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Inhibitors of AMPA-type glutamate ion channels are useful as
biochemical probes for structure-function studies and as drug
candidates for a number of neurological disorders and diseases.
Here, we describe the identification of an RNA inhibitor or
aptamer by an in vitro evolution approach and a characteriza-
tion of its mechanism of inhibition on the sites of interaction by
equilibrium binding and on the receptor channel opening rate
by a laser-pulse photolysis technique. Our results show that the
aptamer is a noncompetitive inhibitor that selectively inhibits
the GluA2Qg;, AMPA receptor subunit without any effect on
other AMPA receptor subunits or kainate or NMDA receptors.
On the GluA2 subunit, this aptamer preferentially inhibits the
flip variant. Furthermore, the aptamer preferentially inhibits
the closed-channel state of GluA2Qg;, with a K; = 1.5 pm or by
~15-fold over the open-channel state. The potency and selectiv-
ity of this aptamer rival those of small molecule inhibitors.
Together, these properties make this aptamer a promising can-
didate for the development of water-soluble, highly potent, and
GluA2 subunit-selective drugs.

Developing inhibitors to selectively target a single subunit
among a multisubunit protein or receptor family is a worthy
effort for the following reasons. First, the role of the single sub-
unit can be uniquely tested in a complex biological background,
such as in vivo, leaving other subunits untouched. Such a test
can be carried out at any particular time if the target function
changes during development. In this scenario, the function of
this subunit can be inhibited in a reversible, graded fashion in
that the degree of inhibition of the protein function can be
manipulated by the amount and the time of exposure when the
inhibitor is applied, and such an inhibition can be reversibly
relieved when the inhibitor is removed. Second, if the inhibitor
is a drug candidate, selectivity is generally a desired property. A
drug with higher selectivity may have a higher therapeutic
effect when the excessive activity of a single protein subunit to
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which the drug molecule binds is linked to the pathogenesis of
a disease. Third, development of an inhibitor to differentiate
exclusively its binding to and inhibition of one subunit can pro-
vide valuable insights into the structural and functional differ-
ences of the subunit from all other subunits of the same family.
As such, the most effective way to probe the structure of a
particular subunit and to regulate the function of that subunit
may be found. Guided by these reasons, we set out to find an
inhibitor uniquely selective to a single subunit of the a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)?
receptors.

AMPA receptors are one of the three subtypes of glutamate
ion channels that also include kainate and N-methyl-p-aspar-
tate (NMDA) subtypes (1-4). AMPA receptors mediate most
of fast synaptic neurotransmission in the mammalian central
nervous system, and their function and regulation are critical
for synaptic plasticity (4, 5). GluA1-4 (previously known as
GluR1-4 or GIuRA-D) encode four subunits of mammalian
AMPA receptors. The primary molecular architecture of
AMPA receptor subunits is most likely similar, given the fact
that all subunits have ~900 amino acids and share 70% homol-
ogy of the encoding genes, although the genes are alternatively
spliced and edited (1-3). AMPA receptor subunits are differen-
tially expressed and developmentally regulated. For instance, in
embryonic rat brain, GluA2 mRNA is ubiquitous (6). GluA1-3
are expressed in greater proportion in regions such as hip-
pocampus (7), whereas GluA4 is mainly expressed early during
development (8, 9). Although GluA1-4 can form homomeric
channels individually (10, 11), each subunit has some distinct
functional properties. For examples, in response to the binding
of glutamate, each of the GluA2—4 homomeric receptors opens
the channel with a kinetic rate constant about severalfold larger
than GluA1 does, yet all AMPA receptors close their channels
with roughly a similar rate (12, 13). Given these similarities and
differences among various AMPA receptor subunits, it would
be useful to develop subunit-selective inhibitors of AMPA
receptors.

To develop subunit-selective inhibitors, we needed to choose
an unconventional methodology. The main, conventional
approach to find inhibitors is synthetic chemistry, which pro-

3 The abbreviations used are: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid; NMDA, N-methyl-p-aspartate; BDZ-f, 1-(4-aminophenyl)-3-methyl-
carbamoyl-4-methyl-7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine;
NBQX, 6-nitro-7-sulfamoyl-benzo[flquinoxaline-2,3-dione; Caged glutamate, y-O-
(a-carboxy-2-nitrobenzyl)glutamate; DMSO, dimethyl sulfoxide.
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duces small molecule inhibitors, the most common type of
molecular agents and drug candidates (14—16). In fact, a large
number of small molecule inhibitors that target AMPA recep-
tors have been synthesized (17-19). To date, however, no
inhibitor is known to be capable of selectively inhibiting a single
AMPA receptor subunit. Therefore, from the outset, we did not
have a structural template of either a synthetic or a natural
product inhibitor alike that might be most obvious to modify
and/or improve upon to generate a subunit-selective inhibitor.

The approach we took was based on an in vitro evolution for
isolating RNA inhibitors or aptamers from an RNA library (20,
21). This approach relies on RT-PCR to “breed” desired RNA
molecules by exponential enrichment of their sequences over
background, through multiple iteration cycles, against a spe-
cific target protein or receptor. The useful RNA molecules are
selected because they are the best fits to the protein target based
on geometrical complementarity. Therefore, this approach
does not require prior knowledge of the structure of the protein
target or the existence of any lead compounds (22).

For this study, we chose to identify aptamers that would
selectively inhibit the GluA2 AMPA receptor subunit. We
chose this subunit not just for a proof of principle but for a high
utility of having a GluA2 subunit-selective inhibitor. GluA2
controls key functional properties of heteromeric AMPA
receptors, such as Ca>" permeability, single-channel conduct-
ance, and rectification (23, 24). These properties of GluA2 are
attributed to Arg®”’, a residue at the glutamine/arginine (or
Q/R) site introduced into the pore loop by RNA editing (23, 24).
The Q/R editing is exclusive to GluA2 in AMPA receptors, and
the editing is extremely efficient (i.e. >99% of GluA2 in adult
brain is in the edited, R isoform) (25). Editing defect in GluA2,
however, leads to generation of the highly Ca>* permeable Q
isoform through which excessive Ca®* ions enter the cell. Con-
sequently, intracellular calcium overload causes cell death,
which underlines various neurological disorders such as stroke
(26) and amyotrophic lateral sclerosis (27). Thus, GluA2 sub-
unit-selective aptamers are potential drug candidates. These
aptamers could be also used as structural probes.

To find GluA2-selective aptamers, we chose the closed-
channel receptor conformation as the target of selection, rather
than the open channel or a mixture of the closed- and the open-
channel conformations. (For the purpose of this work, the
closed-channel conformation is defined as the unliganded, rest-
ing form of the receptor; this is “A” as in a general mechanism of
channel opening in the “Experimental Procedures.”) The
choice of this conformation was based on our earlier hypothesis
that the closed-channel conformation is more flexible or more
modifiable in the context of inhibitor binding/inhibition (28).
Therefore, the closed-channel conformation would be a better
structural scaffold for geometrical complementarity selection
(29). As such, an RNA aptamer, selected to uniquely recognize
one conformation of a subunit, is not expected to bind avidly to
either other receptor subunits or even other conformations
of the same subunit due to incorrect or imperfect molecular
recognition, thereby producing subunit discrimination and
selectivity.

To maximize our chance of success in finding subunit-selec-
tive inhibitors, we did not select competitive inhibitor type,
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despite the fact that there is abundant, structural information
available for competitive inhibitors and the agonist binding
sites (30—34). Instead, we selected noncompetitive inhibitors
(or noncompetitive aptamers). Because noncompetitive inhib-
itors bind to regulatory sites, distinct to the site agonist binds,
they are generally considered more selective or less promiscu-
ous in differentiating isoforms.

By applying these mechanism-based design principles,
together with the use of an in vitro evolution approach, we have
successfully isolated, and report here, an aptamer that is not
only potent but also exclusively selective to the GluA2 AMPA
receptor subunit.

EXPERIMENTAL PROCEDURES

Cell Culture and Receptor Expression—The cDNAs encoding
various subunits of glutamate ion channels were used for tran-
sient receptor expression in HEK-293S cells (35). The cell
culture, transfection, and preparation of membrane lipids
containing functional, intact GluA2Qy;, receptors for aptamer
selection were carried out according to the protocols reported
previously (35).

Aptamer Selection—The preparation of the RNA library with
~10"® random sequences and the running of i vitro selection
of aptamers against GluA2Qg,, in membrane lipids were
described previously (35) (see also supplemental Fig. S1). For
binding at each selection cycle, the RNA library was dissolved in
the extracellular buffer, which contained:145 mm NaCl, 3 mm
KCl, 1 mm CaCl,, 2 mm MgCl,, and 10 mm HEPES (pH 7.4). The
final concentration of membrane-bound receptor for binding
was 8 nM, determined by [PHJAMPA binding (35). The binding
mixture was incubated at 22 °C for 50 min in the presence of 0.3
units/ul RNase inhibitor. For elution, 1 mm (final concentra-
tion) of (—)1-(4-aminophenyl)-3-methylcarbamoyl-4-methyl-
7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine, which
we designated as BDZ-f, was used. The eluted RNAs were sub-
ject to RT-PCR (supplemental Fig. S1). To suppress enrichment
of nonspecific RNAs bound to any unwanted “targets,” such as
lipids, we also ran three negative selections at rounds 4, 8, and
13 in which plain HEK-293 cell membrane fragments lacking
only GluA2Qy;, receptors were used to absorb nonspecific
RNAs. For identifying consensus sequences, the DNA pools
from rounds 12 and 14 (i.e. 14 was the final round) were cloned
separately into the pGEM-T easy vector (Invitrogen) and
sequenced.

Homologous Competitive Binding Assay—The 5'-end **P-la-
beled aptamers, AF44 and AF42, were prepared as described
(35). An aliquot of 10 nM of *?P-labeled (hot) aptamer was
mixed with a series of concentrations (i.e. 0 —400 nm, final con-
centration) of the unlabeled (cold) aptamer. The final concen-
tration of the receptor and hot aptamer was 0.4 and 0.1 nM. The
same concentrations of the receptor and the hot aptamer were
used when kainate (1 mwm, final concentration) was included to
assess aptamer binding to the receptor in the presence of kain-
ate. The receptor/library mixture was incubated at 22 °C for 1 h
for binding, followed by filtering and centrifugation (35). The
radioactivity on the filter was quantified with the use of a scin-
tillation counter (Beckman Coulter LS6500). The nonspecific
binding was estimated by Equation 1 (36). The specific binding
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was calculated as the difference between the total binding in
cpm and the estimated nonspecific cpm. The specific binding
was normalized to the percentage without the unlabeled AF44/
AF42. Assuming a one-site binding model, the K, of an aptamer
was estimated by Equation 1 (36),

B,.. X [Hot]

Y= THot] + [Cold] + K, T \°B

(Eq.1)

where [Hot]/[Cold] are the concentrations of unbound, hot
aptamer/cold aptamer, respectively; NSB represents nonspe-
cific binding. B, ., is the maximal number of binding sites.

Displacement of Aptamer Binding by NBQX— 6-Nitro-7-sul-
famoyl-benzo[f]quinoxaline-2,3-dione (NBQX) was mixed
(200 pM, final concentration) with hot aptamer/GluA2Qy;,, to
assess whether NBQX bound to the same site with AF44 or
AF42 as well as AF1422. Dimethyl sulfoxide (DMSO) was used
for initially dissolving NBQX. Hot AF44 or AF42 of 0.1 nM (final
concentration) mixed with the receptor was incubated with
DMSO alone (as a blank control) or NBQX/DMSO at 22 °C for
1 h. The binding in the absence and presence of DMSO and
NBQX/DMSO was quantified the same way as in homologous
competitive binding.

Whole-cell Current Recording—The procedure for whole-
cell current recording to assay putative aptamers was described
previously (35). All recordings were at —60 mV and 22 °C. The
recording electrode was filled with the buffer: 110 mm CsF, 30
mM CsCl, 4 mm NaCl, 0.5 mm CaCl,, 5 mm EGTA, and 10 mm
HEPES (pH 7.4 adjusted by CsOH). The extracellular buffer
composition was provided under “Aptamer Selection.” All
other buffers used were described previously (35). The whole-
cell current was recorded using an Axopatch 200B amplifier at
a cutoff frequency of 2—-20 kHz by a built-in, four-pole Bessel
filter and digitized at 5-50 kHz sampling frequency using a
Digidata 1322A (Molecular Devices). pClamp 8 (Molecular
Devices) was used for data acquisition.

Laser-pulse Photolysis Measurements—The laser-pulse pho-
tolysis technique was used to characterize the mechanism of
inhibition by measuring the effect of an aptamer on the chan-
nel-opening kinetics (28). Briefly, y-O-(a-carboxy-2-nitroben-
zyl)glutamate (caged glutamate) (37) (Invitrogen) with or with-
out aptamer dissolved in the extracellular buffer was applied to
a cell using a flow device (28, 35). A single, 355-nm laser pulse
with a pulse length of 8 ns and pulse energy of 200—800 wJ,
generated from a pulsed Q-switched Nd:YAG laser (Contin-
uum), was used for photolyzing the caged glutamate. To cali-
brate the concentration of released glutamate, we applied two
solutions of free glutamate with known concentrations to the
same cell using the same flow device before and after a laser
flash (38). The current amplitudes obtained from this calibra-
tion were compared with the amplitude from the laser mea-
surement with reference to the dose-response relationship for
GluA2Qy;, (39).

Kinetic Data Analysis, Mechanism of Channel Opening—The
opening of the GluA2Qy;, channel in response to glutamate
binding was described kinetically in a general mechanism
(Scheme 1; 39).
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A+Ll=—AL = AL

(open)

SCHEME 1

A represents the closed, unliganded form of the receptor, L
represents the ligand, AL, represents the closed-channel forms
bound with ligands, AL, represents the open-channel state, K;
represents the intrinsic dissociation constant of activating
ligand, and @ represents the channel opening equilibrium con-
stant; 7 is the number of the ligand molecules that bind to the
receptor to open the channel (i.e. # = 1-4). Based on this mech-
anism and also the assumption that the ligand binding rate was
fast as compared with the channel-opening rate, the observed
rate constant of channel opening (k,..) was written as Equa-
tion 2.

L n
kobs = kcl + k0p<K1+L> (Eq.2)

Iy = /max(‘I - exp(_kobst)) (Eq.3)

In Equation 2, k, and k,,, are the channel-closing and channel-
opening rate constants, respectively. Furthermore, &,  was cal-
culated from Equation 3, where I_,, is the maximum current
amplitude and /, is the current amplitude at time . Our previ-
ous studies of AMPA receptors, including a mutant AMPA
receptor, for their channel-opening kinetic mechanisms led us
to conclude that binding of two glutamate molecules per recep-
tor (i.e. n = 2) was sufficient to open the channel (40). Using the
laser-pulse photolysis technique, we previously determined the
k,, of (8.0 * 0.49) X 10* s~ ! and the k,, of (2.6 + 0.20) X 10°
s~ !, respectively, for the channel-opening kinetic constants of
the GluA2Qy,,, receptor (39).

Kinetic Data Analysis, Mechanism of Inhibition—The non-
competitive mechanism of inhibition was established by mea-
suring the effect of AF44/AF42 on the channel-opening rate
constants (41, 42). By this mechanism (see Scheme 2 below), an
inhibitor binds to both the closed- and open-channel states
through a regulatory site, and the binding results in inhibition
of k.. as in Equation 4, where I is the molar concentration of

obs

the inhibitor (other symbols have been defined earlier).

KI KI kw AT
A+L=—=AL—AL,— AL,

S O O

IA + L—IAL—IAL— IAL,
SCHEME 2

oo = Kool | i ) i) TR

In deriving Equation 4, one inhibitory site was assumed. At low
concentrations of glutamate (L << K), k,, reflected k_, because
the contribution of the k,, portion in Equation 4 to the overall
rate, k., was negligible. Thus, Equation 4 was reduced into
Equation 5, and the effect of the inhibitor on &, could be

assessed (28) by using Equation 5.

(Eq.4)
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K
kobs = kcl R/ Iy (Eq.5)
When k,,; > k, the effect of AF44/AF42 on k,,, was measured
ata series of high glutamate concentrations. By noncompetitive
inhibition, AF44/AF42 would affect &, (Equation 6), as was
observed (Fig. 5D, right panel).

Y LR DA I (L
obs ClR,+l_°pL+K1 K,+I

Because the magnitude of k, reflects the lifetime (7) of the open
channel (i.e. T = 1/k_), the effect of an inhibitor on k_, reveals
whether or not it inhibits the open-channel conformation or
state (28). In contrast, k,,, reflects the closed-channel state, the
effect on k,,,, therefore, reveals whether the inhibitor is effective
on the closed-channel state (28). Experimentally, we estab-
lished that for GluA2Qyg;,, at 100 um photolytically released
glutamate, which we set as the low glutamate concentration, &
was measured (28, 43). In other words, under this condition or
L < K, Equation 2 is reduced to k., =~ k_, (28, 43). In contrast,
ko, could be determined at a glutamate concentration of about
300 um (28, 43). Correspondingly, the effect of an aptamer on
k. and &, could be characterized separately.

Amplitude Data Analysis—The ratio of the whole-cell cur-
rent amplitude in the absence and presence of a putative
aptamer or A/A(I) as a function of aptamer concentration was
used to independently measure inhibition constants (28), as
illustrated in Equations 7 and 8 (28). These equations were
derived based on the same general mechanism of channel open-
ing described earlier. K, is the apparent inhibition constant
for the inhibitor; other terms have been defined previously.

(Eq.6)

A (AL,)

—=1+I— (Eq.7)
A(I) Kl,app q

AL, L2

AL,) = =
(AL>) A+ AL+ AL, + AL, LX(01 + @) + 2K,LD + K:D

(Eq.8)

According to Equation 7, at low glutamate concentrations (i.e.
L < K;), the majority of the receptors were in a closed-channel
population. Thus, the inhibition constant for the closed-chan-
nel conformation or state was determined from A/A(I) versus
inhibitor concentration by Equations 7 and 8. Likewise, at a
saturating ligand concentration (i.e. L => Kj), the majority of
the receptors were in the open-channel state. Thus, the inhibi-
tion constant for the open-channel state was determined. In the
case of GluA2Qy;,, because the EC;, of GluA2Qyg;, with gluta-
mate is 1.3 mMm and the channel-opening probability of
GluA2Qy,, is near unity (39), 100 um glutamate concentration
corresponds to the majority of the channels (i.e. ~96%) being in
the closed-channel state (39). At 3 mm glutamate concentra-
tion, which is a saturating concentration (39), almost all of the
channels are in the open state (39). Thus, the K, value of an
aptamer for the open- and closed-channel states of GluA2Qy;,,
was determined using these two glutamate concentrations.
Unless noted otherwise, each data point was an average of at
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AF1422 AGAAGUGUAAUAGCCAACGGUGCCAGUCCGAAACGGAUCGUUAGAGCAUC 69
AF1411 AGGAGAUGUGUGCACAUGCACACCAACGAUGCCCAACGAUACCAGGAGCC 8
AF1203 UGUACACAGGUAAUGCUGAACGGCAGCCGCCACCAGAACUUGGCGUACAC 7
AF1437 CAGGUGUUGAGACUGGUGAGUUAGGGAACUGUAGCGGCCACAAGCA - ——— 5
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FIGURE 1. Selection of aptamers against the closed-channel conforma-
tion of the GluA2Qg;, AMPA receptor subunit. A, the four enriched RNA
sequences were identified from 92 clones randomly chosen from rounds 12
and 14.Their names are shown on the left; on the right are their copy numbers
(or the number of appearance of the same sequence in the 92 sequences).
The variable region that contained 50 nucleotides (or Ns) is marked in black
letters, whereas the constant regions are indicated in color and are displayed
atthe bottom. It should be noted that AF1422 had a point mutation from GGC
to GCC at the 5’-end constant region next to the variable region, and AF1437
had seven consecutive nucleotides missing (four nucleotides within variable
region and three nucleotides within the 3’-end constant region), from
the evolution process. B, representative traces of the whole-cell current
response of GIuA2Qg;,, to 100 um glutamate in the absence (left panel) and the
presence (right panel) of 1 um aptamer AF1422. The current was recorded at
—60 mV, (pH 7.4) and 22°C with the same HEK-293 cells expressing
GIuA2Qg,.. G, all four selected RNA sequences were assayed using whole-cell
current recording with GIuA2Qg,,. The result was represented by the ratio of
the currentamplitude in the absence and presence, or A/A(l), of 1 um aptamer
and 100 um glutamate. The third round of the library or “pool 3" at 1 um was
used as a control. The blue asterisk indicates p = 0.05 from the two-tailed
Student’s ttest (Hy, v = po = 1, 1 being the theoretical value of no inhibition,
marked as the red dashed line).

least three measurements. Each of the whole-cell recording
data point was collected from at least three cells. Uncertainties
reported refer to S.D. Origin software (version 7) was used for
data analysis and plotting.

RESULTS

Isolation of an RNA Aptamer That Inhibits GIuA2Qg,
AMPA Receptor Subunit—To ensure that the aptamers to be
identified would recognize the functional GluA2Qg;, AMPA
receptors, we transiently expressed the intact GluA2Qy;,
receptors in HEK-293 cells and used the cellular membrane
harboring the receptor for aptamer selection (35). After 14
selection cycles (supplemental Fig. S1), we cloned the DNA
libraries from rounds 12 and 14. Overall, 92 clones were ran-
domly chosen and sequenced. Four enriched sequences were
identified. An enriched sequence was defined as one that
appeared at least twice in the entire sequence pool (Fig. 14).

Using whole-cell recording, we tested the putative inhibitory
property for each sequence with HEK-293 cells expressing
GluA2Qy,, receptors, the selection target. By the ratio of the
whole-cell current amplitude in the absence and presence of an
aptamer or A/A(l) (Fig. 1B), we found that AF1422, the most
enriched sequence (i.e. 75% appearance frequency), was an
inhibitor, whereas the other sequences were not (Fig. 1C).

Identification of Minimal, Functional Aptamer Sequence,
AF44 and AF42 Inhibitor Pair—Guided by Mfold, an RNA sec-
ondary structure prediction program (44), we constructed a
number of shorter versions of AF1422 to identify the minimal,
yet functional RNA sequence (Fig. 24). We initially tested, by

JOURNAL OF BIOLOGICAL CHEMISTRY 15611


http://www.jbc.org/cgi/content/full/M111.229559/DC1

RNA as lon Channel Inhibitor

"
1
A 5 SIS
GGAGPAY AL30  AACsyg AF20
CCaUC, ,C. /UGG'“EUU 5
gz 0 R I : 5 S
/ A € 1 AU C
A
GGCU ReC GCUAG A0 gggugA g 20 Y10
A CA,20 AACN0 g
qJCUA 50_% U/R 3= UGC%\GAU AG = -3.30 kcal/mol
U A U,
% GUA C%C%Cc"‘o 40- % .
c%% AG = -17.30 kcal/mol A | A Ce!
S Cc 40 Ayt
80 gé 5 AG = -5.80 kcal/mol
e ¢ AF78
U
e 3" % AF42 AF38
70\A880,50 qJAG,m GC
G GUCCGA 5-G
. 5 204
Uy g CUAGGCA - 5 Q%Gu 9 3, A’G — /%U;é
AG =-25.60 kcal/mol ,2 A5 ¢ G
‘b% 40 %g Hg—so
Ay At é“sc &
%SC 10-d" Bece®
G8 GUCCGA -20 UUGCUGGG—S
AG =-21.40 kcal/mol AU 3 30»UuGcUAGGCA

BE

AG =-8.90 kcal/mol

AF79 G GUCCGAA AG =-8.60 kcal/mol
GAGp 50" Uyg cUAGGOA
5§ % 40
3’A8AAC\1O B .
UC8(: 20 . .
A g0 C%x ? AR
AGCG' i
CAcE Con
50—A A 1
A Ot AT b
Y gayatt W A2 AY P > b b b aD sV
RS W QOO @ SV SV S D
AR™40 Lol ol o ?’(o ?’b‘b‘?'b‘ ?’(‘9\?’
AG =-11.59 kcal/mol <O > <™ &

LAl S

FIGURE 2. The minimal, functional sequence of AF1422, AF44/AF42 inhibitor pair. A, in truncating the full-length sequence of AF1422 to identify the
minimal, functional sequence, only the most stable secondary structure of each sequence, as predicted by the Mfold program, was displayed and constructed.
The free energy is listed below these structures. The 5'- and 3'-end constant regions are shown in red and blue. B, a truncated aptamer was tested either alone
or together as shown, such as AF44/AF42 functional pair, by measuring the whole-cell current response of GluA2Qg;, with and without a shortened RNA
piece(s). The blue asterisk indicates p = 0.05 from the two-tailed Student’s t test (H,, & = o, = 1, 1 being the theoret|calpvalue of no inhibition, marked as the
red dashed line). Additional information for sequence reduction is provided in supplemental Fig. S2.

monitoring the A/A(I) value, the inhibitory function of single,
but shorter RNA pieces one at a time (Fig. 24), but found that
none worked alone as an inhibitor (Fig. 2B). Eventually, we
established that the shortest, yet functional version of AF1422
was a pair, i.e. AF44 and AF42 (AF44 and AF42 represent a
44-nucleotide and a 42-nucleotide RNA molecules, respec-
tively). In other words, the use of either AF44 or AF42 alone did
not render any inhibition; yet, an equal molar mixture of AF44
and AF42 reproduced an inhibition as full as AF1422 (Fig. 2B).

To create shorter pieces of RNAs (Fig. 24), we preserved the
predicted secondary structures that were thought to be important.
For example, AF78 was constructed to test whether the stem-loop
structure (shown in red of the predicted structure of AF1422, Fig.
2A), comprised of the initial 20 or so nucleotides at the 5’ constant
region, played any functional role. The fact that AF78 turned out to
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be noninhibitory suggested that this region was essential for inhi-
bition. However, AF20, which contained only this stem loop (Fig.
2A), was not sufficient to act either alone as an inhibitor or
together with AF42 as an inhibitory pair (Fig. 2B). In contrast,
AF44, which carries this stem-loop module, was capable of acting
with AF42 as an inhibitory pair (Fig. 2B). Furthermore, based on
the functional combination of AF44 and AF42, a removal of the
terminal loop from the AF42 resulting AF38 led to a total loss of
function, suggesting that this terminal loop was essential as well.
To create AF44, we modified the projected secondary struc-
ture of AF1422 (Fig. 2A) by the following way. First, we signifi-
cantly shortened the stem formed from U19/G99 to U31/G86
by retaining only three-GC base pairs, i.e. C20/G98, G27/C90,
and G30/C87 (see supplemental Fig. S24). Second, to maintain
the two central loops as in AF1422 (Fig. 2), we replaced nucle-
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FIGURE 3. Characterization of inhibition constant and selectivity of AF44/
AF42. A, by whole-cell current recording assay, AF44/AF42 inhibited the
closed-channel, but not the open-channel, conformation of GluA2Qg;,, within
the aptamer concentration shown. The K, for AF44/AF42 was estimated to be
1.5 = 0.1 um for the closed-channel conformation of GIuA2Qg;, (i.e. the upper
solid line) by Equations 7 and 8. B, the whole-cell current response to 3 mm
glutamate in the absence (left panel) and presence of 6.25 um AF44/AF42.The
reduction of current amplitude at this aptamer concentration is ~20%. C,
similarly, K, for BDZ-f was determined to be 3.8 = 0.4 um for the closed-chan-
nel conformation and 5.4 = 0.8 um for the open-channel confirmation,
respectively. D, by whole-cell current recording assay, AF44/AF42 selectively
inhibited the closed-channel conformation of GIuA2Qg,, but did not affect any
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otide G22 with A22 (see supplemental Fig. S2B) (note that G22
is numbered as the nucleotide position in the truncated
sequence as in supplemental Fig. S2B; in the wild type AF1422
sequence, it corresponds to G32 in supplemental Fig. S24).
Without this replacement, the shorter sequence carrying G22
(i.e. AF44 wildtype) showed no activity at all with GIuA2 recep-
tor channels when it combined with AF42 (data not shown).
This was because the wild type sequence in AF44(G22) could no
longer fold into the same secondary structure as in the central
loop of AF1422 (Fig. 2). Yet, AF44(A22) was projected to fold
into a structure resembling the central loop of AF1422 with a
shortened stem (Fig. 2 and supplemental Fig. S2B). Taken
together, AF44 and AF42 as a whole entity were considered a
minimal, functional inhibitor entity and were used for all the
subsequent studies below. (For convenience, AF44(A22) was
simply termed AF44 in this work.)

Characterization of Inhibition Constant of AF44/AF42 with
GluA2Qg,;,—Using Equations 7 and 8, we characterized the
inhibition constant of AF44/AF42 with GluA2Qy,,, the selec-
tion target. A K, of 1.5 = 0.1 uM (the solid line in Fig. 3A) was
determined for the closed-channel conformation from a series
of aptamer concentrations and at 100 um glutamate concentra-
tion (see “Experimental Procedures” for choosing this concen-
tration for the assay of the closed-channel conformation). Yet,
with the same range of aptamer concentration, AF44/AF42 was
ineffective in inhibiting the open-channel conformation (open
symbol in Fig. 3A). The inhibition by AF44/AF42 became
detectable only when its concentration was raised much higher.
For example, the whole-cell current amplitude at 3 mm gluta-
mate was reduced by ~20% at 6.25 um AF44/AF42 (Fig. 3B). As
such, the inhibition constant of AF44/AF42 for the open-chan-
nel state was estimated to be ~23 uMm (using Equations 7 and 8).
Based on the ratio of K, values, AF44/AF42 was selective toward
the closed-channel conformation of GluA2Qy;, channels by
~15-fold.

It is worth noting that BDZ-f, a 2,3-benzodiazepine com-
pound and the one we used as the selective pressure for the
identification of AF1422 (supplemental Fig. S1), the predeces-
sor of AF44/AF42, exhibited a K, of 3.8 uM for the closed-chan-
nel conformation and 5.4 um for the open-channel conforma-
tion of GluA2Qy,,,, respectively (Fig. 3C). Thus, the selectivity
of BDZ-f for the closed-channel state over the open-channel
state is merely 1.4-fold. In contrast, AF44/AF42 showed 15-fold
higher selectivity toward the closed-channel state of GluA2Qy;,,
while maintaining a high potency (in fact, AF44/AF42 showed a

other channels as shown. For this assay, the glutamate concentration was
chosen to be equivalent to ~4 and ~95% fraction of the open channels.
Specifically, the glutamate concentration was 0.04 mm (for the closed-chan-
nel conformation) and 3 mm (for the open-channel conformation) of GluA1g;.,;
0.1 and 3 mm for GIuA2Qy;,, GluA3g;,,, and GluA4y; ; and 0.04/3 mm for GluK1
and GluK2. For NMDA channel, glutamate concentrations of 0.02 and 0.05 mm
were used. AF44/AF42 was kept at 1 um. Each data point was based on at least
three measurements collected from at least three cells. The single asterisk
indicates p = 0.05 from the two-tailed Student’s t test (H,, u = o = 1, 1 being
the theoretical value of no inhibition), and the double asterisks indicate p =
0.01 from the two-sample Student’s t test, as a comparison between closed
and open forms (Hy, i, = W»). E, the selectivity of BDZ-f was determined
similarly as with AF44/AF42. The BDZ-f concentration used was 20 um, and
the glutamate concentrations used are described in D.
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2.5-fold improvement in potency, i.e. K; of 1.5 um for AF44/
AF42 versus 3.8 um for BDZ-f).

Subunit Selectivity of AF44/AF42—The subunit selectivity of
AF44/AF42 was assessed with individual subunits of AMPA,
kainate, and NMDA receptors expressed in HEK-293 cells and
was represented by the A/A(I) value collected from whole-cell
recording (Fig. 3D). The selectivity was further determined at
two glutamate concentrations, representing the closed-channel
and open-channel conformations (see the solid and open col-
umns in Fig. 3D). We found that AF44/AF42 did not affect the
rest of AMPA receptor subunits, i.e. GluA1, -3, and -4. Further-
more, AF44/AF42 did not affect either kainate channels (i.e.
GluK1 and GIuK2) or NMDA channels (i.e. GluN1a/2A and
GluN1a/2B) (Fig. 3D). It should be mentioned that GluN1a/2A
and GluN1a/2B are two dominant NMDA receptor complexes
in vivo (45) and neither GluN1la nor GIuN2A or GluN2B can
form a functional channel by itself (46). These results thus dem-
onstrated that AF44/AF42 is an inhibitor pair that possesses a
unique selectivity toward GluA2 but without any unwanted
activity on any other subunits of the glutamate ion channel
receptor family. These properties are expected because of our
design strategy. In contrast, BDZ-f, the chemical compound
that we used in the selection of AF1422 inhibited not only
GluA2Qy,, but also GluAly;, (Fig. 3E). Thus, AF44/AF42 is a
better inhibitor in terms of subunit selectivity.

AF44/AF42 Is More Potent and Selective to the Flip Than to
the Flop Isoform of GluA2Q—Alternative splicing in AMPA
receptors generates two variants, i.e. flip and flop (47). The flip/
flop sequence cassette is part of the extracellular ligand binding
domain, and the C terminus of this sequence cassette precedes
the last transmembrane domain. The flip and flop variants of an
AMPA receptor subunit generally have different kinetic prop-
erties. The flop variants of AMPA receptor subunits, with the
exception of GluA1, have similar &, yet different k, values (12,
48); they desensitize at least three times faster but recover more
slowly from desensitization than the flip counterparts (10, 12,
48, 49).

Because of the difference in these properties for the flip and
flop variants of GluA2Q), we tested whether AF44/AF42 differ-
entially inhibited the flip and flop. Indeed, AF44/AF42 pre-
ferred to inhibit the closed-channel state of GluA2Qy,,,, but
with a significantly weaker potency (Fig. 4, A and B). The com-
parison of this result (Fig. 4) with that of the same experiment
but with the flip variant (Fig. 3, A and B) suggested that AF44/
AF42 preferentially inhibited flip over the flop variant of
GluA2Q.

Studying Mechanism of Inhibition of AF44/AF42 by Homol-
ogous Competition Binding Experiment—The fact that AF44/
AF42 inhibited both the closed-channel and the open-channel
conformations of GluA2Qyg;, observed in the amplitude meas-
urements (Fig. 3, A and B), although the inhibition of the latter
was considerably less potent, was consistent with a noncompet-
itive mechanism. If this mechanism was indeed operative,
AF44/AF42 would be expected to bind to a noncompetitive site,
and such a site would be distinct from the glutamate binding
site and would be accessible through both the closed-channel
and the open-channel conformations. In fact, in a homologous
competition binding experiment (36) in which the nonradiola-
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FIGURE 4. Inhibition of the flop isoform of GluA2Q or GluA2Q;,,, by AF44/
AF42. A, AF44/AF42 inhibited the closed-channel conformation of
GlUu2AQy,, expressed in HEK-293 cells. The left panel is the whole-cell current
response to 100 um glutamate, whereas the right panel is the whole-cell cur-
rent to the same glutamate concentration but in the presence of 6.25 um
AF44/AF42. B, the inhibition of the open-channel conformation of GIuA2Qg,,,
by AF44/AF42 was assayed at 3 mm glutamate. Shown are two representative
whole-cell current traces in the absence (left panel) and presence (right panel)
of 6.25 um AF44/AF42.

beled aptamer (or cold aptamer) was used to compete against
the same, but radiolabeled, aptamer (or hot aptamer), AF44
bound to not only the closed-channel conformation (i.e. the
unliganded, closed-channel receptor form) but also the open-
channel conformation (Fig. 54). Specifically, AF44 bound to the
two different receptor conformations with equal affinity, i.e. K,
=44 *+ 18 nM (Fig. 54, left panel, closed-channel conformation)
and K, = 48 = 13 nm (Fig. 5A, right panel, open-channel con-
formation), respectively. Likewise, AF42 was found to bind to
both the closed-channel conformation (K, = 57 = 21 nw; Fig.
5B, left panel) and the open-channel conformation (K, = 44 =
11 nwm; Fig. 5B, right panel), respectively. The binding results
were consistent with noncompetitive sites because these sites
were supposed to be accessible through both the closed- and
the open-channel conformations. The fact that AF44 or AF42
alone did not exert any inhibition and yet each could bind the
receptor further suggested that AF44 and AF42 bound to two
different sites (Fig. 5, A and B). These sites were noncompetitive
type because binding to the receptor by either AF44 or AF42
(Fig. 5C) or the full-length AF1422 (supplemental Fig. S3) was
unaffected in the presence of NBQX, a classic competitive
inhibitor (50).

Studying Mechanism of Action of AF44/AF42 by a Laser-
pulse Photolysis Measurement of Effect of AF44/AF42 on Chan-
nel-opening Rate of GluA2Q,,—Using a laser-pulse photolysis
technique with ~60-ms time resolution (37), we further char-
acterized the mechanism of inhibition of AF44/AF42 by mea-
suring its effect on both k , and k,, of GluA2Qy;, (Fig. 5D) (28,
43). Specifically, k, and k,,, of GluA2Qg; , were determined sep-
arately at 100 and 300 uM glutamate photolytically released by
the laser-pulse photolysis of caged glutamate (see rate equa-
tions and quantitative treatment of the kinetic data under
“Experimental Procedures”). The laser-pulse photolysis exper-
iment also permitted us to follow simultaneously both the rate
of channel opening and the current amplitude at a given gluta-
mate concentration prior to channel desensitization (Fig. 5D)
(28).
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FIGURE 5. Characterization of the mechanism of inhibition of AF44/AF42
by binding and kinetic measurements. A, by homologous competition
binding assay of AF44 (cold and hot) to GIuA2Qg;, receptor, the binding con-
stant, K, was calculated based on triplicate data sets, using Equation 1, to be
44 = 18 nm for the unliganded, closed-channel conformation (left panel) and
48 *+ 13 nm for the open-channel conformation (right panel) of GIuUA2Qg;,,
respectively. B, likewise, K, for AF42 was found to be 57 = 21 nm for the
closed-channel conformation (left panel) and 44 = 11 nm for the open-chan-
nel (right panel) conformation of GIuA2Qg,, respectively. C, percentage of
displacement of the binding of each aptamer in the presence of NBQX. Bind-
ing of hot AF44 or hot AF42 without DMSO and NBQX was set to be 100%
(dashed line). As a control, we tested the effect of 8% DMSO on the binding of
AF44 and AF42 to GIuA2Qg,; this was the same amount of DMSO used to
dissolve NBQX. Triplicate data sets for binding were collected, and the aver-
age value is displayed. D, the laser-pulse photolysis measurement of the
effect of AF44/AF42 on the channel-opening rate of GIUA2Qg;,. At 300 um
photolytically released glutamate concentration (left panel), k., was 4975 =
173 s~ for the control (open circles), but was 4273 = 146 s~ " in the presence
of 1 um AF44/AF42 (open diamonds). The first order rate constants were cal-
culated as the best fit (see the solid line in both traces) by Equation 3. The
currentamplitude in the absence and presence of aptamer was 0.70 and 0.51
nA, respectively. At 100 um photolytically released glutamate concentration,
Ko Which reflected k,, was similarly estimated to be 2297 = 36 s~ ', and the
current amplitude was 0.23 nA in the absence of AF44/AF42 (open circles). In
the presence of 1 um AF44/AF42 (open diamonds), k., was found to be
2223 =255, and the current amplitude was 0.15 nA. The initial spikes prior
to the current rise were discharge signals from the laser flash.

At 1 puM aptamer concentration and at 300 uM glutamate
concentration, AF44/AF42 inhibited kOp as compared with the
control (Fig. 5D, left panel). This was expected because &,
reflected the closed-channel conformation, and thus, the
appearance of an inhibitory effect by the aptamer was consis-
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tent with the notion that AF44/AF42 inhibited the closed-
channel state.

However, at the same aptamer concentration (i.e. AF44/
AF42 of 1 pum) but at 100 uMm photolytically released glutamate
where k_ was measured (28, 43), AF44/AF42 did not show an
inhibition of k_, although it inhibited the current amplitude
(Fig. 5D, right panel). Only at a higher concentration of the
aptamer was the inhibition of k_ observed, along with further
reduction of amplitude (supplemental Fig. S4). These results
demonstrated that AF44/AF42 had a stronger inhibition
toward the close-channel conformation than the open-channel
conformation. This conclusion was again consistent with the
results described earlier. It should be noted that at a low gluta-
mate concentration (i.e. 100 um photolytically released gluta-
mate) where k_ was measured (28, 43), that AF44/AF42 inhib-
ited the current amplitude at a low aptamer concentration but
without inhibiting & was plausible because the macroscopic
amplitude observed at a low glutamate concentration (i.e. 100
uMm  photolytically released glutamate) reflected ensemble
receptors mostly from the closed-channel receptor population,
yet k, reflected the open-channel conformation (see Equations
5-7 under “Experimental Procedures”).

The results from the binding site assessment (Fig. 5, A—C)
and the kinetic characterization of the effect of AF44/AF42 on
both &, and k,, (Fig. 5D; supplemental Fig. S4) as well as the
amplitude measurement (Figs. 3, A and B, and 4) are all consis-
tent with the conclusion that AF44/AF42 is a noncompetitive
inhibitor selective to the GluA2 closed-channel conformation.
Conversely, either a competitive or an uncompetitive mode of
action is inconsistent with our data because AF44/AF42 would
bind to only the closed-channel conformation as a competitive
inhibitor or only to the open-channel conformation as an
uncompetitive inhibitor. The A/A(I) would also increase as the
increase of glutamate concentration for an uncompetitive
model, which contradicts to the observation of the effect of
AF44/AF42 on the amplitude (Figs. 34 and 4).

DISCUSSION

In this study, we have described a de novo design, isolation,
and mechanistic characterization of a novel aptamer pair (i.e.
AF44/AF42) that acts as a potent, noncompetitive inhibitor.
AF44/AF42 is exclusively selective to the GluA2 subunit and is
without any activity even on the rest of the AMPA receptor
subunits, although they are the closest to GluA2 in terms of
sequence homology and presumed protein structure. Between
different isoforms of the GluA2 subunit, AF44/AF42 is strongly
selective toward the flip isoform or GluA2Qy;,,. For GluA2Qy;,,,
AF44/AF42 is selective to the closed-channel over the open-
channel conformation by ~15-fold. To our knowledge, no
inhibitor that shows a single AMPA receptor subunit selectivity
has been documented thus far.

The unique GluA2 subunit selectivity of AF44/AF42 is
achieved through the interaction of the aptamer with the
GluA2Qy,, closed-channel conformation, which we used as the
selection target. The choice of using exclusively the closed-
channel conformation as the target of aptamer selection was
based on our hypothesis that the closed-channel conformation
is more flexible and modifiable than the open-channel confor-
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mation (28). A more flexible protein target (with a presumed
subset of conformational repertory) is more amenable to find a
precise fit from a vast number of guest molecules (i.e. a vast
number of RNA folds in our library). In other words, the best fit
binds best. It is thus not surprising that AF44/AF42 prefers to
inhibit the closed-channel conformation of the flip isoform of
GluA2Q (Figs. 3, A and B, and 4).

Additional evidence that the closed-channel conformation is
more amenable to the isolation of subunit-selective inhibitor
came from another experiment we performed previously (51).
In that study, we used the open-channel conformation of the
GluA2Qy;,,, the same receptor we used here, to identify the
open-channel conformation-selective aptamers. (We prepared
the long-lasting open-channel conformation for the selection
by using kainate, which opens the GluA2Qg;, channel but does
not desensitize it.) Indeed, an aptamer selective to the open-
channel conformation has been successfully isolated (51). How-
ever, the same aptamer (51) is almost equally effective, as an
inhibitor, on the rest of AMPA receptor subunits, i.e. GluAl, -3,
and -4, despite the fact that none of these subunits were ever
subjected to geometrical complementarity selection. Taken
together, these results suggest that the open-channel confor-
mations of all four AMPA receptors are more similar, whereas
their closed-channel conformations are more unique. We
therefore predict that developing subunit-selective inhibitors,
i.e. chemical or nucleic acid inhibitors alike, is more feasible
by targeting the closed-channel conformation of AMPA
receptors.

The identification and characterization of nucleic acid inhib-
itors have yielded additional structural and functional insights
into the GluA2Qy;,- The unique selectivity of AF44/AF42 (and
its predecessor aptamer AF1422) to the closed-channel confor-
mation is in stark contrast to its chemical selective agent or the
selective pressure (29), BDZ-f (see Fig. 3). BDZ-f, a small
organic compound, inhibits both the open- and the closed-
channel conformations, although it prefers, albeit only margin-
ally (i.e. by 1.4-fold), the closed-channel conformation (Fig. 3C).
Yet, the AF44/AF42 pair shows a dominant preference of the
closed-channel conformation over the open-channel one (i.e.
by ~15-fold) (Fig. 3, A and B). We speculate that one of the
main reasons for this much “improved” selectivity by AF1422,
the actual aptamer that was evolved, was due to a more exquis-
ite molecular recognition at the level of geometrical comple-
mentarity between the AF1422 and the receptor. AF1422 is
predicted to resemble a “dumbbell” molecule, which is replaced
at both ends by a pair of smaller, functional RNA folds, i.e.
AF44/AF42 (see the structural similarities in Fig. 2A).
The AF44/AF42 pair, for instance, occupies a much larger sur-
face area than BDZ-f. By estimating atomic volume of AF44 and
AF42 using the NucProt program (52), we find that the radius of
AF44 and AF42is 14.8 and 14.6 A, respectively. Yet the radius of
BDZ-f is only ~5A (estimated by the use of Chem3D Ultra
10.0). A molecule with a larger surface area generally exhibits
more of multivalent binding and interaction to the target mol-
ecule. Multivalent binding increases the binding strength of a
molecule to a single target, when the target displays potentially
multiple, discrete sites for binding (53).
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Based on this dumbbell model, we can estimate that the rel-
ative distance between the two ends of the dumbbell in AF1422
is 60 —80 A. This estimate is based on the secondary structure
prediction from Mfold in that AF1422 contains five base-pair-
ing helixes (Fig. 2A) with 23 base pairs in the middle, and there
are five base pairs on each end (Fig. 24). An average of 2.8 A per
base pair for the A form RNA helix without stacking is further
assumed (54). Therefore, the two ends of the dumbbell-shaped
AF1422 most likely represent the two modular sites for AF1422
or AF44/AF42. As such, the 60— 80 A range is really an estimate
of the distance separation between the two subsites, although
the precise location of these two sites is unknown.

Currently, there is no structural information on the noncom-
petitive sites of 2,3-benzodiazepine inhibitors, including the
one we used here for aptamer selection, on any of the AMPA
receptors. Mapping the location of these sites on the receptor
will be a significant subject of study in the future. The RNA
aptamers we present here, i.e. the AF44/AF42 pair, can be read-
ily developed into labeling probes for mapping the sites of bind-
ing to achieve a greater understanding of the receptor structure
and regulation of receptor function.

Using a high concentration of either aptamer AF44/AF42
(supplemental Fig. S5A) or chemical compound BDZ-f (supple-
mental Fig. S5B), we noticed that the initial, fast desensitizing
phase of the GluA2Qy;, receptor current could be virtually
inhibited, but the nondesensitizing phase remained or seemed
insensitive to inhibitors. At this point, the nature of this residual
activity is unclear, but it is not due to the properties of AF44/
AF42 we have found. Nevertheless, the existence of residual
activity that cannot be inhibited by these noncompetitive inhib-
itors suggests that (a) other types of inhibitors should be used
and/or (b) new aptamers should be developed in the future
specifically against this nondesensitizing receptor state for the
purpose of a complete control of the receptor activity.

How are the properties of AF44/AF42 compared with those
of small molecule inhibitors? First, the exclusive selectivity of
AF44/AF42 toward GluA2 AMPA receptor subunit is unique.
Second, although AF44/AF42 has similar potency with BDZ-f,
which we used for isolating this aptamer, AF44/AF42 is com-
pletely water-soluble. In contrast, BDZ-f and other 2,3-benzo-
diazepine compounds (19) have a serious water solubility prob-
lem, which limits their use in vivo. Thus AF44/AF42 represents
a water-soluble, highly potent, and GluA2 subunit-selective
inhibitor. The unique selectivity of AF44/AF42 toward the
GluA2 subunit without any effect on other glutamate receptor
subunits offers a possibility of controlling the i vivo function of
the GluA2 subunit more precisely and quantitatively with min-
imal or none off-target activity.
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