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A facile strategy of stepwise molding of a ribonucleopeptide (RNP) complex affords fluorescent RNP sen-
sors with selective dopamine recognition. In vitro selection of a RNA-derived RNP library, a complex of
the Rev peptide and its binding site Rev Responsive Element (RRE) RNA appended with random nucleo-
tides in variable lengths, afforded RNP receptors specific for dopamine. The modular structure of the RNP
receptor enables conversion of dopamine-binding RNP receptors to fluorescent dopamine sensors. Appli-
cation of conditional selection schemes, such as the variation of salt concentrations and application of a
counter-selection step by using a competitor ligand norepinephrine resulted in isolation of RNP receptors
with defined dopamine-binding characteristics. Increasing the salt condition at the in vitro selection
stage afforded RNP receptors with higher dopamine affinity, while addition of norepinephrine in the
in vitro selection milieu at the counter-selection step reinforced the selectivity of RNP receptors to dopa-
mine against norepinephrine. Thermodynamic analyses and circular dichroismic studies of the dopa-
mine-RNP complexes suggest that the dopamine-binding RNP with higher selectivity against
norepinephrine forms a pre-organized binding pocket and that the dopamine-binding RNP with higher
affinity binds dopamine through the induced-fit mechanism. These results indicate that the selection
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condition controls the ligand-binding mechanism of RNP receptors.
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1. Introduction

Fluorescent biosensors that facilitate reagent less sensitive
detection of small molecules are crucial tools in the areas of ther-
apeutics and diagnostics.!® The receptor-based fluorescent sensor
is a representative case of fluorescent biosensors, in which the
receptor component that captures the target ligand usually sets
the sensitivity and selectivity of the sensor and the signal trans-
duction component of the sensor is responsible for converting
the ligand-binding event into measurable fluorescence signals.*-®
For generating the receptor component, in vitro selection, also
known as SELEX (systematic evolution of ligands by exponential
enrichment),”® offers an effective strategy for generating RNA or
DNA receptors (aptamers) with appropriate affinity and specificity
for various targets, for which naturally occurring protein receptors
are not accessible.’®"®> Modification of RNA and DNA aptamers
with the fluorescence reporter component affords many RNA-
and DNA-based fluorescent sensors.'* We have reported a modular
strategy for tailoring fluorescent ribonucleopeptide (RNP) sensors
for ATP with a variety of binding and signal-transducing
characteristics.!>1®

* Corresponding author. Tel.: +81 774 38 3585; fax: +81 774 38 3516.
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A RNA-derived RNP library, in which the Rev Responsive
Element (RRE) RNA appended with a randomized nucleotides re-
gion was complexed with the Rev peptide,'”'® was applied for
in vitro selection to obtain RNP receptors for various targets.'®
RNP receptors are converted into target-specific fluorescent sen-
sors by modification of the N-terminal of the Rev peptide with var-
ious kinds of fluorophores.!620-22

For the fluorescent RNP sensors to realize the selective sensing
of small molecules, it is necessary to obtain RNP receptors with dis-
tinct selectivity to the target ligand. The first step of the stepwise
molding of fluorescent RNP sensors, namely the in vitro selection
step, controls the selectivity and affinity of the sensor for the tar-
get. The way by which the substrate was immobilized to the resin
is an important parameter to control the selectivity and the affinity
of RNP receptors.>=2° It has also been reported that the conditions
for the equilibrium binding of the library of molecules (RNA or
DNA) to the target control the affinity and selectivity of
aptamers.?’

In this report, biologically active catecholamines are chosen as
the target for the RNP receptor-based fluorescent sensor to ask a
question of whether the subtle difference in the structure of small
molecules could be selectively recognized by the RNP receptors
and/or sensors. Catecholamines have closely related but distinct
structures of the catechol ring with aliphatic chain, which is the
key characteristic for each catecholamine to exert a different
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receptor activation activity. Because dopamine is a valuable heuris-
tic bridge in defective brain chemistry study over the past medical
history,® it is of particular interest to prepare a suitable analytical
tool for dopamine that will accelerate clear understanding of the
relationship between the function and the structure?® of each bio-
logically active catecholamine. In the catecholamine biosynthesis
pathway (Fig. 1), dopamine is produced by the hydroxylation of
L-tyrosine followed by the decarboxylation of L-dihydoxyphenyl-
alanine (1-dopa) by aromatic 1-amino acid decarboxylase. Likewise,
dopamine is the intermediate precursor of norepinephrine and epi-
nephrine. As the further response, dopamine is converted to
norepinephrine by dopamine-p-hydroxylase. Finally, phenyletha-
nolamine N-methyl transferase catalyzes conversion of norepi-
nephrine to epinephrine.3® Each catecholamine has a distinct
structure of a benzene ring with two hydroxyl groups and a termi-
nal aminoethyl group.

In order to prepare fluorescent sensors specific for dopamine,
receptors that successfully discriminate dopamine from those
other catecholamine derivatives, such as norepinephrine and epi-
nephrine, are required ( Fig. 1). Previously, dopamine-binding
RNA aptamers were isolated by in vitro selection®! and its DNA
homologues were reported to retain the dopamine-binding DNA
activity.>> The RNA aptamer specifically recognized the catechol
group bearing 3- and 4-hydroxyl groups, but it was relatively
insensitive to the modification at the aminoethyl moiety. Thus, it
is an interesting challenge to design an efficient selection scheme
to isolate dopamine-binding receptors with distinct specificity
over L-dopa, norepinephrine and epinephrine. We report here
dopamine-binding RNP receptors obtained by various in vitro
selection schemes including the counter-selection and construc-
tion of fluorescent dopamine sensors through the stepwise mold-
ing strategy. We have also investigated the mechanisms by
which RNP receptors recognize dopamine and demonstrated that
the condition applied for the selection step governs the recognition
mechanism of RNP receptors.

2. Results

2.1. Design of in vitro selection schemes for obtaining
dopamine-binding ribonucleopeptides

We have combined a negative selection step using tyrosine-
agarose resin at each round of the RNP selection protocol.
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Figure 1. (a) The biosynthetic pathway for the catecholamine neurotransmitters
from tyrosine. TH, tyrosine hydroxylase; AAD, aromatic L-amino acid decarboxyl-
ase; DBH, dopamine-B-hydroxylase; PNMT, phenylethanolamine methyltransfer-
ase. Dopa, 3,4-dihydroxyphenylalanine. (b) Structures of ligands bearing
catecholamine-related functional groups used in this study.

Mannironi et al. selected dopamine-binding RNA aptamers at a
quite high salt concentration (50 mM Tris-HCI, pH 7.4, 500 mM
NacCl, and 5 mM MgCl,) that would avoid nonspecific charge inter-
actions between RNA and dopamine.®' In vitro selection of RNP
was carried out under two different NaCl concentrations 150 and
300 mM to check the effect of salt concentrations.

RNP receptors for dopamine were selected from RNP libraries
(RRENn RNP library) consisting of various lengths of randomized
nucleotides, ranging from 7 to 40 nucleotides.?? The RNP library
was incubated with a tyrosine-immobilized agarose resin under
two different NaCl concentrations as the negative selection step.
During this step, RNPs that showed affinity to the carboxyl group
at the o position of the amino group would be eliminated. The flow
through fraction was subjected to a second incubation with a
dopamine-immobilized agarose resin at each salt condition.
Unbound RNP species were extensively washed away with each
binding buffer. The resin-bound RNA fractions eluted by the dopa-
mine-containing buffer (5 mM dopamine) were collected, reverse
transcribed, and applied to successive RT-PCR amplification to gen-
erate a new DNA pool. DNA templates were transcribed, and the
resulting RNA was complexed with the Rev peptide to prepare an
RNP pool for the next round of selection.

After 12 rounds of iterative selection and amplification at the
150 mM NaCl condition, 29 RNA clones were sequenced to reveal
16 unique sequences (designated as DL-RNP pool), which were
composed of 14-37 nucleotides derived from the randomized
RNA region (Fig. 2). Fourteen clones (DLO2) among the 29 se-
quenced clones were identical, and contained a highly conserved
consensus sequence 5-CCUAUACUGACGU-3'. Two other types of
consensus sequences were also identified in clones that pos-
sessed 14-37 nucleotides in the randomized region. Similarly,
after 14 rounds of the selection in the condition containing
300 mM Nacl, analysis of the nucleotide sequences of 27 clones
identified 21 unique sequences (designated as a DH-RNP pool),
which were composed of 21-38 nucleotides derived from the
randomized region (Fig. 3). DHO5 and DH22 represented six
and two identical clones, respectively, shared a consensus se-
quence 5-UGAAAU-3'. There is no homology between the nucle-
otide sequences deduced from the DL- and DH-RNP pools except
that DHO9 RNA (Fig. 3) shows a partial similarity to DLO2 RNA
(Fig. 2). It turned out that each selection procedure at the differ-
ent salt concentration provided unique substrate-binding RNA
sequences, indicating that the specific dopamine binding by
RNP is highly dependent on the salt concentration. Moreover,
these consensus sequences of DL- and DH-pools showed no sim-
ilarity to that of the previously reported dopamine-binding apta-
mers, 5'-UGUGC- - -GCACA-3'.2!

clone nucleotide sequences of the randomized region nuclectide lengths
DL02 GUA CCUAUACUG ACGU CUUUU 21nt (14)
DL24 GUA CCUAUACUG ACGU CUUGU

DLO3 GUA CCUAUACUG ACGU UCUUG

DL28 GUA CCUAUACUG ACGU UCAUA

DL1l GUA CCUAUACUG ACGU UCAUG

DLOL CCUAUGCUG CUGU CCRAUUG 20nt
DL14 GCCAGCCUU ACGU UCGCUAG 20nt
DL31 AUGCGGCGACCC ACGU CUCCUGUGUU 26nt
DL26 UGUUGUGUGCCCCUUGCY  GUUG 22nt
DL19 UUACUUUGC GUUG CACUUG 19nt
DL29 AUCUGUGUAAGCU GUUG CACCGGUUGUAAGUARAACU 37nt
DL23 UCCUCURGCGRAGGAU GUUG UCGRACG 27nt
pL22 GUA UUUUA CUGCCCUC GUUG 20nt
DLO7 UUAU UUUUA UARUGUGUAUUACAUCA 2ént
DL1Z AGCC UUUUA AUCGU lidnt
DL27 GCAUAUGACGCCUACUD 17nt

Figure 2. Nucleotide sequences obtained from the randomized region of RRENn of
dopamine-binding RNP receptors after 12 rounds of in vitro selection (DL-RNP pool)
with a low salt concentration buffer. The numbers in parentheses indicate the
number of clone with the same nucleotide sequence. Consensus sequences were
shown in bold.
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clone nucleotide sequences of the randomized region nucleotide lengths
DHOS CACAUAUUGGUUUCRAUA UGGGCUGRARU U 30nt (6)
DH15  GGCCACACUGACCUCGUCARU UGGGUUGAAAU  GUU 34nt
DH31 GACUCUUAG UCGGUUGRAAU  CGCUCCGCUGECU 35nt
DH1E UUUCGAUA UGCGUUGAAUU  UUUACAUAC 29nt
DH1T UGUCCACACCAUGCUCUGUGG UGGGCUGRAAU  UGAUC 37nt
DH22 ARAUGGCUCGUUUGCGGCC  AGGAUUGAAAU 30nt(2)
DH34 AU  AGGGUUGRAAC UCCGCCUUARGGACAUUUU  32nt
DH3E ARUGGCUCGUUUGCGGCC  AGGAUUGAAGU 28nt
DH12 GG UGGGUUCUARG CCAGCGUCCGGCUCUGUGU  33nt
DHOB AGCAUCGUAUUUUUA  UGGCUUUAA 24nt
DHL3 GAUGGGUGCGCUUGAACUALGRAUCU 28nt
DH19  UUUUGCGAGUCGGCUGGACAUY 22nt
DH24  AUGCAGACCGUGGUCCCCUUAGUGUUGCGARUUUC 350t
DH30  AUGCAGACCGUGGUCCCCUUAGUGUUGCGARUUGT 3snt
DHO4  AGCAUCAGUUUCCGCUGGCUCAA 23nt
DH20  UGAUUCGUGCUAGCCUGUUAAGAAUAAUUUUGGCCACA 38nt
DEO9  GUACCUAUACUGACGUCUGAUG 22nt
DH21 UAUAUCUGCCCACUCAUCCGCUGUAUOGUGY 3lnt
DH33  AAUUGGUCGUGUUGCCGGGUCUGAGEGUCCCCAUL 350t
DHOT  UUGCACCCGUUUAGCGCGEULY 2int
DH35 UGUCCAGCUGCCAGGCUUACCACCGGGCARAGAUGCG 37nt

Figure 3. Nucleotide sequences obtained from the randomized region of RRENn of
dopamine-binding RNP receptors after 14 rounds of in vitro selection (DH-RNP
pool) with a high salt concentration buffer. The numbers in parentheses indicate the
number of clone with the same nucleotide sequence. Consensus sequences were
shown in bold.

2.2. Dopamine-binding assay of DL- and DH-RNPs based
fluorescent RNP sensors

To investigate the affinity and the selectivity of isolated RNP
receptors for dopamine, fluorescent RNP sensors were constructed
according to the previously reported method.!>19-2226 The Rev
peptide modified at the N-terminal with 7-methoxycoumarin-
3-carboxylic acid (7mC-Rev) was complexed with DLO2 RNA
(DL0O2/7mC-Rev) and DHO5 RNA (DH05/7mC-Rev), the most abun-
dant clones in the DL- and DH-RNP pool, respectively. The relative
ratio of fluorescence intensity (I/I) in the absence (Ip) and the
presence (I) of dopamine for the fluorescent RNP complex DL02/
7mC-Rev at 405 nm increased up to 2.2-fold (Fig. 4a). A nonlinear
regression analysis of the titration curve yielded an equilibrium
dissociation constant (Kp) of 14.9 uM for the binding complex of
DL02/7mC-Rev and dopamine. Similarly, DHO5/7mC-Rev showed
a 1.5-fold enhancement of I/l in response to the increasing con-
centration of dopamine (Fig. 4b). The standard binding isotherm
obtained from the titration curve provided a Kp value of 4.1 puM.

The selectivity of DLO2/7mC-Rev and DHO5/7mC-Rev for dopa-
mine against other catecholamine derivatives was also studied by
the fluorescence titration (Fig. 4a and b). The dissociation constants
for the complexes of DL02/7mC-Rev and DHO5/7mC-Rev with a
variety of catecholamine derivatives were obtained from the fluo-
rescence titration curves and were summarized in Table 1. The
affinity of both RNPs to tyrosine and 1-dopa was much lower than
that to dopamine. However, both DL02/7mC-Rev and DHO5/7mC-
Rev failed to discriminate dopamine from norepinephrine. Deletion
of the aminoethyl group (catechol) and removal of the 3-hydroxyl
group of benzene ring (tyramine) or the catechol moiety (ethyla-
mine) resulted in complete loss of binding for DL02/7mC-Rev.
The observed selectivity of DL0O2/7mC-Rev indicates that the cate-
chol moiety including both the 3- and 4-hydroxyl groups and the
aminoethyl group of dopamine strongly contribute to the ligand
binding of DL02/7mC-Rev. Judging from the low affinity of DL02/
7mC-Rev to L-dopa or tyrosine, it responded to selection pressure
through tyrosine-resin elimination. Thermodynamically, the
carboxyl group at the o-position of amino group was disfavored
for the complex formation with DL0O2/7mC-Rev. The carboxyl
group prevents conjugation between ligand and DL02/7mC-Rev.
In contrast, DHO5/7mC-Rev showed a lower sensitivity to the 3-
hydroxyl group of the catechol moiety for the ligand-binding
complex formation because it showed much higher affinity to tyra-
mine as compared to DL02/7mC-Rev. DHO5/7mC-Rev also showed
a higher selectivity against the carboxyl group at the a-position of
amino group.
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Figure 4. Titration curves for the changes of relative fluorescence intensity (I/lo) for
(a) DLO2/7mC-Rev and (b) DHO5/7mC-Rev with dopamine (filled black circles),
norepinephrine (open red squares), L-tyrosine (open green triangles), or L-dopa
(open blown diamonds).

Table 1
Equilibrium dissociation constants Kp (M) of dopamine-binding RNP for complexes
with catecholamine derivatives

Ligand DL02 DHO5 DHc25 DHc58 DHc65
Dopamine 149+23 41+14 6095 4216 32104
L-Tyrosine >300 247 +33  >300 >300 >300
1-Dopa 86.4+3.0 161+31 >300 >300 >300
Norepinephrine 21.7+35 62+15 326+28 924+14 42104
Epinephrine 264+40 142+26 173+28 99+20 20.0+6.0
Catechol >300 >300 >300 235+62 108+13.2
Tyramine >300 27+55 >300 >280 145 £19.7
Ethylamine >300 >300 >300 >300 >300
Phenylethylamine >300 >300 >300 >300 >300

Taken together, the selection scheme including the negative
selection using tyrosine-agarose resin permitted a facile prepara-
tion of dopamine-binding RNP with high selectivity for the substi-
tution at the a-carbon of the amino group and that at the catechol
moiety. DHO5 RNP obtained by the selection in the presence of
300 mM NaCl showed higher affinity to dopamine than DL02
RNP obtained with 150 mM NaCl. DHO5/7mC-Rev exhibited selec-
tivity and affinity that are comparable to the previously reported
RNA aptamers.>! However, the selectivity of these RNP for the sub-
stitution at the B-carbon of the aliphatic chain remains to be
improved.
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2.3. Modification of the in vitro selection scheme by including a
counter-selection step

We next applied a new selection scheme to isolate RNP that
would discriminate dopamine against norepinephrine. The
DH-RNP pool obtained after 15 rounds of in vitro selection in the
presence of 300 mM NaCl was subsequently subjected to a coun-
ter-selection®>>* by using norepinephrine as a competitive ligand,
which differed from dopamine in a single hydroxyl group at the
B-position of aliphatic chain (Fig. 1a). In the counter selection step,
RNPs were washed off the column with a binding buffer containing
norepinephrine (1 mM). The resin-bound RNPs were then specifi-
cally eluted by using a buffer containing 5 mM dopamine. After
additional eight cycles of selection including the counter selection
step, more convergent sequences were obtained as shown in
Figure 5, designated as a DHc-RNP pool. It is noteworthy to men-
tion that the isolated 14 clones were unique to the DHc-RNP pool
and the consensus sequences 5-AGCAU- - -GCU- -AA-3’ found in
the DHc-RNP pool was completely different from that of the start-
ing DH-RNP pool.

Each RNP from the DHc-RNP pool was subjected to a simple
screening for its dopamine-binding by measuring I/I, of fluorescent
DHc-RNPs, which were formed by the complex formation of RNA in
the DHc pool with 7mC-Rev, in the absence or presence of various
concentrations of dopamine (10 uM, 100 uM, 1 mM) and were
summarized in Figure 6. This simple functional evaluation indi-
cated that changes in the fluorescence signal are significant for
the 7mC-Rev complexes of DHc25, DHc27, DHc43, DHc58 and
DHc65. Comparison of I/l values at three different dopamine con-
centrations (10 uM, 100 pM, 1 mM) suggests that DHc25, DHc42,
DHc58 and DHc65 show high affinity to dopamine. Among the
fluorescent DHc-RNPs, the dominant clone DHc25/7mC-Rev and
minor clones DHc58/7mC-Rev and DHc65/7mC-Rev were selected
for further analyses of their recognition mode of catecholamines.

Titration of changes of the fluorescence intensities for DHc25/
7mC-Rev (Fig. 7a) with dopamine gave a Kp of 60 M for the com-
plex. The Kp value for the binding complex of norepinephrine was
326 puM. Comparison of the binding affinity of DHc25/7mC-Rev to
other catecholamine derivatives (Table 1) revealed that DHc25/
7mC-Rev, the dominant RNP in the DHc pool, had a high selectivity
to the aminoethyl chain of dopamine, norepinephrine and epi-
nephrine, and showed no detectable binding affinity to catechol,
tyramine, ethylamine or phenylethylamine. Tyrosine and r-dopa
were not effective substrates for DHc25/7mC-Rev. DHc58/7mC-
Rev also showed selective binding to dopamine, but not as specific
as DHc25/7mC-Rev (Fig. 7b, Table 2). The dopamine complex of
DHc58/7mC-Rev was formed with Kp of 42 uM, while its com-
plexes of norepinephrine and epinephrine were formed with Kp
of 92 and 99 uM, respectively. Both DHc25/7mC-Rev and DHc58/
7mC-Rev show binding characteristics that are different from

Figure 5. Nucleotide sequences obtained from the randomized region of RRENn of
dopamine-binding RNP receptors isolated from the additional eight rounds of
counter selection using norepinephrine for DH RNA pool. The numbers in
parentheses indicate the number of clone with the same nucleotide sequence.
Consensus sequences were shown in bold.

DL02/7mC-Rev and DHO5/7mC-Rev obtained from the early gener-
ation of the in vitro selection. On the other hand, the minor DHc65/
7mC-Rev bounds catecholamines in the similar manner as DHO5/
7mC-Rev obtained from the parent DH-RNP pool ( Fig. 7c,
Table 2). DHc65/7mC-Rev formed stable binding complexes of
dopamine and norepinephrine with Kp values of 3.2 and 4.2 uM,
respectively. Both DHc25/7mC-Rev and DHc58/7mC-Rev exhibited
improved binding selectivity for dopamine with the loss of binding
affinity. The competitive binding condition reduced the population
of RNP species that accommodate the hydroxyl group at the B-po-
sition of the aliphatic chain of norepinephrine.

2.4. Determination of thermodynamic parameters for the
binding complexes of DHc RNPs and catecholamines

Possible secondary structures of the RNA subunits of selected
RNP were obtained by using mfold v3.0 algorithm,>~37 and shown
in Figure S1. The overall secondary structures were calculated to
maintain the secondary structure of the RRE sequence reported
previously.!” Both DHc25 and DHc58 RNPs are expected to form
AU bulge and UUAA loop structures (Figs. S1a and b). These struc-
tures would provide similar binding characteristics DHc25 and
DHc58 RNPs on the catecholamine recognition. The secondary
structure of DHc65 RNP, the minor RNP in the DHc-RNP pool, is dif-
ferent from that of DHc25 or DHc58 RNP. In addition, the second-
ary structures suggested for DHc25, DHc58 and DHc65 RNP are
quite different from the proposed secondary structures for the
dopamine-binding RNA aptamers>!

We next investigated thermodynamic parameters for the bind-
ing complexes of dopamine, norepinephrine and epinephrine with
DHc25/7mC-Rev, DHc58/7mC-Rev and DHc65/7mC-Rev. The Kp
values of these complexes were obtained at 4, 10, 15, 20 and
25 °C, and were shown as the van’t Hoff plot (Fig. $3).38-%° The data
are fitted to the first order function of van’'t Hoff equation.*' Ther-
modynamic parameters obtained from the van’'t Hoff analysis of
the binding constants for DHc25/7mC-Rev, DHc58/7mC-Rev and
DHc65/7mC-Rev are summarized in Table 2.

DHc25/7mC-Rev formed a dopamine-binding complex with en-
thalpy changes (AH) of —17.5 kcal mol~! and unfavorable entropy
changes (—TAS) of 12.2 kcal mol~! at 4 °C. Binding of norepineph-
rine to DHc25/7mC-Rev was due to AH of —13.5 kcal mol~! and
—TAS of 9.0kcalmol~'. Formation of a binding complex of
DHc25/7mC-Rev and epinephrine associated with AH of
—14.8 kcal mol~! and —TAS of 10.0 kcal mol~! (Table 2). Formation
of the binding complex of DH25/7mC-Rev and catecholamine re-
veals that the favorable enthalpy changes for the binding of cate-
cholamine are always offset by large unfavorable entropy
changes. DHc58/7mC-Rev formed more energetically stable com-
plexes with dopamine as compared to DHc25/7mC-Rev. Though
the enthalpy changes for the dopamine complex formation of
DHc58/7mC-Rev is larger than DHc25/7mC-Rev, it associates with
larger unfavorable entropy changes (Table 2). Binding of catechol-
amines exhibited the enthalpy-entropy compensation phenomena
for both DHc25/7mC-Rev and DHc58/7mC-Rev.*? Interactions be-
tween the 4-hydroxyl group substituted aromatic ring of catechol-
amine with DHc25/7mC-Rev and DHc58/7mC-Rev are more critical
than that between the aliphatic chain of dopamine, norepinephrine
or epinephrine. Presence of the hydroxyl group at the aliphatic
chain of norepinephrine reduced the enthalpy changes for the
complex formation with DHc25/7mC-Rev and DHc58/7mC-Rev.
The methyl group at the terminal amino group of epinephrine con-
tributed to further reduction of the binding affinity of epinephrine.
Because DHc25/7mC-Rev and DHc58/7mC-Rev reveal quite similar
contributions of both enthalpy and entropy changes for the dopa-
mine-binding complex formation, the AU bulge and the UUAA loop
(Figs. S1a and b) that are common for both RNP would form the
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Figure 6. Changes in the relative fluorescent intensity (I/l) for the complexes of DHc RNAs and 7mC-Rev in the absence or presence of various concentrations (10 pM,

100 uM, 1 mM) of dopamine were evaluated at 390 nm.

binding-pocket of these RNPs. The dopamine-binding complex of
DHc58/7mC-Rev exhibited a slightly higher stability than that of
DHc25/7mC-Rev, which likely results from a stabilization of the
putative binding site by the longer stem region adjacent to the
loop. However, DHc25/7mC-Rev, the dominant RNP in the DHc-
RNP pool, showed higher selectivity over norepinephrine than
DHc58/7mC-Rev.

The minor RNP in the DHc-RNP pool, DHc65/7mC-Rev, showed
a high affinity to dopamine but almost no specificity to norepi-
nephrine and epinephrine. Isolation of DHc65 RNP witnesses a pro-
cess of functional convergence of RNP during the selection scheme
in the presence of the competitor, though the RNA sequence of
DHc65 RNP does not share the consensus sequence found in the
DH-RNP pool. DHc65 RNP displayed significantly different binding
characteristics as compared to the other RNP from the DHc-pool,
such as DHc25 and DHc58 RNP. Complex formation of DHc65/
7mC-Rev with dopamine, norepinephrine or epinephrine revealed
quite similar thermodynamic parameters. Both the enthalpy and
entropy changes for the dopamine binding of DHc65 RNP are much
larger than that of DHc25 or DHc58 RNP at 4 °C (Table 1). Though
DHc65/7mC-Rev showed similar binding affinities to dopamine,
norepinephrine and epinephrine, it prominently recognized both
the 3- and 4-hydroxyl groups of catechol (Table 1). The observed
large negative entropy changes associated with the formation of
dopamine, norepinephrine and epinephrine complexes are quite
similar each other, indicating that tertiary structural rearrange-
ments for the formation of the complexes of DHc65/7mC-Rev with
dopamine, norepinephrine and epinephrine take place in the sim-
ilar degree. Although the number of nucleotides utilized for the li-
gand binding is similar for DHc65 RNP (22 nt) and DHc25 RNP
(20 nt), DHc65 RNP forms the most stable dopamine-RNP complex
studied here. The fact that DHc65 RNP shows a different recogni-
tion pattern from that of DHc25 RNP likely correlates to the differ-
ence in the secondary structures for these RNPs (Fig. S1).

2.5. Circular dichroismic measurements of the dopamine-
binding RNPs

Solution structures of DHc RNP in absence or presence of
dopamine were studied by circular dichroism (CD) measure-
ments*® to understand a possible correlation between the struc-
tures of RNP and their ligand-binding complexes. The CD
spectra of DHc25 RNA, DHc25/7mC-Rev, and a complex of
DHc25/7mC-Rev and dopamine are shown in Figure 8a. The
DHc25 RNA had a strong positive band near 265 nm and a nega-
tive peak near 240 nm,** the characteristic feature of A-form RNA.
The CD spectra of DHc25/7mC-Rev brought slight reduction in the
molar ellipticity at 265 nm and a larger negative band at 220 nm,
which was induced by the conformational transition of the

7mC-Rev peptide from a random to an a-helical structure upon
binding to the RRE sequence. The CD spectrum of DHc25/7mC-
Rev in the presence of 1 mM dopamine was almost identical to
that of DHc25/7mc-Rev. Binding of dopamine to DHc25/7mC-
Rev caused little or no change in the molar ellipticity at
265 nm. These results indicated that dopamine binds to a rather
pre-organized binding site in DHc25 RNP. DHc58 RNP revealed al-
most no conformational change upon the dopamine binding.
Although DHc25 RNP discriminate dopamine against norepineph-
rine, both the dopamine and norepinephrine complexes of DHc25
RNP revealed quite similar CD spectra (Figs. S3 and 4). This was
also the case for DHc58 RNP.

In contrast, DHc65 RNP revealed a large conformational change
upon its dopamine-binding complex formation ( Fig. 8c). DHc65
RNA is also in the A-form structure and the formation of DHc65/
7mC-Rev also induced the negative CD bands around 220 nm,
assignable for the a-helix formation. Upon formation of a complex
of DHc65/7mC-Rev and dopamine, a negative band was appeared
at 290 nm and the positive band at 260 nm was increased. The re-
sult indicates that DHc65 RNP binds to dopamine by the induced-
fit mechanism.

3. Discussion

The in vitro selection scheme including the negative selection
step with tyrosine successfully reduced the population of RNP
that showed affinity to tyrosine and L-dopa, the catecholamine
derivatives with the carboxyl group. The high salt conditions ap-
plied in the selection step would reduce the interaction between
the positively charged terminal amino group of dopamine and
the negatively charged phosphate groups of RNP. In such condi-
tions, it is expected that the complex formation of dopamine and
RNP is dominantly governed by the interaction of the catechol
group and the aliphatic side chain with RNP. This was born
out in the present selection scheme. The in vitro selection with
dopamine-bound resin at the high salt condition afforded
DHO05/7mC-Rev that formed a more stable dopamine-binding
complex than DL02/7mC-Rev, which was obtained by in vitro
selection in the low salt condition. The fluorescent RNP sensor
with the high affinity to dopamine DHO5/7mC-Rev showed lower
selectivity to tyramine than DL02/7mC-Rev obtained from
in vitro selection at the low salt condition. Thus, application of
the high salt selection scheme that is expected to reduce the
nonspecific ligand binding governed by the charge interaction
does not always afford RNP with a higher ligand selectivity. On
the other hand, the in vitro selection scheme including the coun-
ter selection step from the DHc RNP pool, where norepinephrine
was utilized as the competitive ligand, resulted in isolation of
RNPs that showed selectivity to dopamine over norepinephrine.



4478 F. F. Liew et al./Bioorg. Med. Chem. 19 (2011) 4473-4481

a
I
=
Py
)]
=
]
£
o
o
=4
o
o
7]
2
o
=
w
o
2
=
@
[
-7 -6 -5 -4 -3
10 10 10 10 10
Concentration of Ligand (M)
b 2.0 —
°
=
2 1.8 —
@
c
2
£ 1.6 —
o
o
s
o 1.4 —
(/]
e
S
T 12 il
E S O
8 10 TR A . A
[} be w@t— AN LA L RSO AR
@ L
I T lliliq L ]llllll] T ll]lln‘ T lilllyi LR AL
-7 -6 -5 -4 -3
10 10 10 10 10
Concentration of Ligand (M)
C 2.2 1

Relative Fluorescence Intensity (//g)

1

L. e,
I T IIIHITI T l]lllnl T IIIHIT[ T l]lll:’{ rirm

107 10'6 10° 10 1073

Concentration of Ligand (M)

Figure 7. Saturation curves for the fluorescence emission intensity of (a) DHc25/
7mC-Rev, (b) DHc58/7mC-Rev and (c) DHc65/7mC-Rev by titration with dopamine
(filled black circles), norepinephrine (open red squares), L-tyrosine (open green
triangles), or epinephrine (open blue diamonds).

Table 2
Thermodynamic parameters of dopamine, norepinephrine and epinephrine binding to
DHc25 RNP, DHc58 RNP, and DHc65 RNP at 4 °C

DHCcRNA/ Catecholamine = AH —~TAS AGy ¢
7mC-Rev (kcal mol~')  (kcal mol~')  (kcal mol~1)
DHc25/7mC  Dopamine -175+05 122104 -5.30+0.1
Norepinephrine -13.5+04 9.0+0.4 —-4.49+0.0
Epinephrine —-14.8 £0.1 10.0£0.1 —4.81+0.0
DHc58/7mC  Dopamine -20.5+00 14.7%0.1 -5.75+£0.0
Norepinephrine -169+0.2 11.8+0.2 -5.05+0.0
Epinephrine -148+00 9.6+0.0 —-5.22+0.0
DHc65/7mC  Dopamine -249+02 179%03 —-7.03+0.1
Norepinephrine —-24.8+0.1 17.9+0.1 -6.91+0.1
Epinephrine -235+02 17.0+0.2 -6.51+0.1

The dominant RNP in the DHc-RNP pool, DHc25/7mC-Rev,
showed lower binding affinity but the higher selectivity to dopa-
mine than DHO5/7mC-Rev obtained from the parent DH-RNP
pool. The obtained thermodynamic data revealed that our selec-
tion scheme against the undesired ligand attributed discrimina-
tion in the interaction of RNP with dopamine, norepinephrine
and epinephrine, while the selection scheme to enhance the
selectivity of RNP did not automatically produce RNP with high
affinity in the present study.

CD spectral and thermodynamic data for the ligand-binding
complexes of DHc25/7mC-Rev and DHc58/7mC-Rev are consistent
with the pre-organized type of ligand-binding mechanism. The
thermodynamic data indicates that the catechol ring is the critical
recognition site for almost all the RNP selected and that the steric
interference at the aliphatic chain is prone to lower the ligand-
binding affinity for DHc25/7mC-Rev. DHc65/7mC-Rev forms cate-
cholamine-binding complexes through the induced-fit mechanism,
in which the equilibrium for the complex formation is often gov-
erned by faster ko, and kog than the ligand-binding equilibrium
of the pre-organized binding pocket.*>® In order for the selection
pressure to reach the affinity maturation, RNPs with the pre-orga-
nized binding pocket have to be washed off from the bound-resin
with a large excess buffer or a longer incubation time to obtain
RNPs that form ligand-binding complexes governed by slower
kinetics.*’~%° A selection pressure to emphasize the difference in
kinetic behaviors of RNPs in the pool would be an alternative ap-
proach to obtain RNP with the high affinity and selectivity.

4. Conclusions

By applying the conditional selection scheme, we have ob-
tained dopamine-binding RNPs with various binding characteris-
tics and developed fluorescent RNP sensors for dopamine that
show moderate selectivity against norepinephrine, and high
selectivity over other catechol amines, such as epinephrine,
i-dopa and tyrosine. The ligand-binding pockets are pre-
organized for DHc25 and DHc58 RNP that showed similar recog-
nition mode and binding mechanisms to dopamine. DHc25 and
DHc58 RNP show higher selectivity against norepinephrine and
epinephrine than DHc65 RNP, which forms a dopamine complex
by the induced-fit mechanism. A selection scheme including a
counter selection step by using a competitor norepinephrine
afforded dopamine-binding RNPs with expected specificity. Based
on the investigation of the thermodynamic parameters of the
catecholamine-RNP complexes, the binding processes of catechol-
amines to RNP are all driven by enthalpy changes and exhibit the
enthalpy-entropy compensation phenomena. Further refinements
of the selection scheme, such as the kinetic control for the selec-
tion step, would realize in vitro selection of RNP with enhanced
affinity and selectivity.
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5. Materials and methods

Dopamine immobilized agarose resin was purchased from ICN.
L-Tyrosine immobilized on cross-linked 4% beaded agarose, L.-dopa,
norepinephrine, epinephrine, phenylethylamine and tyrosine
were purchased from Sigma-Aldrich. Catechol was purchased from
Wako Chemicals. Tyramine was purchased from Tokyokasei.
Klenow DNA polymerase, restriction enzyme (BamHI and EcoRI)
and T4 polynucleotide kinase were purchased from New England
Biolab. Gel electrophoresis grade acrylamide and bisacrylamide
were obtained from Wako Chemicals. Rev peptide modified with
acetic acid (Ac-Rev) and 7-methoxycoumarin-3-carboxylic acid
(7mC-Rev) were synthesized as described previously.!>!°

5.1. Nucleic acid preparations

The nucleic acids used in this study were prepared according to
the procedure previously reported.?>?® Concentrations of RNA
were determined by UV spectroscopy.

5.2. In vitro selection of dopamine-binding RNP

The RRENn RNA library was prepared as previously reported'®
in the low salt buffer (100 uL) [SOmM Tris-HCl (pH 7.6),
150 mM Nacl, 0.005% Tween 20, 0.02% ascorbic acid] or in the high
salt buffer (100 pL) [50 mM Tris-HCl (pH 7.6), 300 mM NacCl,
0.005% Tween 20, 0.02% ascorbic acid] by using 2 M RNA and
3 UM Ac-Rev. Firstly, the negative selection step was carried out
by using tyrosine-agarose resin (2 mM). RNP was incubated with
the tyrosine-immobilized agarose resin for 30 min on ice. The
RNP-bound tyrosine-agarose resin was washed three times with
300 pL of the low salt buffer. The flow-through fraction was sub-
jected to the incubation with the dopamine-agarose resin (6 uM)
in the low salt buffer. The RNP-bound resin was washed three
times with 300 pL of the low salt buffer. RNP bound to the resin
was eluted with the low salt buffer containing 5 mM dopamine
(150 pL) for two times. RNA of the recovered RNP was precipitated
with ethanol and resuspended in TE buffer (50 pL). After reverse
transcription with AMV (Avian Myeloblastosis Virus) reverse
transcriptase (Promega) of the selected RNA using the 3'-DNA pri-
mer used in PCR amplification and successive PCR amplification
(RT-PCR) using the 5'- and 3’-DNA primer, DNA templates were
transcribed and the resulting RNAs were subjected to the next
round of selection. After 12 rounds of low salt buffer selection, col-
lected RNP pool was designated as the DL-RNP pool. In vitro selec-
tion in the high salt buffer was carried out in the similar manner
for 14 rounds of selection to give the DH-RNP pool.

5.3. Counter selection of dopamine binding ribonucleopeptide
with presence of norepinephrine (RNA/Rev)

The DH-RNP pool obtained from the high salt condition was
subjected to another eight rounds of selection by using an equilib-
rium binding buffer (100 pL) containing 50 mM Tris-HCl (pH 7.6),
300 mM Nacl, 0.005% Tween 20, 0.02% ascorbic acid, 1 mM norepi-
nephrine and the RRENn RNP library (2 tM RNA and 3 pM Ac-Rev).
RNP and the dopamine-immobilized agarose resin (6 pM) were
incubated on ice for 30 min. The resin was washed three times
with a buffer (300 pL) containing 50 mM Tris-HCl (pH 7.6),
300 mM NaCl and 5 mM MgCl,. The resin-bound RNPs were eluted
twice by the high salt buffer containing 5 mM dopamine. RNA of
the recovered RNP was precipitated with ethanol and resuspended
in TE buffer (50 pL). After reverse transcription with AMV reverse
transcriptase (Promega) of the selected RNA using the 3'-DNA pri-
mer used in PCR amplification and successive PCR amplification
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Figure 8. The CD spectra of (a) DHc25, (b) DHc58 and (c) DHc65. RNA only (red
line), RNP only (blue line), and RNP with dopamine (green line) spectra were shown,
respectively.

(RT-PCR) using the 5'- and 3’-DNA primer, DNA templates were
transcribed and the resulting RNAs were subjected to the next
round of selection.

5.4. Sequencing analysis of selected RNA

Selected RNA pools were converted to DNA and PCR-amplified
to introduce BamHI and EcoRI restriction sites by using primers
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5-GCGGGATCCTTTCGGCCTGTACCGTCA-3’ and 5 CGGAATTCTAA-
TACGACTCACTATAGG-3'. After enzymatic digestions, DNAs were
cloned into the pUC 19 vector using Ligation Kit ver 2 (TaKaRa)
and sequenced using a BigDye Terminator Cycle Sequencing Kit
(Applied Biosystems) with a model 377 DNA sequencer (Applied
Biosystems)

5.5. Fluorescence measurements on the microplate

The 96-well fluorescence measurements were performed on a
Wallac ARVOsx 1420 multilabel counter. The binding assay was
evaluated by using the following conditions: 1 uM RNA and 1 uM
7mC-Rev in 50 mM Tris-HCl (pH 7.6), 5 mM MgCl,, 0.005% Tween
20 and 0.02% ascorbic acid with 150 mM NacCl (DL-RNP) or with
300 mM NaCl (DH or DHc-RNP). Well-mixed samples with differ-
ent concentration of the ligands bearing catecholamine-related
functional groups were incubated at 4 °C for 20 min, then emission
spectra were measured (Jex = 355 nMm, ey = 390 nm).

Fobs = A(([RNP]; + [substrate]; + Kp) — (([RNP]; + [substrate];
+ Kp)? — (4]RNPJ [substrate];)"/?)/2[RNP,)

where A is the increase in fluorescence at saturating substrate con-
centrations (Fpax—Fmin), Kp is the equilibrium dissociation constant,
and [RNP] and [substrate]r are the total concentrations of RNP and
the substrate, respectively.

5.6. RNA secondary structure prediction

Prediction of the secondary structure of DHc25 RNA, DHc 58
RNA and DHc 65 RNA by using Mfold v3.0 algorithm (offered at
http://mfold.rna.albany.edu/). Folding was done at 37 °C with
1 M Nadl, specifying that the RRE region is in the reported second-
ary structure >3’

5.7. Thermodynamic parameter of the RNP-ligand binding
complexes

RNP (0.5 M RNA: 0.5 M 7mC-Rev) samples in binding buffer
50 mM Tris-HCI (pH 7.6), 300 mM NaCl, 5 mM MgCl,, 0.005%
Tween 20, 0.02% ascorbic acid with different concentration of cat-
echolamine were prepared. Samples after well-mixed were incu-
bated at different temperature: 4, 10, 15, 20 and 25°C for
20 min. Fluorescent intensity of samples was measured
(Aex =355 nm, Jem =390 nm) by using Hitachi F7000 fluorescent
spectrophotometer.

Through plot of In 1/Kp against 1/Temperature (Kelvin), both
AH® and AS° were extracted. Consequently, the changes in Gibbs
free energy were calculated by the following formula®® (T =298 K
and R=8.314] K~ mol~1).

In1/Kp = —AH"/RT + AS”/R 1)
—TAS” = AG" — AH’ (2)

5.8. Circular dichroism spectroscopy measurements

Circular dichroism spectra were recorded on a Jasco J-725] spec-
tropolarimeter (Jasco, Inc., Easton, MD) interfaced with a computer
and equipped with a heating/cooling device and nitrogen purging
facilities. The CD spectrum of 3 tM DHc RNA, and 3 M DHc RNP
(ratio of RNA: 7mC-Rev = 1:4) complex with dopamine [1 mM or
50 uM (DHc 65)], norepinephrine [1 mM or 50 uM (DHc 65)] or
epinephrine [1mM or 50 uM (DHc 65)] were measured in
50 mM Tris-HCI (pH 7.6), 300 mM NaCl, 5 mM MgCl,, 0.005%
Tween 20, and 0.02% ascorbic acid at 4 °C. The data were gathered

at the average of 10 time scans (scanning rate of 100 nm min~!)
from 320 to 190 nm. The data were collected in units of millide-
grees versus wavelength.
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