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ABSTRACT: Single-stranded deoxyribonucleic acids have an enormous potential for catalysis
by applying tailored sequences of nucleotides for individual reaction conditions and substrates.
If such a sequence is guanine-rich, it may arrange into a three-dimensional structure called G-
quadruplex and give rise to a catalytically active DNA molecule, a DNAzyme, upon addition of
hemin. Here, we present a DNAzyme-mediated reaction, which is the oxidation of L-tyrosine
toward dityrosine by hydrogen peroxide. With an optimal stoichiometry between DNA and
hemin of 1:10, we report an activity of 101.2 ± 3.5 μUnits (μU) of the artificial DNAzyme Dz-
00 compared to 33.0 ± 1.8 μU of free hemin. Exemplarily, DNAzymes may take part in
neurodegeneration caused by amyloid beta (Aβ) aggregation due to L-tyrosine oxidation. We
show that the natural, human genome-derived DNAzyme In1-sp is able to oxidize Aβ peptides
with a 4.6% higher yield and a 33.3% higher velocity of the reaction compared to free hemin.
As the artificial DNAzyme Dz-00 is even able to catalyze Aβ peptide oxidation with a 64.2%
higher yield and 337.1% higher velocity, an in-depth screening of human genome-derived
DNAzymes may identify further candidates with similarly high catalytic activity in Aβ peptide
oxidation.

■ INTRODUCTION

Deoxyribonucleic acid (DNA) codes the genetic information
of proteins and determines their expression, for example, by
different promoter sequences.1 Beyond this basic function of
life, DNA has been utilized in a vast number of applications, for
example, in sensors,2 for hydrogel formation,3,4 or as a hemin-
assembled catalyst.5−7 In the latter case, the catalytic activity of
DNAzymes was first described by Breaker in 1994.8 Several
techniques have been developed to investigate the spatial
arrangement of single-stranded deoxyribonucleic acids
(ssDNA) that form G-quadruplexes in vitro and in vivo as
well as their ability to assemble with porphyrin-based guest
molecules such as hemin or N-methyl mesoporphyrin IX into
catalytically active DNAzymes.6,9,10 Besides classical analytical
tools such as immunofluorescence, bioinformatic tools have
already been developed identifying approximately 300,000
sequences with the ability to form G-quadruplexes in the
human genome.9,11,12 There are numerous peroxidase-like
reactions that DNAzymes have been applied to.3−6 Along these
lines, the oxidation of the amino acid L-tyrosine and its
derivatives is well known to occur in a number of biological
processes13−15 and has been studied with horse radish
peroxidase16 as well as active DNAzymes.17−21 For instance,
L-tyrosine oxidation is one of the targets discussed in the
development of neurodegenerative diseases such as Alz-
heimer’s disease (AD) or Parkinson’s disease.14,22 In the
former case, L-tyrosine in the peptide sequence of amyloid beta
(Aβ) 1−40 is oxidized to dityrosine, triggering peptide
aggregation, which causes fibrillation and plaque formation in

the brain.13,15,23 The molecular mechanism of L-tyrosine
oxidation by Aβ itself is still not fully clarified.24 Nevertheless,
a correlation between oxidative stress and peroxidase activity
has already been shown.15 Here, we investigate different
DNAzymes, natural as well as artificial sequences, as catalysts
for the oxidation of L-tyrosine. We use In1-sp, a segment of the
insulin-linked polymorphic region upstream of the insulin gene
in the human genome, as a natural DNAzyme.2 As an artificial
DNAzyme, we use Dz-00 as a well-studied sequence.5,25

Additionally, we employ these DNAzymes for the oxidation of
Aβ 1−40 to elucidate their catalytic efficiency as well as the
potential contribution of DNAzymes in the development of
neurodegenerative diseases.

■ RESULTS

DNAzyme Formation. To form a catalytically active
DNAzyme, ssDNA was heated up to 85 °C and slowly cooled
down to room temperature for 30 min to form a G-quadruplex.
The formation of the G-quadruplex was investigated by CD
spectroscopy (Figure S1). Afterward, the G-quadruplex was
mixed with hemin, and the absorption spectra were recorded
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(Figure 1). Here, a significant increase in absorption occurred
compared to free hemin solution, indicating the formation of a

functional DNAzyme by the addition of hemin. The G-
quadruplex solution does not show prominent peaks in the
absorption spectra.
The addition of hemin leads to the formation of the

characteristic soret band at 404 nm, as shown in Figure 1. This
formation is determined by an equilibrium between assembly
and disassembly of hemin and G-quadruplex (Figure S2). After
the equilibrium between hemin and G-quadruplex was
reached, which takes 4−9 min with decreasing concentration
of hemin (Figure S2), the absorption spectra of hemin and
DNAzymes were investigated with a maximum of absorption at
404 nm for Dz-00.

L-Tyrosine Oxidation Catalyzed by Hemin. To
investigate the oxidation of L-tyrosine with hydrogen peroxide
catalyzed by free hemin, the fluorescence emission spectra of
the samples were measured from 280 to 500 nm in 5 nm
increments. Initially, a dominant peak at 305 nm was
monitored. This peak was identified as a characteristic peak
for L-tyrosine in the reaction. However, we expected that the
product of this reaction, dityrosine, also should have a
fluorescence peak in that region. Immediately after adding
hydrogen peroxide (H2O2), we also observed a change in
emission spectra by an increase in a broad range from 380 to
470 nm with a maximum at 405 nm (Figure 2).
The increasing emission at 305 nm is unsuitable for

determining the apparent oxidation product. The more specific
emission at 405 nm allows for quantifying dityrosine formation
via free hemin (Figures S3 and S4). Additionally, HPLC−MS

was performed to support the fluorescence measurements
(Figures S5 and S6).

L-Tyrosine Oxidation Catalyzed by DNAzymes. To
investigate the catalytic activity of the DNAzyme Dz-00, 250
μM L-tyrosine and equimolar amounts of H2O2 were added.
Dityrosine formed immediately as measured by an increase of
fluorescence monitored at 405 nm. We observed a significant
increase in fluorescence when the reaction is catalyzed by Dz-
00 compared to the oxidation of L-tyrosine with free hemin
only (Figure 3).

To further investigate the oxidation reaction of L-tyrosine,
we varied the stoichiometry of hemin to G-quadruplex. The
concentration of G-quadruplex was kept constant at 100 nM
per reaction, whereas the hemin concentration was adjusted
from equimolar up to 20-fold of the DNA concentration. The
results show that whenever as-formed DNAzymes where used
to catalyze the reaction, the activity was elevated compared to
free hemin. A 10-fold excess of DNA was also investigated but
did not alter the activity of the DNAzyme as the hemin was
completely complexed by DNA with a stoichiometry of 1:1
already (Figure S7). The activities were determined in μUnits
(μU) to elucidate the most efficient catalytic stoichiometry. A
stoichiometry of 1:10 gave the highest activity with 101.2 ± 3.5
μU when catalyzed with Dz-00 (Figure 4). Interestingly, the
free hemin at 1:10 stoichiometry showed a reduced activity

Figure 1. Absorption spectra after the formation of catalytically active
Dz-00 (green) as well as hemin (red) and G-quadruplex (blue) for
comparison.

Figure 2. Fluorescence spectra of L-tyrosine (green) before and after
oxidization to dityrosine (red). The fluorescence spectra showed a
strong increase in fluorescence from 380 to 470 nm during L-tyrosine
oxidation.

Figure 3. Time-dependent L-tyrosine oxidation by 100 nM free hemin
(yellow) and 100 nM Dz-00 (blue). Dz-00 was supplemented by
equimolar free hemin. The reaction contained 250 μM L-tyrosine and
was started by adding 250 μM H2O2. No reaction was observed, when
Dz-00 was mixed with L-tyrosine in the absence of H2O2 (black data
points). Error bars indicate standard deviations of three independent
measurements.

Figure 4. Stoichiometry test of Dz-00 (blue) and free hemin (yellow).
Stoichiometries of 1:1, 1:2, 1:5, 1:10, and 1:20 of DNA (fixed to 100
nM) to hemin were tested to identify the ratio that gave the highest
activity. The concentrations of L-tyrosine and H2O2 used in the
experiments were set to 250 μM.
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compared to the free hemin used at 1:5. Therefore, further
experiments were performed at a stoichiometry of DNA to
hemin with 1:10 ratio.
To investigate the influence of DNA sequence modifications

on the catalytic activity of the corresponding DNAzyme, we
tested if the addition of single nucleotides, proximal or distal to
the sequences, would change their activity.
Therefore, Dz-11 to Dz-18 (Table 1) was applied to the L-

tyrosine oxidation reaction and tested for their activity, again

with a stoichiometry of 1:10. To compare the different
sequences, the fold increase of fluorescence at 405 nm for
DNAzymes over free hemin was calculated. We observed no
significant differences in the activity of the chosen sequence
changes of Dz-00 (Figure 5).

Oxidation of Aβ by DNAzymes. To link this peroxidase-
like reaction to meaningful physiological processes, we applied
the Aβ peptide 1−40 with equimolar H2O2 as reactants to Dz-
00. We again observed an increase in fluorescence at 405 nm
similar to the oxidation of L-tyrosine that is described above.
Interestingly, when employing the DNA sequence In1-sp as a
natural DNAzyme, we likewise detected oxidation of Aβ. The
reaction ran for about 35 min when catalyzed with In1-sp or
hemin. However, we observed an increase of the slope by
33.3% and a yield of 4.6% by In1-sp compared to free hemin.
Compared to that the DNA sequence Dz-00 showed a
significantly higher increase in slope of 337.1%. We also

observed a significantly higher oxidation of the Aβ peptide by
Dz-00 by a 64.2% higher fluorescence (Figure 6).

High-Performance Size Exclusion Chromatography
Measurements of Oxidized Aβ 1−40. After reacting Aβ 1−
40 with DNAzymes Dz-00 and In1-sp or with free hemin,
samples were analyzed by high-performance size exclusion
chromatography (HPSEC) and compared to reference samples
of untreated Aβ peptide. PBS buffer was used as the eluent.
The samples were analyzed with a fluorescence detector, using
an excitation wavelength of 250 nm and an emission
wavelength of 305 and 405 nm. The retention time of Aβ
1−40 was 20.6 min (Figure 7A). The Aβ 1−40 dimer eluted

after 19.6 min (Figure 7B). To ensure that the Aβ 1−40 dimer
was formed by the oxidation reaction, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) was applied, and detected masses
indicated Aβ 1−40 with 4345.5 and the Aβ 1−40 dimer
with 8727.3 (Figure S9). The peak of the species eluting before
Aβ 1−40 dimer at approximately 13 min belongs to an even
bigger molecule expressing both emission wavelengths of 305
and 405 nm (Figure 7B). This peak was assigned to undefined
aggregates of Aβ15 after oxidation.

Table 1. Sequences of DNAzymes Investigated in This
Studya

aModifications of the reference Sequence Dz-00 are highlighted in
red.

Figure 5. Influence on activity by modifying the sequence of Dz-00.
The fluorescence fold increases of different sequences applied to the
reaction are depicted.

Figure 6. Oxidation of Aβ 1−40. Comparison of Dz-00 (blue), In1-sp
(red), and free hemin (yellow) as well as a control (black).
DNAzymes were supplemented with hemin by a molar stoichiometry
of 1:10. The starting concentration of Aβ and H2O2 was 125 μM.

Figure 7. HPSEC chromatograms of nonoxidized Aβ 1−40 (A) and
Dz-00-oxidized Aβ 1−40 (B). (A) Chromatogram indicates non-
oxidized Aβ in size exclusion chromatography excited at 250 nm and
emission measured at 305 nm (black) and 405 nm (red), respectively.
(B) Dz-00-oxidized Aβ 1−40 excited at 250 nm and emission
measured at 305 nm (black) and 405 nm (red), respectively.
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■ DISCUSSION

Here, we report the oxidation of L-tyrosine to dityrosine
catalyzed by DNAzymes. For that, we investigated the model
DNAzyme Dz-00.25 Our results show that a molar ratio of 1:10
(DNA to hemin) gave the most active as-formed DNAzyme.
While the activity of DNAzyme rose, the activity of free hemin
decreased with increased concentrations of hemin.
The 3-fold increase of the activity of the DNAzymes

compared to free hemin at molar ratios of 1:10 showed
remarkable effects. The results of sequence modifications of
Dz-00 did not favor any of the sequences over others in terms
of catalytic activity of the corresponding DNAzyme. The
sequences applied to L-tyrosine oxidation were chosen as
reported from Li and co-workers.5 We investigated if the
intramolecular enhancement effect of the adjacent adenine at
the 3′ end of the sequences was an ubiquitous effect. Yet, none
of the sequences tested from Dz-11 to Dz-18 showed a
significant increase in fluorescence due to dityrosine formation
compared to Dz-00 (Figure 5), suggesting that the reported
enhancement effect could be utilized for the oxidation of 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulponic acid), as shown by
Li and co-workers,5 but not for the oxidation of L-tyrosine, as
the substrates differ rather significantly in their structure. The
mechanism of the oxidation reaction was further investigated
by electron paramagnetic resonance spectroscopy (Figure
S11A). We demonstrated the formation of hydroxyl radicals
when applying H2O2 to Dz-00. The hydroxyl radicals further
oxidize L-tyrosine to form tyrosyl radicals which react by
coupling to form dityrosine. A proposed mechanism was
presented in Figure S11B.

L-Tyrosine oxidation based on the DNA sequence for Dz-00
was then applied to oxidize the Aβ 1−40 peptide, which is
known for being involved in the development of neuro-
degenerative diseases such as AD.22,26 The oxidation of the Aβ
1−40 peptide is known to be catalyzed by metal ions such as
copper, zinc, and iron or by free hemin when complexed with
the Aβ 1−40 peptide.14,27,28 Here, we report an additional
mechanism of Aβ 1−40 peptide oxidation by DNAzymes that
is a DNA complexed with free hemin that also includes an
iron-metal central ion. We found that the Aβ 1−40 peptide
could also be oxidized by Dz-00. As the sequence
modifications Dz-11 to Dz-18 did not alter the activity of
Dz-00, we proposed to also apply the naturally occurring
DNAzyme In1-sp. Based on its capability to form a G-
quadruplex, we used this DNAzyme to oxidize the Aβ peptide
1−40. The reaction velocity as a function of fluorescence was
increased by 33.3% when catalyzed by In1-sp compared to free
hemin. The yield as a fluorescence value was 4.6% higher
compared to free hemin, providing a first hint toward the
influence of DNAzymes in the progression of AD.
Consistent with these findings, HPSEC data indicate the

DNAzyme-catalyzed formation of Aβ 1−40 dimers as well as
agglomerates made of oxidized as well as non-oxidized Aβ
peptides. This leads to the thought that the oxidized form of
Aβ (covalently linked dimers) acts as agglomeration seeding in
this process.29 Due to the low yield of oxidized Aβ formed by
our DNAzymes, further in-depth investigation of the influence
of oxidation on the Aβ peptide structure by infrared
spectroscopy and circular dichroism analysis did not show
any significant change of the peptide structure at this point
(Figure S8, Table S1).23,30

The role of Aβ aggregation in AD development is still under
debate,23,24,31,32 but it has been shown that this aggregation
could be a consequence of Aβ oxidation. The concentrations of
DNA and hemin as well as Aβ 1−40 applied in our study
suggest an influence of DNAzymes in pathological states such
as AD. Additionally, it was shown over the past years that G-
quadruplexes are involved in human neurodegenerative
diseases indicating their physiological relevance.33−36 Because
it was shown that intracellular G-quadruplexes exist,10,11,37 the
complex formation with hemin is possible as well as the
oxidation of L-tyrosine and of the Aβ 1−40 peptide.
Furthermore, it was shown by Rangan et al. in 2001 that
even in vivo porphyrins can interact with G-quadruplex
structures in human cells.38 There are several sources in the
cellular systems that produce, handle, and secrete peroxide
species, such as H2O2,

39 giving an overall concentration in the
blood or plasma of approximately 10 μM.40 Even the
concentrations of free hemin up to the micromolar range
have been reported, which can lead to Aβ peptide
accumulation accompanied by an increase of H2O2 in these
pathological states.13,39,41 Also, the level of free DNA in blood
circulation becomes elevated.42,43 In brief, our experiments
were inspired by these naturally occurring reaction conditions
and concentrations and indeed display the contribution of
DNAzymes in L-tyrosine oxidation and Aβ 1−40 oxidation and
agglomeration. Furthermore, the catalytic activity of the
DNAzymes tested in our studies was also retained in fetal
bovine serum (FBS) as a model reaction medium being rather
close to the above described physiological conditions (Figure
S10).

■ CONCLUSIONS

In the present paper, DNAzymes were employed as a catalyst
to drive the oxidation of L-tyrosine toward dityrosine. This
previously established reaction was employed as a model
system to investigate the oxidation of Aβ 1−40 and its
agglomeration that is linked to the development of AD. In
here, we identified a stoichiometry of 1:10 between DNA and
hemin to be most active, which also more likely reflects
physiological conditions. To extend our studies on DNAzyme-
driven Aβ oxidation and agglomeration, we also applied a
human genome-derived DNA sequence in DNAzyme for-
mation to likewise catalyze the oxidation of Aβ. Based on
HPSEC and MALDI-TOF analysis, our data showed that this
sequence could indeed form a more active DNAzyme
compared to free hemin when catalyzing the oxidation of
Aβ. The fact that Dz-00, as an artificial DNAzyme, even
showed an increase in velocity of 337.1% and in yield of 64.2%
indicates that among the approximately 300.000 possible
natural candidates in the human genome, there may be
candidates for DNAzymes that exhibit a higher activity
compared to In1-sp. These could also be involved in AD
progression based on natural DNAzymes formed from DNA
and hemin freely circulating in the blood system.9,11,12

■ MATERIAL AND METHODS

Materials. Hemin(chloride), hydrogen peroxide (H2O2),
sodium chloride, sodium phosphate, potassium phosphate,
potassium hydroxide (KOH), diemethylsulfoxide (DMSO), L-
tyrosine, tris(hydroxymethyl)aminomethane (TRIS), and
ethylenediaminetetraacetic acid (EDTA) were purchased
from Roth. All DNAs were purchased from biomers. The
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FBS was purchased from Biochrom. The peptide Aβ 1−40 was
purchased from AlexoTech. Dityrosine dihydrochloride was
purchased from Cymit Quimica.
Formation of Catalytically Active DNAzymes. The

ssDNA was dissolved in TE-buffer (10 mM TRIS, 1 mM
EDTA) pH 7.3 and heated up to 85 °C for 5 min. After
heating, it was cooled down gently by letting it stay for 30 min
to correctly fold the G-quadruplex. A 5 mM hemin solution
was prepared by dissolving hemin in DMSO. The solution was
diluted with Milli-Q and added to the G-quadruplex solution
in various stoichiometries that ended in final concentrations in
the reactions of hemin as 100 nM (1:1), 200 nM (1:2), 500
nM (1:5), 1 μM (1:10), and 2 μM (1:20). The formation of
DNAzymes was monitored spectroscopically by a change in
absorption in the range of 380−420 nm using a plate reader
(Tecan Infinite M200, Ma ̈nnerdorf Switzerland). The
DNAzymes were used after at least 15 min formation time.
Investigation of L-Tyrosine Oxidation. DNA was used

in a final concentration of 100 nM. Hemin concentration was
adjusted in ratios ranging from 1:1 to 1:20 compared to DNA.
H2O2 was diluted in Milli-Q water to the appropriate
concentrations and used in equimolar concentrations to L-
tyrosine in the reactions. A stock solution of 200 mM L-
tyrosine was prepared in 1 M KOH solution, diluted in Milli-Q
water, and used in a final concentration of 250 μM. The
reactions were buffered with PBS (154 mM NaCl, 1.7 mM
KH2PO4, 5 mM Na2HPO4) at pH 7.4. Reactions were
followed by excitation of λ = 250 nm and emission of λ =
405 nm. The change of fluorescence at 405 nm was monitored
using a plate reader (Tecan Infinite M200, Man̈nerdorf
Switzerland). We calibrated the system with dityrosine to
calculate the activities of the DNAzymes (Figure S4).
Investigation of Aβ 1−40 Oxidation. The Aβ 1−40

peptide was dissolved in 15.6 mM KOH. H2O2 was applied to
the reactions in equimolar concentrations. DNAzymes were
used in 100 nM concentration. The stoichiometry was chosen
to be 1:10 to hemin. Hemin reaction was catalyzed by 1 μM
hemin. The samples were excited at λ = 250 nm and measured
at an emission wavelength of λ = 405 nm using a plate reader.
Size Exclusion Chromatography for Sample Analysis.

Samples of L-tyrosine or Aβ peptide oxidation were analyzed
by a HPLC-setup (Agilent) using a quaternary pump with a
degasser and an autosampler from the 1100 series. Detectors
used in this study were a diode array detector of the 1200
series for absorbance detection and a fluorescence detector of
the 1100 series. PBS as an eluent was applied to a BioSep 5 μM
SEC-S2000 (Phenomenex) to separate the analytes. The
measurements were recorded with OpenLab CDS Software
and analyzed with Origin 2016.
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