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Defining the substrate scope of DNAzyme catalysis
for reductive amination with aliphatic amines†

Shukun Yang and Scott K. Silverman *

Amines can be alkylated using various reactions, such as reductive amination of aldehydes. In this study,

we sought DNAzymes as catalytic DNA sequences that promote reductive amination with aliphatic

amines, including DNA-anchored peptide substrates with lysine residues. By in vitro selection starting with

either N40 or N20 random DNA pools, we identified many DNAzymes that catalyze reductive amination

between the DNA oligonucleotide-anchored aliphatic amino group of DNA-C3-NH2 (C3 = short three-

carbon tether) and a DNA-anchored benzaldehyde group in the presence of NaCNBH3 as reducing

agent. At pH 5.2, 6.0, 7.5, or 9.0 in the presence of various divalent metal ion cofactors including Mg2+,

Mn2+, Zn2+ and Ni2+, the DNAzymes have kobs up to 0.12 h−1 and up to 130-fold rate enhancement rela-

tive to the DNA-splinted but uncatalyzed background reaction. However, analogous selection experi-

ments did not lead to any DNAzymes that function with DNA-HEG-NH2 [HEG = long hexa(ethylene

glycol) tether], or with short- and long-tethered DNA-AAAKAA and DNA-HEG-AAAKAA lysine-containing

hexapeptide substrates (A = alanine, K = lysine). Including a variety of other amino acids in place of the

neighboring alanines also did not lead to DNAzymes. These findings establish a practical limit on the sub-

strate scope of DNAzyme catalysis for N-alkylation of aliphatic amines by reductive amination. The lack of

DNAzymes for reductive amination with any substrate more structurally complex than DNA-C3-NH2 is

likely related to the challenge in binding and spatially organizing those other substrates. Because other

reactions such as aliphatic amine N-acylation are feasible for DNAzymes with DNA-anchored peptides,

our findings show that the ability to identify DNAzymes depends strongly on both the investigated reac-

tion and the composition of the substrate.

Introduction

DNAzymes (deoxyribozymes, DNA enzymes) are catalytic
sequences of DNA, analogous to protein enzymes as catalytic
amino acid sequences and ribozymes as catalytic RNA.1–8

Although both protein enzymes and ribozymes evolved natu-
rally, DNAzymes are identified by in vitro selection in the lab-
oratory starting from random sequence populations.9–13 We
have sought to expand DNAzyme catalysis to many reactions,
including those relevant to peptide modification14–16 such as
amine acylation.17 Another such reaction is amine alkylation,
where the lysine (Lys) side chain is naturally methylated in
many biologically relevant contexts,18,19 and site-selective Lys
alkylation is useful for introducing biochemical and biophysi-
cal probes.20–23 Because Lys has an aliphatic amine side chain,

here we assessed the ability to identify DNAzymes that engage
various kinds of aliphatic amines in alkylation reactions.

Reductive amination is a broadly useful N-alkylation reac-
tion in which an amine and an aldehyde or ketone condense,
and the resulting imine (or iminium ion) is reduced by a hydride
donor, often but not always a boron-based compound such as
NaBH4 or NaCNBH3.

24–26 Biocatalytic reductive amination is
increasingly being explored.27 In a previous report, we serendipi-
tously found DNAzymes that catalyze Ni2+-dependent reductive
amination between the aromatic N2-amino group of a guanosine
nucleobase at the 5′-terminus of an RNA strand and the 3′-dialde-
hyde at the NaIO4-oxidized ribonucleotide terminus of a DNA
strand, with NaCNBH3 as reducing agent.28 Here we reasoned
that the greater nucleophilicity of an aliphatic amine should also
allow DNAzyme-catalyzed reductive amination, but only if
DNAzymes are able to interact with and spatially organize the
amine substrate. In a previous study, we showed that substrate
reactivity can be more important than structural organization for
a DNAzyme-catalyzed aliphatic amine reaction other than reduc-
tive amination (N–P bond formation).29

In the present work, it was not possible to predict in
advance of experiment whether the substrate reactivity or
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structural organization consideration would dominate the
outcome. Therefore, we used in vitro selection to seek
DNAzymes that catalyze reductive amination between DNA-
anchored aliphatic amines and a DNA-anchored benzaldehyde
reaction partner (Fig. 1), where the latter was chosen as the
aldehyde primarily because of its synthetic accessibility. The
physical basis of in vitro selection was PAGE shift upon
DNAzyme-catalyzed reaction between the amine and benz-
aldehyde. We identified DNAzymes for our initially evaluated
and most structurally organized substrate, DNA-C3-NH2, that
presents the aliphatic amino group on a short three-carbon
tether at the 3′-terminus of a DNA oligonucleotide anchor
strand. However, in subsequent selection experiments, we did

not find any DNAzymes when the aliphatic amino group of the
substrate DNA-HEG-AAAKAA was part of a Lys-containing hexa-
peptide connected to a DNA anchor strand by a long hexa
(ethylene glycol) tether. We also did not find DNAzymes with
the substrates DNA-AAAKAA and DNA-ASXKXS (short non-HEG
tether), or DNA-HEG-NH2 and DNA-HEG-ASXKXS (long HEG
tether), where S = Ser, and X = Lys (K), Glu (E), or Phe (F) to
provide a variety of electrostatic and hydrophobic contexts
near the Lys residue. Collectively, these observations reveal a
practical limit on the substrate scope of DNAzyme-catalyzed
reductive amination of aliphatic amines. The main challenge
for this reaction appears to be DNAzyme binding of less struc-
turally organized amine substrates.

Fig. 1 Reductive amination reaction, aliphatic amine substrates, and in vitro selection for DNAzyme-catalyzed reductive amination. (A) N-Alkylation
by reductive amination of an aliphatic amine with a 5’-benzaldehyde oligonucleotide. (B) The four aliphatic amine substrates used in this study. HEG
= hexa(ethylene glycol). For the two substrates with the hexapeptide, several sequence variants of the AAAKAA peptide were examined. Counting
inclusively from the thymidine 3’-O atom to the NH2 group, the tether lengths in atoms are as follows: DNA-C3-NH2 7, DNA-AAAKAA 22,
DNA-HEG-NH2 27, and DNA-HEG-AAAKAA 42. (C) The key selection step, in which DNAzyme-catalyzed imine (or iminium ion) formation between
the aliphatic amine and the 5’-benzaldehyde reaction partner is followed by NaCNBH3 reduction, enabling PAGE-shift enrichment of the DNA popu-
lation in catalytically active sequences. At right is shown is the uncatalyzed splinted background reaction. See Fig. 6 in the Experimental section for
full nucleotide and primer sequences.
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Results
Selection experiments with DNA-C3-NH2 substrate

We began by performing in vitro selection using the simplest
and shortest DNA-C3-NH2 substrate (Fig. 1B), the 5′-benz-
aldehyde electrophilic reaction partner that was used through-
out the remainder of this study, and one of several incubation
conditions chosen on the basis of our experience with other
selection experiments.14–16 The three key incubation variables
that we explored were random region length, pH, and metal
ion cofactors. For the initially random region length, we
focused most of our effort on the commonly used N40, i.e., 40
DNA nucleotides in the initially random sequence pool. With
N40, sequence space is sampled on the order of 10−10, because
we start with 200 pmol ≈ 1014 sequences out of 440 ≈ 1024

possible sequences. The incubation pH was one of 5.2, 6.0,
7.5, or 9.0 (70 mM NaOAc, 70 mM MES, 70 mM HEPES, or
50 mM CHES, respectively). At each of pH 5.2, 6.0, and 7.5 we
included all three of 40 mM MgCl2, 20 mM MnCl2, and 1 mM
ZnCl2 as common DNAzyme cofactors; an additional selection
experiment was performed at each of pH 5.2 and 6.0, providing
20 mM NiCl2 on the basis of our previous report with nucleo-
base reductive amination28 as well as the other three divalent
ions. At pH 9.0, we included only Mg2+, whereas Mn2+ and
Zn2+ were excluded because they oxidize and precipitate,
respectively, at this higher pH value, and Ni2+ was also
omitted. Finally, we performed one N20 selection experiment

at pH 6.0 with all four of Mg2+, Mn2+, Zn2+, and Ni2+. With N20,
sequence space is ∼102 oversampled, again starting with 200
pmol ≈ 1014 sequences but now with only 420 ≈ 1012 possible
sequences. All selection incubations were performed with
30 mM NaCNBH3 at 37 °C for 16 h. The uncatalyzed splinted
background yield was 2–3% in all incubation conditions,
which allows for a substantial enrichment factor of at least
30-fold in each selection round.

Five of the seven selection experiments led to a substantial
increase in catalytic activity, i.e., reductive amination yield, as
the selection rounds were iterated (Fig. 2). Only the two N40

selections at pH 5.2 and 6.0 that additionally included Ni2+ did
not lead to clear emergence of reductive amination activity by
round 6 and were set aside. At least one individual DNAzyme
was identified from each of the five successful selection experi-
ments, with all sequences in Fig. 3. A wider variety of
sequences was found from the two selections at pH 6.0 than
from the selections at the other three pH values.

Characterization of individual DNAzymes

DNAzymes from each of the five selections were characterized
with regard to their rates and yields, with the highest-yielding
DNAzymes from each selection shown in Fig. 4. The N40 and
N20 DNAzymes that were identified at pH 6.0 had relatively
strong catalytic activity, whereas the N40 DNAzymes found at
pH 5.2, 7.5, and 9.0 were less active. All DNAzymes had kobs in
the range of 0.07 to 0.12 h−1. The pH 6.0 DNAzymes had yields

Fig. 2 Progressions of the seven in vitro selection experiments with the DNA-C3-NH2 substrate. Each of the seven selections has an arbitrary alpha-
numeric designation, HH2 through HR2, depending on the combination of random region length (N40 or N20) and incubation conditions (37 °C,
16 h) during the enrichment step of selection (pH and metal ions indicated; 40 mM Mg2+, 20 mM Mn2+, 1 mM Zn2+, 20 mM Ni2+). The dashed line
labeled “bkgd” marks the uncatalyzed splinted background yield (2% to 3% in all cases) under the same incubation conditions. Black arrows marked
the five cloned selection rounds (5HH2, 4HK2, 3HP2, 4HQ2, and 6HR2). HJ2 and HL2 were not cloned because the activity was not clearly above
background; the round 3HL2 yield was considered as an outlier. Cloning was performed at round 4HQ2 rather than 6HQ2 in an effort to obtain a
greater diversity of DNAzyme sequences.
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at 48 h of 50–80%; the DNAzymes at the other pH values had
48 h yields below 30%. The highest rate enhancement value
was found for 4HK206 and 6HR205, each with kobs/kbkgd of
130.

Mfold predictions30 of the secondary structures of each of
the five representative DNAzymes of Fig. 4 are shown in the
ESI (Table S2 and Fig. S1†). We have not sought to test experi-
mentally any of these predicted secondary structures.
Determining three-dimensional DNAzyme structures31–33 is a
separate challenge, also not addressed as part of the present
study.

Product validation for individual DNAzymes

MALDI-TOF mass spectrometry was used to validate product
identities for the five representative DNAzymes (Table 1).
Negative control experiments confirmed that both the amino
group of the DNA-C3-NH2 substrate and the NaCNBH3 were
strictly required to observe each DNAzyme’s reaction product
(Fig. 5), as expected for the reductive amination reaction.

Selection experiments with DNA-HEG-AAAKAA substrate

We turned our attention to the DNA-HEG-AAAKAA substrate,
seeking to identify DNAzymes for reductive amination with the
Lys aliphatic amino group, where the longer HEG tether chal-
lenges DNAzymes to function with little structural preorganiza-
tion of the peptide. For both N40 and N20 initially random
pools, we used all four of pH 5.2, 6.0, 7.5, and 9.0, with Mg2+/
Mn2+/Zn2+ at pH 5.2, 6.0, and 7.5 and Mg2+ at pH 9.0. We also
evaluated N20 at pH 6.0 with Mg2+/Mn2+/Zn2+/Ni2+, which were
the same N20 conditions that we used successfully in the first
set of selections with DNA-C3-NH2. Unfortunately, in all nine
of these selection experiments with DNA-HEG-AAAKAA
(30 mM NaCNBH3, 37 °C, 16 h; uncatalyzed splinted back-
ground yield 3–5%), no DNAzymes were identified. Each selec-
tion experiment was iterated for up to 12 rounds, but no reduc-
tive amination activity was observed above the uncatalyzed
splinted background level.

We performed nine additional selection experiments, this
time including 1 mM of 5-methoxyanthranilic acid (5-MA) as a

Fig. 3 Sequences of the DNAzymes identified in this study. Only the initially random (N40 or N20) sequences are shown. All DNAzymes were used as
5’-CGAAGTCGCCATCTCTTC-N40-ATAGTGAGTCGTATTA-3’, or with N20 for the 6HR2 DNAzymes. In each alignment, a dot denotes conservation,
i.e., the same nucleotide as in the uppermost sequence. On the far right is shown the sequence length and (in parentheses) the number of times
that the particular sequence was found during cloning. No common or conserved motifs were apparent either within or between sequence families.
The 3HP227 sequence is 38 nt, presumably due to two Taq polymerase deletions in unknown selection rounds.
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nucleophilic aniline organocatalyst that can form an imine
with the 5′-benzaldehyde reaction partner.34 In principle,
5-MA enables an alternative reaction pathway in which the
imine from the Lys aliphatic amine and the 5′-benzaldehyde
can be formed by transimination from the initially formed
5-MA imine with 5′-benzaldehyde, followed by NaCNBH3

reduction. We evaluated 5-MA with three combinations of
substrate and DNA pool: DNA-C3-NH2 substrate and N40

pool, or DNA-HEG-AAAKAA substrate and N40 or N20 pool.
For all three combinations, each with all three incubation

conditions at pH 6.0, 7.5, and 9.0 with Mg2+/Mn2+/Zn2+ or
Mg2+ alone as described above (30 mM NaCNBH3, 37 °C,
16 h), again no DNAzymes that catalyze reductive amination
were found.

Fig. 4 Assays of DNAzymes identified by in vitro selection for reductive amination with the DNA-C3-NH2 substrate. (A) Representative PAGE image
for five DNAzymes. All DNAzymes were assayed in the incubation conditions used for their identification, with 100 mM NaCNBH3 to decrease the
likelihood of this reagent being rate-limiting. Background = complementary DNA splint in place of DNAzyme, to assess the uncatalyzed background
reaction (five background assays, in the same order of incubation conditions as for the five DNAzymes). Shown are representative timepoints (t =
0.5 min, 6 h, 48 h for DNAzymes; 48 h for background; S = substrate, P = product). (B) Kinetic plots for the five representative DNAzymes. kobs
values (h−1): 4HK203 0.084; 4HK206 0.122; 4HK240 0.094; 6HR205 0.115, 6HR224 0.096, 6HR226 0.065, 5HH207 0.075, 5HH211 0.092, 3HP227
0.069, 4HQ227 0.098. kbkgd values (left to right in PAGE image, 10−4 h−1): 7.9, 9.2, 8.8, 9.0, 7.3. Additional data for individual DNAzymes not shown
in Fig. 4 (five 4HK2, eleven 4HR2) are found in Table S1.†

Table 1 MALDI-TOF mass spectrometry to validate product identities
for the five representative DNAzymes. All m/z values are for [M + H]+

DNAzyme m/z calcd m/z found Δ

5HH207 11 734.4 11 735.3 +0.008%
4HK206 11 734.4 11 734.2 −0.002%
3HP227 11 734.4 11 735.3 +0.008%
4HQ227 11 734.4 11 734.2 −0.002%
6HR205 11 734.4 11 734.7 +0.003%

Fig. 5 Negative control experiments with the five representative
DNAzymes (t = 48 h under each DNAzyme’s standard incubation con-
ditions, with 100 mM NaCNBH3). For DNA-C3-NH2, – corresponds to
using the analogous DNA-C3-OH substrate that lacks the amino group
nucleophile.
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Additional selection experiments to probe scope of aliphatic
amine reactivity

Inspection of Fig. 1B shows that there are two structural differ-
ences between DNA-C3-NH2 and DNA-HEG-AAAKAA: the
absence or presence of the long HEG tether, and separately,
whether the aliphatic amine is part of a Lys residue in a hexa-
peptide. Given the divergent selection outcomes to this point,
we pursued two additional selection experiments at pH 7.5
with the remaining two substrates DNA-AAAKAA (no HEG) and
DNA-HEG-NH2 (no peptide). This allowed us to determine
which structural aspects of DNA-HEG-AAAKAA contribute to
the inability to identify reductive amination DNAzymes for this
substrate, even though DNA-C3-NH2 does lead to DNAzymes.
In parallel, we considered that the ability of a DNAzyme to
interact with the Lys portion of the substrate and enable cataly-
sis may depend on the chemical environment contributed by
the nearby peptide side chains and thus the peptide sequence.
With this in mind, we performed selections at pH 7.5 with
DNA-ASXKXS and DNA-HEG-ASXKXS, where for both hexapep-
tides, X = K, E, or F (thus, six more selections). For each of the
amine substrates of these combined eight new selection
experiments, the uncatalyzed splinted background reaction
was relatively fast, so we decreased the incubation time in all
selection rounds from 16 h to one of 2 h, 1 h, or 0.5 h depend-
ing on the substrate, keeping the background yield to 3–6% in
each case. None of these eight selection experiments (Mg2+/
Mn2+/Zn2+, 100 mM NaCNBH3, 37 °C) led to reductive amin-
ation activity above background after 14 rounds. Finally, we
tested all 15 of the 4HK2 and 6HR2 DNAzymes that have >40%
yield (Fig. 4 and Table S1†) with each of DNA-HEG-NH2 and
DNA-HEG-AAAKAA (8 h and 24 h, respectively; DNA-AAAKAA
was not tested because of its relatively high uncatalyzed back-
ground yield), as well as 5HH207 and 3HP227 with
DNA-HEG-AAAKAA (24 h), but no yield above background was
observed with these less organized substrates.

Discussion

Most of our selection experiments for reductive amination
with the DNA-C3-NH2 substrate led to DNAzymes that have
substantial rate enhancement above the uncatalyzed splinted
background reaction, with the highest activity shown by the
DNAzymes identified at pH 6.0 (Fig. 4). We speculate that this
pH optimum for emergence of DNAzymes by in vitro selection
arises from a balance of pH effects on the multiple steps of
imine formation and the subsequent imine reduction, but we
have not yet experimentally investigated this interesting
mechanistic question. In sharp contrast, no DNAzymes were
found with DNA-HEG-NH2, DNA-AAAKAA, or
DNA-HEG-AAAKAA, or with any of the evaluated DNA-ASXKXS
and DNA-HEG-ASXKXS substrates. The most straightforward
interpretation of these outcomes in the context of modifying
aliphatic amines by reductive amination is that DNAzymes
have substantial difficulty in binding to, and spatially organiz-

ing, any of the less structurally organized amine substrates—
i.e., anything more structurally complex than DNA-C3-NH2.

The 5′-benzaldehyde reaction partner has sufficient intrin-
sic reactivity to engage in the intended reductive amination
reaction, as inferred from the successful DNA-C3-NH2 selec-
tions. The DNAzyme kobs values on the order of 0.1 h−1 are
modest, perhaps as expected because even the uncatalyzed
splinted background reaction is rather slow (Fig. 4), and the
selection incubation time of 16 h did not challenge the
DNAzymes to perform any better. Merely changing the amine
substrate to DNA-HEG-NH2 in selection did not lead to
DNAzymes, establishing that the longer HEG tether alone is
enough to prevent emergence of DNAzyme catalysis. With this
finding, it is consistent that DNA-HEG-AAAKAA was also
unsuccessful in selections, including with the alternative
imine electrophile formed using 5-MA, because
DNA-HEG-AAAKAA should be an even more challenging sub-
strate than DNA-HEG-NH2. The difficulty for DNAzymes to
bind short peptide substrates in various DNA-catalyzed reac-
tions has been a recurring theme in our studies. Sometimes
DNAzymes for a particular reaction can be found with one
peptide substrate sequence but not another.35 In the present
situation, changing the peptide sequence from AAAKAA to
ASXKXS (X = K, E, or F) did not enable DNAzymes to emerge
from selection, despite the increased basis for interaction (i.e.,
charges and hydrophobic surfaces) of functional groups near
the intended nucleophilic Lys residue.

Three caveats on our conclusions are appropriate. First, as
the electrophilic reaction partner we evaluated only the 5′-
benzaldehyde, not others such as an aliphatic aldehyde.
Performing additional experiments is required to say with con-
fidence whether the analogous outcomes would be observed if
other aldehydes were used for in vitro selection. Second, we
evaluated primarily the N40 random region length, and less
comprehensively N20. It is possible that other random region
lengths could lead to different outcomes.36 Finally, we have
not yet explored the possibility of using directed evolution by
reselection with any of the DNAzymes that function with the
DNA-C3-NH2 substrate, to determine whether sequence var-
iants can have activity with the less organized amine sub-
strates. There is of course no guarantee that such experiments
would be successful, although we have occasionally had favor-
able results with broadly similar reselections (e.g., ref. 37). The
observation that none of the tested DNAzymes have any detect-
able catalytic activity with substrates less organized than
DNA-C3-NH2 is not encouraging in this regard.

In summary, DNAzymes that catalyze N-alkylation by reduc-
tive amination were found with the simplest DNA-C3-NH2 sub-
strate, but not with any of the more structurally complex
amine substrates of Fig. 1B. These findings establish an experi-
mental limit on the substrate scope of DNAzyme catalysis for
reductive amination with aliphatic amines, likely originating
in the difficulty of binding the less structurally organized
amine substrates. For comparison, our recent work with analo-
gous DNAzymes for amine acylation did lead to peptide acyla-
tion (e.g., with DNA-HEG-AAAKAA),17 and therefore the feasi-
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bility of DNAzyme catalysis depends on the type of chemical
reaction and not solely the substrate. Our earlier study of Lys
modification in another context showed that substrate reactiv-
ity can be more important than structural organization,29

which is the opposite of our findings here. Taken together, our
studies suggest that in the context of DNAzyme catalysis, a
rather subtle balance of reactivity and structural effects must
be assessed individually for each combination of reaction and
substrate.

Experimental section
Oligonucleotide and peptide preparative procedures

DNA oligonucleotides were obtained from Integrated DNA
Technologies (Coralville, IA) or prepared by solid-phase syn-
thesis on an ABI 394 instrument using reagents from Glen
Research (Sterling, VA). Oligonucleotides were purified by 7 M
urea denaturing 20% or 8% PAGE with running buffer 1× TBE
(89 mM each Tris and boric acid and 2 mM EDTA, pH 8.3),
extracted from the polyacrylamide with TEN buffer (10 mM
Tris, pH 8.0, 1 mM EDTA, 300 mM NaCl), and precipitated
with ethanol.

The Glen Research 5′-benzaldehyde modifier (5′-aldehyde-
modifier C2, cat. no. 10-1933) was coupled manually, and the
resulting oligonucleotide was deprotected from the 2,2-diethyl-
1,3-propanediol acetal to the aldehyde with 80% aqueous
acetic acid (1 hour, room temperature) according to the manu-
facturer’s instructions. The 18 nt 5′-benzaldehyde oligo-
nucleotide was purified by HPLC, using a Shimadzu
Prominence instrument with a Phenomenex Gemini-NX C18

column (5 µm, 10 × 250 mm), solvent A (20 mM triethyl-
ammonium acetate in 50% acetonitrile/50% water, pH 7.0),
solvent B (20 mM triethylammonium acetate in water, pH 7.0),
gradient of 10% A/90% B at 0 min to 40% A/60% B at 30 min,
and flow rate of 3.5 mL min−1, with retention time 18.3 min.

The AAAKAA or ASXKXS hexapeptide was prepared by solid-
phase synthesis using Fmoc Rink amide MBHA resin as
described.38 Without HPLC purification, the crude peptide was
coupled to the DNA anchor oligonucleotide by reductive amin-
ation with a periodate-oxidized 3′-terminal rA nucleotide as
described.38 After the DNA-anchored hexapeptide was precipi-
tated with ethanol, the Lys(Tfa) protecting group was removed
by incubation in 30% aqueous NH4OH at room temperature
for 1 h. The sample was dried by SpeedVac and purified by
20% PAGE. Mass spectrometry data for the Lys(Tfa)-protected
hexapeptides and DNA-anchored hexapeptides are provided in
the ESI.†

In vitro selection details

The key enrichment step of each selection round using the 5′-
benzaldehyde oligonucleotide is shown schematically in
Fig. 1C, with full nucleotide and primer sequences in Fig. 6. In
each round, the ligation step to attach the DNAzyme pool at its
3′-end with the 5′-end of the amine-containing substrate was
performed using a DNA splint and T4 DNA ligase. The splint

sequence was 5′-ATAGTGAGTCGTATTATCCCCATCAGGAT-
CAGCTTAATACGACTCACTAT-3′. The selection procedures are
described in the following paragraphs.

Procedure for ligation step in round 1. A 25 µL sample con-
taining 600 pmol of DNA N40 or N20 pool, 750 pmol of DNA
splint, and 900 pmol of 5′-phosphorylated DNA-C3-NH2 or
DNA-HEG-AAAKAA substrate was annealed in 5 mM Tris, pH
7.5, 15 mM NaCl, and 0.1 mM EDTA by heating at 95 °C for
3 min and cooling on ice for 5 min. To this solution was
added 3 µL of 10× T4 DNA ligase buffer (400 mM Tris, pH 7.8,
100 mM MgCl2, 100 mM DTT, and 5 mM ATP) and 2 µL of 5 U
µL−1 T4 DNA ligase (Thermo Fisher). The sample was incu-
bated at 37 °C for 16 h and separated by 8% PAGE.

Procedure for ligation step in subsequent rounds. A 17 µL
sample containing the PCR-amplified DNA pool (∼5–10 pmol),
30 pmol of DNA splint, and 50 pmol of 5′-phosphorylated
DNA-C3-NH2 or DNA-HEG-AAAKAA substrate was annealed in
5 mM Tris, pH 7.5, 15 mM NaCl, and 0.1 mM EDTA by heating
at 95 °C for 3 min and cooling on ice for 5 min. To this solu-
tion was added 2 µL of 10× T4 DNA ligase buffer and 1 µL of 1
U µL−1 T4 DNA ligase. The sample was incubated at 37 °C for
16 h and separated by 8% PAGE.

Procedure for selection step in round 1. Each selection
experiment was initiated with 200 pmol of the ligated pool. A
10 µL sample containing 200 pmol of ligated pool and 300
pmol of 5′-benzaldehyde reaction partner was annealed in
5 mM NaOAc, pH 5.2, or 5 mM MES, pH 6.0, or 5 mM HEPES,
pH 7.5, or 5 mM CHES, pH 9.0, each with 15 mM NaCl and
0.1 mM EDTA, by heating at 95 °C for 3 min and cooling on
ice for 5 min. The selection reaction was initiated by bringing
the sample to 30 µL total volume containing 70 mM NaOAc,
pH 5.2, 20 mM MnCl2, and 1 mM ZnCl2, or 70 mM MES, pH
6.0, 20 mM MnCl2, 1 mM ZnCl2, and as relevant 20 mM NiCl2,
or 70 mM HEPES, pH 7.5, 20 mM MnCl2, and 1 mM ZnCl2, or
50 mM CHES, pH 9.0, each with 40 mM MgCl2, 150 mM NaCl,
and 30 mM NaCNBH3. The Mn2+ was added from a 10× stock
solution containing 200 mM MnCl2. The Zn2+ was added from
a 10× stock solution containing 10 mM ZnCl2, 20 mM HNO3,
and 200 mM NaOAc at pH 5.2, or MES at pH 6.0, or HEPES at
pH 7.5; this stock solution was freshly prepared from a 100×
stock of 100 mM ZnCl2 in 200 mM HNO3. The metal ion
stocks were added last to the final sample. The sample was
incubated at 37 °C for 16 h, 2 h, 1 h, or 0.5 h as appropriate
for the individual selection experiment and separated by 8%
PAGE. The incubation time for DNA-C3-NH2 at pH 5.2, 6.0, 7.5,
and 9.0 (the latter three ±5-MA) was 16 h. The incubation time
at pH 7.5 for the other substrates was as follows:
DNA-HEG-NH2, DNA-ASEKES, and DNA-HEG-ASEKES, 2 h;
DNA-AAAKAA, DNA-ASFKFS, DNA-HEG-ASKKKS, and
DNA-HEG-ASFKFS, 1 h; DNA-ASKKKS, 0.5 h.

Procedure for selection step in subsequent rounds. An 8 µL
sample containing the ligated pool and 30 pmol of 5′-benz-
aldehyde reaction partner was annealed in 5 mM NaOAc, pH
5.2, or 5 mM MES, pH 6.0, or 5 mM HEPES, pH 7.5, or 5 mM
CHES, pH 9.0, each with 15 mM NaCl and 0.1 mM EDTA by
heating at 95 °C for 3 min and cooling on ice for 5 min. The
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selection reaction was initiated by bringing the sample to
20 µL total volume containing 70 mM NaOAc, pH 5.2, 20 mM
MnCl2, and 1 mM ZnCl2, or 70 mM MES, pH 6.0, 20 mM
MnCl2, 1 mM ZnCl2, and as relevant 20 mM NiCl2, or 70 mM
HEPES, pH 7.5, 20 mM MnCl2, and 1 mM ZnCl2, or 50 mM
CHES, pH 9.0, each with 40 mM MgCl2, 150 mM NaCl, and
30 mM NaCNBH3. The sample was incubated at 37 °C for 16 h,
2 h, 1 h, or 0.5 h as appropriate for the individual selection
experiment (see previous paragraph) and separated by 8%
PAGE.

Procedure for PCR. In each selection round, two PCR reac-
tions were performed, 10-cycle PCR followed by 30-cycle PCR.
First, a 100 µL sample was prepared containing the PAGE-puri-
fied selection product, 200 pmol of forward primer, 50 pmol of
reverse primer, 20 nmol of each dNTP, and 10 µL of 10× Taq
polymerase buffer [1× = 20 mM Tris-HCl, pH 8.8, 10 mM
(NH4)2SO4, 10 mM KCl, 2 mM MgSO4, and 0.1% Triton X-100].
This sample was cycled 10 times according to the following
PCR program: 94 °C for 2 min, 10× (94 °C for 30 s, 47 °C for 30
s, 72 °C for 30 s), 72 °C for 5 min. Taq polymerase was
removed by phenol/chloroform extraction. Second, a 50 µL
sample was prepared containing 1 µL of the 10-cycle PCR
product, 100 pmol of forward primer, 25 pmol of reverse
primer, 10 nmol of each dNTP, 20 µCi of α-32P-dCTP (3000 Ci
mmol−1), and 5 µL of 10× Taq polymerase buffer. This sample
was cycled 30 times according to the following PCR program:
94 °C for 2 min, 30× (94 °C for 30 s, 47 °C for 30 s, 72 °C for 30
s), 72 °C for 5 min. Samples were separated by 8% PAGE.

Cloning and screening of individual DNAzymes. The PCR
primers used for cloning were 5′-CGAAGTCGCCAT-CTCTTC-3′
(forward primer; same as in selection) and 5′-
TAATTAATTAATTACCCATCAGGATCAGCT-3′ (reverse primer). The
10-cycle PCR product from the appropriate selection round was

diluted 103-fold. A 50 µL sample was prepared containing 1 µL of
the diluted 10-cycle PCR product from the appropriate selection
round, 100 pmol of forward cloning primer, 25 pmol of reverse
cloning primer, 10 nmol of each dNTP, and 5 µL of 10× Taq poly-
merase buffer. This sample was cycled 30 times according to the
following PCR program: 94 °C for 2 min, 30× (94 °C for 30 s,
47 °C for 30 s, 72 °C for 30 s), 72 °C for 5 min. The sample was
separated by 1% agarose gel and extracted using a GeneJET gel
extraction kit (Thermo Fisher). The extracted product was quanti-
fied by absorbance (A260) and diluted to 5–10 ng µL−1. A 4 µL
portion of the diluted PCR product was inserted into the pCR2.1-
TOPO vector using a TOPO TA cloning kit (Thermo Fisher).
Individual E. coli colonies harboring plasmids with inserts were
identified by blue-white screening and grown in LB/amp media.
Miniprep DNA was prepared using a GeneJET plasmid miniprep
kit (Thermo Fisher) and screened for properly sized inserts by
EcoRI digestion and agarose gel analysis. Before sequencing,
assays of individual DNAzyme clones were performed with PAGE-
purified DNA strands prepared by PCR from the miniprep DNA.

Single-turnover assay procedure for individual DNAzymes

The general single-turnover assay procedure for each DNAzyme
(or the background reaction) was as follows. The DNA-
anchored amine substrate was 5′-32P-radiolabeled using
γ-32P-ATP and T4 polynucleotide kinase. An 8 µL sample con-
taining 0.5 pmol of 5′-32P radiolabeled amine substrate, 10
pmol of DNAzyme (or 10 pmol of DNA splint for the back-
ground reaction), and 20 pmol of 5′-benzaldehyde reaction
partner was annealed in 5 mM NaOAc, pH 5.2, or 5 mM MES,
pH 6.0, or 5 mM HEPES, pH 7.5, or 5 mM CHES, pH 9.0, each
with 15 mM NaCl and 0.1 mM EDTA, by heating at 95 °C for
3 min and cooling on ice 5 min. The DNAzyme-catalyzed reac-
tion was initiated by bringing the sample to 20 µL total

Fig. 6 Nucleotide details of the in vitro selection experiments. The complete structures of the DNA-anchored amine substrates are shown in
Fig. 1B.

Organic & Biomolecular Chemistry Paper

This journal is © The Royal Society of Chemistry 2023 Org. Biomol. Chem., 2023, 21, 1910–1919 | 1917

Pu
bl

is
he

d 
on

 0
8 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Il

lin
oi

s 
U

rb
an

a-
C

ha
m

pa
ig

n 
on

 3
/1

/2
02

3 
3:

55
:5

5 
PM

. 
View Article Online

https://doi.org/10.1039/d3ob00070b


volume containing 70 mM NaOAc, pH 5.2, 20 mM MnCl2, and
1 mM ZnCl2, or 70 mM MES, pH 6.0, 20 mM MnCl2, 1 mM
ZnCl2, and as relevant 20 mM NiCl2, or 70 mM HEPES, pH 7.5,
20 mM MnCl2, and 1 mM ZnCl2, or 50 mM CHES, pH 9.0,
each with 40 mM MgCl2, 150 mM NaCl, and 100 mM
NaCNBH3. The sample was incubated at 37 °C. At each time
point, a 2 µL aliquot was quenched with 7 µL of stop solution
(80% formamide, 1× TBE [89 mM each Tris and boric acid and
2 mM EDTA, pH 8.3], 50 mM EDTA, 0.025% bromophenol
blue, 0.025% xylene cyanol). Quenched samples were separ-
ated by 20% PAGE and quantified using a Phosphorimager.
Values of kobs were obtained by fitting the yield versus time
data directly to first-order kinetics; i.e., yield = Y(1 − e−kt),
where k = kobs and Y is the final yield. For the background reac-
tions, kobs was sufficiently low such that an exponential fit was
not meaningful, so the initial points were fit to a straight line,
and kobs was taken as the slope of the line.

Mass spectrometry assays of DNAzyme products

The products of the five representative individual DNAzymes
were analyzed by MALDI-TOF mass spectrometry. For 4HK206
and 6HR205, the product was prepared from a 10 µL sample
containing 400 pmol of DNA-C3-NH2 substrate, 480 pmol of
DNAzyme, and 600 pmol of 5′-benzaldehyde reaction partner.
The sample was annealed in 5 mM MES, pH 6.0, 15 mM NaCl,
and 0.1 mM EDTA by heating at 95 °C for 3 min and cooling
on ice for 5 min. For 5HH207, 3HP227, and 4HQ227, the
product was prepared from a 10 µL sample containing
1.0 nmol of DNA-C3-NH2 substrate, 1.2 nmol of DNAzyme, and
1.5 nmol of 5′-benzaldehyde reaction partner. The sample was
annealed in 5 mM NaOAc, pH 5.2 (5HH207), or 5 mM HEPES,
pH 7.5 (3HP227), or 5 mM CHES, pH 9.0 (4HQ227), each with
15 mM NaCl and 0.1 mM EDTA, by heating at 95 °C for 3 min
and cooling on ice for 5 min. For all five DNAzymes, the
DNAzyme-catalyzed reaction was initiated by bringing the
sample to 30 µL total volume containing 70 mM NaOAc, pH
5.2, 20 mM MnCl2, and 1 mM ZnCl2 (5HH207), or 70 mM
MES, pH 6.0, 20 mM MnCl2, and 1 mM ZnCl2 (4HK206), or
70 mM MES, pH 6.0, 20 mM MnCl2, 1 mM ZnCl2, and 20 mM
NiCl2 (6HR205), or 70 mM HEPES, pH 7.5, 20 mM MnCl2, and
1 mM ZnCl2 (3HP227), or 50 mM CHES, pH 9.0 (4HQ227),
each with 40 mM MgCl2, 150 mM NaCl, and 100 mM
NaCNBH3. The sample was incubated at 37 °C for 48 h. The
reductive amination product was purified by 20% PAGE,
desalted by Millipore C18 ZipTip, and analyzed by MALDI-TOF
mass spectrometry on a Bruker UltrafleXtreme MALDI-TOF
mass spectrometer with matrix 3-hydroxypicolinic acid in posi-
tive ion mode at the UIUC School of Chemical Sciences Mass
Spectrometry Laboratory.
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