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ABSTRACT Nearly 50 individual DNAs with polynucle-
otide kinase-like activity were isolated from a random-
sequence pool by using in vitro selection. Each self-
phosphorylating deoxyribozyme makes use of one or more of
the eight standard NTPs or dNTPs as a source of activated
phosphate. Although most prototypic deoxyribozymes poorly
differentiate between the ribose and deoxyribose moieties,
further optimization by in vitro selection produced variants
that display up to 100-fold discrimination between related
NTP and dNTP substrates. An optimized ATP-dependent
deoxyribozyme uses ATP >40,000-fold more efficiently than
CTP, GTP, or UTP. This enzyme operates with a rate en-
hancement of nearly one billion-fold over the uncatalyzed rate
of ATP hydrolysis. A bimolecular version of the ATP-
dependent deoxyribozyme was further engineered to phos-
phorylate specific target DNAs with multiple turnover. The
substrate-recognition patterns and rate enhancements intrin-
sic to these DNAs are characteristic of naturally occurring
RNA and protein enzymes, supporting the hypothesis that
DNA has sufficient catalytic potential to function as an
enzyme in biological systems.

RNA has many well defined functions in cells, which span the
range from the transfer of genetic information to molecular
recognition and even biocatalysis. In stark contrast, DNA
primarily serves a single purpose—the passive storage of
genetic information. The distinctive biochemical properties of
these two polymers have been ascribed exclusively to their
differences in chemical composition. The presence of the
2'-hydroxyl group, for example, renders the phosphodiester
linkage of RNA much more susceptible to strand scission
under biological conditions compared with DNA (1). As a
consequence, DNA is far superior to RNA as a format for the
long-term storage of genetic information. Conversely, the
2'-hydroxyl group unquestionably contributes positively to the
structural and functional complexity of RNA (2, 3). Consid-
ering the many natural (4-7) and artificial (8, 9) ribozymes that
have been identified to date, it is evident that RNA has an
enormous capacity for enzyme-like function. The extra chem-
ical complexity provided by the 2’-hydroxyl group often is used
to rationalize the biochemical functions that natural RNA
maintains over DNA.

The fact that 2'-hydroxyl groups make important contribu-
tions to RNA folding supports the belief (10) that DNA may
have great difficulty in forming highly complex and efficient
active sites for substrate binding and enzymatic function.
Nevertheless, the chemical compositions of RNA and DNA
are otherwise very similar, and it seems reasonable to specu-
late that DNA may have a large untapped potential for
catalytic function (11). The many examples of artificial de-
oxyribozymes, which have been isolated by using in vitro
selection (9, 12), support this hypothesis. The rapidly expand-
ing list of catalytic activities that deoxyribozymes exhibit
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includes DNA cleavage (13, 14), DNA ligation (15), and
metalation of porphyrins (16). A variety of deoxyribozymes
that catalyze RNA cleavage also have been isolated (17, 18),
each displaying characteristics that are indicative of structural
and functional complexity. For example, RNA-cleaving de-
oxyribozymes have been isolated that require metal ion (17—
20) or amino acid cofactors (21), or that require no cofactor at
all (22, 23). A representative Mg?*-dependent deoxyribozyme
cleaves RNA with a k¢, of 10 min~! (20), which is comparable
to the rates achieved by natural RNA-cleaving ribozymes (4).
Such artificial deoxyribozymes may offer distinct advantages
for certain practical applications where chemical stability and
ease of enzyme synthesis are required. If further studies reveal
that the catalytic function of DNA can approach the profi-
ciency seen with ribozymes, then perhaps the existence of
DNA enzymes in nature is not a biochemical impossibility.
In an effort to understand more about the catalytic capa-
bilities of DNA, we sought to create deoxyribozymes with
polynucleotide kinase activity. The analogous protein enzyme,
T4 polynucleotide kinase (T4 PNK), catalyzes the transfer of
the y-phosphate from ATP to the 5" hydroxyl of an RNA or
DNA substrate in a sequence-independent fashion (24). A
number of artificial ribozymes also have been isolated by in
vitro selection that transfer the +y-thiophosphate moiety of
adenosine 5'-[y-thio]triphosphate (ATP[yS]) to the 5’ hy-
droxyl of RNA (25), establishing a precedent for self-
phosphorylation by nucleic acids. Expansion of the catalytic
repertoire of DNA to include similar phosphoryl transfer
activity would allow direct comparisons to be made among the
three enzyme formats and would also provide a new tool for
the sequence-specific phosphorylation of oligonucleotides.

MATERIALS AND METHODS

Nucleotides and Oligonucleotides. Synthetic DNAs were
prepared by automated synthesis (21) and were purified by
denaturing (8 M urea) PAGE. Single-stranded DNAs were
internally 32P-labeled either during synthesis by PCR or by
reverse transcriptase- (RT) catalyzed primer extension by
using standard protocols. Nucleoside triphosphates and
[@-3?P]dGTP and [y-3?P]ATP were purchased from Amer-
sham Pharmacia.

In Vitro Selection. Each round was adapted from the general
scheme depicted in Fig. 14. For the first round, 1,000 pmol of
the initial DNA population (GO) was heated in 400 ul of
deionized water at 90°C for 1 min, cooled to room tempera-
ture, and combined with 500 ul of 2X selection buffer (100 mM
Hepes [pH 7.0 at 23°C], 800 mM NaCl, 200 mM KCI, 20 mM
MgCly, 10 mM CaCl,, 2 mM MnCly, and 100 uM CuCl,). One
hundred microliters of a solution containing the four NTPs or
dNTPs (10 mM each) was added to initiate either the NTP or
dNTP selection reactions, respectively. Mixtures were incu-
bated at 23°C for 48 hr and combined with an equal volume of
20 mM EDTA (pH 8.0). DNA was recovered by precipitation
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FiG. 1. Selection of self-phosphorylating deoxyribozymes. (A4)
Selection is initiated by incubating a population of synthetic 100-nt
DNAs that carry a random-sequence domain of 70 nt. DNAs are (I)
incubated with a mixture of either the four standard NTPs or the four
standard dNTPs. After incubation, the DNA pool is (II) combined
with excess acceptor and template oligonucleotides and treated with
T4 DNA ligase in the presence of ATP. The ligated DNAs (=123 nt)
are (III) isolated by PAGE, and the recovered DNAs are selectively
amplified by PCR using primer 1 and ribo-terminated primer 2. The
resulting double-stranded PCR products are (IV) treated with NaOH
to cleave the isolated RNA linkage, and the subsequent single-
stranded DNAs are purified by PAGE and used (V) to initiate the next
round. DNA populations from the final rounds of selection were (VI)
PCR-amplified with primer 1 and the “all-DNA” version of primer 2
to facilitate cloning. N7o represents the random-sequence domain. (B)
Sequences of the DNA population complexed with the acceptor and
template strands. (C) Response of the NTP (open bars) and dNTP
(filled bars) populations over the first six rounds of selection.

with ethanol and redissolved in 4.5 ml of 20 mM NaCl
containing 1 uM template and 1.3 uM acceptor. Mixtures were
incubated at 90°C for 1 min, cooled to room temperature, and
combined with 500 ul of 10X T4 ligase buffer (NEB, Beverly,
MA) and 10 ul of 400 units/ul T4 DNA ligase. After incuba-
tion at 16°C for 24 hr, DNA was precipitated with ethanol, and
ligated products (=123 nt in length) were isolated by 10%
denaturing PAGE. DNA eluted from the gel was amplified by
PCR (21) using 40 pmol each of primer 1 and primer 2
(5'-GAATTCTAATACGACTCACTATrA). DNA products
were precipitated with ethanol, resuspended in 90 ul of 0.25 M
NaOH, heated at 90°C for 10 min to cleave the single RNA
phosphodiester link (18, 26, 27), and neutralized with 10 ul of
3 M NaOAc (pH 5.2 at 23°C). DNA was again precipitated
with ethanol, purified by 10% denaturing PAGE, and DNA
corresponding to the original pool size was recovered and used
to initiate the next round of selection.

Subsequent rounds of selection were performed at 1/50th
scale of the initial reaction. DNA was pretreated with alkaline
phosphatase to prevent the emergence of selfish DNAs that
acquire a 5'-terminal phosphate during PCR amplification
(unpublished data). In addition, the selection time was reduced
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to 20 hr to favor the isolation of the most efficient deoxyri-
bozymes, and the ligation time was reduced to a minimum of
10 min. Final populations were cloned by using a TOPO-TA
cloning kit (Invitrogen) and sequenced by using a ThermoSe-
quenase kit (Amersham Pharmacia).

Catalytic Assays and Kinetic Analyses. Internally 3P
labeled DNAs (=100 nM) were tested for self-phosphorylation
activity individually in the presence of NTP or dNTP sub-
strates by using the phosphorylation-ligation and PAGE meth-
ods employed for selection. In most cases, initial rate constants
for DNA phosphorylation were determined by plotting the
fraction of precursor converted to ligated product versus
deoxyribozyme reaction time. The slope of the line that
represents the initial velocity of the reaction (<10% reacted)
was determined by a least-squares fit to the data. Although the
extent of DNA phosphorylation was measured indirectly
through analysis of ligation products, we observed that a 1-hr
ligation reaction was sufficient to produce quantitative con-
version of phosphorylated DNAs to ligated DNAs, indicating
that this indirect analytical approach accurately reflects the
true yield for the deoxyribozyme reaction.

RESULTS AND DISCUSSION

In Vitro Selection of Self-Phosphorylating Deoxyribozymes.
To isolate DNAs with polynucleotide kinase activity, we
employed the in vitro selection strategy depicted in Fig. 1A4.
This approach relies on the ability of T4 DNA ligase to join an
“acceptor” DNA to a 5'-phosphorylated “donor” DNA when
the two are properly juxtaposed within a duplex (28). There-
fore, only those DNAs that acquire a phosphate at any step
preceding the ligation reaction will be joined to a DNA
acceptor molecule (Fig. 1B). This coupling event distinguishes
the reacted DNAs both during PAGE and during selective
PCR amplification.

Two parallel selection efforts were undertaken, each with a
DNA population comprised of ~6 X 10'* different molecules.
The populations were supplied with the four standard ribo-
nucleoside 5’-triphosphates (NTP selection) or the four stan-
dard deoxyribonucleoside 5'-triphosphates (ANTP selection)
during the reaction phase of the selection process (Fig. 14,
stage I or stage V). This provides a choice of phosphorylating
agents that can be used by individual self-phosphorylating
deoxyribozymes. Both populations responded positively to the
selection constraints, such that =~35% (NTP) and ~45%
(dNTP) of the DNA populations undergo ligation after six
rounds (G6) (Fig. 1C). Further characterization of the active
populations and of individual deoxyribozymes provided evi-
dence that catalysis results in the transfer of the (d)NTP vy
phosphate to the 5'-terminal oxygen of DNA (see below).

Deoxyribozymes with Diverse Substrate Specificities. The
G7 populations for the NTP and dNTP selections were cloned,
and ~20 representative clones from each pool were sequenced
and assayed for catalytic activity. Analysis revealed surprising
sequence diversity, suggesting that a variety of unique struc-
tural motifs are able to promote self-phosphorylation (data not
shown). However, among five distinct sequence classes iden-
tified from the NTP pool (termed “NTP-G1” through “NTP-
G57), all require GTP for deoxyribozyme function. Likewise,
dGTP-utilizing deoxyribozymes comprise three (dNTP-G1
through dNTP-G3) of the four distinct classes isolated from
the G7 dNTP pool. The remaining class (dINTP-N1) is a
“universal” kinase that can use any of the four dNTPs with
similar efficiency.

Despite the fact that the G7 populations were dominated by
GTP- or dGTP-utilizing deoxyribozymes, we speculated that
individuals exhibiting specificities for the remaining nucleotide
substrates did exist, albeit in less abundance. To confirm this,
we repeated the in vitro selection process in parallel beginning
with G2 DNA, in each case making available only the NTPs or
dNTPs with base identities A, C, U, or T for use as substrates
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by each corresponding population. In this manner, represen-
tative deoxyribozymes were recovered that display distinct
preferences for each of the four standard NTPs or dNTPs
(Fig. 2).

Two major (NTP-A1l and NTP-A2) and four minor classes
of ATP-dependent deoxyribozymes were isolated from the
NTP G7 population produced by providing ATP exclusively to
the selection reaction. Similarly, a single CTP-dependent
deoxyribozyme (NTP-C1) was isolated from the correspond-
ing G8 population produced by supplying only CTP to the
reaction mixture. Finally, two classes of deoxyribozymes were
isolated from the G10 population generated by the exclusive
use of UTP. Although one class (NTP-U1) requires UTP for
activity, the other forms a motif with universal substrate
specificity (NTP-N1) that is distinct from the class represented
by dNTP-N1 (Fig. 2A).

Successfully completing the analogous selections for differ-
ent dNTP specificities proved more challenging. The G7
population of the dNTP selection is highly populated with the
universal kinase dNTP-N1. With its unrestricted substrate
specificity, this deoxyribozyme likely would have dominated
the independent selections for DNAs that use dATP, dCTP,
and dTTP, thereby precluding the enrichment of base-specific
kinases. We adopted a strategy to prevent dNTP-N1 domina-
tion by destroying the deoxyribozyme in its double-stranded
form by using the restriction enzyme Eagl. Although dNTP-N1
quickly “evolved” to evade cleavage through mutation of the
corresponding restriction site, we adopted a more vigorous
strategy that included the simultaneous digestion of the pop-
ulation with three restriction enzymes (Eagl, BstN I, and BsmA
I). In addition, the surviving single-stranded population was
preincubated with a mixture of the remaining three dNTPs
that were not used for positive selection. DNAs that remained
unreacted during this “negative” selection were separated
from phosphorylated DNAs and subjected to positive selection
in the presence of the target ANTP. In this manner, four classes
of dATP-dependent deoxyribozymes and two classes of dCTP-
dependent deoxyribozymes were isolated from the corre-
sponding G8 pools. We were unsuccessful in our attempt to
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recover dTTP-dependent deoxyribozymes even after conduct-
ing a total of 14 rounds of selection and despite the fact that
NTP-Ul1 also accepts dTTP (Fig. 2B). Although G14 was
populated with self-phosphorylating DNAs, all proved to
belong to one of a number of new classes with universal
substrate specificities (data not shown). The emergence of so
many new classes of universal kinases rendered impractical our
continued pursuit of dTTP-specific deoxyribozymes.
Discrimination Between Ribo- and Deoxyribonucleotides. A
cursory survey of the accumulated sequence data has revealed
many distinct sequence classes of self-phosphorylating de-
oxyribozymes (data not shown). Each class can be further
organized into one of several groups based on NTP or ANTP
substrate requirements. In addition to the specific groups
described above (Fig. 2B), we have observed several individ-
uals that function as “semiuniversal” kinases that, for example,
use only (d)GTP and (d)CTP or that use (d)GTP and (d)ATP.
Interestingly, of the nine classes of deoxyribozymes depicted
in Fig. 24, only dNTP-N1 displays significant nucleotide
discrimination based on the 2’-hydroxyl group. This finding
brings into question the structural diversity of DNA and
whether the limitations set by this polymer’s chemical simplic-
ity preclude it from distinguishing between closely related
organic compounds. To examine this issue in greater detail, we
conducted two parallel selections to isolate deoxyribozymes
that use GTP to the exclusion of dGTP, and vice versa. After
six rounds of selection beginning with the G5 populations of
the NTP and dNTP lineages, both resulting populations dis-
played significant discrimination between GTP and dGTP.
The function of two individuals, NTP-G6 and dNTP-G4 (Fig.
34), were examined in greater detail. NTP-G6 is >100-fold
more active with GTP compared with dGTP, whereas
dNTP-G4 is ~25-fold more active with dGTP versus GTP
(Fig. 3B; Table 1). For both deoxyribozymes, the differences
in Ky, values between GTP and dGTP are negligible, however
the maximum rate constants obtained under saturating con-
ditions are unequal. Surprisingly, specificity in each case is not
due to differential binding affinity but is a result of the
differences in reactivity of the nucleotides when bound to the
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FI1G. 2. Self-phosphorylating DNAs with distinct substrate specificities. (4) Sequences of nine representative classes of deoxyribozymes. Nucleotides
corresponding to the original random-sequence domain are numbered. Underlined nucleotides in dNTP-N1 identify BstN I, Eagl and BsmAlI sites from
left to right. (B) Substrate specificity of individual deoxyribozymes. Filled arrowheads identify internally 32P-labeled precursor DNAs, and open arrowheads
identify the positions of the ligated products that are indicative of deoxyribozyme activity. Reaction conditions were as follows: Nucleoside triphosphate
concentrations: NTP-A1, U1, C1, N1, and dNTP-C1 and N1 (1 mM); NTP-G1, dNTP-G1, and dNTP-A1 (50 uM). Incubation times: NTP-G1, NTP-A1,
and dNTP-G1, Al, and C1 (20 hr); NTP-C1 (46.5 hr), dNTP-N1 (60 hr), NTP-U1 (92.5 hr); NTP-N1 (94 hr).
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FI1G. 3. Precise discrimination between GTP and dGTP by DNA.
(A) Sequences for the GTP-specific deoxyribozyme NTP-G6 and for
the dGTP-specific deoxyribozyme dNTP-G4. (B) Plots of the rate
constants for NTP-G6 and dNTP-G4 with various concentrations of
GTP (filled symbols) and dGTP (open symbols). Circles and diamonds
or squares and triangles represent two replicate experiments con-
ducted with GTP or dGTP, respectively. For selection, the G5 pool
from the NTP selection was incubated with a mixture of the four
dNTPs (1 mM each) for 50-100 hr, and the DNAs that remained
unreacted after ligation were isolated by PAGE. The remaining DNAs
were incubated with 100 uM GTP for 2 hr, and the phosphorylated
DNAs were recovered and amplified as depicted in Fig. 14. Likewise,
the G5 pool from the dNTP lineage was preselected against function
with the NTPs and selected for activity in the presence of 100 uM
dGTP. Kinetic parameters are summarized in Table 1.

deoxyribozyme. This conclusion is supported by the observa-
tion that dGTP serves as a competitive inhibitor of NTP-G6
(data not shown). Although additional investigations are
needed to understand the mechanism of discrimination, these
and earlier findings (12, 21) support the view that DNA has
sufficient structural complexity to recognize subtle chemical
differences among substrate, cofactor, and effector molecules.

A Distinct Class of ATP-Dependent Deoxyribozymes. All
prototypic deoxyribozymes examined operate with ke, values
of 10~*min ! or lower and K, values near 1 mM. However, we
expected that variants of each deoxyribozyme would show
improved kinetic characteristics if further optimized. A mu-
tagenized pool based on the ATP-dependent deoxyribozyme
NTP-A2 (d = 0.21 over 70 positions) was chemically synthe-
sized (29). After five rounds of selection by using progressively
lower concentrations of ATP and shorter reaction times, a
population of variant deoxyribozymes was recovered (Fig. 4).
Improvements in both catalytic rate and ATP-binding affinity
were evident on examination of NTP-A2.1, a representative
clone from the G5 population. NTP-A2 has a k¢ of 1.7 X
10~*min~"! and a K, of =1 mM, whereas NTP-A2.1 has a ke
of 5.5 X 1073 min~! and a K, of 3.3 uM, corresponding to an
improvement in catalytic efficiency (kcat/Km ) of ~10,000-fold.
We were unable to detect the background reaction rate of
DNA phosphorylation by ATP to report a true rate enhance-
ment over uncatalyzed phosphorylation. However, the rate
enhancement can be estimated by ATP hydrolysis in the
presence of Ca* (30), which has a reported second-order rate
constant of =25 X 1077 M~ !'min~! at 23°C. Therefore, the
rate enhancement (kcat/Km )/Knydrolysis for NTP-A2.1 is ~7 X
108, indicating that this deoxyribozyme transfers the y-phos-
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phate from ATP to its 5'-hydroxyl group nearly one billion
times faster than the spontaneous hydrolysis of ATP.

NTP-A2.1 is highly selective for ATP versus CTP, GTP and
UTP. The apparent K4 for ATP, interpreted as the concen-
tration required for half-maximal deoxyribozyme activity,
corresponds with the K, value determined for the same
deoxyribozyme (Fig. 54). In contrast, the binding constants for
the noncognate NTPs appear to be more than four orders of
magnitude lower. As expected, the kca/Km value for ATP is
>10,000-fold larger than the kc,t/K, values determined for the
remaining NTPs (data not shown). These findings are indic-
ative of a polymer that is of sufficient structural sophistication
to exploit differences in molecular composition to achieve
precise substrate recognition.

NTP-A2 requires both Ca>* and K™ for activity. However,
the improved variant NTP-A2.1 functions at a maximum rate
(kobs = 0.012 min~1) in the presence of 20 mM Ca?* (apparent
Kqfor Ca?* ~5 mM), and remains active in the absence of K*.
Among the different sequence classes of deoxyribozymes
examined, only Ca®* and Mn?* serve as divalent metal ion
cofactors. Ca?* dependence also has been demonstrated for a
recently described capping ribozyme (31), indicating that this
divalent ion may be well suited for catalytic roles in certain
phosphate-transfer reactions. In contrast, the self-phosphory-
lating ribozymes previously isolated (25) require Mg?* as a
cofactor. However, these ribozymes were selected to perform
in a reaction mixture that contained Mg?* alone. Although
Ca?* is only 5-fold more effective than Mg?* at promoting
ATP hydrolysis (30), RNA may also favor Ca?* as a cofactor
for self-phosphorylation if presented with the option.

Verification of Self-Phosphorylation by DNA. The selection
protocol was designed to isolate DNAs that acquire a 5'-
phosphate group when incubated with nucleoside 5'-
triphosphates and that serve as donor oligonucleotides during
the subsequent ligation reaction. NTP-A2 and ANTP-G4 show
patterns of DNA ligation that are consistent with the acqui-
sition of a 5'-phosphate group at their 5’ terminus in an ATP-
or dGTP-dependent manner, respectively (data not shown).
Likewise, successful DNA ligation requires the addition of
DNA ligase, template and acceptor oligonucleotides, and
ATP, requirements that are in agreement with the selection
scheme proposed in Fig. 14.

To further investigate the nature of the deoxyribozyme-
mediated reaction, unlabeled NTP-A2.1 was incubated with
[v-?P]ATP under permissive reaction conditions. The de-
oxyribozyme becomes radiolabeled in a time-dependent fash-
ion (Fig. 5B Inset), and forms a product that comigrates on a
polyacrylamide gel with an authentic 5'-phosphorylated DNA
prepared with T4 PNK. These findings are consistent with the
transfer of the y-phosphate of ATP to the 5'-hydroxyl group
of DNA. Moreover, the rate constant derived for the increase
in 32P-labeled DNA (kobs = 4.0 X 10~3min~!) matches the rate
constant obtained by indirectly measuring phosphorylation via
DNA ligation (Fig. 54).

A Structural Model for NTP-A2. Examination of an artificial
phylogeny for NTP-A2 (Fig. 4) reveals several domains of
conserved sequence interspersed with domains that are highly
variable. Most obvious are the four strictly conserved spans of
three consecutive G residues. The presence of these G-rich

Table 1. kcar (min~1) and K,,, (uM) values for NTP-G6 and ANTP-G4 with GTP and dGTP

kcat KW!
Species dGTP GTP dGTP GTP Selectivity
NTP-G6 2.74 X 1073 1.46 X 1073 918 425 115
dNTP-G4 4.43 x 1074 1.90 X 10—3 98 106 26

Values were calculated with the Michaelis-Menten equation by using the data presented in Fig. 3, and
each is the average of two replicate experiments. Selectivity is the ratio of the kcat/K,, values with GTP

and dGTP.
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F1G. 4. Artificial phylogeny comprised of deoxyribozyme variants
isolated after five rounds of selection beginning with mutagenized
NTP-A2. Nucleotides depicted correspond to the original random-
sequence domain. The donor domain (not shown) was found to vary,
and each conforms to one of the following states represented by zero
through four asterisks, respectively: GGAAAGATGCGAC (original),
GGAAAGATG-GAC, GGAAAGATGTGAC, GGAAAGATGGG-
AC, and GGAAAGAAGCGAC. Overlined nucleotides identify four
regions (I-1V) of conserved tracts of guanosine residues. () identifies
variant “NTP-A2.1,” which was used in further analyses. Reactions
were performed for 1 hr by using 100 uM ATP for first two rounds and
for 5 min by using 10 uM ATP for the final three rounds.

domains suggests the formation of a three-tiered guanine
quartet. Similar “G-quartet” domains have been identified in
a number of other structured DNAs (11, 12) and are the basic
structural element of telomeric DNA (32). We also recognized
that the last two nucleotides of the donor domain and the first
three nucleotides of the original random-sequence domain are
complementary to nucleotides spanning positions 47-52 and
that covariation in these regions is common (Fig. 4).

A structural model that is consistent with the phylogenetic
data is depicted in Fig. 64. The primary feature of this model
is a single base-paired structure that constrains a large hairpin
loop. We speculate that the loop folds back on itself, perhaps
stabilized by a three-tiered G quartet, thereby closely posi-
tioning three otherwise distal conserved domains. Some G-
quartet structures are stabilized by K* (32), which may explain
why NTP-A2 requires K* for function. Additional support for
the formation of G quartets was obtained by chemical modi-
fication experiments with NTP-A2.1. The guanosine residues
of domains I-1V are efficiently methylated by dimethyl sulfate
(DMS) in the absence of divalent metal ions but become fully
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FiG. 5. Kinetic analysis of an improved ATP-dependent deoxyri-
bozyme. (4) Rate constants exhibited by NTP-A2.1 with different
concentrations and forms of NTPs. The left axis provides the scale for
ATP (@), and the right axis provides the scale for GTP (O0), CTP (»)
and UTP (<¢). (B) Self-phosphorylation of NTP-A2.1 with
[y-3?P]ATP. Unlabeled deoxyribozyme (0.25 M) was incubated with
selection buffer containing 10 uM ATP (spiked with a trace of
[y-3?P]ATP) for 0, 5, 10, 20, 40, 60, and 90 min (lanes 1-7, respectively)
at 23°C and examined by PAGE (see Inset). A plot of the natural
logarithm of the fraction unreacted (determined by using the maxi-
mum extent of self- and T4 PNK-mediated phosphorylation) versus
time provides a negative slope of 4.0 X 10~3min~1, which reflects the
rate constant of DNA self-phosphorylation. This value corresponds
well with the rate constant determined by using the DNA ligation
method (5.5 X 1073min~1; Fig. 54).
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FiG. 6. Engineering an ATP-dependent deoxyribozyme. (4) A sec-
ondary-structure model for NTP-A2. Encircled regions identify highly
conserved nucleotides. The 3'-terminal domain (*) can be deleted with
minor loss of activity. Filled and open arrowheads designate cleaved sites
for the construction of bimolecular complexes. (B) Bimolecular con-
structs composed of separate NTP-A2.1 enzyme (E) and substrate (S)
domains used to examine determinants of oligonucleotide substrate
specificity. (C) PAGE analysis of the activity of E1 and E2 with the
matched or mismatched substrates S1 and S2 that were internally 32P-
labeled. Upper bands indicate deoxyribozyme activity. Substrate DNA
(10 nM) was incubated with 100-fold excess of enzyme in the presence of
1 mM ATP for 5 hr before treatment with T4 DNA ligase.

protected on the addition 20 mM Ca?* (data not shown). This
indicates that the N7 position of each residue may be involved
in tertiary contacts like those involved in the formation of G
quartets.

Sequence-Specific Phosphorylation of DNA by DNA. The
structural model for NTP-A2 was examined by testing several
reorganized DNA constructs based on the sequence of NTP-
A2.1. Nucleotides comprising the highly variable positions
50-70 of the original random-sequence domain and the 3’
primer binding site can be deleted, resulting in a truncated
enzyme with ~%io catalytic activity. However, further deletion
at the 3’ terminus results in complete loss of activity. The latter
observation is consistent with the hypothesis that formation of
the putative stem element is necessary for catalytic function.

We created bimolecular constructs wherein the DNA strand
was severed either before the proposed stem or immediately
after the first G-rich domain (I; Fig. 64). A combination of the
two DNAs split before the duplex is almost completely inac-
tive, indicating that this constraint is necessary for maximum
catalytic activity (data not shown). In contrast, the bimolecular
system formed by a split after domain I (Fig. 6B) remains fully
active. This creates the possibility of phosphorylating target
DNAs with specific sequences, if indeed the stem serves as a
recognition element for substrate binding. To examine the
importance of the proposed duplex, two synthetic deoxyri-
bozymes (E1 and E2) were synthesized and tested for activity
with two DNA substrates (S1 and S2). Each enzyme was
engineered to target the phosphorylation of its complemen-
tary substrate via the putative Watson-Crick base pairing
within the stem (Fig. 6B). As predicted, E1 functions only with
its corresponding substrate S1, whereas E2 only accepts S2 as
a substrate. Moreover, the bimolecular complex formed be-
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tween S1 and E1 displays multiple-turnover kinetics with a rate
that approximates the rate for self-phosphorylation. However,
to achieve this effect, the reaction must occasionally be
thermocycled, which presumably denatures the enzyme-—
product complex and allows another substrate to bind.

T4 PNK has no significant sequence restrictions, and there-
fore has no selectivity for the phosphorylation of individual
DNAs within a complex mixture. In contrast, the NTP-A2 class
of DNA kinases maintains a significant sequence requirement
for substrate recognition in addition to the above described
stem element. For example, deletion of the 5'-terminal
guanosine of the deoxyribozyme, or replacement of this res-
idue with A, C, or T eliminates catalytic activity. Moreover, the
conserved G residues that reside within the substrate domain
are expected to be a necessary sequence element for this class
of deoxyribozymes.

Comparisons of Kinases Made of Protein, RNA, and DNA.
Previously, Lorsch and Szostak (25) described the in vitro
selection of several self-phosphorylating ribozymes that use
ATP[+S], a thiophosphate-containing analog of ATP. Al-
though the pool designs and selection strategies used were
fundamentally different between these two studies, both ef-
forts produced a number of distinct motifs that catalyze the
phosphorylation of nucleic acids. In our study, we have tar-
geted the remaining natural NTP and dNTP substrates with
almost equal effectiveness. It is clear from these results that
DNA, like RNA, is capable of forming a variety of sophisti-
cated tertiary structures that effectively promote chemical
catalysis.

Perhaps the most important issue is that of catalytic rates
and efficiency. The k¢, for our optimized NTP-A2.1 deoxyri-
bozyme is approximately Y30 that of the k¢, for the most active
ATP[vyS]-dependent ribozyme isolated (25, 33). The uncata-
lyzed rate of ATP[vS] hydrolysis is up to 10-fold faster than
ATP (34, 35), therefore the differences in chemical rate
enhancements between the two polymers are negligible. In-
terestingly, the Ky, for ATP exhibited by NTP-A2.1 is more
than 10-fold improved from that of the best kinase ribozymes.
As a result, the catalytic efficiencies of the DNA and RNA
enzymes are nearly equivalent. The kc,/Ky~! values for
NTP-A2.1 and “Kin.25” (25) are 3,600 M~!min~! and 7,900
M~ lmin~!, respectively. In addition, the Ky, of the deoxyri-
bozyme is more than 10-fold improved compared with the Ky,
for ATP exhibited by T4 PNK (36). However, T4 PNK has a
keat of =~25,000 min~!, which equates to a catalytic efficiency
(=6 x 108 M~!min~!) that is approximately five orders of
magnitude greater than NTP-A2.1. It is conceivable that
ribozymes and deoxyribozymes with higher activities could be
created by exploring DNA libraries of larger size or by
performing additional rounds of mutagenesis and selection
with existing catalysts. Such efficient DNA enzymes could be
very useful for promoting the sequence-specific phosphoryla-
tion of DNA or RNA sequences.

CONCLUSIONS

Nearly 50 distinct sequence classes of self-phosphorylating
deoxyribozymes were isolated from a population of ~10'
single-stranded DNA molecules. Representative deoxyri-
bozymes achieve substantial catalytic rate enhancements, tight
substrate binding, and precise recognition of nucleotides and
oligonucleotides. These results provide compelling evidence
that DNA, like RNA and protein, has sufficient structural
diversity to form diverse and sophisticated active sites (11).
The untapped potential for DNA catalysis could be exploited
for various applications. For example, the optimization of a
small deoxyribozyme that can be engineered to precisely
phosphorylate any DNA or RNA sequence would be of
significant utility.

Catalysis by DNA is not known to occur in nature. However,
the kinase deoxyribozymes described herein provide addi-
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tional examples of DNA self-processing reactions that are of
biological relevance. Along with self-phosphorylation, DNA-
mediated DNA cleavage (13, 14) and ligation (14) activities
form an important collection of catalytic functions that are
fundamental to the maintenance of all DNA genomes. More-
over, the proven utility of biologically relevant cofactors, such
as Mg?*, Ca?*, Zn?*, and histidine (12, 19, 21), that augment
chemical diversity in certain deoxyribozymes is consistent with
the view that DNA could play a role in biological catalysis.
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