M.R., Sterner, O., Nielsen, M.,

Liljefors, T., 1999. Structure–activity relationships and molecular

modeling analysis of flavonoids binding to the benzodiazepine site

of the rat brain GABA(A) receptor complex. J. Med. Chem. 42,

4343–4350.

Derry, J.M., Dunn, S.M., Davies, M., 2004. Identification of a residue in the

gamma-aminobutyric acid type A receptor alpha subunit that differ-

entially affects diazepam-sensitive and -insensitive benzodiazepine site

binding. J. Neurochem. 88, 1431–1438.

Dunn, S.M., Davies, M., Muntoni, A.L., Lambert, J.J., 1999. Muta-

genesis of the rat alpha1 subunit of the gamma-aminobutyric acid(A)

receptor reveals the importance of residue 101 in determining the
allosteric effects of benzodiazepine site ligands. Mol. Pharmacol. 56,

768–774.

Galzi, J.-L., Changeux, J.P., 1994. Neurotransmitter-gated ion channels as

unconventional allosteric proteins. Curr. Opin. Struct. Biol. 4, 554–565.

Goutman, J.D., Waxemberg, M.D., Donate-Oliver, F., Pomata, P.E., Calvo,

D.J., 2003. Flavonoid modulation of ionic currents mediated by

GABA(A) and GABA(C) receptors. Eur. J. Pharmacol. 461, 79–87.

Hall, B.J., Chebib, M., Hanrahan, J.R., Johnston, G.A., 2004. Flumazenil-

independent positive modulation of gamma-aminobutyric acid action by

6-methylflavone at human recombinant alpha1beta2gamma2L and

alpha1beta2 GABAA receptors. Eur. J. Pharmacol. 491, 1–8.

Hanrahan, J.R., Chebib, M., Davucheron, N.L., Hall, B.J., Johnston, G.A.,

2003. Semisynthetic preparation of amentoflavone: a negative modu-

lator at GABA(A) receptors. Bioorg. Med. Chem. Lett. 13, 2281–2284.

Hong, X., Hopfinger, A.J., 2003. 3D-pharmacophores of flavonoid binding

at the benzodiazepine GABAA receptor site using 4D-QSAR analysis.

J. Chem. Inf. Comput. Sci. 43, 324–336.

Hope, A.G., Downie, D.L., Sutherland, L., Lambert, J.J., Peters, J.A.,

Burchell, B., 1993. Cloning and functional expression of an apparent

splice variant of the murine 5-HT3 receptor A subunit. Eur. J.

Pharmacol. 245, 187–192.

Huen, M.S., Hui, K.M., Leung, J.W., Sigel, E., Baur, R., Wong, J.T., Xue,

H., 2003. Naturally occurring 2V-hydroxyl-substituted flavonoids as

high-affinity benzodiazepine site ligands. Biochem. Pharmacol. 66,

2397–2407.

Kahnberg, P., Lager, E., Rosenberg, C., Schougaard, J., Camet, L., Sterner,

O., Ostergaard, N.E., Nielsen, M., Liljefors, T., 2002. Refinement and

evaluation of a pharmacophore model for flavone derivatives binding to

the benzodiazepine site of the GABA(A) receptor. J. Med. Chem. 45,

4188–4201.

Kapur, A., Derry, J.M.C., Hansen, R.S., in press. Expression and study

of ligand-gated ion channels in Xenopus laevis oocytes. In: Baker,

G.B., Dunn, S.M.J., Holt, A. (Eds.), Handbook of Neurochemistry

and Molecular Neurobiology, Vol. 18 (Practical Neurochemistry:

Methods).

Korpi, E.R., Mihalek, R.M., Sinkkonen, S.T., Hauer, B., Hevers, W.,

Homanics, G.E., Sieghart, W., Luddens, H., 2002. Altered receptor

subtypes in the forebrain of GABA(A) receptor delta subunit-deficient

mice: recruitment of gamma 2 subunits. Neuroscience 109, 733–743.

Marder, M., Paladini, A.C., 2002. GABAA-receptor ligands of flavonoid

structure. Curr. Med. Chem. 2, 853–867.

Marder, M., Estiu, G., Blanch, L.B., Viola, H., Wasowski, C., Medina, J.H.,

Paladini, A.C., 2001. Molecular modeling and QSAR analysis of the

interaction of flavone derivatives with the benzodiazepine binding site

of the GABA(A) receptor complex. Bioorg. Med. Chem. 9, 323–335.

Medina, J.H., Viola, H., Wolfman, C., Marder, M., Wasowski, C., Calvo,

D., Paladini, A.C., 1997. Overview—flavonoids: a new family of

benzodiazepine receptor ligands. Neurochem. Res. 22, 419–425.

Nayeem, N., Green, T.P., Martin, I.L., Barnard, E.A., 1994. Quaternary

structure of the native GABAA receptor determined by electron

microscopic image analysis. J. Neurochem. 62, 815–818.

Newell, J.G., Dunn, S.M., 2002. Functional consequences of the loss of

high affinity agonist binding to gamma-aminobutyric acid type A

receptors. Implications for receptor desensitization. J. Biol. Chem. 277,

21423–21430.

Nielsen, M., Frokjaer, S., Braestrup, C., 1988. High affinity of the naturally-

occurring biflavonoid, amentoflavon, to brain benzodiazepine receptors

in vitro. Biochem. Pharmacol. 37, 3285–3287.

Pistis, M., Muntoni, A.L., Gessa, G., Diana, M., 1997. Effects of acute,

chronic ethanol and withdrawal on dorsal raphe neurons: electro-

physiological studies. Neuroscience 79, 171–176.

Pritchett, D.B., Sontheimer, H., Shivers, B.D., Ymer, S., Kettenmann,

H., Schofield, P.R., Seeburg, P.H., 1989. Importance of a novel

GABAA receptor subunit for benzodiazepine pharmacology. Nature

338, 582–585.

Sieghart, W., 1995. Structure and pharmacology of gamma-aminobutyric

acidA receptor subtypes. Pharmacol. Rev. 47, 181–234.



R.S. Hansen et al. / European Journal of Pharmacology 519 (2005) 199–207 207
Sieghart, W., Fuchs, K., Tretter, V., Ebert, V., Jechlinger, M., Hoger, H.,

Adamiker, D., 1999. Structure and subunit composition of GABA(A)

receptors. Neurochem. Int. 34, 379–385.

Smith, K.M., Ng, A.M., Yao, S.Y., Labedz, K.A., Knaus, E.E., Wiebe, L.I.,

Cass, C.E., Baldwin, S.A., Chen, X.Z., Karpinski, E., Young, J.D.,

2004. Electrophysiological characterization of a recombinant human

Na+-coupled nucleoside transporter (hCNT1) produced in Xenopus

oocytes. J. Physiol. 558, 807–823.

Stevenson, A., Wingrove, P.B., Whiting, P.J., Wafford, K.A., 1995. beta-

Carboline gamma-aminobutyric acidA receptor inverse agonists mod-

ulate gamma-aminobutyric acid via the loreclezole binding site as well

as the benzodiazepine site. Mol. Pharmacol. 48, 965–969.

Viola, H., Wasowski, C., Levi, d.S., Wolfman, C., Silveira, R., Dajas, F.,

Medina, J.H., Paladini, A.C., 1995. Apigenin, a component of

Matricaria recutita flowers, is a central benzodiazepine receptors-

ligand with anxiolytic effects. Planta Med. 61, 213–216.
Wafford, K.A., Bain, C.J., Quirk, K., McKernan, R.M., Wingrove, P.B.,

Whiting, P.J., Kemp, J.A., 1994. A novel allosteric modulatory site on

the GABAA receptor beta subunit. Neuron 12, 775–782.

Wieland, H.A., Luddens, H., Seeburg, P.H., 1992. A single histidine in

GABAA receptors is essential for benzodiazepine agonist binding. J.

Biol. Chem. 267, 1426–1429.

Wingrove, P.B., Wafford, K.A., Bain, C., Whiting, P.J., 1994. The

modulatory action of loreclezole at the gamma-aminobutyric acid type

A receptor is determined by a single amino acid in the beta 2 and beta 3

subunit. Proc. Natl. Acad. Sci. U. S. A. 91, 4569–4573.

Zezula, J., Slany, A., Sieghart, W., 1996. Interaction of allosteric ligands

with GABAA receptors containing one, two, or three different subunits.

Eur. J. Pharmacol. 301, 207–214.


	Determinants of amentoflavone interaction at the GABAA receptor
	Introduction
	Materials and methods
	Transfection of cells and preparation of membrane homogenate
	Radioligand binding assays
	Data analysis
	Transcript preparation and injection of oocytes
	Electrophysiological recordings
	Data analysis
	Drugs

	Results
	Amentoflavone binding at GABAA receptors containing different alpha subunits
	Amentoflavone binding at histidine 101 mutant GABAA receptors
	Functional effects of amentoflavone at GABAA receptor subtypes

	Discussion
	Amentoflavone and diazepam binding at the benzodiazepine site
	Functional effects of amentoflavone distinct from benzodiazepine site binding

	Acknowledgements
	References


