
Using azobenzene incorporated DNA aptamers to probe
molecular binding interactions

Joseph A. Phillips, Haipeng Liu, Meghan B. O’Donoghue, Xiangling Xiong, Ruowen Wang,
Mingxu You, Kwame Sefah, and Weihong Tan*

Department of Chemistry and Department of Physiology and Functional Genomics, Shands
Cancer Center and Center for Research at the Bio/nano Interface, University of Florida Genetics
Institute and McKnight Brain Institute, University of Florida, Gainesville, FL 32611-7200. USA

Abstract
The rational design of DNA/RNA aptamers for use as molecular probes depends on a clear
understanding of their structural elements in relation to target-aptamer binding interactions. We
present a simple method to create aptamer probes that can occupy two different structural states.
Then, based on the difference in binding affinity between these states, target-aptamer binding
interactions can be elucidated. The basis of our two-state system comes from the incorporation of
azobenzene within the DNA strand. Azobenzene can be used to photo-regulate the melting of
DNA-duplex structures. When incorporated into aptamers, the light-regulated conformational
change of azobenzene can be used to analyze how aptamer secondary structure is involved in
target binding. Azobenzene modified aptamers showed no change in target selectivity, but showed
differences in binding affinity as a function of the number, position, and conformation of
azobenzene modifications. Aptamer probes that can change binding affinity on demand may have
future uses in targeted drug delivery and photodynamic therapy.

INTRODUCTION
To use DNA/RNA aptamers as biosensors, it is necessary to engineer functional capabilities
into the aptamer molecular structures. This engineering is facilitated when there is a clear
understanding of the structural elements of the aptamer and the aptamer-target binding
interaction. For example, structural information has been used to engineer biosensors for
molecular targets including ions, small molecules, and proteins (1–8). The use of these
robust biosensor designs is limited to targets for which the aptamer secondary structure is
easily predictable or atomic structures are known. The most common targets being
potassium ion (K+), adenosine triphosphate (ATP), cocaine, thrombin, and platelet derived
growth factor (PDGF). The atomic structures that have been solved are primarily RNA-
aptamers with small molecule targets (9–10). The only existing aptamer-protein structures
are the thrombin, nucleolin, and NF-κB aptamer-protein complexes, of which, thrombin is
the only protein that has not been shown to naturally bind nucleotides (11–16). This lack of
structural information for most aptamers severely limits the application of current biosensor
designs and the development of new biosensor designs. Therefore, a method that can yield
information about how the secondary structure of an aptamer relates to protein binding
would facilitate the implementation of aptamer biosensor designs.
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The structural properties of molecules can be controlled by conjugation with azobenzene
moieties. This control is based on the ability of azobenzene molecules to switch between
two conformations, cis- or trans-, after absorbing ultraviolet (UV) or visible light,
respectively. Azobenzene has been used to photo-regulate molecular interactions for diverse
applications ranging from building molecular motors to regulation of gene translation (17–
20). In particular, when covalently inserted into the phosphate backbone of DNA,
azobenzene moieties have been shown to reversibly regulate the conversion from dsDNA to
ssDNA as well as DNA triplex structures (21–22). The duplex regulation is based on the
stabilization of the dsDNA by trans-azobenzene, which intercalates within dsDNA and
makes stacking interactions that offset the change in conformation of the double helix (23).
Some groups are using this structure switching ability to create DNA nanomachines and
chemical switches powered by light (24–30). In this work, we incorporate azobenzene into
the phosphate backbone of an aptamer and use the light-regulated structural change of
azobenzene to analyze how the predicted secondary structure of the aptamer is involved in
protein binding.

Previous aptamer research from our lab has shown that the minimal sequence needed for the
Sgc8 aptamer to bind to CCRF-CEM T-cell Acute Lymphoblastic Leukemia (T-ALL) cells
has a predicted hairpin structure with 8 bases in the stem and 24 bases in the loop (31–32).
This truncated sequence was named Sgc8c. Although this hairpin has a predicted melting
temperature of 46°C, it is not possible to increase the temperature beyond 37°C to test
whether the melting of this stem structure affects cell binding. Experiments of this nature
would lead to artifacts as cells react biologically to increasing temperature, which could lead
to different protein expression. Therefore, the relevance of this hairpin structure to the
protein binding interaction could not be probed directly. The protein target for this aptamer
was found to be Protein Tyrosine Kinase-like 7 (PTK7) and this protein is up-regulated in
various cancer cell lines (33). Some information about the structure of the Sgc8c/PTK7
binding interaction can be ascertained from the literature. First, this aptamer does not
compete with the binding of PTK7 antibodies that bind to a region between amino acids 36–
146 (33). Second, Sgc8c has been used in many biosensor applications, and is frequently
immobilized at the 5′ or 3′ end to nanoparticles and microfluidic channels, indicating that the
ends of the aptamer do not directly interact with the protein target (34–37). These previous
results suggest that the predicted stem-loop structure Sgc8c is important for protein binding.

In this work, we inserted azobenzene at various positions within the predicted stem and loop
of Sgc8c as depicted in the schematic. Our intent was to probe the necessity of the stem-loop
structure and learn more about the aptamer-protein interaction. We saw a clear decrease in
affinity between the UV and visible states of probes that had azobenzene in the stem region.
Further, azobenzene modifications around the T-G mismatch near the stem-loop intersection
and in the GC-rich portion of the loop resulted in significant changes in binding affinity.

MATERIALS AND METHODS
Azobenzene phosphoramidite monomer synthesis

D-Threoninol was chosen as the linker for synthesizing optically pure diols based on the
different properties from L- conformation. The synthesis routes are similar to published
protocols (Supporting Information Scheme S1) (38). Compound 1. In a round-bottom flask,
a solution of D-threoninol (0.91 g, 9.0 mmol), 4-(phenylazo) benzoic acid (2.25 g, 10.0
mmol), Dicyclohexyl Carbodiimide (2.05 g, 10.0 mmol), and hydroxybenzotriazole (1.32 g,
10.0 mmol) in dimethylformamide (50 mL) was stirred under an argon atmosphere at room
temperature for 24 h. The reaction mixture was filtered and then concentrated. The residue
was purified by column chromatography (ethyl acetate/methanol 20/1) and dried to afford
compound 1 (2.34 g, 7.48 mmole, 83%) as an orange solid. 1H NMR (CDCl3): δ 7.96–7.38
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(m, 9H), δ 7.12 (d, 1H), δ 4.33 (m, 1H), δ 4.09 (m, 1H), δ 3.98 (d, 2H), δ 1.29 (d, 3H).
Compound 2. To a solution containing compound 1 (0.8 g, 2.4 mmol) and 4-
dimethylaminopyridine (0.015 g, 0.12 mmol) in dry pyridine (10 mL) at 0 °C, 3-[2-
(dimethylamino)ethyl]indole-Cl (1.0 g, 3.0 mmol) in CH2Cl2 (4 mL) was added dropwise.
The mixture was stirred for 1 h at 0 °C and then at room temperature for another 24 h. The
solvent was evaporated, and the residue was an orange-red oil, which was purified by
column chromatography (ethyl acetate/hexane/triethylamine 50:50:3) and dried to afford
compound 2 (0.76 g, 1.24 mmol, 52%) as an orange-red solid. 1H NMR (CDCl3): δ 8.00–
6.78 (m, 23H), δ 4.25 (m, 1H), δ 4.17 (m, 1H), δ 3.77 (s, 6H), δ 3.60 and 3.42 (dd, 2H), 1.23
(d, 3H). Compound 3. To a solution containing compound 2 (0.62 g, 1.0 mmol) in
anhydrous CH3CN (20 mL) at 0 °C, N, N' Diisopropylethylamine (0.39 g, 3.0 mmol) was
added in 15 minutes. Then, 2-cyanoethyl diisopropyl chlorophosphoramidite (290 μl, 1.3
mmol) was added dropwise, and the reaction mixture was stirred at 0 °C for 5 h. After
removing the solvent, the residue was dissolved in ethyl acetate, and the organic phase was
washed with NaHCO3 standard solution and NaCl solution and dried over anhydrous
magnesium sulfate. The solvent was evaporated, and the residue was purified by column
chromatography (ethyl acetate/hexane/triethylamine 40:60:3), and dried to afford the title
compound (0.52 g, 0.64 mmol, 64%) as orange red solid. 1H NMR (CDCl3): δ 8.00–6.79
(m, 22H), δ 6.62 (d, 1H), δ 4.48 (m, 1H), δ 4.39 (m, 1H), δ 4.21–4.10 (m, 2H), δ 3.77 (s,
6H), δ 3.57–3.34 (m, 4H), δ 2.76–2.72 (m, 2H), δ 1.30–1.25 (m, 15H). 31P (CDCl3): δ 149.

Synthesis and Purification of DNA
DNA sequences were synthesized using a traditional DNA/RNA synthesizer ABI3400
(Applied Biosystems) at 1 μmole scale. 3′Biotin-CPG (Controlled Pore Glass) was
purchased from ChemGenes Corp. (Wilmington, MA). A proper amount of azobenzene
phosphoramidite was dissolved in dry acetonitrile in a vial connected to the synthesizer (20
mg of azobenzene monomer can make a single incorporation in the DNA at 1.0 μmole scale
synthesis). The azobenzene-tethered monomer is regarded as a normal base for insertion in
programming the synthesizer. A coupling program of longer reaction time was applied to
couple the Azo-moieties. After the synthesis, the CPG substrate was transferred to a glass
vial, and standard AMA (ammonium hydroxide: methylamine = 1:1) deprotection solutions
were added and incubated in a water bath at 50 °C for 12 hours. After centrifuge to separate
the CPG beads from DNA in the solution, the clear supernatant was carefully collected. The
DNA was then concentrated by ethanol precipitation. The precipitate was dissolved in
triethylammonium acetate solution and delivered to reverse phase High Pressure Liquid
Chromatography (HPLC) using a C18 column with a linear elution. The collected product
was vacuum dried, detritylated, and stored at −20°C for future use. HPLC was performed
with a ProStar HPLC (Varian) using a C18 column (Econosil, 5U, 250 x 4.6 mm) from
Alltech Associates. To measure the concentration of azobenzene modified DNA, the
extinction coefficient of azobenzene modified DNA was calculated by adding 4100
M−1cm−1 for each azobenzene moiety to the extinction coefficient of the original DNA
sequence. UV-Vis measurements were performed with a Cary Bio-30 UV spectrometer
(Varian).

Cell Culture and Buffers
CCRF-CEM (CCL-119, T cell line, human ALL) and Ramos (CRL-1596, Burkitt’s
lymphoma) cell lines were obtained from American Type Culture Collection. Both cell types
were cultured in RPMI medium 1640 (American Type Culture Collection) supplemented
with 10% Fetal Bovine Serum (FBS) (heat-inactivated; GIBCO) and 100 units/mL
penicillin-streptomycin (Cellgro). Cultures were routinely tested for Mycoplamsa infection.
Immediately before experiments, cells were harvested, rinsed via centrifugation at 450 x g
with washing buffer [4.5 g/L glucose and 5 mM MgCl2 in Dulbecco’s Phosphate Buffered
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Saline (PBS) with calcium chloride and magnesium chloride (Sigma)], and re-suspended at
12,500,000 cell/mL in binding buffer [washing buffer supplemented with yeast tRNA (0.1
mg/mL; Sigma), Bovine Serum Albumin (BSA) (1mg/mL; Fisher), and 10% FBS]. Cell
concentrations were determined using a hemacytometer (Hauser Scientific).

Flow cytometry
A two-step procedure was used to label the cells with aptamers and then Streptavidin-
Phycoerythrin (Streptavidin-PE) (Invitrogen). Slight modifications to our previous protocols
were needed to illuminate the probes prior to cell binding. Since aptamer secondary
structure may inhibit conformational changes of azobenzene-moieties upon illumination due
to steric hindrance, aptamers were stored at low salt conditions, i.e. in de-ionized water.
Since cells cannot be exposed to low salt conditions, aptamer solutions were stored as 10X
solutions and diluted to the final concentration only when mixed with cells in binding buffer
immediately after illumination. At the start of the experiment, 20 μL aliquots of 10X
aptamer stock solutions were transferred to round-bottom falcon tubes (BD Biosciences) and
positioned on top of a UVGL-58 UV lamp (UVP, LLC Upland, CA) emitting 366 nm light
for 20 minutes or in front of a common green laser pointer for 5 minutes. During the 20
minute UV illumination, cells were harvested and re-suspended to a final concentration of
12,500,000 cell/mL in binding buffer as described in the Cell culture and buffers section.
Immediately after illumination, 80 μL of cell solution containing 1,000,000 cells was added
to each tube, vortexed, and incubated for 20 minutes on ice in the dark. After rinsing twice
via centrifugation with washing buffer, cells were incubated with Streptavidin-PE for 20
minutes according to manufacturer’s instructions. After a final rinse in washing buffer, cells
were re-suspended in 200 uL binding buffer and analyzed using a FACScan cytometer (BD
Immunocytometry Systems). For each sample, a non-binding control aptamer was used to
set the voltage and gain on the photomultiplier tube for channel 2 such that the entire
background histogram was clearly visible and had a mean of roughly 2–3 fluorescence units.
After 10,000 counts were measured, the mean fluorescence intensity was recorded for each
sample.

Determination of dissociation constants
To reduce errors from variations in ambient light and cell culturing conditions, the
dissociation constants for the cis-aptamer, trans-aptamer, and non-binding control aptamer
were measured simultaneously on the same batch of cells. For accurate curve fitting, it was
also beneficial to perform each data point in duplicate. Therefore, we created binding curves
by incubating duplicates of 6 different concentrations of cis-aptamer, trans-aptamer, and
control aptamer on one batch of cells. Since modified aptamers varied significantly in their
binding affinities, preliminary experiments were performed on each trans-aptamer to
estimate the dissociation constant and determine a suitable range of concentrations with
which to create final binding curves. For the preliminary experiments, trans-aptamers were
incubated with cells at 1, 5, 20, 100, and 500 nM. Based on these results, 6 concentrations
were chosen to create the final binding curve for each aptamer. Typical concentrations for
high affinity aptamers were 1, 2, 5, 10, 20, and 250 nM and for low affinity aptamers were
50, 100, 200 500, 1000, and 2000 nM. Serial dilutions of the cis-, trans-, and control
aptamers at each concentration were incubated with cells and measured using flow
cytometry. For each concentration the mean fluorescence intensity of duplicate
measurements was averaged and the background signal of the control aptamer was
subtracted. The averaged background-subtracted data were fit to an equation that represents
the ratio of bound to total receptors:  (31). In this equation, Y is the
averaged background-subtracted mean fluorescence intensity, Lt is the concentration of
aptamer, Ymax is the maximum fluorescence intensity, and Kd is the dissociation constant. A
derivation of this equation and verification that it is valid in our system is given in the
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Supporting Information. Ymax and Kd are determined by fitting the data to this equation
using the Non-linear Curve-Fitting algorithm in Origin6.1 software (OriginLab Corp.). The
mean and standard deviations of Kd obtained from this curve-fitting were used to calculate
P-values using the normdist function in Excel (Microsoft). This function was used to
estimate the probability that the mean of one Kd measurement could be generated by a
normal distribution having the same mean and standard deviation of another Kd
measurement.

RESULTS
General probe design

Our probe design consisted of the azobenzene modified aptamer sequence followed by a
poly-T10 spacer and biotin moiety (see Schematic). Biotin was used to couple Streptavidin-
PE, which is a sensitive fluorophore used frequently for flow cytometry measurements.
Since azobenzene can quench fluorophores (30), a poly-T10 spacer was added to the 3′ end
of Sgc8c to distance the Streptavidin-PE from the azobenzene moieties. Table 1 shows the
specific azobenzene modified aptamer sequences used in this study. There are two basic
groups of probes named Stem or Loop, depending on the position of the azobenzene
moieties relative to the predicted stem. The number of azobenzene modifications is denoted
after Stem or Loop and a capital letter A, B, C, or D denotes different permutations of
azobenzene position for probes that contain the same number of azobenzene moieties.

Selectivity of azo-modified aptamers
To use azobenzene to probe the structure of an aptamer, the addition of azobenzene should
not change the aptamer’s basic properties of selectivity and high affinity binding. Therefore,
we first tested the selectivity of azo-Sgc8c probes by performing binding assays using both
target (CEM) and control cells (Ramos), and the TD05 aptamer that binds only to control
cells (39). These data are depicted as flow cytometry histograms in Figure 1A and 1B. We
consistently observed increased fluorescence intensity of azo-modified probes compared to
TD05 when bound to target cells and decreased fluorescence intensity when bound to
control cells. Thus, the azo-modified probes retain the selectivity of Sgc8c towards target
cells.

Photo-regulation of azo-modified aptamers
Having established that the selectivity of azo-Sgc8c probes was not affected, we next tested
whether the azobenzene incorporation had endowed these probes with photo-regulated
binding affinity. To show this, probes where first illuminated with either UV or visible light
prior to cell binding. In general, the UV state of the probes had lower florescence signal
compared to the visible state at the same concentration (Figure 1C). We also performed
control experiments to test the photo-reversible property of azobenzene. In these
experiments, probes were initially illuminated with UV light and subsequently illuminated
with visible light for 5 minutes. Probes that had been cycled from the UV state and back to
the visible state had higher fluorescence intensity compared to probes in the UV state
(Figure 1D). These photo-regulation and photo-reversing experiments suggest that the
azobenzene moieties are functioning in accord with published literature. Further, the photo-
reversing experiments rule out DNA damage as a cause of lowered binding affinity in the
UV state.

Dissociation constants of two-state probes
To quantify the difference in binding affinity between probes in the visible and UV states,
dissociation constants with respect to target cells were measured using flow cytometry
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before and after UV illumination. Binding curves were generated for all probes in both UV
and visible states and dissociation constants were extracted by fitting the curves to an
equation that represents the ratio of bound receptors to total receptors, see Materials and
Methods and Supporting Information for details. Representative flow cytometry histograms
showing probes binding in both the UV and visible states at different concentrations are
shown in Figure 2. An example of binding curves and fitted curves is displayed in Figure 3.
The majority of probes were high affinity, Kd < 150 nM (Figure 4A), and four probes had
Kd > 200 nM (Figure 4B). Since unmodified Sgc8c had Kd = 2.02 ± 0.24 nM, these
experiments established that 7 out of 13 azo-Sgc8c probes bound with similar affinity
compared to Sgc8c, i.e. < 20 nM. Further, when un-modified Sgc8c was illuminated with
UV light, the dissociation constant was not significantly different (2.27 ± 0.38 nM, P > 0.1).
This control measurement further proves that UV illumination has no deleterious effect on
aptamer binding, and that any difference in binding affinity must be due to azobenzene and
not DNA damage. When comparing all probes to Sgc8c, i.e. under the null hypothesis that
the Kd is no different than that of Sgc8c, all probes had P < 0.05 except trans-Loop1D.
When comparing the UV to visible state of each probe individually, i.e. under the null
hypothesis that the UV state is no different than the visible state, all probes except for
Sgc8c, Stem1A, and Stem4 had P < 0.05 (Table 1).

DISCUSSION
Verification of predicted stem structure

The first sub-set of probes that stands out are the probes that have azo-modifications placed
before the sixth base in the stem, namely Stem1A, Stem1B, Stem2A, Stem2B, Stem3, and
Stem5. As the number of azo-moieties within the stem increased, a larger decrease in
binding affinity was observed after UV illumination (Figure 4A). Based on this data, we can
make two conclusions. First, the initial 6 bases of the stem are double-stranded. In double-
stranded regions, the UV state of azobenzene lowers the melting temperature or stability of
the duplex, an effect that is proportional to the number of azobenzene modifications.
Therefore, as the number of azobenzene modifications increases, the duplex becomes less
stable in the UV state and, in the case of an aptamer, this translates into lower binding
affinity in the UV state. Second, since the binding in the UV state was still high affinity, i.e.
Kd < 80 nM, we can conclude that the first 6 bases in the stem do not represent the high-
affinity binding site, but are needed to stabilize the overall structure of the aptamer.

T-G mismatch near stem-loop junction is sensitive to structural perturbation
A second set of probes could be grouped together based on the positioning of azobenzene
near the stem-loop junction after the sixth base in the stem, namely Stem1C, Stem4, and
Stem6. In this part of the stem, there is a T-G mismatch two bases before the end of the
predicted stem. Stem4 had low binding affinity, Kd > 2 uM, having azo-moieties between C
and T, whereas Stem6 and Stem1C had high affinity, Kd < 150 nM, having azo-moieties
before C and after T, respectively. Therefore, the specific conformation of the C and T bases
may be important for the high-affinity binding site and the T-G mismatch could coordinate
the interaction with the protein or stabilize the aptamer secondary structure.

GC-rich portion of loop is important for protein binding
Control experiments with probes that had single azo-modifications in the loop were also
performed. The loop is composed of a 13-base GC-rich region and a poly-A4 region. Probes
that had modifications within the GC-rich portion of the loop, Loop1A, Loop1B, and
Loop1C, showed low binding affinity, while Loop1D, which had a modification in the poly-
A4 region, had high binding affinity. These data suggest that the GC-rich portion of the loop
may be in direct contact with the protein or form an important secondary structure, whereas
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the poly-A4 region may be relatively unstructured. This interpretation is consistent with the
fact that GC-rich regions are associated with more complex secondary structure when
compared to poly-A regions.

CONCLUSION
Azobenzene can be used to determine the importance of predicted dsDNA within aptamer
sequences. For the Sgc8c aptamer, the first 6 bases in the stem appear to be dsDNA. Further,
bases in the GC-rich portion of the loop and the T-G mismatch near the stem-loop junction
could have significant interaction with the target protein or stabilize the aptamer secondary
structure. The modification of aptamers with moieties that can change their binding affinity
on demand could have applications for targeted drug delivery. It may be possible to
administer aptamer-drug conjugates in the non-binding state and target them to a tumor
using visible light. This would reduce systemic side-effects in non-target organs. Future
work will involve determining the efficacy of drug targeting using this type of light-
regulated affinity modulation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Selectivity and photo-regulation of azo-modified aptamers using flow cytometry. A)
Histograms of trans-probes binding to target cells: TD05 (black), Sgc8c (red), Stem2A
(blue). B) Histograms of trans-probes binding to control cells: TD05 (red), Sgc8c (black),
Stem2A (blue). A & B show that azo-modified aptamers had selectivity compared to
unmodified aptamers. C) Histograms of Stem3 before and after 20 minutes of UV
illumination show that cis-Stem3 binds less than trans-Stem3 at the same concentration:
TD05 (black), Stem3-UV (blue), Stem3-Visible (red). D) Histograms of UV illuminated
Stem3 before and after subsequent 5 minute visible illumination show that the reduced cell
binding is reversible and not caused by DNA damage: TD05 (black), Stem3-UV (blue),
Stem3-UV->Visible (red). All probes used in this figure were incubated with 106 cells at
200 nM for 20 minutes.
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Figure 2.
Binding affinity of probes in both UV and visible state using flow cytometry. A–D)
Histograms of probe Stem5 in the UV state (blue) and the visible state (red) at 200 nM, 10
nM, 5 nM, and 2 nM, respectively. TD05 is shown in black. Fluorescent means nearly
saturate at 200 nM and cis-Stem5 has lower mean compared to trans-Stem5 at all
concentrations.
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Figure 3.
Representative binding curves for Stem5 showing average background-subtracted mean
fluorescence signal for trans-Stem5 (square) and cis-Stem5 (triangle), and fitted curves
(solid lines) for each binding curve. Data were fit to an equation that represents the ratio of
bound receptors to total receptors, see Materials and Methods and Supporting Information
for more details.
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Figure 4.
Differences in dissociation constants of cis- and trans- states reveal important secondary
structures associated with target binding. A) High affinity probes having Kd < 150 nM. B)
Low affinity probes having Kd > 400 nM. Trans-form is shown in grey and cis-form is
shown in black. Under the null hypothesis that the Kd of each probe is no different than that
of Sgc8c, all probes had P < 0.05 except trans-Loop1D. Under the null hypothesis that the
UV state is no different than the visible state for each probe, all probes except for Sgc8c,
Stem1A, and Stem4 had P < 0.05 (*).
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Schematic.
Probe design depicting the melting of the stem region after UV illumination: Biotin (black
polygon), trans-azobenzene (green polygon), cis-azobenzene (blue polygon), and DNA
(colored cylinders/yellow ribbon).
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Table 1

Azobenzene modified Sgc8c sequences

a
Azobenzene modifications are signified using a bold faced capital Z, stem sequence is colored red, GC-rich loop region in blue, and sequences are

written from 5′ to 3′.

b
P-value determined under the null hypothesis that the UV state is no different than the visible state.
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