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ABSTRACT: We show that DNA catalysts (deoxyribo-
zymes, DNA enzymes) can phosphorylate tyrosine
residues of peptides. Using in vitro selection, we identified
deoxyribozymes that transfer the y-phosphoryl group from
a S'-triphosphorylated donor (a pppRNA oligonucleotide
or GTP) to the tyrosine hydroxyl acceptor of a tethered
hexapeptide. Tyrosine kinase deoxyribozymes that use
pPpPRNA were identified from each of N3, Ny, and Ny,
random-sequence pools. Each deoxyribozyme requires
Zn**, and most additionally require Mn**. The deoxy-
ribozymes have little or no selectivity for the amino acid
identities near the tyrosine, but they are highly selective for
phosphorylating tyrosine rather than serine. Analogous
GTP-dependent DNA catalysts were identified and found
to have apparent K, (GTP) as low as ~20 uM. These
findings establish that DNA has the fundamental catalytic
ability to phosphorylate the tyrosine side chain of a
peptide substrate.

Achieving site-specific covalent modification of large protein
substrates is a substantial chemical challenge. Important
approaches such as native chemical ligation and its variants'
enable joining of a small peptide segment (which may be
prepared directly via chemical synthesis, incorporating chemical
modifications)® to the remainder of a large protein. Nature
takes a considerably different approach, using enzymes such as
kinases,” glycotransferases,* and many others to perform post-
translational modifications at particular residues of otherwise
fully intact proteins. Site-specific modifications of intact
proteins are difficult to achieve with small-molecule reagents
or catalysts,5 and tailoring natural protein enzymes for different
functions (e.g, by directed evolution)® is not always feasible.
Deoxyribozymes are specific DNA sequences with catalytic
activity that have been used to catalyze a variety of reactions,”
including self-5'-phosphorylation.® We have initiated a research
program to use deoxyribozymes to perform covalent mod-
ification of amino acid side chains in peptide and protein
substrates.” In the present study, we report that deoxyribo-
zymes can be identified for phosphorylation of tyrosine residues
in tethered peptide substrates, using as the phosphoryl donor
either a §'-triphosphorylated RNA oligonucleotide (pppRNA)
or guanosine S'-triphosphate (GTP). These findings are a
critical first step in the application of deoxyribozymes for
practical phosphorylation of larger protein substrates.

We previously reported in vitro selection to identify
numerous deoxyribozymes that use pppRNA as a substrate
for RNA ligation.'” The RNA reacts at the a-phosphorus of its
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5’-triphosphate, with departure of pyrophosphate and attach-
ment of the a-phosphorus (along with the remainder of the
RNA oligonucleotide donor) to the nucleophilic 3'-hydroxyl or
2’-hydroxyl group of the acceptor substrate strand (Figure 1A,
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Figure 1. Reactions of phosphoryl donor substrates (S'-triphosphory-
lated RNA or GTP, where X = RNA or G). (A) Reaction of a
nucleophile at the a-phosphorus, (leaving group = pyrophosphate). In
RNA ligation (top), the nucleophile is an RNA hydroxyl group (could
also be an internal 2’-OH group). In nucleopeptide formation as
illustrated with tyrosine (bottom), the nucleophile is an amino acid
hydroxyl group. (B) Reaction of a tyrosine nucleophile at the y-
phosphorus, phosphorylating the tyrosine (leaving group =
oligonucleotide S'-diphosphate or GDP).

top, X = RNA). Analogously, our efforts on modification of
amino acid side chains have used pppRNA to form
nucleopeptide linkages with peptide (tyrosine or serine
hydroxyl) substrates, again with reaction of the pngNA at
its a-phosphorus (Figure 1A, bottom, X = RNA).” In all of
these cases, the selection method—which relied upon
polyacrylamide gel electrophoresis (PAGE) shift to separate
catalytically active DNA sequences—was incapable of identify-
ing deoxyribozymes that catalyze reaction at the y-phosphorus
of the §'-triphosphate. This alternative reaction involves
departure of the oligonucleotide 5’-diphosphate as the leaving
group and transfer of the y-phosphoryl group to the
nucleophilic amino acid residue (Figure 1B, X = RNA).
Presumably, distinct deoxyribozymes that catalyze oligonucleo-
tide phosphorylation were present in our previous selection
experiments that identified RNA ligase activity, but the PAGE-

Received: July 23, 2013
Published: September 25, 2013

dx.doi.org/10.1021/ja407586u | J. Am. Chem. Soc. 2013, 135, 14928—14931


pubs.acs.org/JACS

Journal of the American Chemical Society

Communication

shift selection method did not allow such oligonucleotide
kinase DNA enzymes to emerge.

Here we have identified deoxyribozymes that achieve
phosphorylation of tyrosine (Tyr, Y) within peptide substrates
via the reaction shown in Figure 1B, where X = RNA or G for a
phosphoryl donor that is, respectively, pppRNA or GTP. For
this purpose, we developed a two-stage selection strategy
(Figure 2)."' As in our previous work, we initially used 5'-
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Figure 2. Identifying DNA catalysts with Tyr kinase activity. (A) Key
in vitro selection step in which DNA catalyst sequences transfer the y-
phosphoryl group from pppRNA to the tyrosine hydroxyl group of a
tethered peptide. Analogously (not depicted), free GTP can be used as
the phosphoryl donor, in which case the remainder of the RNA
oligonucleotide is absent. See Figure S1 for structure and synthesis of
the peptide substrate and Figure S2 for nucleotide details. (B) Use of
8VP1 as a “capture deoxyribozyme” that selectively attaches an RNA
strand to Tyr" (phosphorylated) but not Tyr®" (unphosphorylated),
thereby enabling PAGE-shift separation of DNA catalyst sequences
that phosphorylate Tyr.

triphosphorylated RNA as the phosphoryl donor because the
RNA oligonucleotide can readily be bound via Watson—Crick
base pairs by one of the deoxyribozyme pool’s binding arms
(Figure 2A). The hexapeptide substrate, CAAYAA, that
includes the Tyr acceptor was covalently attached via a
disulfide linkage and a hexa(ethylene glycol) [HEG] tether to
a DNA anchor oligonucleotide also bound by Watson—Crick
interactions to the other pool binding arm. We wished to retain
PAGE shift as the physical basis of these selection experiments,
because in our hands PAGE shift has been a reliable approach
to identify DNA catalysts.”'® However, similar to the situation
with oligonucleotide phosphorylation as described above,
transfer of a phosphoryl group to the Tyr hydroxyl of the
DNA-anchored peptide substrate does not induce a sufliciently
large PAGE shift to enable selection. Therefore, we exploited a
separate deoxyribozyme that is capable of attaching an RNA
strand specifically to phosphorylated tyrosine, Tyr", within a
peptide substrate (Figure 2B) while discriminating strongly
against the unphosphorylated analogue, Tyr°". The 8VP1

deoxyribozyme'* was suitable for this purpose with ~40%
capture yield, which is easily sufficient to enable selection. For
the present study, we refer to 8VP1 as a “capture
deoxyribozyme”, because during the selection process 8VP1
allows us to capture (by PAGE shift) specific DNA catalyst
sequences that phosphorylate Tyr.

We recently showed that for DNA-catalyzed nucleopeptide
linkage formation, the length of the initially random region is a
critical experimental variable."® Therefore, here the initial pool
of DNA sequences included either 30, 40, or 50 random
nucleotides (N;g, N,o, or Ngp) embedded between two fixed-
sequence binding arms that enable PCR amplification during
each selection round (Figure S2). The selection process, after
extensive optimization of the experimental details (see
Supporting Information), led to numerous DNA catalysts of
all three random-region lengths that transfer the y-phosphoryl
group of the pppRNA donor to the Tyr acceptor within the
DNA-anchored hexapeptide substrate. The key selection step of
Figure 2A was performed using incubation conditions of 70
mM HEPES, pH 7.5, 1 mM ZnCl,, 20 mM MnCl,, 40 mM
MgCl,, and 150 mM NaCl at 37 °C for 14 h. Using these
conditions, each of the N3, Ny, and Ny, selection experiments
led to robust catalytic activity (22%, 20%, and 27% yield at
rounds 6, 7, and 8, respectively; Figure S3) In contrast,
analogous selections with 50 mM CHES, pH 9.0, 40 mM
MgCl,, and 150 mM NaCl at 37 °C for 14 h (omitting Zn*"
and Mn** because at pH 9.0 these ions precipitate or oxidize,
respectively) led to no activity and were discontinued.

Each of the three successful selection experiments was
cloned, and individual deoxyribozymes were characterized. Five,
three, and nine unique sequences were identified from the Ny,
N, and Ny, selections, respectively. Tyr phosphorylation
activity was verified by mass spectrometry and 8VP1 reactivity
(Table S1). Sequence alignment (Figure S4A) revealed a
conserved 11 nt segment at the 5’-end of the initially random
region, which is near the S'-triphosphate of the pppRNA
substrate (see Figure 2A). This conservation was observed
despite the three different lengths of initially random region;
the gaps within the shorter N3, and Ny, sequences were located
almost exclusively at the 3’-side of the conserved region. For all
but one sequence, kg, values were 0.1—0.5 h™'; the lone
exception was the 6CF134 deoxyribozyme from the Nj,
selection, with higher ky,, of 1.54 + 0.22 h™' (n = 7; Figure
3A) The metal ion dependences of the new deoxyribozymes
were examined (Figure 3B). Both Zn®** and Mn®' were
required, whereas Mg®* was generally dispensable for activity;
in a few cases Mg*" could replace Mn*", albeit with substantially
reduced yield. Again 6CF134 provided the sole exception,
requiring only Zn*" for its catalysis. The deoxyribozymes had
slightly different Zn** concentration dependence profiles; 0.5
mM Zn>" was highly effective in all tested cases (Figure S7A)
and therefore used for all assays. When all new deoxyribozymes
except 6CF134 were tested at pH 7.0 (HEPES) or pH 6.5
(MOPS or MES), activity was not detected (<0.5%; data not
shown). In contrast, 6CF134 maintained activity at the lower
pH values, with a linear relationship between log(k,,) and pH
(slope near 1; Figure S8).

The six deoxyribozymes of Figure 3 were assayed with regard
to their dependence on peptide sequence, peptide length, and
length of the tether connecting the peptide to the DNA anchor
oligonucleotide. Each deoxyribozyme was inactive with serine
in place of tyrosine at the site of peptide phosphorylation
(<0.5%; data not shown). On the other hand, the
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Figure 3. Characterization of individual tyrosine kinase deoxyribo-
zymes that use pppRNA as the phosphoryl donor. All assays were
performed in trans, i.e., without the dispensable loop of Figure 2. (A)
Kinetic analysis. The PAGE image shows three representative time
points (t =305, 5 h, and 24 h) for each of six new DNA catalysts. YO
= substrate; Y* = product. The kinetic plots are for the same six
deoxyribozymes. Incubation conditions: 70 mM HEPES, pH 7.5, 0.5
mM ZnCl,, 20 mM MnCl,, 40 mM MgCl,, and 150 mM NaCl at 37
°C. Kinetic plots for all 17 new deoxyribozymes are in Figure SS. (B)
Metal dependence. Each deoxyribozyme was assayed in the presence
of the indicated combinations of 0.5 mM Zn?**, 20 mM Mn?*, and 40
mM Mg*. Shown are time points at t = 24 h; full kinetic plots along
with data for the other 11 deoxyribozymes are in Figure S6. The
combination Mn/Mg had no activity in all cases (<0.5%; data not
shown). Reproducibility of such measurements is conservatively
estimated as +10% yield.

deoxyribozymes were generally very tolerant of different amino
acids at the positions flanking the tyrosine (Figures 4A and
S9A). Regarding peptide length, the deoxyribozymes were
assayed with the parent HEG-tethered CAAYAA hexapeptide
as well as the shorter CYA tripeptide and CY dipeptide
(Figures 4B and S9B). All were substantially active with the
shorter peptides; in addition, 6CF134 alone was slightly active
(albeit with ~100-fold lower k) with a nonpeptidic DNA 3'-
hydroxyl group. Finally, different tether lengths were evaluated.
All of the deoxyribozymes performed similarly with a shorter C,
tether in place of the longer HEG tether (<2-fold increase in
koys and <20% increase in yield; Figure $10). However, a longer
poly(ethylene glycol) tether comprising 10 HEG units did not
support detectable catalysis. Consistent with this observation,
no activity was observed with an entirely free peptide substrate,
i.e., when the hexapeptide substrate was not covalently attached
to the DNA anchor oligonucleotide (HPLC assay; data not
shown).

Each of the new deoxyribozymes was evaluated for Tyr
kinase activity using HEG-tethered CAAYAA and free 1 mM
GTP as the phosphoryl donor. In these experiments, GTP was
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Figure 4. Dependence of the tyrosine kinase deoxyribozymes on
peptide sequence and length. All data were acquired using the
incubation conditions of Figure 3A. (A) Peptide sequence depend-
ence. The substrate included the indicated peptide on a HEG tether (¢
= 24 h). Two behaviors were observed, represented by 6CF134 and
7CH102; data for the other deoxyribozymes is in Figure S9A. 6CF134
was tolerant of replacing either of the flanking Ala (A) with any of Phe
(F), Glu (E), or Lys (K). 7CHI102 was tolerant of all of these
substitutions except for Glu to the N-terminal side of the Tyr. (B)
Peptide length dependence. The substrate included the indicated
peptide on a HEG tether, or the substrate provided only a DNA 3'-
hydroxyl group for phosphorylation (# = 12 h). Kinetic plots are in
Figure S9B.

provided in place of the pppRNA used during selection, which
has G at its 5'-terminus; the remainder of the RNA substrate
was included as a separate oligonucleotide. In all cases, no
kinase activity was observed (data not shown). Similarly, the 5'-
pppGA... of the RNA could not be replaced with any of 5'-
pppGGA.., S'-pppAA.., or 5'-pppA.. (data not shown),
indicating a particular structural requirement for presentation
of the S'-triphosphate group. We speculate that the conserved
5'-end of the initially random region interacts with the
pPPRNA donor during catalysis.

In parallel with all of the above efforts, separate new N, Ny,
and Ny, selections were performed in which 1 mM GTP was
directly provided in place of pppRNA as the phosphoryl donor
for the Tyr hexapeptide acceptor. In these efforts, successful
catalysis requires that the initially random DNA region both
bind GTP and catalyze phosphoryl transfer, whereas with the
pppRNA donor, Watson—Crick binding interactions with the
RNA oligonucleotide are preprogrammed. Despite this
increased challenge, DNA catalysts emerged from each of the
pools, with 5%, 6%, and 8% yield at rounds 8, 21, and 16 for
Ny, Ny, and Ny, respectively (Figure S3). Cloning revealed a
single sequence from each selection, unrelated to each other
and to the pppRNA-dependent DNA catalysts (Figure S4B).
The N, and Ny, deoxyribozymes, 8EA101 and 16EC103, each
had substantial catalytic activity, with k,, = 0.2 h™! and yields as
high as 45% (Figure S). The N, deoxyribozyme, 21EB121, had
more modest 5% yield and was not examined further (data not
shown). Kinase activity was verified by mass spectrometry and
8VP1 reactivity (Table S1). At pH 7.5 and 37 °C in the
presence of 0.5 mM Zn**, 20 mM Mn**, 40 mM Mg**, and 150
mM Na', each of 8EA101 and 16EC103 had a substantial GTP
concentration dependence, with apparent K,,(GTP) values of
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Figure 5. Activities of 8EA101 and 16ECI103, the Nj, and Ny
deoxyribozymes that use free GTP as the phosphoryl donor for Tyr
phosphorylation. Kinetic analysis as in Figure 3 (+ 100 uM GTP). ko,
values (n = 3): 8EA101 0.23 + 0.01 and 16EC103 0.23 + 0.04 h™". See
Figure S11 for details of the apparent K, analysis, which used initial-
rate kinetics (0—2 h).

~20 and 42 uM, respectively, as well as substantial inhibition
above 100—200 uM GTP (Figure S11). These apparent K,
values are similar to (or better than) those for many natural
protein kinases with ATP."* 8EA101 and 16EC103 had optimal
Zn** concentrations of 0.3—0.5 mM in the presence of Mn*",
Mg*", and 100 uM GTP (Figure S7B) and were inhibited when
[GTP] > 100 uM. The identification of 8EA101 and 16EC103
establishes that DNA-catalyzed Tyr phosphorylation activity is
not restricted to a pppRNA phosphoryl donor that is bound by
predetermined Watson—Crick interactions. Instead, N3,—Nj,
DNA sequences can simultaneously support both high-affinity
GTP binding and phosphoryl transfer catalytic function.

In summary, we have shown that DNA can have tyrosine
kinase activity, using either pppRNA or GTP as the phosphoryl
donor. Along with our recent report on DNA-catalyzed
dephosphorylation,' these observations expand DNA catalysis
to include important regulatory post-translational modifica-
tions. Many challenges remain in these efforts. Mechanistic
studies of all of these deoxyribozymes are desirable, although
without high-resolution structural information yet available for
any deoxyribozyme of any kind,'® such studies are a longer-
term objective. Our continuing efforts pursue tyrosine kinase
deoxyribozymes with peptide sequence selectivity, improved
reactivity of small-molecule phosphoryl donors (including via
integration of an intact NTP aptamer domain near the random
region), and DNA-catalyzed phosphorylation of free peptide
and protein substrates.
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