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Pan-Selective Aptamers for the Family of Small GTPases
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The members of the large family of small-GTP-binding proteins
(GTPases) function as molecular switches and are involved in
regulation of a wide variety of cell processing events through
signal cascades. Their molecular masses typically range be-
tween 20–40 kDa. Small GTPases cycle between an inactive
GDP-bound conformation and an active GTP-bound state.[1]

Only in their active conformation can GTPases interact with
effector proteins to induce downstream signalling events. The
cycling is regulated by guanine nucleotide exchange factors
(GEFs) that induce the release of bound GDP to be replaced by
GTP, and by GTPase-activating proteins (GAPs) that accelerate
the GTPase activity of small GTPases.[2] The Ras superfamily is
structurally classified into at least five families : Ras, Rho, Rab,
Sar1/Arf and Ran. The 36 Ras family members are key media-
tors of extracellular signal transduction and regulate multiple
downstream effects, mainly by modulation of gene expression.
They also directly or indirectly regulate cell proliferation, differ-
entiation, and survival. Rho proteins, the second branch of the
Ras superfamily comprising at least 20 members, also serve as
key regulators of extracellular-stimuli-transducers that mainly
direct actin reorganisation, cell-cycle progression and gene ex-
pression and thus are involved in cancer progression.[3] The
Rab family consists of 61 members[4] and is known to regulate
intracellular vesicle transport and the trafficking of proteins be-
tween different organelles of the endocytic and secretory path-
ways.[5] They are involved in vesicle formation, budding, trans-
port, fusion and release events.[6] In humans, 27 genes for Arf
family proteins have been found.[7] The Arf family is involved
mainly in vesicle budding, but also in endocytic recycling and
cytoskeletal reorganization. Ran is the most frequent small
GTPase in the cell, with only one protein in this family in
humans. It is better understood for its role in nucleo-cytoplas-
matic transport of both RNA and protein.[8] Furthermore, it reg-
ulates mitotic spindle formation, DNA replication and nuclear
envelope assembly.[9] Many human diseases are related to
small GTPases such as some cancers and immune and neuro-
logical ailments. All small GTPases share an ~20 kDa conserved
G domain that contains a set of GDP/GTP-binding motifs (G1–
G5).[6]

Although there has been much progress in understanding
the biological roles of small GTPases, many unsolved questions
remain, especially regarding their control and downstream ef-
fector functions. This highlights the necessity for specific inhib-
itory molecules targeting small GTPases and their application
as tools for investigating and understanding the molecular
mechanism of small GTPases in greater detail. GTPase-binding
small molecules have been described, among them the com-
pounds NSC23766, EHT1864, “arabinose-derived compound 2”,
6-thio-GTP, or the Secin series, which inhibit GEF activity and
thereby effector functions of the small GTPases.[10] An alterna-
tive strategy is the generation of aptamers that target small
GTPases directly. This strategy provides rapid access to molecu-
lar inhibitors based on folded nucleic acids (“intramers”)[11] that
can be expressed intracellularly to analyze the consequences
of target inhibition in an in vivo context. So far, aptamers have
been described that either target specific regions of the
GTPase[12] or that bind to mutants representing a stabilized
conformation of the molecule.[13] Recently, an aptamer that tar-
gets active GTP bound Cdc42 has been reported.[14] Less close-
ly related GTPases have been targeted by RNA aptamers equal-
ly infrequently : we have described RNA aptamers that bind the
bacterial elongation factor SelB,[15] and one example describes
the isolation of an aptamer for a G protein-coupled receptor.[16]

Given the huge number of family members of the GTPase su-
perfamily, the lack of identified aptamers is surprising and ef-
forts to find new sequences able to bind GTPases are desirable.
Here we describe the identification of two RNA aptamers that
bind different family members of the large Ras superfamily of
small GTPases. We show that these two related sequences se-
lectively bind to a huge variety of small GTPases without tar-
geting non-GTPase proteins, thereby exhibiting pan-selectivity
towards small-GTP-binding proteins.

These RNA-aptamers were identified serendipitously during
a selection experiment that targeted the RhoGEF domain of
the GEF Vav1. In addition to Vav1-binding aptamers that will
be described elsewhere, the enriched RNA library contained at
least two orphan sequences that did not bind Vav1, but exhib-
ited an unexpected specificity for members of the Ras super-
family of small GTPases. We termed these sequences V63 and
V88, respectively. As shown in Figure 1 A, V63 and V88 share
some conserved sequences (shadowed in magenta), but based
on their calculated mfold secondary structures, a common
folding motif does not become apparent. Due to their interest-
ing binding behaviour, we decided to further analyse these ap-
tamers in greater detail. In an initial analysis we conducted
a series of filter-retention analyses using at least one member
of the five known subfamilies Ras (KRas, RalA), Ran, Rab (Rab1,
Rab5c), Rho (Rac1, RhoA, Cdc42) and Arf (Arf1, Arf6) as binding
partners for radiolabelled V63 and V88, respectively. In addi-
tion, several non-GTPase proteins were used as negative con-
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trols. The filter-binding analysis is summarised in Figure 1 B.
Indeed, all full-length versions of the small GTPases employed
in this assay exhibited binding to both aptamers V63 and V88,
while their binding to the unselected RNA library B50 was
strongly reduced. No significant filter retention of V63 and V88
was observed for the various control proteins, indicating spe-
cific association with small GTPases (Figure 1).

Strikingly, neither V63 nor V88 bound to the N-terminally
truncated forms of the Arf1 and Arf6—N-D17-Arf1 or N-D13-
Arf6, respectively—whereas their binding to the full-length ver-
sions of both Arf proteins was comparable to the other GTPas-
es. Binding affinities for all members of the Ras superfamily of
small GTPases are in the range 0.5–2.5 mm (Table 1). All GTPases
were tested in their GDP-bound state, unless otherwise stated.
While V63 showed the highest affinity for Ran1, Cdc42 and
RhoA, the aptamer V88 binds Rac1 and Cdc42 in the mid-
nanomolar range [Table 1, Figure 2].

Subsequently, we investigated whether V63 and V88 bind
preferentially to the active GTP-bound, or to the inactive GDP-
bound conformation of GTPases. We preloaded Arf6 and Rac1
with either GDP or GTPgS in vitro and analysed binding to the
aptamers. Although the affinity after the in vitro loading

process decreased slightly for V88, neither aptamers show dis-
tinctive specificity towards one conformation of Rac1 or Arf6
(Table 2).

We then studied the effect of the aptamers on the effector
recognition of the GTPase. This knowledge is important be-
cause many effector proteins recognize their respective GTPas-
es in the activated GTP-bound state but not in the deactivated

Figure 1. A) mfold secondary structure predictions for V63 and V88. The grey shaded bases represent the consensus sequences common in both aptamers.
B) Normalized filter retention values of 5’-[32P]-labeled V63, V88 in comparison with the unselected RNA library B50, incubated with the respective proteins
(4 mm).

Table 1. Kd values of aptamer V63 and V88 for small GTPases [mm] .

Protein[a] V63[b] V88[b] Protein[a] V63[b] V88[b]

Ran1 0.6�0.2 1.1�0.2 Rac1 1.8�0.3 0.7�0.3
Cdc42 0.8�0.1 0.6�0.2 Rab1 1.9�0.3 2.5�0.6
RhoA 0.8�0.2 1.3�0.1 KRas 1.2�0.4 1.2�0.3

[a] All GTPases were tested in their GDP-bound state [b] both aptamers
were 5’-[32P]-labeled.

Figure 2. Filter retention analysis of in vitro GDP/GTPgS-loaded Rac1 and
Arf6 with [32P] end-labeled V63 and V88 (5 �10 nm).

Table 2. Kd values of aptamer V63 and V88 for small GTPases in GTP or
GDP-bound form [mm] .

Protein loaded nucleotide V63[a] V88[a]

Rac1 GTP 1.0�0.2 2.0�0.1
GDP 0.7�0.3 2.1�0.2

Arf6 GTP 1.4�0.3 1.4�0.4
GDP 1.1�0.2 1.7�0.2

[a] Both aptamers contained a 5’-[32P] label.
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state; this is the case for, for example, the ARF-effector GGA3
or the Rac1-effector Pak1. Both V63 and V88 recognize GTPases
independently of their activation state, indicating that the
GTPase effector binding site is not a major recognition motif
for the aptamers. To further support this interpretation, we
employed a recently developed assay based on luminescence
oxygen channelling using the GTPase Rac1 as a test system
(Figure 3 A).[17] Rac1 is sandwiched between a specific C-termi-

nally interacting Rac1 monoclonal antibody (Rac1-mAB) and
the recognition of the effector protein Pak1 within the inter-
switch region. This allowed analysis of the effect of V63 and
V88 on both effector binding and interaction with the specific
antibody at the C terminus. Figure 3 B shows that both aptam-
ers have no effect on the effector interaction of the GTPase
Rac1 and do not interfere with C-terminal antibody recogni-
tion.

The intrinsic and GEF-mediated guanine nucleotide ex-
change activities of GTPases are other features that might be
altered upon aptamer complexation. To investigate this, we
performed a mant-GTP-based guanine nucleotide exchange
assay with Rac2. The affinities for Rac2 were again determined
by filter retention analysis and found to be 1.8�0.2 mm for
V63 and 1.6�0.3 mm for V88, well within the Kd values mea-
sured for the other GTPases. We first monitored the intrinsic
exchange activity at increasing concentrations of V63, V88 and
B50 (Figure 4 A). Interestingly, the exchange activity on Rac2
remained unaltered at increasing concentrations of the apt-
amers. The same effect was observed for the GEF-mediated
exchange. After addition of the RhoGEF Tiam1 (amino acids
1033–1406), the intrinsic exchange activity increased fourfold
but still remained unaffected by the addition of up to 4 mm

V63, V88 or RNA library (Figure 4 B), thus providing one of the
rare examples in which an aptamer binds to its target with
high affinity without affecting its biological activity.

V63 and V88 are the first RNA aptamers that show pan-spe-
cificity for the Ras superfamily of small GTPases. Due to their
sequence identity of about 60 % both aptamers likely bind the
same motif in their target structures. Small GTPases are struc-
turally most conserved within the phosphate recognition loop
(G-1) and the base recognition loop (G-4),[18] V63 and V88 pre-
sumably target one of these motifs, or both. The b/g phos-
phate-coordinating G-1 loop, also known as the Walker A
motif, is not only present in GTPases but part of many nucleo-
tide-binding proteins,[19] for example, Thermus aquaticus DNA
(Taq) polymerase. Since we do not observe binding of V63 and
V88 to the Taq polymerase (Figure 1), it appears unlikely that
the Walker A motif is the predominant recognition element for
the aptamers. This hypothesis is further supported by the ob-
servation that V63 and V88 do not discriminate between the
GDP- and GTP-bound states of the tested GTPases (Table 2),
which would have been expected for exclusive G-1 loop bind-
ers. These findings might argue for the G4-loop as a promising
motif required for binding of V63 and V88. Unfortunately, how-
ever, we could not directly test this hypothesis because we
found the deletion of the respective amino acids of the G-4
loop in Rac1 and Cdc42 to result in misfolding and insolubility
of the overexpressed proteins under various expression condi-
tions.

Another structural motif found in a subset of small GTPases
is an a-helical region localized at the N terminus. In a cellular
environment, this region is modified with lipid moieties that
mediate membrane recruitment of GTPases like Arf or Rab. The
influence of the N-terminal helix on the GTPase activity has
been shown for Arf1[20] and the crystal structure of full-length
Arf6 shows that this structure is positioned in the interswitch
region, increasing conformational stability of the GTPase when
not bound to phospholipids.[21] Removing this helix in Arf1 and
Arf6 has detrimental effects on aptamer recognition. However,
N-terminally truncated Rab5c is bound by V63 and V88,[22] indi-
cating that the lack of binding to N-terminally truncated Arf
proteins is due to broader conformational defects in this spe-
cial class of small GTPases. The finding that V63 and V88 nei-
ther affect the intrinsic nor the GEF-catalysed guanine nucleo-
tide exchange reaction on Rac2 is consistent with the lack of

Figure 3. Luminescent oxygen channelling assay. A) Sensor assembly. PA:
protein A coupled to acceptor beads; Rac1 mAB: anti-Rac1 rabbit IgG; Yn:
biotin-GST-Pak1; Xn: streptavidin coupled to donor beads. B) Streptavidin
donor beads and Protein A acceptor beads were incubated with biotinylated
GST-Pak1 (amino acids 70–117), Rac-specific antibody (C-11) and GTPgS-
loaded Rac1. As a control, we used the parent RNA library B50. RNA: nucleic
acids V63, V88, or B50 at indicated concentrations.

Figure 4. Mant-GTP guanine nucleotide exchange assay of Rac2. A) Intrinsic,
GEF-independent exchange activity on Rac2 at increasing concentrations of
V63, V88 and B50 B) Influence of V63 and V88 on the GEF (Tiam1)-triggered
mant-GTP association on Rac2. B50, V63, and V88 were used at 4 mm con-
centration. The corresponding nucleotide exchange rate (1 s�1) was calculat-
ed from an exponential fit of the fluorescence data.
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GDP/GTP discrimination by both aptamers. Furthermore, the
results obtained in the effector assay that sandwiches the
GTPase effector region and the C terminus of Rac1 (Figure 3)
show that V63 and V88 do not interfere with antibody recogni-
tion at the C terminus of Rac1. Given the high sequence varia-
bility in the relatively unstructured C terminus of small GTPas-
es, we expect that this will also be the case for other members
of this protein family. Small GTPases are structurally well con-
served within the phosphate recognition loop (G-1) and the
base recognition loop (G-4).[18] Taken together, and having ex-
cluded binding of both aptamers to most of the other structur-
ally conserved motifs present in the target proteins, our results
propose either the G-1 loop, the G-4 loop or both as recogni-
tion elements for V63 and V88. Future experiments will further
narrow down the binding site of the aptamers on the G do-
main and analyse the influence of the aptamers on isoprenoid
lipid modification of small GTPases, which is important for
membrane localization.[23]

The pan-selectivity of V63 and V88 opens up a number of in-
teresting applications. For example, both aptamers may serve
as a starting point for their affinity maturation for individual
GTPase members by Darwinian molecular evolution.[24] This
would provide even more rapid access to specific probes for
members of the vastly diverse class of small GTPases. More-
over, small-molecule probes such as NSC23766, EHT1864, 6-
thio-GTP or others are often associated with functional inhibi-
tion and are therefore not suitable for investigating unpertur-
bed proteins.[10a, b, d, 25] For studying small-GTPase activity in real
time, non-invasive probes have been developed that are based
on FRET-coupled effector constructs.[26] However, these ap-
proaches require overexpression of the FRET probe, leading to
potential effects on the endogenous function of the target
protein. An alternative strategy that is less prone to these arte-
facts could be the use of non-inhibiting aptamer ligands such
as V63 and/or V88 that are fused to RNA sequences which
could eventually be fluorescently labelled and thereby would
allow real-time imaging of the target molecule.[27] Furthermore,
the specific tethering of modulatory molecules to specific
GTPases could reduce side effects of inhibitors/activators that
arise due to limited specificity of the modulating molecule
itself. Considering the importance of small GTPases in cell sig-
nalling and the wide applicability of aptamer and small-mole-
cule conjugates in different experimental setups,[28] V63 and
V88 hold promise as useful agents in a variety of fields in both
basic and applied research. Finally both aptamers may serve as
RNA-scaffolds that can be integrated as artificial switches be-
tween the on and off state of the GTPase into nucleic acid-
based or biohybrid nanoarchitectures.[29]

Experimental Section

In silico modeling of RNA sequences. The RNA sequences of V63
and V88 have been analysed with the mfold program package,
which is available on the internet: http://mfold.rna.albany.edu.

Filter retention analysis. [32P] end-labeled RNA (5–10 nm) was in-
cubated in 1 � PBS containing MgCl2 (1 mm) with increasing con-
centrations of the respective proteins in a total volume of 25 mL.

After incubation at 23 8C for 30 min, the RNA–protein complex was
vacuum filtered through a moistened nitrocellulose membrane and
washed with buffer [1 � PBS, MgCl2 (1 mm), total volume 1 mL].
The membrane was transferred to a cassette and exposed to
a phosphorimager screen overnight and quantified the next day
on the phosphorimager (Fujifilm BAS-2500).

Guanine nucleotide-exchange assay. The GTPase (Rac2, final conc.
2 mm) was incubated in guanine nucleotide exchange buffer [1 �
PBS, MgCl2 (3 mm), DTT (1 mm)] with mant-GTP (400 nm, Jena Bio-
science, Jena, Germany) and RNA at the corresponding concentra-
tion for 30 min at 23 8C in a total volume of 40 mL. After incubation
for 5 min in the plate reader (Mithras LB-840, Berthold, Germany)
the exchange reaction was initiated by injecting 10 mL of the
exchange factor (Tiam1, final conc. 200 nm) or buffer control. The
fluorescence was measured at 20 s intervals (lex = 340 nm, lem =
460 nm) for 1800 s.

In vitro GTPgS or GDP Treatment. EDTA (0.5 m, pH 8.0, 2 mL) was
added to Rac1 and Arf6 (25–100 mm, 100 mL) and mixed. GTPgS
(10 mm, 1 mL) or GDP (10 mm, 1 mL) were used for loading. The
mixture was incubated at 30 8C for 20 min with constant agitation
before terminating with MgCl2 (1 m, 5 mL) on ice.

Luminescence oxygen-based GTPase activation assay. All meas-
urements were made on a LB940 Mithras plate reader (Berthold
Instruments, Bad Wildbach, Germany) equipped with the Al-
phaScreen module. Both excitation and emission was set to 0.5 s.
Bead reagents were pipetted under subdued light to prevent
bleaching. The basic protocol includes the preparation of two mix-
tures: 1) Bead/antibody mix: streptavidin donor and protein A
acceptor beads were diluted 1:50 (100 mg mL�1) and mixed with
a 1:100 dilution of the anti-Rac1-antibody (clone c-13, Santa Cruz
Biotechnology) in 1 � PBS containing MgCl2 (3 mm) and preincu-
bated for 90 min at 4 8C in the dark. 2) GTPase/RNA/effector mix: in
vitro loaded GTPase (400 nm) was incubated with biotinylated GST-
PAK1-effector (amino acids 70–117, 100 nm) and the respective
RNA dilutions in binding buffer [1 � PBS, MgCl2 (3 mm)] for 90 min
at 4 8C. Equal amounts (10 mL) of the mixtures were introduced
into the wells of a 384-well ProxiPlate (Perkin–Elmer) and incubat-
ed for 30 min at RT before measurement at 25 8C.
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