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Aptamers Switch on Fluorescence of Triphenylmethane Dyes
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Fluorescent reporters have revolutionized the study of biological
systems by allowing exquisitely sensitive, real-time detection of Aptamer bound IMG
tagged proteins both in vitro and in vivo. Ideally, the requisite
tagging is performed in situ by genetic fusion, either to unusual
fluorescent proteins from jellyfish or coral or to much shorter
tetracysteine domains, which bind and enhance the fluorescence
of membrane-permeant biarsenical dy¢dowever, comparable P
methods do not yet exist for nucleic acids. No sequence of natural, , vavelength (nm)
genetically encodable nucleotides is known to generate distinctive
fluorescence by itself. Current methods for visualizing specific
nucleotide sequences usually require hybridization to a synthetically
labeled complementary proBeSuch hybridization is destructive
and incompatible with live cells because of the need to introduce £
labeled antisense sequences and then stringently wash away the®
excess of unbound probe. The only way at present to image specific 0001 oot o 1 0ot o; o1 1 10
RNAs in a live cell is to fuse such RNAs to tandem multimers of (ot MG aptamen) (40 foeG apamen 41
special stem-loop sequences, which attract unique binding proteins° )
that in turn are fused to green fluorescent protéibis tagging
system is indirect and adds tremendous mass, around 270 kDa, far *
larger than the typical RNA target to be tracked. A more compact
strategy for genetically tagging RNAs in situ would be to fuse them 2 )
to the shortest possible nucleotide sequences that can bind specific
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membrane-permeant dyes and render the latter fluorescent. General *;; . M 0 w0 on 1 0 0 To0c
methods are now available for selective evolution of oligonucle- (ftal SRE aptamer] (1) flotal SR aptamer] (i)
otides (“aptamers”) that bind small molecufe&n RNA aptamer Figure 1. MG and SRB aptamers enhance fluorescence of triphenylmethane

j - dyes. (a) Emission spectra of IMG and MG with and without excess MG
Was _eVO_IVEd to bind malachite green (M_G)] the hope that aptamer. (b) Emission spectra of PBVF and PBV with and withoyt0
illumination of the dye would generate reactive oxygen spédtes SRB aptamer. (ef) Apparent quantum yields for MG, IMG, PBVF, and
inactivate an attached mMRNAThis MG aptamer was later found  PBV as a function of total aptamers. Solid circles are experimental, and
to prefer rigidly planar analogues such as tetramethylrosamine Smooth curves are the best fits for 1:1 binding (see Supporting Information).
(TMR, Kg ~ 40 nM) and pyronin Y Kq &~ 225 nM) over nonplanar, Lower and upper asymptotes indicate the measured quantum yield for free

. . dye and the fitted quantum yield for the complex.
rotationally mobile MG (800 nM). Therefore, the crystal structure

was determined with TMR instead of M&GThe TMR was Free MG in 100 mM KCI, 5 mM MgGJ, and 10 mM HEPES
embedded between a base quadruple and base pair and suggestggH 7.4) had an absorbance maximum at 618 nm and very low
that ligand binding was stabilized by base-stacking interactions. In fluorescence, corresponding to a quantum yield ofs7 2075, MG
addition, noncanonical base pairs further stabilized the aptamer andaptamer RNAwas transcribed from a DNA template containing a
encouraged the specificity for TMR. double-stranded T7 promoter region and was gel purified. RNA (4
Triphenylmethane dyes such as MG normally have extremely 4M) was folded into MG aptamers in the above buffer and mixed
low quantum yields for fluorescence due to easy vibrational de- with 0.32uM MG. The aptamer shifted the MG absorbance from
excitation, but viscous or cold environments are known to encourage 618 to 630 nm, consistent with previous repdrtagdicating that
some fluorescence by restricting such vibrati®ge hoped the the MG was nearly fully bound. Titration with increasing amounts
MG aptamer might do the same and stabilize MG in a planar, more of MG aptamer and curve-fitting the fluorescence to an equation
fluorescent conformation. We now show that the MG aptamer for 1:1 complexation yielded a dissociation constant of 117 nM
indeed increases the fluorescence of MG and close relati2860- (Figure 1c). This value indicates somewhat stronger binding than
fold while rejecting triphenylmethane dyes bearing additional the 800 nMKq previously reported,which was indirectly deter-
sulfonate groups. Conversely, another aptamer raised against amined at pH 5.8 in a low ionic-strength medium by MG competition
sulfonated rhodamiriebinds and enhances the fluorescence of with TMR binding. The fluorescence of the aptamer-bound MG
sulfonated triphenylmethane dyes while rejecting purely cationic (Figure 1a,c) was tremendously enhanced to a quantum vyield of
triphenylmethanes such as MG. To our knowledge, these are the0.187 in the limit of 100% binding, 2360 times greater than that of
first demonstrations of short RNA sequences that can specifically unbound MG (Table 1). This quantum yield for the MG aptamer
enhance the fluorescence of appropriate dye partners while bothcomplex exceeds those observed when MG and comparable
crossed combinations are rejected. triphenylmethane dyes are adsorbed to albumin or immobilized in
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Patent Blue dyes PBV and PBVF were purified by HPLC using a Cys-reverse-phase
column with alinear gradient of 10-90% acetonitrile in water with 0.1% TFA. The major
peak was collected, evaporated and identified by ES-MS.

Synthesisof IMG:

5,5 -Bis(N-methylindolinyl)phenylmethane:

A solution of N-methyl indoline' (133 mg, 1 mmol) and benzaldehyde (51 pL, 0.5 mmol)
indry CH2Cl, (1 mL) under N at 0 °C was treated with freshly-sublimed AICk (67 mg,
0.5 mmol). The reaction mixture turned green slowly and was allowed to warm up to
room temperature and left overnight. The reaction mixture was quenched with 1M KOH
(20 mL) and extracted with CH.Cl, (3 x 15 mL). The extracts were dried over NaoSO4
and evaporated to an oil that was purified by SIO» chromatography by elution with ethyl
acetate- hexanes (1:9 v/v) to give the product as a colorless ail. Yield, 90.8 mg (51%).
NMR (*H, CDCk) 2.75 (s, 6H, N-Me), 2.89 (t, 4H, H-2, 2" J=8 Hz), 3.31 (t, 4H, H-3, 3’
J8Hz), 535 (s, 1H, H-1, 1'), 6.45 (d, 2H, H-7, 7 J=7.8 Hz), 6.82 (broad d, 4H, H-
4.4 6,6 F9.4Hz), 7.1-7.3 (m, 5H, phenyl).)

IMG (bis(N-methylindolinyl) Malachite Green:

5,5’ -Big(N- methylindolinyl)phenylmethane (45mg, 0.13 mmol) dissolved in 2 mL 95%
EtOH was treated with chloranil (38 mg, 0.15 mmol) and gently heated until reaction was
complete as judged by TLC (SO2, 20% MeOH-CHCl), in which the product is a green
colored spot with R ~0.20). The reaction mixture was evaporated, dissolved in MeOH (1
mL) and IM-HCI (0.5 mL), heated briefly and re-evaporated. The product was purified

by SO, chromatography (eluted with 20% MeOH-CHCL) to give a dark green solid.
Yield >95%. NMR (*H-NMR, CDCk) 3.20 (s, 6H, N-Me), 3.73 (t, 4H, H-2,2), 3.94 (t,
2H, H-3,3"), 6.67 (d, 2H, H-7,7"), 7.0 (broad d, 2H, H-6,6), 7.1-7.6 (broad m, 6H, H-7,7’,
phenyl).

Synthesisof MG and SRB RNA Aptamers:

Malachite Green aptamer RNA (5 GGAUCCCGA CUGGCGAGAG CCAGGUAACG
AAUGGAUCC) and Sulforhodamine B aptamer RNA (5’
GGAACCUCGCUUCGGCGAUGAUGGAGAGGCGCAAGGUUAACCGCCUCAGG
UUCC) were produced as follows: 200 pmol DNA anti-sense to MG aptamer
(GGATCCATTCGTTACCTGGCTCTCGCC
AGTCGGGATCCTATAGTGAGTCGTATTAAGCT) or SRB aptamer
(GGAACCTGAGGCGGTTAACCTTGCGCCTCTCCATCATCGCCGAAGCGAGGTT
CCTATAGTGAGTCGTATTAAGCT) were annealed with 200 pmol T7 sense DNA

(AGCTTAATACGACTCACTATAGGA) in 200 mL annealing buffer (50mM NaCl,
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100mM HEPES pH7.4). 30 m_ (60pmol) of annealed DNA, 10 i (400units) of
Invitrogen RnaseOut and 25 L. (500units) of Promega RNA polymerase was added to a
final volume of 500 nL in transcription reaction buffer (20mM NaCl, 12mM MgCh,
4mM spermidine, 20mM DTT, 2mM NTPsand 80mM Tris-HCI pH 7.9). Transcription
was allowed to go overnight at 37C. The RNA product was precipitated with ammonium
acetate, re-dissolved in formamide gel running buffer and purifed by electrophoresison a
10% denaturing acrylamide gel. RNA aptamers were excised from gel and soaked in
dissociation buffer (0.1mM EDTA, 0.1% SDS, 500mM NaCl, 10mM Tris pH7.4). RNA
was next ethanol precipitated and dissolved in DEPC treated H,O. Samples were stored at
-20C until further use.

Determi nation of fluorescence quantum yields and affinities:

All quantum yields were determined by comparing the integral of the corrected emission
spectra with the corresponding integral obtained from a solution of Cresyl Violet in
methanol, whose absorbance was adjusted to match that of the sample of interest at the
excitation wavelength. The absolute quantum yield of Cresyl Violet was taken to be
0.545@ . The refractive index correction was negligible because methanol and agueous
buffers differ in refractive index by <0.01.

The quantum yields of the free dyes (Qp) were determined in 1X selection buffer.
Dissociation constantsK and quantum yields for their complexes with aptamers (Qrp)
were determined by measuring the apparent quantum yields (Qapp) as afunction of
increasing total added RNA (Ry) at afixed concentration of total dye (Dy), and least-
squares fitting to the following model for 1:1 complexation. Let [R] and [D] bethe
concentrations of free RNA and free dye respectively. Let K be the dissociation constant
for their complex. Then the concentration [ RD] of the RNA:dye complex is given by:

(FO] = [RED] _(R - [RD]ﬁDT - [RD])
The solution of this quadratic equation for [RD] is

D; +R; +K - 4/(D; + R, +K)?- 4D, R;
2
The apparent quantum yield Qapp for a mixture of free dye (whose quantum yield is Qp)
and aptamer-dye complex (whose quantum yield is Qrp) IS
Qapp — QD[ D] -E)QRD[R[)] — QD + (QRD - [()QD)[ RD]
T T

€D, +R, +K - ,/(D; + R +K)2- 4D,R U
:QD+(QRD' QD)? . u J 2TD s Tl:'
& T H

The smooth curvesin Fig. 1c-1f are the best fits of the measured Rr and Qapp vaues

(solid circles) to the above equation, with K and Qrp as the fitted parameters listed in the
text and in Table 1. The measured Qp and the deduced Qrp are al so respectively shown

as the lower and upper horizontal asymptotes in Figs. 1c-1f. Total dye concentrations (D)
were 320 nM for MG (Fig. 1laand 1c), 260 nM for IMG (Fig. 1aand 1d), 1.45uM for
PBVF (Fig. 1b and 1e), and 1.0 uM for PBV (Fig. 1b and 1f). For the spectra of aptamer-

[RD] =

S2



dye complexesin Fig. 1a, the concentrations of MG aptamer were 4 uM and 10 uM for
MG and IMG respectively. In Fig. 1b, the SRB aptamer was 60 uM for both complexes.

Multimer Data:

To determine if multiplying aptamer sequences in tandem could increase fluorescence
intensity levels, we cloned, amplified and transcribed MG aptamer sequences as
monomers, dimers, trimers, tetramers and pentamers and compared fluorescence intensity
levels at equimolar concentrations of RNA (10 pM). As shown in Fig. 2, increasing the
number of concatenated MG aptamers resulted in increased levels of fluorescence,
particularly addition of the 3@ and 5 units, whereas the 2" and 4™ units gave lesser
increments, suggesting that they may function only as spacers. Currently only 6 bases
separate each aptamer unit, so increasing the spacer length might permit each aptamer to
fold and bind MG independently, thus increasing fluorescence levels. Nevertheless, these
results suggest that multiple MGs bound to concatenated aptamers do not quench each
other as multiple fluorophores often do when conjugated to a single antibody. Therefore
increased brightness is attainable if higher molecular weight is tolerable.
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Table 1. Spectral Enhancements of Triphenylmethane Dyes
Bound to MG and SRB Aptamers

RNA Aax QY QY fold Kg

dye aptamer (nm) free bound increase uM
MG MG 12 7.9x 105 0.187 2360 0.117
IMG MG 8 15x10% 0.324 2090 0.666
PBVF SRB 75 3%10% 0.034 92 86
PBV SRB 10 3.9x 104 0.042 107 23
Chart 1. Relevant Triphenylmethane and Xanthene Dyes

MG:R'=R?=Me;R®=X=Y=H

IMG: R" = Me; R, R® = CHyCHp; X =Y =H
PBVF:R'=R2=Et,R®=Y =H; X =SOy
PBV: R'=R2=Et,R®=H; X =803 Y = OH

TMR: R'=R2=Me; X=H
SRB: R'=R2=Et; X = SO5°

glycerol or a sucrose octaacetate gfa¥s.show that enhancement
is specific for the MG aptamer, we added &0 sulforhodamine

B aptamer RNA (SRB), a different aptamer selected to bind the
disulfonated rhodamine dye sulforhodamin€ Bhis saturating
amount of SRB aptamer enhanced MG only slightly. Presumably,
the binding cavity of the MG aptamer locks the rotationally mobile
MG in arigid, planar configuration somewhat similar to the planar
structure of TMR, whereas the SRB aptamer does not bind MG
significantly.

The major nonplanarity and vibrational flexibility in MG is due
to the propeller-like twisting of the phenyl rings with respect to
the central triarylmethyl carbon, but twisting of the dimethylamino
groups relative to the phenyl rings could contribute an additional
mode of excited-state deactivation. We therefore rigidized the
dialkylamino substituents by synthesizing IMG, an indolinyl
derivative of MG (Chart 1). Free IMG showed an absorbance
maximum of 642 nm, slightly red-shifted from that of MG, and a
quantum yield of 1.55< 1074, about double that of MG (Table 1).
Addition of 10uM MG RNA aptamer to 0.5:M IMG shifted the

an extra—OH on the phthalein ring (Chart 1). Free PBV showed
a quantum yield of 3.% 104 Interestingly, 6QuM SRB aptamer
shifted the absorbance of PBV by 10 nm to the red and enhanced
PBV fluorescence about twice as much as that of PBVF (Figure
1b). Curve fitting of titrations yielded a dissociation constant of
23 uM and a quantum yield of 0.042 for the PBV-SRB aptamer
complex, a 107-fold enhancement over that for free PBV (Figure
1f). The extra hydroxyl group of PBV therefore almost quadruples
the affinity for the aptamer. An aptamer evolved to bind PBV itself
might achieve higher affinities and quantum yields closer to those
of MG and IMG complexed to the MG aptamer. Addition of 10
uM MG aptamer to both PBVF and PBV did not cause any
fluorescence enhancement, proving that both the MG and SRB
aptamers discriminate against the other’s ligands.

The ability of aptamers consisting of just-384 nucleotides to
enhance the fluorescence of specific triphenylmethane dyes up to
2300-fold opens many interesting possibilities for assaying the
formation, location, or breakdown of RNAs incorporating such
aptamers. In addition, we were able to further enhance fluorescence
by cloning and transcribing MG aptamer sequences in tandem,
revealing concatenated aptamers result in increased levels of
fluorescence without quenching one other (Supporting Information).
The specificity of the MG and SRB aptamers for different sets of
dyes suggests that it should be possible to discriminate multiple
RNAs simultaneously. Because neither aptamer was selected or
optimized for the ability to enhance fluorescence, further improve-
ments should be possible. We hope that such progress will enable
in situ fluorescent tagging and imaging of important messenger,
ribosomal, and micro RNAs to help answer the many biological
questions about their metabolism, trafficking, and functions within
living cells.
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dyes, synthesis of IMG, synthesis of aptamer RNA, curve fit analysis
and quantum yield determination (PDF). This material is available free

absorbance to 650 nm and increased the peak extinction somewha®f charge via the Internet at http:/pubs.acs.org.

(Figure 1b). Similar to MG, the fluorescence quantum vyield for

fully bound IMG was determined to be 0.324 (Table 1). Therefore,
rigidization of the dialkylamino substituents increased the quantum
yield of both the free and bound dye by about 2 to 3-fold, leaving

the enhancement factor near 2090-fold. Titration of fluorescence
vs aptamer concentration and curve fit analysis (Figure 1d) indicated

a dissociation constant of 666 nM. The weaker affinity for IMG is

expected because the MG aptamer was not optimized to bind this

analogue. Aptamers selected for IMG itself might be even more
effective at increasing its quantum yield. As with MG, &0 SRB
aptamer had virtually no effect on fluorescence of IMG.

Although the SRB aptamer does not significantly bind or enhance
the fluorescence of MG or IMG, are there other dyes whose

fluorescence the SRB aptamer can increase? We tested it with the

triphenylmethane analogue of sulforhodamine B, patent blue VF
(PBVF). Free PBVF showed a quantum vyield of 3<7 104
Addition of 60 uM SRB aptamer caused a bathochromic shift of

7.5 nm and a large fluorescence enhancement (Figure 1b). Curve

fitting of fluorescence as a function of SRB aptamer concentration
(Figure 1e) yielded a dissociation constant of@6 and a quantum
yield for the complex of 0.034, an enhancement of 92-fold. We

also tested patent blue violet (PBV), an analogue of PBVF bearing
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