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Abstract

We recently demonstrated that heteromerization of
innexins 2 and 3 from Drosophila melanogaster (Dm) is
crucial for epithelial organization and polarity of the
embryonic epidermis. Both innexins are thought to inter-
act via their C-terminal cytoplasmic domains during the
assembly of heteromeric gap junction channels. How-
ever, the mechanisms that control heteromeric versus
homomeric channel formation are still largely unknown.
Here we report the isolation of both non-modified and 2'-
fluoro-2'-deoxy-modified RNA anti-innexin 2 aptamers by
in vitro selection. The aptamers bind to a proximal epi-
tope on the carboxyl-tail of Dm innexin 2 protein and
specifically inhibit the heterologous interaction of innexin
2 and innexin 3 carboxyl-termini in vitro. These domain-
specific inhibitors represent the first step towards func-
tional studies focusing on the activity of these domains
in vivo.

Keywords: aptamer; Drosophila; gap junctions;
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Introduction

Gap junction communication channels enable the inte-
gration of metabolic and signaling activities by allowing
the direct intercellular exchange of cytoplasmic small
molecules, ions, and metabolites. They are clustered in
spatial micro-domains in the plasma membranes of
neighboring cells at regions of cell adhesion. Gap junc-
tion channel proteins of vertebrates are encoded by the
connexin multi-gene family, which consists of 20 mem-
bers in mice and 21 in humans (Sohl and Willecke, 2004).
Connexins oligomerize to form hexameric hemichannel
subunits, two of which, contributed by each of the
opposing cells, dock head-to-head extracellularly to form

a double membrane-spanning intercellular channel (Mar-
tin and Evans, 2004; Segretain and Falk, 2004). Because
tissues usually express different connexin isoforms, cells
can potentially form homo- or heteromeric hemichannels
that can assemble into even more complex homotypic or
heterotypic channels. In this way, combinatorial assem-
bly of relatively few protein isoforms might result in a
highly diverse variety of differently composed gap junc-
tions, which might enable cells to regulate gap junction
communication in a highly complex fashion. Thus, vari-
ation in connexin stoichiometry might determine the
selectivity of channels, which may allow cells to dynam-
ically regulate intercellular properties. Whether such dif-
ferent types of hemichannels occur in the same cell and
what function they may serve in vivo are still essentially
unclear (Kumar and Gilula, 1996). Invertebrate gap junc-
tion proteins are encoded by the innexin multi-gene fam-
ily (Phelan et al., 1998; Bauer et al., 2005). Innexins span
the membrane four times (TM1-TM4) and form two large
extracellular loops. The amino- (NT) and carboxyl-termini
(CT) and the loop between TM2 and TM3 (CL) are located
in the cytoplasm (Figure 1A). Analogously, six innexins
are supposed to assemble into a hemichannel (innexon)
in a homo- or probably heteromeric fashion (Figure 1B).
Thus, invertebrate innexins resemble connexin channel
formation in vertebrates (Phelan and Starich, 2001; Bauer
et al., 2005; Lehmann et al., 2006).

In Drosophila melanogaster, eight innexins have been
identified that share no sequence similarities to mam-
malian connexins, but show some sequence similarities
to the recently discovered pannexin protein family (Steb-
bings et al., 2002; Bruzzone et al., 2003; Sohl and Wil-
lecke, 2004). With respect to structural similarities,
innexin NT, CL or CT may nonetheless fulfill similar func-
tions to corresponding intercellular domains of
connexins. Investigation of connexin CT domains, for
example, led to the discovery of B-catenin (Ai et al.,
2000), zonula occludens (ZO-1) (Giepmans and Moole-
naar, 1998; Toyofuku et al., 2001; Sorgen et al., 2004),
v- and c-src (Duffy et al., 2001), tubulin (Giepmans et al.,
2001) and caveolin-1 (Schubert et al., 2002) as presump-
tive direct interaction partners. In D. melanogaster, arma-
dillo (3-catenin), DE-cadherin and probably the septate
junction protein coracle have been identified to interact
with innexin 2 (Bauer et al., 2004). Furthermore, for
connexins, intramolecular interactions such as dimeriza-
tion of CT domains or binding of the carboxyl tail to a
receptor domain in the cytoplasmic loop in homologous
and heterologous hemichannels were discussed in the
context of a ‘ball and chain’ model for regulation of the
gating of gap junctions (Anumonwo et al., 2001; Duffy et
al., 2002; Sorgen et al., 2004). However, only limited bio-
chemical evidence is available on innexin oligomeriza-
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Figure 1 Topology of innexin 2 (Ix2) gap junction channels.
(A) Topology of innexins (TM, transmembrane domain; NT, N-
terminal domain; CL, cytoplasmic loop; CT, cytoplasmic tail).
(B) Docking of two half-channels (innexons) each composed of
six subunits (innexins) to form a gap junction channel.

tion, and molecular or biochemical evidence for hetero-
meric hemichannels and for heterotypic gap junctions in
Drosophila is still scarce.

Recently we have shown that innexins 2 and 3 form
mixed channels that control the localization of adherens
junctional core proteins required for epithelial organiza-
tion in the Drosophila epidermis. By applying co-immu-
noprecipitation analyses, transgenesis, and surface
plasmon resonance studies, we observed that innexins 2
and 3 interact in vitro and in vivo via their CT cytoplasmic
domains, thereby providing strong evidence for a direct
and functional interaction between two invertebrate
innexins (Lehmann et al., 2006).

To provide further evidence of a domain-specific func-
tional role of innexins 2 and 3 in Drosophila, we searched
for domain-specific inhibitors of these proteins that could
be applied to study the function of the domains within
their natural expression status. Aptamers have been suc-
cessfully applied to modify protein functions inside cells
(Blind et al., 1999; Shi et al., 1999; Mayer et al., 2001;
Famulok and Verma, 2002; Theis et al., 2004; Famulok
and Mayer, 2005; Choi et al., 2006). However, to the best
of our knowledge, intercellular domains of multi-
membrane-spanning proteins or protein complexes have
yet not been investigated using an aptamer approach.
Here, we report the selection of both non-modified and
2'-fluoro-2'-deoxy-modified RNA aptamers binding to a
proximal epitope on the carboxyl tail of Dm innexin 2
protein. These aptamers specifically inhibit the heterolo-
gous interaction of innexin 2 and innexin 3 CTs in vitro.

Results

Selection of aptamers binding the innexin 2 carboxyl
tail

Detailed sequence comparison of eight D. melanogaster
innexins revealed the CTs as regions with the highest
variability within the highly homologous members of this
protein family (Stebbings et al., 2002). Thus, to select
RNA aptamers specific for an intercellular domain of Dm

innexin 2, we used a biotinylated version of a peptide
fragment with low sequence conservation derived from
the carboxyl tail (Bio-Ix2CTept1) for aptamer selections
(Figure 2). A pool of approximately 1.5x10' different
DNA molecules was subjected to T7 polymerase tran-
scription using either natural nucleoside triphosphates
(NTPs) or 2'-fluoro-2'-deoxy pyrimidine triphosphates,
together with purine triphosphates, to yield 2'-fluoro-
modified RNAs with improved stability towards nucleases
(Pieken et al., 1991; Lin et al., 1994; Proske et al., 2002b).
Two selections were performed in parallel to isolate both
unmodified RNA aptamers and 2’'-fluoro-modified apta-
mers, which bound to Bio-Ix2CTept1 immobilized on
streptavidin agarose.

After 12 selection cycles with unmodified RNA (OU),
and 10 cycles in the selection with modified RNA (FS),
individual members of the libraries were cloned and
sequenced. Figure 3A lists the most abundant sequenc-
es. Several conserved sequence motifs were surprisingly
predominant in both selections. A GGNTAAGGT motif is
present in the most frequent sequences of both enriched
pools, whereas most of the other sequences contain the
G- and U-rich motifs UUGGGU and GUGGGGGGUCG
with small variations. To compare the affinities of the
enriched pools with those of individual sequences, we
determined their dissociation constants (K, values) by fil-
ter binding assays using biotinylated Ix2CTept1 immo-
bilized on streptavidin (Figure 3B). Aptamer sequences
bound the peptide-streptavidin complex with K, values
in the mid-nanomolar range and showed no significant
binding to streptavidin alone (Table 1). However, when a
His,-tagged version of the complete innexin 2 CT (His-
Ix2CT) was used, the same aptamers exhibited signifi-
cantly reduced affinity, while clone FS2 still showed tight
binding (data not shown). Additional binding studies
revealed that this effect was caused by the absence of
streptavidin, which appeared to be partially utilized by
these aptamers, in addition to the innexin 2 epitope, to
achieve tight binding (data not shown).

To generate non-modified RNA aptamers that bind to
Ix2CT independent of the presence of streptavidin, a new
library was created by 30 cycles of mutagenic PCR of

Ix2CTept1
Ix2CT -RIAVVAGHKLRHLLLRARSRLIES
Ix3CT YSLVVIMMPTTRETIIKRSYHRSAQR
Ix2CT EFVELVANKCN! CIWFLI.YQ! .GKNT
Ix3CT KEIAGLVRRLEIGDFLILHFLSQNL
I%2CT DPLIVKEVISD ------
Ix3CT STRSYSDMLQOQICGLLGASRTESAP

1x2CTept2

1x2CT  --PERS--AKR--EpA---------

Ix3CT STLEMNRISHPIYPPVETFGGGKETET

Figure 2 Sequence comparison of Ix2- and Ix3CT using
ClustalW.

Identities (gray) and similarities (bold) are highlighted. The 14-
aa-long peptide fragment Ix2CTept1 (boxed sequence) was cho-
sen for aptamer selection. Ix2CTept2 served as a negative
control in filter binding assays.



A 5'-TCTAATACGACTCACTAT. GCTTGGGTC-N40—-

CTCTTGCTCTTCCTAGGAGT-3'
OU3 22x AGCTTTGTAAATGGCTAAGGTIGTATTAGAGCGCGCGAGGC
OUl 1lx TGGTGT CGGGTGTACACGTACG!
OUS 6x ATGGAA TGGTTTGE
OU23 4x AATTTCGAGGTATA TCTGATTGAACATG
OU36 3x AGCTTTGTAAATGGCTAAGATGTATTAGAGCGCGCGAGGC
OU48 3x GTCGGACGTTGGAGGTTGGGTAGGTTGGTGAARGTACGTTC

FS1 15x TAAAGAATGAGGATAAGGTAGTGAGGATTGGCAGCCGGGE
FS6 7x GIGTGGTTGGAAGGTITGGGECGETGGGUTGCGATCTGCG
FS10 4x CGGTAGGGGGCGGAGGGTGGTTGGAGTTGTTATCGGGTG
FS19 3x GTGAGTTGGGHCCGACGAGTTGA!
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Figure 3 Sequences and affinity curves of aptamers selected
for binding to Bio-Ix2CTept1/streptavidin.

(A) During selection, two different aptamer species sharing con-
sensus motifs were evolved. Sequences of aptamers binding to
the streptavidin/Bio-Ix2CTept1 complex are given with name,
abundance and sequence of the random region N40. Pool ‘1-40’
sequence is written at the top. Common sequence motifs are
boxed (white/gray shade); point mutations from the consensus
are in gray. (B) Exemplary filter-binding assay of aptamers shown
in panel (A) with Bio-Ix2CTept1 captured on streptavidin: (H)
unmodified, unselected pool of selection round 0; (@) OU3 RNA;
(A) unmodified RNA from final pool of selection round 12.

the two aptamer sequences OU1 and OU3 at a mutation
rate of 2% (Cadwell and Joyce, 1992, 1994) for use in a
re-selection. During re-selection, RNAs with the ability to
bind GST-Ix2CT were specifically eluted with excess His-
IX2CT to increase the stringency for evolution towards
IX2CT binders. Sequencing of the library after three
cycles resulted in two new predominant sequences (Fig-
ure 4A). The re-selected sequences still contained the
consensus motifs UUGGGU and GUGGGGGGUCG of
their parent aptamers, with slight changes, but showed
otherwise significant differences to OU1 and OUS,
respectively. In contrast to the previously selected apta-
mers, these RNAs bound His-Ix2CT with nanomolar
affinity (Figure 4B, right panel), but had lost their ability
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to bind to the Bio-Ix2CTept1-streptavidin complex (Fig-
ure 4B, left panel). Thus, the re-selection led to significant
improvement of the selected aptamer with respect to tar-
get specificity.

Shortened aptamers are sufficient to bind His-Ix2CT

We next determined the minimal aptamer sequences
required for His-IxX2CT binding. Gradually shortened ver-
sions of RE3A, RE3G and FS2 were produced by in vitro
transcription and their affinities were tested in filter-bind-
ing assays (Table 2). The shortening of the sequences
was combined with small modifications at the 5'- and 3'-
ends to maintain the 5'-G triplet required for efficient
yields during transcription with T7 RNA polymerase. Both
RE3A and RE3G fold into compact paired structures,
with only a few short G and U-rich loops (Figure 5), as
suggested by the free-energy-minimized secondary
structures calculated by the Mfold algorithm (Zuker,
2003). Both RE3G and FS2 could be shortened to 45 and
47 nt, respectively, without significant loss of binding
affinity (Figure 5, Table 2). In addition, we successfully
replaced the single A in sequence RE3G by a G to gener-
ate what is, to the best of our knowledge, the first RNA
aptamer (RE3G45S) consisting of only three different
nucleotides. This is more than just a simple anecdotal
result, because functional RNAs composed of a reduced
set of only three or even two nucleotides have implica-
tions for early evolution in a hypothetical RNA world
(Rogers and Joyce, 1999, 2001; Reader and Joyce,
2002). Interestingly, the selected sequences display high
G-content, especially the consensus sequences. This
raises the possibility that RE3G might form a G-quadru-
plex scaffold. RE3A could be reduced to 60 nt, whereas
the 45-mer showed lower binding affinity to His-Ix2CT
(Figure 5). Dissociation constants measured for short-
ened and full-length aptamers are summarized in Table
2.

Aptamers can recognize full-length innexin 2

Pull-down experiments with biotinylated RNA were per-
formed to further validate the specificity and binding
properties of aptamers towards innexin 2. Labeled
innexin 2 and innexin 3 were produced by coupled in
vitro transcription/translation reactions in the presence of

Table 1 Dissociation constants of various aptamer and pool RNAs as determined in filter binding assays.
Aptamer Ky (nm)?
Streptavidin+Bio-Ix2CTept1 Streptavidin+Bio-Ix2CTept2 Streptavidin His-Ix2CT

Oout 4414 >5000 >5000 >2000
ou3 276195 >5000 >5000 >2000
Oous 112+30 >5000 >5000 >2000
Pool 12 (OU) 115£19 >5000 >5000 >2000
Pool 0 >5000 >5000 >5000 >2000
FS1 203+71 >5000 >5000 >2000
FS2 226130 >5000 >5000 84112

2RNA sequences (OU1; OU3; FS1; FS2) bind to Bio-Ix2CTept1 immobilized on streptavidin in a concentration-
dependent fashion, whereas the unselected library (Pool 0) does not. RNAs selected for binding to this epitope
neither bound to streptavidin alone, nor the streptavidin-immobilized epitope Bio-Ix2CTept2. The complete
innexin 2 C-terminal domain fused to a Hisg-tag (His-Ix2CT) is only bound by the aptamer FS2.
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Re3A 12x AGCCGTGCETTCGGTTGGGTGGTGGEETGGAGGTGATGA

Re3G 8x GGGAGTGCGTGCGCTGCGCGCTGGGGGETETGTTCGCTTG
Fs2 8x ATTGTTGGGTATGACTTTACGT TGGGGGGTCCGTGAG
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Figure 4 Sequences and affinity curves of aptamers re-select-
ed for binding to His-Ix2CT.

(A) Random regions of re-selected aptamers binding to His-
Ix2CT. (B) Filter-binding assays of aptamers shown in (A) with
Bio-Ix2CTept1/streptavidin (left panel) and His-Ix2CT (right pan-
el). (M) FS2, 2'-fluoro-modified RNA; (@) RE3A RNA; (A) RE3G
RNA.

[®°S]-Pro-mix. Fractions bound to biotinylated RNA
immobilized on streptavidin agarose were directly loaded
onto SDS-PAGE after elution. Bands in the autoradio-
gram indicate that the re-selected aptamers RE3A and
RE3G could recognize full-length innexin 2 and discrim-
inate it from innexin 3 (Figure 6). A negative control
sequence and an aptamer for Bio-Ix2CTept1-streptavidin
complex (OU-1) were unable to bind innexin 2 in this
assay.

Aptamers inhibit the interaction of innexin 2CT
and innexin 3CT in vitro

Previously we investigated the interactions of isolated
innexin 2 and innexin 3 intercellular domains using sur-
face plasmon resonance (Lehmann et al., 2006). Here we
established GST pull-down assays to provide further evi-
dence of the specificity of these interactions.

In vitro translated [%5S]-labeled innexin 2 fused to a
Myc tag (Myc-Ix2) was incubated with GST-tagged
innexin domains bound to glutathione-Sepharose beads.
GST immobilized in the same way was used as a nega-
tive control. The eluted protein complexes were resolved
by SDS-PAGE and visualized by autoradiography (Figure
7). When in vitro-translated [**S]-labeled innexin 2 was
incubated with GST fusion proteins of the intracellular
domains of innexins 2 and 3, binding could only be

Table 2 Dissociation constants of re-selected apta-
mers RE3A, RE3G, and shortened versions thereof,
as determined in filter binding assays.

RNA2 Length Ky (nm)
(nt) His-Ix2CT

RE3A 79 308+18
RE3A60 60 212427
RE3A45 45 >500

RE3G 79 222136
RE3G45 45 343154
RE3G45S 45 172+8

FS2-47 47 120+12

2RNA sequences binding to His(Xa)-Ix2CT.

FS2 GGGAGAGACAAGCUU CCUUGCUC UUCCUAGGAGU
;GGUCAUUGU UGGGUAUGACUUUACGUGGGUGGGGGGUCCGUGAGC U-)

FS2-47 GGGUCAUUGUUGGGUAUGACUUUACGUGGGUGGGGGGUCCGUGAGCC
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Figure 5 Proposed secondary structures of aptamers and the
respective minimal motifs.

Secondary structures were calculated using Mfold. G—A
replacement of one nucleotide in RE3G45 resulted in an aptamer
(RE3G45S) lacking adenosine. Additional modifications in com-
parison to full-length aptamers (79 nt) were introduced to
increase the folding stability (arrows), and are shaded in gray.

detected to the GST-innexin 2 cytoplasmic loop (GST-
Ix2CL) and the GST-innexin 3 cytoplasmic tail (GST-
IX3CT). A weak interaction was also observed for the
GST-innexin 3 cytoplasmic loop (GST-Ix3CL), but not to
GST or any of the other fusion constructs (Figure 7A).
These results correlate well with our previous measure-
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Figure 6 Re-selected aptamers specifically pull down innexin
2.

Aptamers discriminate innexin 2 from innexin 3. In vitro trans-
lated Myc-tagged Ix2 and Ix3 were incubated with biotinylated
aptamers bound to streptavidin agarose. Analysis was by SDS-
PAGE and autoradiography. TL, input of translation per pull-
down assay.
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Figure 7 Pull-down experiments confirm the interaction of the
innexin 2 C-terminus with the innexin 3 cytoplasmic tail.

(A) GST pull-down assay of in vitro translated Myc-Ix2 with inter-
cellular domains of I1x2 and Ix3. Ix2CL, Ix3CL and Ix3CT were
identified as possible interaction partners of IxX2CT. (B) His-Ix2CT
is specifically precipitated by GST-Ix3CT, confirming the inter-
action of the cytoplasmic tails. For the detection of bound His-
Ix2CT in Western blots, an «a-penta-His-specific monoclonal
antibody was used. (C) Inhibition of MycIx2/GST-Ix3CT interac-
tion by aptamers. GST pull-down of Myc-Ix2 by GST-Ix3CT is
inhibited in presence of the re-selected aptamers RE3A, RE3G,
and by FS2, but not by the unselected pool 0 RNA. ‘-RNA’, with-
out RNA. (D) Inhibition of His-Ix2CT/GST-Ix3CT interaction by
aptamers RE3A and RE3G. The aptamers specifically reduce the
amount of His-Ix2CT complexed to GST-IxX3CT. The immunoblot
was probed with an anti-penta-His antibody. ‘Pool’, pool 0 RNA;
‘“RNA’, without RNA; ‘GST’, GST negative control.

ments using surface plasmon resonance (Lehmann et al.,
2006). Thus, the interaction observed between GST-
IX3CT and Myc-Ix2 is likely due to an interaction with the
innexin 2CL and/or the innexin 2CT. Both interactions
might also occur in heteromeric hemichannels in vivo.
We next analyzed the interaction between innexin 2CT
and innexin 3CT using purified proteins. His-Ix2CT asso-
ciated with GST-Ix3CT, but only poorly with GST alone
(Figure 7B). These results confirm the interaction of the
CT of these innexins and provide a good experimental
basis to investigate the effect of the selected aptamers
on this interaction. We analyzed three different selected
RNA molecules, RE3A, RE3G, and FS2. As a negative
control we used the unselected pool. The presence of
RE3A, RE3G or FS2 RNA in the pull-down mixture led to
a clear decrease in the amount of complex formed
between the CTs of innexin 3 and Myc-tagged innexin 2
(Figure 7C). In contrast, the unselected pool had no effect
on the pull-down efficiency of the Ix3/Ix2 complex. The
2'-fluoro-modified FS2 RNA showed the most pro-
nounced decrease in the amount of complex formed. The
same result was obtained when Myc-tagged full-length
innexin 2 was replaced by the histidine-tagged innexin 2
CT domain. Again, the unselected pool had no effect on
the pull-down efficiency of the complexation of the two
CT domains, whereas both RE3A and RE3G reduced the
pull-down efficiency of the Ix3/Ix2 complex. GST alone
was unable to bind to His-Ix2CT (Figure 7D). Thus, all re-
selected aptamers and FS2 efficiently inhibit the inter-
action between the CTs of innexin 2 and innexin 3.
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Discussion

Gap junction proteins possess a conserved topology and
the sequences of the innexin family members within a
species are highly homologous. Within the eight innexins
present in D. melanogaster, innexin 2 is the smallest, with
367 amino acids and a molecular weight of 42.5 kDa
(Bauer et al., 2005). By P-element insertion, Drosophila
lines with defects in the inx2 transcriptional unit were
generated and isolated (Bauer et al., 2002). Two-thirds of
these kropf mutants were embryonic lethal. Mutant
embryos were growth-retarded and exhibited segment
defects and holes in the epidermis of the head region.
Few mutants developed to larval state, but exhibited a
severe feeding defect due to a misshapen proventriculus.
Immunohistochemical data showed that innexin 2 is dis-
tributed ubiquitously in epidermal epithelial cells in
normal embryos (Bauer et al., 2003). The protein accu-
mulates in apico-lateral membrane domains and in the
cytoplasm. Yeast two-hybrid screens identified DE-cad-
herin, coracle, and armadillo as interaction partners for
the intracellular domains of innexin 2 (Bauer et al., 2002,
2006; Lehmann et al., 2006). Innexin 2 co-localizes with
armadillo and DE-cadherin in the embryonal epidermis.
In kropf mutants, however, DE-cadherin and armadillo are
mislocalized. Genetic evidence showed that a wingless
signal activated innexin 2 transcription. During morpho-
genesis of the gut, wingless induces inx2 expression at
the ectoderm/endoderm transition, and this signal is
required for proventriculus formation (Bauer et al., 2002).

While the kropf phenotype suggested a profound role
of gap junction proteins in morphogenesis and other cel-
lular processes, several aspects remain that are unclear
and require further studies. For example, the molecular
basis for functional differences among the various
innexins still remains elusive, particularly in light of their
high homology. The biological importance of heteromeric
and homomeric channel formation is still unknown. Func-
tional differences between individual members of the
innexin family might be due to differences in the less con-
served protein domains, i.e., the intracellular loop and the
CT. Functional studies focusing on the activity of these
domains would strongly benefit from the availability of
inhibitors  specifically targeting individual innexin
domains. Therefore, the RNA aptamers described here
that selectively target an innexin 2 cytoplasmic CT
domain represent a first step towards this goal.

The anti-innexin 2 aptamers isolated in this study rep-
resent the first example of aptamers that target a cyto-
plasmic domain of a transmembrane protein that passes
through the plasma membrane several times. So far,
aptamers binding to cytoplasmic domains of transmem-
brane proteins have been described only for single trans-
membrane proteins, or for extracellular domains of
single- or multi-transmembrane proteins. For example,
whole-cell SELEX has yielded aptamers targeting extra-
cellular domains (Pestourie et al., 2005) such as the RET
receptor tyrosine kinase (Cerchia et al., 2005), tenascin
C (Daniels et al., 2003), and the y-aminobutyric acid
(GABA) receptor (Cui et al., 2004). Examples of intracel-
lular domains of single-transmembrane proteins include
the «, B,-integrin domain LFA1 (Blind et al., 1999) and B-
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secretase BACE1 (Rentmeister et al., 2006), among
others (Famulok and Verma, 2002). Furthermore, we
report here one of the few examples in which an aptamer,
the 2’-F-modified aptamer FS2, was initially selected for
binding to a relatively short peptide epitope while still
being able to recognize the full-length protein or an entire
protein domain. Other examples that yielded protein-spe-
cific aptamers from selections with short peptide epi-
topes include the NS3 protease domain of hepatitis C
virus (Urvil et al., 1997) and the prion protein (Proske et
al., 2002a).

The other aptamers isolated in the initial selection only
bound to the biotinylated peptide epitope 1 (Bio-
Ix2CTept1), immobilized on streptavidin, providing an
example of aptamers that require streptavidin as a ‘hap-
ten’ for tight binding. These aptamers are not streptavidin
binders; they require the immobilized Bio-Ix2CT-epitope,
do not bind streptavidin alone and do not share any
sequence homologies to known streptavidin-binding
aptamers (Srisawat and Engelke, 2001). Consequently, it
was possible to evolve members of the selected
sequences into aptamers that recognize the innexin 2-
CT domain alone, without requiring streptavidin. Filter-
binding experiments confirmed that His-Ix2CT is bound
by the evolved sequences RE3A and RE3G with apparent
affinities of 308 and 222 nwm, respectively. The re-selected
sequences differ significantly from the sequences they
were originally derived from, although the mutation rate
of approximately 2% per base is moderate, and leads,
on average, to 1-2 point mutations per 40-mer
sequence. Sequence comparison of OU1 with the re-
selected aptamers RE3A and RE3G shows that only 18
of the 39 positions in RE3A are identical to OU1, and 14
of the 40 positions in RE3G are identical to OU1. Inter-
estingly, however, the consensus motifs observed in all
selected sequences, including the 2’'-fluoro-modified
FS2, remained conserved in the re-selected sequences,
suggesting that these motifs are important for binding.
Furthermore, this finding also indicates that parts of the
Ix2CTept1 peptide still belong to the binding epitope
recognized by RE3A and RE3G. These sequences can
recognize innexin 2 in the context of the full-length pro-
tein, as indicated by the pull-down experiments with the
in vitro-translated Myc-innexin 2 and with Hiss,-Xa-tagged
innexin 2CT. The His-tag and the protease factor Xa
cleavage site are not utilized as ‘haptens’ for binding.

The affinity of these aptamers lies within a range that
is often observed for aptamers that bind protein
domains. Tight-binding aptamers have previously been
observed that preferentially evolve to epitopes containing
positively charged amino-acid residues, presumably util-
izing electrostatic interactions (Nieuwlandt et al., 1995;
Kimoto et al., 1998; Blind et al., 1999). Indeed, the epi-
tope for which our selection was successful, Ix2CTept1,
contains the highest number of positively charged ami-
no-acid residues found in the complete CT domain of
innexin 2, namely four arginines and one lysine residue.

Importantly, the selected aptamers interfere with the
interaction of the CTs of innexins 2 and 3 (Figure 7C,D).
This interaction was previously quantified in vitro by sur-
face plasmon resonance measurements using the three
immobilized innexin 3 cytoplasmic NT, loop, and CT

domains, as well as the His,-Xa-tagged innexin 2CT. It
was also shown by biochemical fractionation experi-
ments and co-immunostaining that innexin 2 and innexin
3 form heterodimers in vivo during the assembly of hete-
romeric channels. These data suggest that innexin hete-
romerization is crucial for epithelial tissue morphogenesis
and polarity in Drosophila epidermis development. Fur-
thermore, the binding of the two innexins via their CT
domains provides a mechanism for oligomerization of
heteromeric channels (Lehmann et al., 2006). The dis-
sociation constant by which the CTs of the two innexins
bind to each other in vitro was in the low micromolar
range (K ,=2.45 wm). This affinity is in a range that
appears suitable for interference with an inhibitory apta-
mer that binds to one of the interacting domains, namely
Ix2CT, with approximately 10-fold better affinity (Table 2).
The aptamers described here might be suitable inhibitors
for targeting the innexin 2 CT domain in an in vivo envi-
ronment in Drosophila embryos or larvae. In particular,
the 2'-fluoro-modified FS2-47 sequence might be suita-
ble for this purpose, not only because it is the sequence
with the highest activity in interfering with heteromeriza-
tion in vitro (Figure 7C), but also because of the generally
increased stability of chemically modified aptamers
(Kubik et al., 1997; Pagratis et al., 1997; Ruckman et al.,
1998). We will report on the in vivo applications of these
aptamers in due course.

Materials and methods

Materials

The peptides Bio-Ix2CTept1 and Bio-Ix2CTept2 were purchased
from Jerini AG (Berlin, Germany), streptavidin was from Sigma-
Aldrich GmbH (Munich, Germany), Ultralink streptavidin agarose
was from Pierce Biotech, Inc. (Rockford, IL, USA), and the anti-
penta-His-antibody was from Qiagen AG (Hilden, Germany).

Protein expression and purification

His- and GST-fusion proteins used in this study, as well as GST,
were overexpressed in Escherichia coli from expression vectors
described elsewhere (Lehmann et al., 2006). GST proteins from
lysates were purified on glutathione-Sepharose according to the
manufacturer’s instructions (Amersham, Freiburg, Germany).
Purified GST-fusion proteins were desalted, followed by dialysis
against binding buffer (PBS, 3 mm MgCl,, pH 7.4) to remove free
and bound glutathione. The proteins containing an N-terminal
His6-tag were purified by standard Ni2*-NTA affinity chromatog-
raphy and dialyzed against binding buffer.

RNA library design and construction

The synthetic ssDNA library 5-TCT AAT ACG ACT CAC TAT
AGG GAG AGA CAA GCT TGG GTC-N40-CTC TTG CTC TTC
CTA GGA GT-3' (where N40 is the randomized part) was ampli-
fied using the selection primers P20l (5'-ACT CCT AGG AAG
AGC AAG AG-3') and P39F (5'-TCT AAT ACG ACT CAC TAT
AGG GAG AGA CAA GCT TGG GTC-3'). A double-stranded
DNA pool was generated from the original synthetic oligomer by
large-scale PCR, and an RNA pool was transcribed from a por-
tion (approx. 10'* sequences) of this pool. In vitro transcription
with T7 RNA polymerase yielded the corresponding RNA library.
In selections with the 2’-fluoro-2’-deoxy-modified RNAs, in vitro
transcription was performed in the presence of 2'-fluoro-2’'-



deoxy-pyrimidine triphosphates using the T7 RNA polymerase
mutant Y639P (Sousa and Padilla, 1995).

In vitro selection of aptamers

Selections were carried out as previously described (Blind et al.,
1999). In particular, internally [*2P]-labeled RNA (10 nmol in cycle
1, 2 nmol in subsequent cycles) was incubated with biotin-
Ix2CTept1/streptavidin agarose in selection buffer (4.3 mm
Na,HPO,, 1.4 mm KH,PO,, 2.7 mm KCI, 147 mm NaCl, 3.0 mm
MgCl,, pH7.4) with 0.8 U/l RNasin for 30 min at 25°C. After
washing with selection buffer, binding species were eluted with
denaturing buffer (30 mm Tris, 5 mm EDTA, 6 M guanidine hydro-
chloride, pH 7.4). Eluted RNA was amplified as previously
described (Klug et al., 1997).

Error-prone PCR (EP-PCR)

EP-PCR was carried out according to Cadwell and Joyce (1994).
To mutagenize the aptamers OU1 and OU3, 200 ng of DNA was
amplified for 15 cycles in a 100-.l EP-PCR mixture (10 mm Tris,
pH 8.3, 50 mm KCI, 7 mm MgCl,, 1 mm dCTP, 1 mm dTTP, 0.2 mm
dATP, 0.2 mm dGTP, 2 wmM 5'-pimer, 2 wM 3'-primer, 0.5 mm
MnCl,, 0.05 U/l Tag DNA polymerase from Promega (Mann-
heim, Germany). Before final extension at 72°C was completed,
1 wl of the EP-PCR reaction was transferred to a new preheated
tube containing 99 .l of EP-PCR mixture and again amplified
for 15 PCR cycles. Thermocycling was at 94°C for 60 s, 55°C
for 60 s, and 72°C for 60 s. For the re-selection library, DNAs of
OU1 and OU3 mutagenesis were mixed 1:1.

Re-selection

For re-selection, internally [3?P]-labeled RNA (2 nmol) was incu-
bated with GST-Ix2CT and selected with 1.6 U/wl RNasin for
30 min at 25°C. The GST fusion protein was captured on gluta-
thione-Sepharose (Amersham). After washing with selection buf-
fer, bound RNAs were eluted by competition with 5 um His-
IX2CT in binding buffer and amplified as described earlier.

Filter binding assays

Filter binding was performed as described by Proske et al.
(2002b). Essentially, binding studies were performed with 1 nm
5'-[%2P]-labeled RNA. In Bio-Ix2CTept binding assays, RNA was
incubated with a peptide dilution series ranging from 1 nm to
10 M in 50 wl of binding buffer plus 20 wg/ml streptavidin to
improve retention on the nitrocellulose filter and 1% heparin for
30 min at 25°C. His-Ix2CT binding studies were performed with
25 nm to 2-5 M His-Ix2CT and 1 pum E. coli tRNA. The per-
centage RNA retained on each filter was quantified by
Phosphorlmaging.

Pull-down and inhibition assays

A coupled TNT transcription/translation kit (Promega) was used
according to the manufacturer’s instructions and supplemented
with [34S]-Pro-mix to produce in vitro translated proteins from
constructs described elsewhere (Lehmann et al., 2006). In the
aptamer binding assays, 5'-biotinylated RNAs were incubated
with 2 wl of translation mix in 25 .l of binding buffer for 30 min
at 25°C. RNAs were captured on streptavidin agarose. For GST
pull-down assays, equimolar amounts of GST and GST-fusion
proteins using 400-540 ng of protein were immobilized on 10 .l
of glutathione-Sepharose by incubation for 4 h at 25°C in binding
buffer plus 1 mm DTT, 1 g/l BSA and 2 g/l salmon sperm
DNA. Beads were washed with binding buffer prior to addition
of either 10 I of translation mix or His-Ix2CT at a final concen-
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tration of 600 nM. In the inhibition assays, 1 M RNAs (Myc-I1x2)
or 2 wM RNAs (His-Ix2CT) was incubated with proteins in bind-
ing buffer with 0.8 U/l RNasin for 15 min prior to the addition
of GST-Ix3CT captured on GST-Sepharose. Incubation was car-
ried out for 1 h at 25°C. The total volume of binding mixtures in
GST pull-down assays was 100 l. All matrixes were washed
with binding buffer and bound proteins were eluted with Laemmli
buffer. Eluates were separated by SDS-PAGE and proteins were
detected using autoradiography or after Western blotting with
anti-penta-His antibody.
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