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The discovery of imidazole/amine-functionalized DNAzymes that efficiently cleave RNA
independently of divalent metal cations (M2+) and cofactors underscores the importance of expanding
the catalytic repertoire with modified nucleosides. Considerable effort has gone into defining polymerase
tolerances of various modified dNTPs for synthesizing and amplifying modified DNA. While long
linkers are generally found to enhance incorporation and therefore increase sequence space, shorter
linkers may reduce the entropic penalty paid for orienting catalytic functionality. Catalytic enhancement
ultimately depends on both the functional group and appropriate linkage to the nucleobase. Whether a
shorter linker provides enough catalytic enhancement to outweigh the cost of reduced polymerizability
can only be determined by the outcome of the selection. Herein, we report the selection of DNAzyme
20–49 (Dz20–49), which depends on amine, guanidine, and imidazole-modified dNTPs. In contrast to
previous selections where we used dAimeTP (8-(4-imidazolyl)ethylamino-2¢-dATP), here we used
dAimmTP (8-(4-imidazolyl)methylamino-2¢-dATP), in which the linker arm is shortened by one
methylene group. Although the most active clone, Dz20–49, was absolutely dependent on the
incorporation of either dAimmp or dAimep, it catalyzed cofactor independent self-cleavage with a rate
constant of 3.1 ± 0.3 ¥ 10-3 min-1, a value not dissimilar from unmodified catalysts and strikingly
inferior to modified catalysts selected with dAimeTP. These results demonstrate that very subtle
differences in modified nucleotide composition may dramatically effect DNAzyme selection.

Introduction

SELEX and related combinatorial methods of in vitro selection1,2

have enabled the discovery of various nucleic acid catalysts
including DNAzymes.3–8 Nevertheless, in comparison to pro-
teins, DNAzymes specifically, and nucleic acids generally, are
functionality-poor. Although Mg2+ (and other divalent metal
ions—generally M2+) at concentrations much higher than phys-
iological may relieve this functional deficiency, great effort has
been directed to defining DNA polymerase tolerances for in-
corporating modified nucleoside triphosphates (dXTPs) bearing
functional groups, some of which are commonly found at the
active sites of protein enzymes and antibodies, e.g. imidazoles
(His), amines (Lys), guanidines (Arg), aromatics (Phe, Trp), alkyls
(Leu), thiols (Cys) etc.9–33 Two early reports demonstrated the
simultaneous use of two modified dNTPs12,14 (vide infra) while two
recent reports described selections with three modified dNTPs.18,19
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Finally, the potential of incorporating four modified nucleotides
was described although to date there is no report of functional
selection.16

Two critical conditions must be met in selecting with modified
dXTPs: (1) the modified dXTP must be a substrate for a template-
dependent polymerase and (2) the modified polymer must be
a template for sequence specific recopying into DNA for PCR
amplification. Efficient incorporation implies increased sequence
space, which in turn is thought to result in selection of optimal
activity. By the same token, poor incorporation is thought to
limit sequence space, which in turn consequents selection of
sub-optimal activity. Linker arm elements that promote efficient
dXTP incorporation, including the ability to incorporate multiple
modified dXTPs in a row, are: (a) position, (b) bond planarity
(sp1 or sp2 vs. sp3), and (c) length.20,34 Although fewer studies have
explored reamplification of modified DNA,23 the same effects are
likely to hold.

Yet even if all chemo-enzymatic conditions are optimized for
incorporation and read-through, the real value of a modified
dXTP can only be gauged by comparing the catalytic activity that
evolves from modified and unmodified selections. Despite a large
number of studies that address the polymerization of modified
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dNTPs with an eye to eventual use in selection, there are very few
examples of modified DNAzymes that have been selected. The
contribution of modified dXTPs used in DNAzyme selections has
been recently reviewed;8 in many cases where a modified nucleic
acid catalyst was selected,30,35 an unmodified catalyst with very
similar activity also was selected.36,37 This raises questions as to
the value of modified dXTPs.

Nevertheless, a uniquely challenging reaction in which modified
dNTPs have dramatically increased rates compared to unmodified
catalysts is M2+/cofactor-independent RNA cleavage; unmod-
ified DNA catalysts deliberately selected for M2+-independent
RNA cleavage manifest extremely modest rates.38,39 This defi-
ciency has been remediated by selecting DNAzymes with two
modified dXTPs where, by analogy to RNaseA, imidazoles
provide acid/base catalysis while cationic amines provide elec-
trostatic stabilization.12,14 Perrin and coworkers selected Dz925–
11, which simultaneously utilized 8-(4-imidazolyl)ethylamino-2¢-
deoxyadenosine (dAimeTP)‡ 3 and 5-aminoallyl-2¢-deoxyuridine
(dUaaTP)§ 5,12 whereas Williams and coworkers selected a similar
DNAzyme using modified dATP 8 and dUTP 9 (Fig. 1A).14 A
noted advantage of 8 and 9 is that they are easily polymerized
compared to 3 and 5. Yet in terms of catalytic activity, when
both 8 and 9 were replaced with unmodified congeners, 7% self-
cleavage was still observed in Williams’ DNAzyme. By contrast,
with a single exception (A24), replacing even a single modified
dU or dA in Dz925–11, with an unmodified congener resulted
in >10-fold loss in activity. Mechanistic, kinetic, and affinity
labelling studies further corroborated an RNaseA-like acid/base
role for two essential imidazoles and an electrostatic role for
at least one amine.40 We hypothesized that the shorter linker
arm length in 3 compared to 9 conformationally restricted
the imidazole to play indispensable catalytic roles, therefore
leading us to conclude that the modest incorporation of 3,
along with hindered amplification of duly modified strands,
represented an acceptable trade-off that gave intended imidazole-
dependent catalysts. Subsequently, Hollenstein et al. retained 3
while including both guanidiniumallyl-dUTP (dUgaTP)¶ 6 and
aminoallyl-dCTP (dCaaTP) 7,17 (see Fig. 1), in the selection of
vastly improved Mg2+-independent self-cleaving DNAzymes from
N20 and N40 random regions; respectively Dz9–86 (kobs = 0.13 ±
0.03 min-1, 37 ◦C)18 and Dz10–66 (kobs = 0.60 ± 0.05 min-1, 37 ◦C,
Fig. 1B).19

In light of the success with Dz10–66, we sought to revisit the
question of linker length with regards to the imidazole tether.
Because 3 and 9 differ so greatly in both base and linker arm
composition, and because 9 was not absolutely required for
activity whereas 3 was, we sought to test the effect of linker
arm length with 8-(4-imidazolyl)methylamino-2¢-deoxyadenosine
triphosphate (dAimmTP)‖ 2, an analog of 3 wherein the imidazole
tether is shortened by one methylene. Previously, we showed that 2
is polymerized with virtually the same efficiency as 3,41 and a priori

‡ The superscript ime refers to the (imidazolyl)aminoethyl group of the
8-modified deoxyadenosine.
§ The superscript aa refers to the aminoallyl of the 5-modified deoxyuridine
or deoxycytidine.
¶ The superscript ga refers to the guanidiniumallyl group of the 5-modified
deoxyuridine.
‖ The superscript imm refers to the (imidazolyl)methylamino linker group
of the 8-modified deoxyadenosine.

Fig. 1 A: Chemical structure of 1 (dATP), 2 (dAimmTP), 3 (dAimeTP), 4
(dAimpTP), 5 (dUaaTP), 6 (dUgaTP), 7 (dCaaTP). Chemical structures of
amino-modified dATP 8 and imidazole-modified dUTP 9 used by Sidorov
et al. B: Secondary structure of Dz10–66. Bold italic A, C and U represent
nucleosides resulting from the polymerization of 3, 6 and 7, respectively.

should provide similar sequence space coverage. Furthermore,
because RNaseA requires only two properly placed imidazoles
for acid/base catalysis, we hypothesized that imidazoles need
not be abundantly represented for good activity, but rather, they
must be conformationally constrained to properly orient the
imidazoles for catalytic activity. To that end, shortening the linker
length would hypothetically restrict conformational flexibility, and
therefore potentially enhance the catalytic properties of a selected
DNAzyme. In order to assess the effects of this discrete difference
in linker length, we selected “analogs” of Dz10–66 using 2, 6,
and 7, whereby we held all other aspects of selection constant.
Herein, we present the discovery of a new M2+-independent RNA
self-cleaving DNAzyme that was selected using 2; while absolutely
dependent on 2 it presented a significantly depressed rate com-
pared to Dz10–66 and did not have significantly enhanced rates
over unmodified DNAzymes. This work highlights how discrete
changes in dNTP composition result in radically different selection
outcomes.
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Results and discussion

In vitro selection of Dz20–49

An initial population of modified DNA was created by the
enzymatic copolymerization of modified dXTPs (2, 6, and 7
in Fig. 1) along with dGTP and dGTPa32P along a template
containing 40 degenerate positions (N40). In contrast to the
selection of Dz10–66, where self-cleavage activity appeared in
generation 3 or 4, very slight (<5%) activity was detected only
after 9 rounds of selection. While there was a slight increase in
activity from generation 18 to generation 20 (see ESI†), the low
overall yield (5% total cleavage after an hour) and the high number
of rounds suggested that minimally active clones populated the
majority of this gene pool. From round 20, thirty-three clones
that contained a single insert of correct size were isolated and
sequenced (many more plasmids were picked and initially mapped,
hence the individual clone numbers go beyond 33); within this
set, some library convergence was observed with nine clones
containing either eight or nine modified dAs, while clone 35 (see
ESI†) contained ten modified dAs, two of which were neighbours.
Despite an abundance of modified dAs in certain clones, they
had no detectable activity. In addition, the enzymatic synthesis
of individual clones with 2, 6 and 7 often resulted in significant
amounts of truncated products. Of the isolated clones, only six had
detectable activity and the most active clone, constituted as Dz20–
49 (Fig. 2), was retained for more detailed characterization because
of (i) a comparatively high self-cleavage rate, (ii) cleavage yields
(approaching 80%), and (iii) the lowest amount of truncation
products. The sequence and hypothetical 2D structure of Dz20–49
determined by mfold,42,43 are shown in Fig. 2.

Fig. 2 Putative secondary structure of the most efficient DNAzyme,
Dz20–49 based on mfold. Bold italic A, U and C indicate the positions
of modified nucleosides introduced by the polymerization of 2, 6, and 7
respectively. The encircled B indicates a biotin tether.

In contrast to Dz10–66 (Fig. 1B) whose putative catalytic
region contained 43 nucleosides comprising 17 dGs, 8 amino-
modified-dCs, 10 guanidinium-modified dUs, and eight dAimes,
including two in a row, the catalytic loop of Dz20–49 contained
40 nucleosides with roughly the same percentage of dGs, dCs,
a slightly greater percentage of guanidinium-dUs and a lower
percentage of dAimms; there are only four dAimms, none of which
are neighbours. Notably, other clones had a greater number of

dAimms, including two clones in which the dAimms were neighbours,
yet these species were not as active as Dz20–49.

Kinetics of self-cleavage

In order to investigate self-cleavage, Dz20–49 was prepared
according to the same method as described for the selection.
Although 2 (as with 3) is a relatively poor substrate for most
DNA polymerases,41 enzymatic synthesis of Dz20–49 provided
one major band with minimal truncation (Fig. 3A). The rate of
self-cleavage was monophasic and proceeded with a rate constant,
kobs of 3.1 ± 0.3 ¥ 10-3 min-1 (Fig. 3B). For two other assays, kobs

values were calculated to be 3.4 ± 0.3 ¥ 10-3 min-1 and 3.9 ± 0.3 ¥
10-3 min-1. Notably, up to 30% of the DNAzyme was inactive
(P• was calculated to be 0.75 ± 0.03, 0.68 ± 0.02, 0.69 ± 0.02 on
three different occasions) and the reason for this was not pursued
but may entail either misfolding or even misincorporation of
nucleosides. In determining the rate constant of the active fraction,
the contribution of these inactive DNAzymes was considered and
is discussed in the ESI.† In addition, the data can also be fit to a
double-exponential equation that comprises both a fast (~15%)
and a slow cleaving fraction (~85%). Nevertheless, as the fast
phase represents a minor species accurate determination of its
rate constant would require a more thorough analysis due to the
high associated error.60 Notably the rate constant for the slow

Fig. 3 Kinetic analysis of self-cleavage of Dz20–49. A Autoradiograph of
a 7% denaturing polyacrylamide gel depicting self-cleavage over a period
of 5760 minutes. B Graphical analysis of the kinetic data. Points are
represented as the fraction of DNAzyme cleaved as a function of time.
Lanes 1 and 2 show uncleaved full-length Dz20–49 and RNaseA-treated
Dz20–49, respectively. Lanes 3–17 show the reaction at times points 5, 20,
40, 60, 90, 120, 180, 240, 300, 366, 420, 540, 1200, 1800, and 5760 minutes,
respectively. Calculated kobs for this particular experiment is 3.1 ± 0.3 ¥
10-3 min-1 (R2 = 0.95).
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phase did not differ appreciably from the value calculated using a
single-exponential equation. The possibility that a minor fraction
that is much more active than the major fraction that is minimally
active, with the possibility of dynamic interconversion as discussed
at length elsewhere60 cannot be excluded in this case.

The effects of linker length on the activity of Dz20–49

Consistent with all other DNAzymes (e.g. Dz925–11, Dz9–86,
Dz10–66) which are absolutely dependent on the incorporation
of dAime, Dz20–49 was also absolutely dependent on the in-
corporation of dAimm; enzymatic resynthesis with dATP led to
a total loss of activity (see Fig. 4A). Since dAime (introduced
via polymerization with 3) was absolutely required for activity
of Dz10–66, and because resynthesis of Dz10–66 with either 2
(shorter methyl linker) or 4 (longer propyl linker) resulted in total
loss of activity, we wished to test the effects of lengthening the
linker on Dz20–49. Therefore, Dz20–49 variants were prepared by
enzymatic polymerization using either 3 or 4, which contained
increasingly longer linkers. Interestingly, when 3 (ethyl linker)
replaced 2 (methyl linker) in the synthesis of Dz20–49, self-cleavage
activity was almost identical to that selected with 2 (kobs = 4.1 ±
0.5 ¥ 10-3 min-1; Fig. 4B). However when 4 (propyl linker) was
used in lieu of 2, virtually all activity was lost (Fig. 4C).

Fig. 4 Modified dA replacement studies. Time dependant self-cleavage of
Dz20–49 analogues where 2 (dAimm) is replaced with a) 1 (dA), b) 3 (dAime),
c) 4 (dAimp). For all three studies, Lanes 1 and 2 show uncleaved full-length
Dz20–49and RNaseA-treated Dz20–49, respectively. Lanes 3–17 show the
reaction at times points 5, 20, 40, 60, 90, 120, 180, 240, 300, 366, 420, 540,
1200, 1800, and 5760 minutes, respectively.

Effect of temperature and pH–rate profile

Since temperature variation can greatly affect the rate of M2+-
independent DNAzymes,44 Dz20–49 was also assayed at 37 ◦C; at
this temperature, the average self-cleavage rate constant dropped
by about a half (2.0 ± 0.5 ¥ 10-3 min-1) compared to the rate
constant at 24 ◦C. This observation lies in stark contrast to the
temperature–rate profile of Dz10–66 for which the self-cleavage
rate markedly increased with temperature from 24 ◦C to 37 ◦C.
Instead, Dz20–49 mirrors the unmodified DNAzyme G3 selected
by Geyer and Sen,39 herein referred to as DzG3, where the kobs

sharply decreases above 30 ◦C. Similar effects were seen when
Dz20–49 was prepared with 3 (data not shown).

The pH–rate profile for self-cleavage is bell-shaped (see Fig. 5).
The rate increased, over the range 6.0–7.0, reaches a maximum
at 7.0 and decreases over the range 7.0–9.0. Using eqn (2),45 the
pH-rate profile analysis yields pKa values of 6.2 and 8.1, values
consistent with a two-step acid–base mechanism. Nevertheless, the
absence of log-linearity (see ESI†) suggests other effects such as
a competitive folding step or multiple reaction channels that may
not depend on concerted acid–base catalysis. Distinguishing these
effects requires much more investigation and would change the
focus of this work, which is to address the general effects of linker
arm length on selection outcome.

Fig. 5 pH–Rate profile. Rates of self cleavage were determined at pH 6.0,
6.5, 7.0, 7.5, 8.0, 8.5, 9.0 in (50 mM buffer, 200 mM NaCl, 1 mM EDTA)
at room temperature. Values for pKa were determined using eqn (2) (see
Materials and Methods) to be 6.2 and 8.1 and kmax = 4.8 ¥ 10-3 min-1 (R2 =
0.90).

Amplification of the modified templates

Although we had already established that 2 was polymerized
with very similar efficiency as 3,41 here we examined the relative
amplifiability of the Dz20–49 sequence as duly modified to seek
hints as to why a selection using 2 produced such an inferior
catalyst compared to Dz10–66 that was selected with 3. Four
biotinylated DNA strands based on the Dz20–49 sequence were
prepared enzymatically, affixed to avidin, separated from their
templates by a brief NaOH wash, removed by RNaseA treatment,
purified by PAGE and subjected to PCR amplification to assess
the effects of the linker length of 8-(4-imidazolyl)-modified dA
upon amplification. One test template was synthesized using only
natural dNTPs while three others were synthesized using dGTP,
6, 7, and one of 2, 3, or 4. As expected, the template containing
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natural dA produced the highest amount of amplicon. The PCRs
that used modified templates containing the nucleosides of 3 or 4
produced about the same amount of amplicon, although in slightly
lower amounts than amplicon of the unmodified template. The
PCR of template DNA containing the nucleoside of 2 illustrates
the most dramatic decrease in amplifiability. While Vent (exo-) was
used in the selections of Dz10–66 and Dz20–49, both Vent (exo-)
(Fig. 6) and Taq polymerase (see ESI†) were assayed to determine
the amplifiability of the templates. Vent (exo-), which was used in
this and previous selections, produced the cleanest product.

Fig. 6 PCR amplification of modified templates by Vent (exo-) (45
cycles). Lanes 1 and 6 contain NEB Low Molecular Weight Ladder.
For a control, a completely unmodified ribophosphodiester bond cleaved
version of Dz20–49 was used as the control template (Lane 2). For modified
templates, Dz20–49 was constructed with dGTP, 6, 7 and one of: 2 (Lanes
3), 3 (Lane 4) or 4 (Lane 5).

General discussion

In light of numerous reports detailing efforts to define polymerase
tolerances for modified dNTPs for the eventual use in producing
artificial DNAzymes, we were in a unique position to test the
effects on selection outcome following the use of two very closely
related dATP analogs with discrete linker arm differences. Because
imidazole-modified DNAzymes show greatly enhanced activity
over unmodified congeners in the context of M2+-free RNA
cleavage, we selected for this activity to shed some light on the
effects of modifying the linker length of the imidazole functionality
that is generally essential for catalytic activity. Based on the
comparison between DNAzymes selected by both Williams and
Perrin, it was hypothesized that shortening the length of the
linker between the nucleobase and the side chain would restrict
conformational freedom and thereby provide a more rigid and
therefore more efficient catalyst.28 The effect on the selection
nevertheless became apparent as self-cleavage activity was slow
to appear over 9 rounds of selection, especially when compared
to the selections of DNAzymes such as Dz8–17, Dz10–2346 and
Dz10–66. Often, appearance of activity at an early stage of the
selection is a good indication of the presence of highly active
catalysts. Consequently, the slow increase in activity hinted at
the catalytic inferiority that would result. Indeed the activity
in later generations, even though sluggishly improving, never
reached levels attained in the selection of Dz10–66. Furthermore,
resynthesis of G20 with 3 did not improve cleavage suggesting that
clones with additional modified dAs in G20 were also inactive and
not simply inactive variants of Dz10–66 (data not shown).

While hindered incorporation of both 2 and 3 was discussed
previously,41 the efficiency of read-through of duly modified
templates in PCR containing dCaa and dUga along with various
modified dAs had not yet been explored. Various PCR templates

were synthesized and amplified to help assess this efficiency. The
amplicons produced using Vent (exo-) clearly showed that the
dAimm-modified template, which also contained the modifications
dCaa and dUga, is poorly amplified compared to the control
template which is devoid of any modifications (Fig. 6). To compare
the amplifiability of various dAX-modified templates that also
contain dCaa and dUga, Dz20–49 strands containing dAime and
dAimp were found to amplify better than the dAimm-modified
template. Taq, which we did not use in this or past selections
for amplification of cleavage products, showed similar trends, but
also revealed truncation artifacts, the origins of which were not
pursued (data not shown).

Despite the fact that 30% of the clones contained 8 or more
modified dAs, an abundance similar to Dz10–66, the majority of
them exhibited little or no activity with the exception of Dz20–
49, which exhibited a rate constant of 3.1 ± 0.3 ¥ 10-3 min-1 that
represents a ~200 fold drop in activity compared to Dz10–66.
Both in this case, and in the selection of Dz10–66, there seemed to
be little correlation between the percentage of modified dAs and
activity. Nevertheless, it is difficult to explain why inactive clones
with a greater percentage of modified dAs survived the selection
despite pressures against both the polymerization of 2 and the
amplification of duly modified strands.

Although the self-cleavage rate of Dz20–49 compares to that
of the unmodified DzG3,39 ablation of all imidazoles by incor-
porating dA leads to a total suppression of the catalytic activity.
These findings clearly show that while the modified dA is required
for activity, shortening the linker length does not enhance catalytic
activity. As with several other modified DNAzymes whose activity
is rivaled by unmodified counterparts,35,36 here is another example
of a modified catalyst which, while absolutely dependent on the
incorporation of three modified nucleosides, does not surpass the
unmodified DzG3 in terms of activity or thermal stability.

While the bell-shaped pH–rate profile suggests a two step acid–
base mechanism characteristic of imidazole directed catalysis, the
modified adenosine may also promote pH-dependent folding.
Nevertheless, if an 8-imidazole-alkyl-amino-dA were required
only for folding, then replacing 2 (methyl linker) with 4 (propyl
linker) might have also afforded a catalytically active strand.
Although this was not the case, we cannot fully exclude the
possibility that proper positioning of the imidazole, linked to a
methylene or ethyl group but not a propyl group is somehow
essential for folding and not catalysis.

The reasons as to why a shorter linker results in such a
dramatic loss in activity remain unclear. While the 8-NH may
intramolecularly H-bond to the imidazole nitrogen of 2 in a 5-
membered ring such that the imidazole cannot act as a base, a
similar 6-membered ring H-bonded configuration can be drawn
for 3, which provided excellent catalysts. NMR characterization
of nucleosides of 2 and 3 shows a high correlation between the
chemical shifts of the protons and the carbons of the imidazoles of
the two species, which suggests that both imidazoles are in similar
chemical environments, at least in deuterated organic solvents,
where such a hypothetical H-bonding interaction would be
reinforced.41,47 It is therefore likely that the electronic environments
of the imidazoles of 2 and 3 will be similar in the aqueous buffer
used for self-cleavage and thus unlikely that intramolecular H-
bonding in 2 is diminishing the capacity of the imidazole for base
catalysis.
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With regards to thermal stability, the introduction of the
guanidinium group substantially increased thermal stability to
both Dz10–66 and Dz9–86 compared to Dz925–11, which lacked
the guanidinium group. This is consistent with other findings on
guanidinium-dU modified antisense and triplex forming oligonu-
cleotides that have significantly higher melting temperatures.48,49

Interestingly, Dz20–49 exhibited minimal thermostability despite
having the same percentage of amino-modified dCs (17% vs. 18%)
and a greater percentage of guanidinium-modified dUs (35% vs.
23%). We speculate that incorporation of 2 resulted in the selection
of certain favoured sub-sequences that prevented selection for
either high thermal activity or high catalytic activity.

Where a selection demands only catalytic activity, one would
expect inactive sequences to be eliminated from the gene pool,
rather than overpopulate it. Yet in this case, motifs that are barely
active appear to be over-represented, including those that contain
a greater percentage of modified dAs. This may occur if certain
sequences are minimally active but preferentially amplified, such
that they prevail because such a selection selects for both catalytic
activity and amplifiability. Nevertheless, more work will be needed
to fully address such effects. Although sequence dependent
amplifiability may be more pronounced in modified selection,
it may also effect unmodified catalysts;50 it is well known that
certain unmodified DNA sequences e.g. triplet repeats are poorly
amplified in a PCR, and thus subtle amplification differences may
also determine the outcome of unmodified selections, only to a
lesser extent. Tyranny of the small motif, a phenomenon whereby
certain small catalytic sequences are found embedded in larger
libraries, may also reflect such preferences.

Experimental

Chemicals and reagents

Nucleoside triphosphates 2, 3, 4, and 6 were synthesized according
to literature reports18,41,47,51 and converted to the triphosphates
using the method of Ludwig and Eckstein.52 Nucleoside triphos-
phate 7 was purchased from Trilink. dGTPa32P was purchased
from Perkin Elmer. Chemicals used were purchased from Sigma.
Water used in all experiments was autoclaved following DEPC
treatment.

Enzymes and proteins

Sequenase Version 2.0 was purchased from USB Corporation.
Lambda exonuclease, Taq polymerase and Vent (exo-) were
purchased from New England Biolabs. Single-Stranded Binding
Protein was purchased from Epicentre. SUPERase-IN was pur-
chased from Ambion. RNase A was purchased from Fermentas.
pGEM-T Easy was purchased from Promega.

Oligonucleotides

All oligonucleotides were purchased from Integrated DNA Tech-
nologies. Biotinylated primer 2 was gel purified. All other oligonu-
cleotides were extracted using phenol : chloroform : isoamyl alco-
hol 25 : 24 : 1 followed by precipitation with 3% LiClO4 in acetone.
The precipitate was centrifuged and the pellet was washed with
ethanol (500 ml), dried and dissolved in water. The oligonucleotides
were then passed through a G-25 column for desalting.

The following oligonucleotides were used (5¢ to 3¢):
GAGCTCGCGGGGCGTGCN40CTGTTGGTAGGGCCC-

AACAGACG (1) biotin-T20GCGTGCCrCGTCTGTTGGGCCC
(2) phosphate-CGTCTGTTGGGCCCTACCA (3) GAGCT-
CGCGGGGCGTGC (4) phosphate-ACGACACAGAGCG-
TGCCCGTCTGTTGGGCCCTACCA (5) TTTTTTTTTT-
TTTTTTTTTTGAGCTCGCGGGGCGTGC (6) GAGCTCG-
CGGGGCGTGCAACGACCCACACGACCTGCGAACCAC-
TAGAGAGCATGACTTGTGGTAGGGCCCAACAGACGG-
GCACGCTCGTGTTGT (7)

Buffers and cocktails

Relevant buffers and cocktails were made according to Hollenstein
et al. without any modifications.19 Detailed descriptions of the
buffers and cocktails can be found in the ESI.†

Detection of radioactive DNA

Radioactive DNA resolved as bands on denaturing polyacry-
lamide gels were visualized by first exposing the gels to storage
phosphor screens. Low activity gels were exposed overnight.
Imaging of the screen was done using a GE Typhoon 9200 Phos-
phorimager. For data manipulation, the program Imagequant
Version 5.2 was used to determine the number of counts associated
with a particular band by encompassing the band and representing
the counts as a function of image intensity.

In vitro selection

The in vitro selection was carried out based on the protocol
developed by Hollenstein et al. with 2 used in place of 3.19 Twenty
rounds of selection were performed. A detailed protocol of the
selection, cloning, and screening can be found in the ESI.†

Kinetics of native Dz20–49 and modified dAX replacements

The template for Dz20–49 was annealed to primer 2 and extended
under the same conditions as the selection rounds with the
exception of using dNTPs of varying compositions as noted.
The modified nucleoside triphosphate 2 was replaced with 1,
3, or 4. Ten picomoles were bound to the beads and washed
as before. Beads were incubated in cleavage buffer (100 ml) at
room temperature (24 ◦C) and portions (5 mL) were removed and
quenched at the following time points 5, 20, 40, 60, 90, 120, 180,
240, 300, 366, 420, 540, 1200, 1800, and 5760 min. Rate constants
for self-cleavage were calculated using eqn (1) at various conditions
as noted below (e.g. pH, temperature).

Pt = P• ¥ (1 - e-kt) (1)

pH–Rate profile

The self-cleavage rate constants of Dz20–49 at various pH
values ranging from 6.0 to 9.0 were determined; cleavage buffers
used were composed of 50 mM Tris-HCl, 1 mM EDTA and
200 mM NaCl at pH values of 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and
9.0. Approximately 1 pmol of extension product was bound to
streptavidin beads and washed. After washing, the beads were
treated with 40 ml of one of the cleavage buffers and incubated
at room temperature (24 ◦C). Aliquots (5 mL) were removed at
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5, 60, 120, 330, 540, 1350 and 1800 min and added to quench
buffer formamide loading buffer containing biotin to dissociate
the immobilized DNA upon heating (15 mL). The data were used
to determine observed cleavage rate constants which are fitted to
eqn (2)45 to calculate putative pKa values.

(2)

Standardizing modified PCR templates by autoradiography

Four modified templates based on the DNAzyme were produce
using primer extension using dNTPs or a combination of dNTPs
and modified dNTPs (see ESI†). The radioactive templates were
quantified according to literature.19 Standardized templates were
used in PCRs using either Vent (exo-) or Taq polymerase (NEB).

Conclusions

Over the past decade numerous reports have examined the
incorporation of modified dNTPs with an eye to enhancing the
catalytic potential of DNA. We and others have shown that: (1)
excellent incorporation does not always lead to functionality-
dependent enhancement of catalysis; (2) in the case of using
an 8-imidazolyl-modified deoxyadenosine, a shorter linker does
not lead to enhanced catalysis; (3) dXTP design should take
into consideration efficient read-through as well as efficient
incorporation if the dXTP is intended for in vitro selection. To
complement dXTP design and facilitate both incorporation and
read-through would be the evolution of polymerases that readily
accept unnatural nucleotides.53–59 Future efforts will be applied
towards this goal.

Nevertheless, no report has definitively demonstrated which
modified dNTPs will actually enhance catalysis and which will not.
In light of the contrasting results for 3 and 9, we must appreciate
that incorporation, while necessary for functional selection, is
clearly insufficient. Here we show that slight differences in dNTP
structure, which are not evident from examining the propensity
for dNTP incorporation, strongly govern the selection outcome.
Indeed this discrete change in linker length produced a DNAzyme
that is ~200-fold less active than Dz10–66. Moreover, a priori
no antecedent report could have informed our decision to use
2 instead of 3 as both were incorporated with nearly identical
efficiency. Indeed the choice of 3 in preceding selections was
fortuitous as we might have easily chosen to use 2 instead.
While some readers might prefer that we report only on catalytic
enhancements, we contend it is essential to report this large drop
in activity to enhance our current understanding of the nuances
surrounding the use of modified nucleotides in combinatorial
selection.
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