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Abstract Deoxyribozymes (DNA enzymes) have been

developed for a growing variety of chemical reactions,

including with peptide substrates. We recently described

the first tyrosine kinase deoxyribozymes, which lacked the

ability to discriminate among peptide substrates on the

basis of the amino acids surrounding the tyrosine residue.

Those deoxyribozymes were identified by in vitro selection

using a DNA-anchored peptide substrate in which the

residues neighboring tyrosine were all alanine. Here, we

performed in vitro selection for tyrosine kinase activity

using three peptide substrates in which the neighboring

residues included a variety of side chains. For one of these

three peptides, we found numerous deoxyribozymes that

discriminate strongly in favor of phosphorylating tyrosine

when the surrounding residues are specifically those used

in the selection process. Three different short peptide

sequence motifs of 2–4 amino acids were required for

catalysis by three unique deoxyribozymes. For a second

peptide substrate, the selection process led to one

deoxyribozyme which exhibits partial discrimination

among peptide sequences. These findings establish the

feasibility of identifying DNA enzymes that catalyze

sequence-selective tyrosine phosphorylation, which sug-

gests the downstream practical utility of such deoxyri-

bozymes. More broadly, this outcome reinforces the

conclusion that nucleic acid catalysts can discriminate

among peptide substrates in the context of biochemically

relevant reactions.

Keywords Deoxyribozyme � In vitro selection � Peptide �
Phosphorylation � Kinase � Post-translational modification

Introduction

Natural proteins are post-translationally modified in many

ways at specific amino acid residues (Shahbazian and

Grunstein 2007; Tiganis and Bennett 2007; Shi 2009;

Tarrant and Cole 2009; Moremen et al. 2012; Moore and

Gozani 2014). Using artificial catalysts to introduce cova-

lent modifications into proteins with high peptide sequence

selectivity is valuable for many biochemical investigations

but is a significant challenge. Small-molecule reagents and

catalysts for protein modification have been developed, but

typically any accessible instance of the relevant side chain

is modified without regard for its sequence context (Ste-

phanopoulos and Francis 2011). The natural protein

enzymes that catalyze protein modification can be sub-

jected to directed evolution (Renata et al. 2015; Roiban and

Reetz 2015) for higher rate constant and other improved

practical characteristics (Currin et al. 2015), but achieving

sequence selectivity that is not already present in the nat-

ural enzyme is often difficult (Yoo et al. 2012). Therefore,

creating entirely new biomolecular catalysts for site-

specific protein modification is an important objective.

Deoxyribozymes are catalytic DNA sequences that have

been identified for various chemical reactions, including

modification of amino acid side chains in peptide substrates

(Silverman 2015). We previously reported the first tyrosine

kinase deoxyribozymes (Walsh et al. 2013), which do not

discriminate among peptide substrates on the basis of the
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amino acid identities near the reactive tyrosine residue.

Tyrosine kinase deoxyribozymes capable of such discrim-

ination will provide an efficient means for site-specific

phosphorylation of peptides and proteins. In this study, we

performed in vitro selection using three different peptide

substrates that have a variety of amino acids near the

reactive tyrosine, rather than only the alanine residues that

were present in our previous selection experiments. For one

of three peptides, the resulting deoxyribozymes were

specific for tyrosine phosphorylation within that particular

peptide sequence, but a different peptide motif was

required by each deoxyribozyme. For a second peptide

substrate used during selection, we observed partial dis-

crimination among peptide sequences by the one resulting

deoxyribozyme. These findings demonstrate that tyrosine

kinase DNA enzymes can have the ability to differentiate

among peptide substrates on the basis of their sequences.

Materials and Methods

All citations to ‘‘as described’’ refer to our previous report

(Walsh et al. 2013). Oligonucleotides, peptides, and

DNA-anchored peptide conjugates were synthesized and

purified as described. The CADPYDQS and CMTGY-

VAT peptide sequences correspond to amino acids

320–326 and 179–185, respectively, from the MAPK14/

p38a protein (Raingeaud et al. 1995; Salvador et al.

2005), and the CKVIYDFI peptide sequence corresponds

to amino acids 253–259 from the WASP protein

(Yokoyama et al. 2005); each artificial N-terminal Cys

was appended to allow conjugation. In vitro selection and

cloning of individual deoxyribozymes was performed as

described, except with an antibody-based capture step

described below. Deoxyribozymes were assayed in trans

as described, using incubation conditions of 70 mM

HEPES, pH 7.5, 1 mM ZnCl2, 20 mM MnCl2, 40 mM

MgCl2, and 150 mM NaCl at 37 �C. For assays with the

DNA-anchored CKVIYDFI substrate, in addition to

0.25 pmol of the 50-32P-radiolabeled substrate in each

20 lL assay, also included were 20 pmol of an unrelated

50-phosphorylated DNA oligonucleotide and 1 nmol of

free peptide, to suppress loss of signal that we presume is

due to nonspecific adherence of the substrate to the plastic

microcentrifuge tube walls.

The antibody-based capture step was performed as

follows, using 2 mL low-retention microcentrifuge tubes

treated by allowing to stand overnight with 2 mL of 5 %

(w/v) poly(ethylene glycol) (PEG, average molecular

weight 3350, Aldrich cat. no. P3640) and rinsing with

3 9 1 mL of water. All centrifugation steps were per-

formed at 10009g for 1 min. After the selection step

(37 �C, 14 h), the sample was precipitated with ethanol

and redissolved in a PEG-treated tube to 10 lL containing

25 mM Tris, pH 7.2, 150 mM NaCl, 2 mM EDTA,

0.01 % Triton X-100, 50 pmol DNA oligonucleotide

(AAC)20 [as a sacrificial oligo to suppress adhesion of

DNA pool molecules], 2 lg pTyr antibody (Thermo Sci-

entific Pierce PY20, cat. no. MA1-82787). To this sample

was added 25 lL of protein A agarose suspension

(Thermo Scientific Pierce, cat. no. 20333), previously

buffer-exchanged to water by centrifugation and washing

(3 9 500 lL), where protein A binds to the constant Fc

region of the PY20 antibody. The 35 lL sample was

shaken on a vortexer at lowest setting for 1 h at room

temperature, transferred to a spin column, centrifuged,

and washed with 3 9 50 lL of 25 mM Tris, pH 7.2, and

150 mM NaCl; the washes were combined into a single

wash fraction. At this point, catalytic DNA pool sequen-

ces that phosphorylated their attached peptide are bound

to the agarose-immobilized antibody, whereas other DNA

sequences have been washed away. The bound sequences

were centrifugally eluted with 3 9 50 lL of 8 M urea,

which were combined into a single elution fraction (each

portion of urea solution was allowed to stand in the spin

column for 5 min at room temperature before centrifu-

gation). Scintillation counting of the wash and elution

fractions was used to quantify selection activity. The

elution fraction was precipitated with ethanol and taken

onward to the PCR step of the in vitro selection

procedure.

To prevent enrichment of noncatalytic DNA sequences

capable of binding either the pTyr antibody or the protein

A agarose, an additional preclear step was included in

every third round beginning with round 1. After the ligation

step and prior to the selection step, the preclear step was

performed using the same procedure as the capture step,

except the wash fraction was taken onward to the selection

step. When parallel selection experiments were performed

omitting all preclear steps, no kinase activity was observed.

Results

In Vitro Selection of Tyrosine Kinase

Deoxyribozymes by Anti-pTyr Antibody Binding

We sought tyrosine kinase deoxyribozymes that transfer

the c-phosphoryl group of a 50-triphosphorylated RNA

donor oligonucleotide (50-pppRNA) to the tyrosine hydro-

xyl group within a peptide substrate, forming phosphoty-

rosine (Tyr ? pTyr; Fig. 1a). For this purpose, rather than

use our previous PAGE-shift strategy (Walsh et al. 2013),

we developed a new selection approach in which the key

‘‘capture’’ step used an immobilized anti-pTyr antibody to

separate the catalytically active DNA sequences in each
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selection round (Fig. 1b). The antibody-based approach

shortens the selection procedure and allows more samples

to be processed in parallel.

Three tyrosine kinase selection experiments were per-

formed, each using one of three octapeptides CADPYDQS,

CMTGYVAT, or CKVIYDFI, each of which was derived

from a natural pTyr-containing protein sequence (see

‘‘Materials and Methods’’ section). These more complex

peptides were used here in place of the simple hexapeptide

CAAYAA that we used previously (Walsh et al. 2013).

Each octapeptide was anchored as a disulfide via its arti-

ficial N-terminal Cys residue through a hexa(ethylene

glycol) (HEG) tether to a DNA anchor oligonucleotide,

which interacted with a fixed-sequence DNA segment by

Watson–Crick base pairs. To enable the selection process,

the DNA anchor was additionally connected by a covalent

loop to the deoxyribozyme pool, but this loop was found to

be dispensable for catalysis by all individual deoxyri-

bozymes. The 50-pppRNA phosphoryl donor oligonu-

cleotide interacted with the second fixed-sequence DNA

segment by Watson–Crick base pairs. The length of the

initially random region is an important variable in selection

experiments (Velez et al. 2012). Our previous tyrosine

kinase deoxyribozyme selections used N30, N40, and N50

random regions, i.e., 30, 40, or 50 consecutive random

nucleotides. Here, we used N40 and longer N80 random

regions with each of the three octapeptides, for a total of

six selection experiments.

For each selection experiment, the key tyrosine phos-

phorylation step was performed in 70 mM HEPES, pH 7.5,

1 mM ZnCl2, 20 mM MnCl2, 40 mM MgCl2, and 150 mM

NaCl at 37 �C for 14 h. Three of the six selection experi-

ments (CMTGYVAT with N80 and CKVIYDFI with either

N40 or N80) showed no phosphorylation activity by round

11 and were discontinued. In contrast, the other three

selections all showed phosphorylation activity (Fig. 2).

From each of these three selections, individual deoxyri-

bozymes were cloned and studied in more detail. All

deoxyribozymes were assayed in trans, i.e., with the DNA-

anchored peptide substrate not covalently attached to the

deoxyribozyme (loop at far left of Fig. 1b absent).

Fig. 1 a Tyrosine phosphorylation using 50-pppRNA as the phos-

phoryl donor. b Deoxyribozyme selection strategy using an anti-pTyr

antibody and a model peptide. After the capture step, DNA sequences

are amplified by PCR and ligated to the DNA-anchored peptide

substrate. Not depicted is a preclear step immediately prior to the

selection step in every third round (see ‘‘Materials and Methods’’

section)

Fig. 2 Progression of the in vitro selection experiments. Control

refers to a capture reaction performed each round using the

CADPYPDQS peptide (YP = pTyr). A, B, and C refer to the N40

CADPYDQS, N80 CADPYDQS, and N40 CMTGYVAT selections,

which were halted after round 9, 10, and 11, respectively. Arrows

denote the rounds at which individual deoxyribozymes were cloned

from these three selections
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Peptide Sequence Selectivities of Individual

Tyrosine Kinase Deoxyribozymes

Three unique N40 and two unique N80 tyrosine kinase

deoxyribozymes were identified using the CADPYDQS

peptide substrate and designated TyrKinA1–3 and Tyr-

KinB1–2, respectively (Table 1). Secondary structure pre-

dictions [mfold (Zuker 2003)] for each deoxyribozyme

indicated 4–8 (N40) or 10–18 (N80) energetically similar

structures (not shown). We have not attempted to distin-

guish or validate any of these structures experimentally,

considering that doing so would provide only limited

information about DNA tertiary structure, catalytic mech-

anism, and peptide sequence selectivity. MALDI mass

spectrometry confirmed phosphorylation by each deoxyri-

bozyme (Table 2), and kobs values ranged from 0.05 to

0.11 h-1 (Fig. 3). All five deoxyribozymes were assayed

with the three different peptide selection substrates, in all

cases revealing phosphorylation activity only with the

CADPYDQS substrate used during selection.

The peptide sequence dependence was dissected in

greater detail for all five deoxyribozymes by testing mutants

of the substrate (Fig. 4). As expected for tyrosine phos-

phorylation, mutation of tyrosine to phenylalanine abolished

all kinase activity. In addition, mutation of tyrosine to serine

also abolished activity, establishing that these deoxyri-

bozymes are specifically tyrosine kinases. We then sys-

tematically and individually replaced with alanine all non-

alanine amino acids surrounding the tyrosine (i.e., each of

the five residues CADPYDQS, where Y becomes phos-

phorylated), seeking to identify the peptide sequence motif

required for kinase activity. Interestingly, for the three

highest-yielding deoxyribozymes, three different peptide

sequence motifs were identified. In particular, for Tyr-

KinA1, TyrKinA2, and TyrKinB1, the respective motifs

were DPYD, DPY, and YD (more comprehensive substrate

mutations were not evaluated). For the two remaining

deoxyribozymes, TyrKinA3 and TyrKinB2, motifs could not

be assigned with confidence due to the lower yields.

In parallel to the above experiments, one unique N40

tyrosine kinase deoxyribozyme designated TyrKinC1 was

found with the CMTGYVAT substrate (Tables 1, 2). This

DNA enzyme discriminates poorly between the CMTGY-

VAT and CADPYDQS substrates (kobs 0.089 h-1 and

79 % yield at 48 h vs. kobs 0.059 h-1 and 60 % yield at

48 h, respectively), whereas activity was much lower with

the CKVIYDFI substrate (kobs 0.043 h-1 and only 11 %

yield at 48 h; data not shown). This outcome indicates that

TyrKinC1 has partial selectivity with regard to peptide

sequence, although some generality is observed.

Discussion

In 2008, we reported the first DNA-catalyzed modification

of an amino acid side chain in any context, forming a

nucleopeptide linkage between a tyrosine side chain and an

RNA oligonucleotide (Pradeepkumar et al. 2008). Since

that initial study, we have expanded our efforts with

deoxyribozymes to include a variety of side chain modifi-

cations (Silverman 2015). However, in all of these exper-

iments, to date, we have previously reported only a single

set of deoxyribozymes that discriminate among peptide

substrates on the basis of sequence (Chu et al. 2014).

Similar to that report, which involved nucleopeptide for-

mation, here, we found that for tyrosine kinase activity,

presenting a variety of side chains on the peptide substrate

during selection can lead to deoxyribozymes that are pep-

tide sequence selective. Our previous report used a discrete

(not DNA-anchored) peptide substrate during selection,

whereas here the selection process demanded use of a

DNA-anchored peptide to allow identification of the cat-

alytic DNA sequences. The greater preorganization asso-

ciated with the anchor may place less of a burden on the

Table 1 Sequences of the

tyrosine kinase deoxyribozymes
Deoxyribozyme Sequence

TyrKinA1 GTGAACGGCACAATATTAATATTTGCGACATCTGGAAGGC

TyrKinA2 GTACCAATTGAGGAGGCGGGCTCGTCACGAAATAGTGACG

TyrKinA3 GTGGGCGACGATACCAAGGTCAGGACCCTGGTAGAGCCGC

TyrKinB1 GGTGGCACATACCAGATCCGGTGCCCACCAGGATGGGTTCC

CGAGTGAATAAGACAGTAGGCTACCACAGAAACGAGACG

TyrKinB2 GTGGAAGCGCACGTTCACCGCAAATGCCCCAGATTCCCCCA

GATATCGTAGCCGTGGATGGTGAACAAGCGTGTCAAGTA

TyrKinC1 TGGGCGAAGTAAGCTTCTCAGGGGTGCACTGCACCGGTTC

Only the initially random (N40 or N80) DNA region is shown, written in the 50-to-30 direction. For all
TyrKinA and TyrKinB deoxyribozymes, the fixed-sequence 50-segment was CGAAGTATAAACCTGTTC,

and the fixed-sequence 30-segment was ATATTTGTATCCAGGA. For the TyrKinC1 deoxyribozyme, the

fixed-sequence 50-segment was CGAAATAGATTATCATTC, and the fixed-sequence 30-segment was

ATAATTAGTAACCTGA
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DNA enzyme to interact tightly with the peptide, in turn

reducing the opportunity for interactions that would pro-

mote sequence selectivity. Therefore, it is especially

notable that the current study led to sequence-selective

deoxyribozymes.

Considered together, the previous and current findings

indicate that using peptide substrates of varied sequence

during in vitro selection fosters emergence of sequence-

selective DNA enzymes. The observation of three dis-

tinct peptide motifs (DPYD, DPY, and YD) for three

Table 2 MALDI mass

spectrometry of the

phosphorylated peptide products

Deoxyribozyme [M?H]? calcd. [M?H]? found Error, % (found - calcd.)

TyrKinA1 7352.2 7352.4 ?0.002

TyrKinA2 7352.2 7353.1 ?0.009

TyrKinA3 7352.2 7353.0 ?0.008

TyrKinB1 7352.2 7351.6 –0.006

TyrKinB2 7352.2 7349.6 –0.026

TyrKinC1 7304.3 7305.0 ?0.007

Each DNA-anchored peptide was the sequence used during selection of the corresponding deoxyribozyme.

Mass spectrometry was performed as described previously (Walsh et al. 2013), except after 48 h incuba-

tion, the crude sample was precipitated with ethanol and desalted using a Bio-Rad Micro Bio-Spin P-6

column before analysis

Fig. 3 Activities of sequence-selective tyrosine kinase deoxyri-

bozymes. Each of 15 combinations of deoxyribozyme and DNA-

anchored peptide substrate (five deoxyribozymes, three substrates)

was evaluated under the incubation conditions used during selection

(70 mM HEPES, pH 7.5, 1 mM ZnCl2, 20 mM MnCl2, 40 mM

MgCl2, and 150 mM NaCl at 37 �C). One representative PAGE

image is shown (t = 0, 12, 48 h), including data for the TyrKinA1

deoxyribozyme with all three peptide substrates and data for the other

four deoxyribozymes with the CADPYDQS peptide used during

selection. As was observed for TyrKinA1, the other four deoxyri-

bozymes had no activity with the two peptides that were not used

during selection. Rate constants (kobs in h-1; n = 4, mean ± SD):

TyrKinA1, 0.11 ± 0.02; TyrKinA2, 0.08 ± 0.02; TyrKinA3,

0.05 ± 0.02; TyrKinB1, 0.05 ± 0.01; TyrKinB2, 0.06 ± 0.01
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different sequence-selective tyrosine kinase deoxyri-

bozymes demonstrates experimentally that the DNA

enzymes can interact in diverse ways with their peptide

substrates. However, the details of these interactions

(e.g., involving charge, hydrophobicity, and other side

chain characteristics) and how they lead to peptide

sequence selectivity is not yet defined by the available

data. The short length of the peptide sequence motifs,

2–4 amino acid residues including the tyrosine to be

phosphorylated, suggests the practical utility of kinase

and other peptide-modifying DNA enzymes. To illus-

trate this point with a simple calculation, consider

arbitrary protein sequences that comprise all 20 amino

acids equally represented. A motif of two particular

amino acids will be found at every one out of 202 = 400

dipeptide groups within these proteins, enabling that

degree of selectivity when using deoxyribozymes that

require peptide motifs of two amino acids.

Nevertheless, the ‘‘rules’’ remain unclear for when a

selection experiment with a particular peptide substrate

will lead to sequence selectivity by the resulting DNA

enzymes. In this study, three different peptides were used

in parallel selection experiments, with three distinct out-

comes: tyrosine phosphorylation selectivity for various

peptide motifs; partial discrimination among peptide

sequences; and no activity at all. In ongoing work, we are

exploring in greater detail the relationship between the

peptide substrate sequence and the selectivity of the

emergent deoxyribozymes. None of the new tyrosine

kinase deoxyribozymes was observed to function with a

Fig. 4 Substrate mutations to dissect the peptide sequence require-

ments of the deoxyribozymes. Phosphorylation yields at 48 h are

shown for TyrKinA1, TyrKinA2, and TyrKinB1, each with a series of

DNA-anchored peptide substrates (n = 5–8 for original sequence

peptides and n = 3 for mutant peptides, mean ± SD). Not shown are

yields for the remaining two deoxyribozymes, which were\10 % for

all tested peptides including the unmutated sequence (Fig. 3)
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discrete, non-DNA-anchored peptide substrate (data not

shown), and pursuing such function is an ongoing focus.

The findings here can be placed in broader context of

other functional nucleic acids. Aptamers are well known to

discriminate in binding of peptide and protein substrates on

the basis of their sequences (Tuerk and Gold 1990; Brody

and Gold 2000; Nimjee et al. 2005; Shi et al. 2007; Cheung

et al. 2013; Tan et al. 2013; Walters et al. 2014). In con-

trast, the ribosome—for which the active site is composed

of RNA—operates essentially independently of the identity

of the amino acid being attached to the growing peptide

chain (Leung et al. 2011). The key difference between

these scenarios is that aptamers are artificial sequences

identified for their specificity, whereas the ribosome

evolved to be a general protein synthesis machine. With

that in mind, our current study highlights the principle that

selection experiments lead to outcomes that are consistent

with the selection design, also known as ‘‘you get what you

select for’’ (Joyce 2004). By providing a variety of par-

ticular amino acid side chains that have the opportunity to

interact with candidate DNA sequences, the resulting

deoxyribozymes can—but not necessarily must—interact

with those side chains to achieve catalysis. We are fol-

lowing this approach in many ongoing selection experi-

ments that seek a range of DNA-catalyzed reactions of

peptide and protein substrates.
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