Molecules201Q 15, 6269-6284; doi:10.3390/molecules15096269

molecules

ISSN 1420-3049
www.mdpi.com/journal/molecules

Review

The Structural Diversity of Deoxyribozymes

Simon A. McManus® and Yingfu Li %*

! Department of Biochemistry and Biomedical ScientésMaster University, 1200 Main Street
West, Hamilton, Ontario L8N 3Z5, Canada; E-Mail:mmamusa@mcmaster.ca

Department of Chemistry and Chemical Biology, Maltéa University, 1200 Main Street West,
Hamilton, Ontario L8N 3275, Canada

*  Author to whom correspondence should be addredsédail: liying@mcmaster.ca;
Tel.: +1-905-528-9140 ext. 22462.

Received: 30 June 2010; in revised form: 23 Aug040 / Accepted: 2 September 2010 /
Published: 6 September 2010

Abstract: When not constrained to long double-helical arramgi@s, DNA is capable of
forming structural arrangements that enable smesdqguences to perform functions such
as binding and catalysis under defined conditioftsrough a process calleid vitro
selection, numerous catalytic DNAs, known as deibopymes or DNAzymes, have been
isolated. Many of these molecules have the potemtizact as therapeutic agents and
diagnostic tools. As such, a better understandfnifped structural arrangements present in
these functional DNAs will aid further efforts ineg development and optimization of these
useful molecules. Structural characterization ofvesal deoxyribozymes through
mutagenesisin vitro re-selection, chemical probing and circular dicémo has revealed
many distinct and elaborate structural classesxipdmzymes have been found to contain
diverse structural elements including helical jumts, pseudoknots, triplexes, and guanine
guadruplexes. Some of these studies have furttmwrsithe repeated isolation of similar
structural motifs in independent selection expentaefor the same type of chemical
reaction, suggesting that some structural motiésvaell suited for catalyzing a specific
chemical reaction. To investigate the extent ofucttiral diversity possible in
deoxyribozymes, a group of kinase deoxyribozymese lizeen extensively characterized.
Such studies have discovered some interestingtstalcfeatures of these DNAzymes
while revealing some novel DNA structures.
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1. Introduction

Nucleic acids were once thought to be used solelytle storage and transfer of genetic
information in living cells, with proteins performg other cellular functions such as catalysis. The
discovery of an RNA capable of self-splicing chahd@feis view and indicated that at least one of the
nucleic acids, RNA, was capable of catalyzing clwaireactions [1]. Following this, several other
natural catalytic RNA molecules, termed ribozymesre found [2-6]. It is now widely believed that
before the emergence of proteins, RNA performedntagority of cellular functions [7]. This notion
has been further supported by the isolation of mooeeartificial ribozymes through a process caifed
vitro selection, demonstrating that RNA is capable @flgzing a broad range of chemical reactions
(reviewed in [8,9] ).

Following the discovery of these natural and ani@éi ribozymes, researchers pondered whether
DNA was also capable of catalysis. DNA is most camiy found in long helical duplexes. In this
highly constrained form, it is unlikely that DNA rtaarrange itself into a structure that can form
interactions with a substrate and catalyze a @acgingle-stranded DNA on the other hand, is much
less structurally constrained and has propertieglasi to RNA. Throughin vitro selection, Breaker
and Joyce were able to isolate the first catatA molecule that was able to cleave an RNA linkage
within a DNA substrate in the presence of Pdemonstrating that DNA could indeed act as alystta
[10]. In subsequent years, several more catalytdADmolecules, called deoxyribozymes or
DNAzymes, have been isolated to catalyze othepobioally relevant chemical reactions (reviewed in
[11-13]), such as DNA ligation [14,15], RNA ligaticand branching [16-18], DNA phosphorylation
[19,20], DNA adenylation [21], DNA cleavage [22]NBA hydrolysis [23], porphyrin metalation [24],
thymine dimer repair [25], nucleopeptide bond fotiora [26], and carbon-carbon bond formation
[27]. Despite these many examples of DNA-mediatatilgsis, it is noteworthy that most of the
DNAzymes isolated to date bind and process nu@eid-containing substrates. Since DNA has an
inherent ability to bind these nucleic acid targeétere is a lingering question of whether DNA is
capable of catalyzing a broader range of chemaadtions that do not involve nucleotides or nucleic
acids as substrates. Although there is no doubiibae such DNAzymes will be isolated in the future
in vitro selection experiments, it is certainly benefi¢c@examine fundamental properties of existing
deoxyribozymes. Examining the structures used loseatideoxyribozymes is a good starting point.

The terminology of DNA structure is hierarchicakirRary structure is the nucleotide sequence,
which can be readily obtained for isolated deoxyzijomes by DNA sequencing [28,29]. Secondary
structure of nucleic acids is defined as doubleéchklnteractions formed through Watson-Crick base-
pairs. Predictions for DNA secondary structure bamobtained through folding algorithms, once the
primary sequence is known [30] and tested throughagenesis analysis. Tertiary structures are
generally regarded as interactions other than Wia@ak base-pairing, such as triplex interactions
[31], guanine quadruplexes [32] and i-motifs [3B}edicting the types of structures that will arise



Molecules201Q 15 6271

from anin vitro selection is difficult as these selections tygicakgin with randomized libraries. The
usual process is to perform the selection untildasired level of activity is seen, and sequenee th
population. Structural characterization is thenfgrened on representatives from the most abundant
sequence classes (Scheme 1). Currently, the amofmgtructural information available for
deoxyribozymes depends on whether the deoxyribogyooatain structures that are predominantly
secondary or tertiaryOn the one hand, a good amount of secondary stalétfiormation is available
for most deoxyribozymes. In fact, most initial refgoof new deoxyribozymes or follow-up studies
include secondary structural models. This is du¢hto ease and low cost of synthesizing mutant
constructs of a particular deoxyribozyme to test éixistence of Watson-Crick base-pairing regions
(for example, mutating a predicted A-T pair to &(pair to test whether base-pairing is required for
activity). In addition,in vitro re-selection experiments using a partially mutdtecary can reveal
useful information on the potential base-paringfiattions within a given deoxyribozyme.

Conversely, much less information has been obtainedthe tertiary structures of most
deoxyribozymes. This is due largely to the factt thgher resolution techniques, such as X-ray
crystallography and NMR, have so far not producey models of deoxyribozymes in their active
structures. Despite this drawback, some tertianyctiral information has been obtained for certain
deoxyribozymes through various chemical footprigtiechniques, such as methylation interference
which can identify guanine residues whose N7 pmsiis involved in a non-Watson-Crick interaction.

This review intends to examine structural diversifyjknown deoxyribozymes through the use of
specific examples to show how deoxyribozymes cancasnmon or different structural arrangements
as the structural foundation to carry out relevaatalytic functions. The last section will deathwour
own research in which a model reaction system &dus show the level of structural diversity
observed within a specific category of deoxyriboegnthat catalyze DNA phosphorylation.

Scheme 1.Deoxyribozymes isolated through vitro selection have been shown to use
many different arrangements in their active strrtegpusuch as Watson-Crick helices and
higher-order structures containing guanine quaésuphd triple helix motifs.
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2. The Two Binding-Arm Catalytic Core Motif

Deoxyribozymes that cleave RNA have been subjeextensive studies. These deoxyribozymes
are of great appeal as mRNA cleavage (and subsegeee expression reductions) has many research
and therapeutic implications. Consequently, nunmenou vitro selection experiments have been
conducted, resulting in the isolation of many RNAaving DNAzymes [10,34-42] (reviewed in [43]).
Due to large numbers of available sequences, thiddwseem like a logical place to start looking for
structural diversity between different deoxyriboasnHowever, in terms of structural diversity, most
of these RNA-cleaving deoxyribozymes seem to shatemmon structural arrangement categorized
by a small catalytic domain flanked by two regidimat bind the RNA substrate through Watson-Crick
base-pairing (see the model shown in Figure 1a).

Figure 1. RNA-cleaving deoxyribozymes using a two-bindingnamotif. (a) A general
structural framework for RNA-cleaving deoxyribozysnéhat use the two binding arm
motif. The deoxyribozyme contains two regions ahlending arms (shown in blue) that
base-pair to the substrate (shown in red). The RMAvage site (indicated with an arrow)
is between the two base-paired regions. The catalgte (shown in green) is opposite the
cleavage site. rN represents the ribonucleotideeatleavage site. (B) Secondary structural
model for the 8-17 deoxyribozyme. (C) Secondarycstral model for the 10-23
deoxyribozyme. At the cleavage site, rY can berdC, and R can be G or A.
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Even with this general structural framework, thare considerable structural variations within the
catalytic cores of different RNA-cleaving deoxyrdymes. A good example is the structural variations
between 10-23 and 8-17. These two deoxyribozymee watially discovered in the same vitro
selection experiment [37]. Extensive structuratsts on 8-17 have shown that its small catalytie co
contains a three base-pair stem (Figure 1b) thatacaxept many sequence variations [44,45]. In
contrast, 10-23’s catalytic core has not been faonzbntain a defined secondary structure (Figaje 1
and the bases on most nucleotides within its datatpre are intolerant to mutations [46,47]. This
suggests that these bases may be involved inrteni@ractions that allow the catalytic domairfad
into its active conformation to execute catalydike structural variations within these two RNA-
cleaving deoxyribozymes that share a common framewbd two binding arms demonstrate that
deoxyribozymes are capable of exploring some legélstructural diversity to achieve the catalysis
even for a relatively simple chemical reaction sashRNA cleavage. However, a relatively easy
chemical transformation like RNA cleavage (whicts leadetectable uncatalyzed reaction rate) may
simply favor the isolation of small and simple stures that exist in a random-sequence DNA library
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by the in vitro selection technique with which all deoxyribozymiesve been obtained to date.
Evidence for this thinking comes from the fact ttta structurally simple 8-17 deoxyribozyme has
been repeatedly isolated in seveialvitro selection experiments by different laboratoriemais
different DNA libraries [36,37,45,48,49]. The abjliof this small catalytic DNA motif to ‘hijack’ a
selection may be the reason that more complextategare not found in these experiments. For this
consideration, it may be necessary to examine ddmagymes that catalyze more demanding
chemical reactions in order to assess if deoxysibms can exhibit a higher degree of structural
diversity (.e. different structural scaffolds).

3. Different Secondary Structural Arrangements

Although the two binding arm motif seems to be theored structural arrangement for RNA-
cleaving deoxyribozymes as well as some deoxyribhesy that catalyze the reverse RNA ligation
reaction [16], other systems appear to use diftesgnctural arrangements. In 1995, shortly after t
discovery of the first RNA-cleaving deoxyribozyma, deoxyribozyme for joining two DNA
oligonucleotides together was isolated [14]. Theexd/ribozyme, named E47, ligates theh§droxyl
of one DNA substrate to a second, activated DNAetulk, creating a phosphodiester bond between
them. Its secondary structure (as shown in Figajec@ntains a binding arm for one substrate a8the
end of the deoxyribozyme with a TTT bulge near ligation site while the &end binds the other
substrate. Interestingly, thistportion also contains an internal stem, creatiniprae-way helical
junction. With this structure the nucleobases s&ifoom the ligation site are involved in base4pgir
interactions with the substrate. Therefore, thisABllgating deoxyribozyme must be using residues
from distal regions to perform catalysis.

Almost ten years later another DNA-ligating deokgdyme was discovered that also contained a
unique structural arrangement as shown in Figurfl2p In this case the deoxyribozyme mimics the
second reaction catalyzed by T4 DNA ligase, thatian of adenylated DNA (AppDNA) to an
acceptor DNA oligonucleotide. The AppDNA substrat@éeld in place through six base-pairs with the
deoxyribozyme, while the other substrate was fotmdave eight base-pair interactions with the
deoxyribozyme. Notably, this secondary substratdains eleven unpaired nucleotides adjacent to the
ligation site. This suggests that the deoxyribozyases base-pairing in combination with other
unidentified interactions to bind this substrate @tace it in the correct orientation for catalygi$so
distinct to this deoxyribozyme in relation to theeyiously discussed deoxyribozymes is the large
amount of essential sequence outside the subsiradeig region on thedend of the deoxyribozyme.
This sequence element is probably involved in undéf tertiary interactions, adding to the
complexity of the structure.

Another deoxyribozyme with a distinct secondaryuatural arrangement is the 10-28
deoxyribozyme that catalyzes N-glycosylation ofpadfic guanine residue within a DNA substrate
[50]. This deoxyribozyme has arguably the most dempsecondary structure of known
deoxyribozymes. As shown in Figure 2c, the modet&os two stem-loops at thé&nd Iends, and
two stems in the center of the deoxyribozyme. Titernal stems are entwined in a type of pseudoknot
with part of one stem being in the loop at the ehthe second stem and vice versa. The fact that th
deoxyribozyme can use such a complex arrangememnit@fconnected double-helical interactions
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illustrates that deoxyribozymes can have substasiiiactural complexity, at least on the secondary
structural level.

Deoxyribozymes have also been isolated that utiizeer complex helical arrangements. In one
study, ann vitro re-selection experiment was performed to incrédasefficiency of an RNA-cleaving
fluorescence-generating deoxyribozyme that utilizetdree-way helical junction in its active struetu
[51]. After sequencing the population in the fifttund of the re-selection, two classes were observe
that utilized an active structure containing a fway helical junction arranged in a star-like patte
With more selection rounds under stringent selactionditions, the star-structured sequences out-
competed the original three-way junction motif ds&tame the dominant class, suggesting that this
complex structure is more efficient at performihgs tparticular reaction.

Figure 2. Deoxyribozymes with different secondary structu@rangements. (A)
Structural model of the E47 ligase deoxyribozymebs$rates are shown in red. OH
represents adhydroxyl and P-Im represents @ghophorimidazolide. Solid lines represent
Watson-Crick base-pair interactions. (B) Secondstryctural model of the L78 DNA
ligase deoxyribozyme. ¢5¢ pyrophosphate cap is represented by ppA. (C) Skecgn
structural model of the 10-28 N-glycosylase dedxyziyme. Site of glycosylation is shown
with a red G. Circles represent G-T wobble basespéD) Secondary structural model of
5J-A28, an RNA-cleaving, fluorescence-generatingxgiebozyme. F and Q represent a
fluorescein- and a DABCYL-containing deoxythymidineespectively. rA denotes
adenine ribonucleotide.
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4. Deoxyribozymes with Known Tertiary Interactions

It has long been known that DNA is capable of fargnstructures other than the Watson-Crick
double helix commonly seen in biological system&oTprominent tertiary structures are guanine
guadruplexes and triple helices. These structuee® falso been found in the active structures of
deoxyribozymes. Triple-stranded DNA structures #&emed by stretches of pyrimidine-purine-
pyrimidine base triples such asAT and C'GC [31,52,53]. Carmét al found such a triple helix to be
present in the active structure of a deoxyribozyinat cleaves a DNA substrate [22]. During
secondary structural analysis, they noticed thstiag of unpaired pyrimidines in the substrate treed
correct sequence to form a triple-helical complethwa polypurine-polypyrimidine stem in the
deoxyribozyme, as seen in Figure 3a. Through dibera of bases they were able to show that the
deoxyribozyme was active with different variatiook the triple helix, but became inactive if the
triplex was disrupted, showing that this DNA-cleayideoxyribozyme indeed contains a triplex in its
active structure.

Guanine quartets consist of four guanines arrariged planar square arrangement with two
hydrogen bonds formed between each adjacent gufsdreb]. Stacked quartets called quadruplexes
have been found to be very stable and have bedatddoin telomeric sequences at the end of
chromosomes, as well as in the promoter regionsedafin genes [32,56-58]. Investigations have
shown that several deoxyribozymes may contain geamjuadruplexes in their active structures
[19,21,25,59]. Some examples of guanine quadrupbetaining structural models are shown in
Figure 3b and 3c. One interesting example is a thgrdimer repair deoxyribozyme with a two-tiered
guanine quadruplex directly across from the dinggrair site. It is hypothesized that apart from a
structural role this quadruplex may also act as@tenna to harness light energy used to repair the
dimer. If this is the case, it demonstrates thaixgegbozymes may be capable of using different
structural folds to alter their properties possidlipwing DNA to catalyze complex reactions.

Intriguingly, while several DNAzymes have been shotw contain quadruplexes in their active
structures, quadruplexes are not observed in ribesy The known classes of natural ribozymes,
whose structures have been intensively studiedefned in [60]), use extensive Watson-Crick base-
pairing in their structural scaffolds. Artificialbozymes isolated bin vitro selection have also been
found to contain primarily structural scaffolds buvith Watson-Crick helical elements [61]. Thus, i
appears that deoxyribozymes are more prone topocating quadruplex arrangements in their active
structures than ribozymes. The reasons for thikerédifice in structural preference are unclear at
present. Quadruplexes have been rationally desigriedibozymes to act as regulatory components
[62,63], and a quadruplex-containing DNAzyme hasnbeonverted into a ribozyme [64], showing
that quadruplexes can be utilized by RNA catalyBlte presence of quadruplexes in many DNAzyme
structures may reflect the fact that a higher numdfestrand conformations are available for DNA
guadruplexes than for RNA quadruplexes. RNA quddmiforming sequences have been shown to
fold exclusively into all-parallel conformations @luo orientation of the ribose pucker [65], while
DNA quadruplexes have been shown to adopt paraliiparallel and mixed strand orientations [66].
This increase in the number of possible confornmatimay translate into more functional (catalytic)
guadruplex scaffolds being present in a random-escpiDNA pool than an RNA pool.
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Figure 3. Deoxyribozymes with tertiary interactions. (A) &ttural model of a DNA-
cleaving deoxyribozyme utilizing a triplex struauiThe substrate is shown in red and the
cleavage site indicated by an arrow. (B) Structuraldel of the class | self-capping
deoxyribozyme containing a multi-tiered guanine djualex. Guanines involved in
quadruplex interactions are shown in blue. Gp gts a Bphosphoryated guanine. (C)
Structural model for the UV1C thymine dimer repd@oxyribozyme containing a two-
tiered guanine quadruplex. Red parallel lines regme the thymine dimer (the thymines
within the dimer are not connected by a phosphtelidsond). The quadruplex is thought
to act as a light-harvesting antenna facilitatimg tepair of the T-T dimer.
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5. Deoxyribozymes that Function at Low pH

The DNAzyme structures discussed thus far are basedteractions that are prominent at neutral
pH. At low pH (high acidity), potential hydrogen+mb acceptors, such as the N3 of cytidine



Molecules201Q 15 6277

(pKa = 3.5) and the N1 of adenosine (pKa = 4.2¢pob®e protonated, which disfavors the formation of
Watson-Crick base-pairs. With these protonatioiféerént interactions, such as base-pairs involving
protonated cytosines {C), adenines (AA™) or triple-base interactions {CG) become favorable [67].

To test whether DNAzymes will form different typetstructures in acidic conditions, a series of
studies were carried out by our group to isolatd aharacterize RNA-cleaving DNAzymes that
function at a range of acidic pH. Several roundsofitro selection were performed at pH 4, and the
active population was subsequently subjected t® parallel selections performed at pH 3, 4, 5,& an
7 [68]. Several catalytically active sequences wkmend in each reaction pool. Overall, most
sequences were found in only one pH populationran@éommon sequences were found in all five
pools. The lack of a common sequence across thgbpulations suggests that different structures ar
necessary to perform RNA-cleavage at different pStsuctural characterization revealed that the
DNAzymes functioning near neutral pH utilized Watg0rick base-pairing, while those functional at
lower pH used different interactions. DNAzyme pH7IDZunctional at pH 7, was found to contain
two Watson-Crick base-paired regions in its acsitracture [68]. Similarly, pH6DZ1 which displayed
optimal activity at pH 6, was also found to be Iyghelical, containing a four-way junction [69]. In
contrast, pH5DZ1, a DNAzyme that was functionapHit 5, was not found to contain any Watson-
Crick base-pairing interactions after exhaustiveatonal analysis [70]. Similar results were obg&ain
with DNAzymes that function at pH 4 (pH4DZ1) [7IjdapH 3 (pH3DZ1) [72], suggesting that these
DNAzymes must be folding into different types ofrustures mediated by non-Watson-Crick
interactions. Chemical footprinting analysis alsaggested the presence of different structural
interactions in the low pH DNAzymes. For instanoggthylation of certain guanine residues was
found to lead to an increase in activity, contragtwith the usual observation of methylation
interfering with DNAzyme activity. High-resolutiostudy of these deoxyribozymes will be of
particular value as it can reveal the exact nabdirthese interactions and show which structuradgol
are preferable to DNAzymes that function at low pH.

6. Kinase Deoxyribozymes as a Model System to Stu&ructural Diversity

In the preceding sections we have discussed thetstes of deoxyribozymes catalyzing a wide
range of reactions or under different conditionshsas pHand shown many deoxyribozymes to use
distinct structural arrangements to catalyze theaetions. Our group has also examined the strictur
diversity of a group of deoxyribozymes for DNA ppbsrylation. The chemical reaction investigated
is the transfer of g-phosphate from a nucleosidétbphosphate (such as ATP) to theebd of a DNA
substrate and the related deoxyribozymes are chkitexse deoxyribozymes (or self-phosphorylating
deoxyribozymes).

A group of kinase deoxyribozymes were first isaflaby Li and Breaker in a study to investigate
deoxyribozyme substrate specificity [19]. A secastddy was performed by our group to derive
efficient deoxyribozymes with different divalent takion co-factor requirements [20]. We decided to
use some of the kinase deoxyribozymes from thi®rekctudy as a model system to examine
structural diversity. We chose five unique sequsrnbat were observed multiple times in the pool
from the sixteenth round of a sub-selection perfinunder stringent reaction conditions. In this
selection, reaction time was progressively decekaseorder to obtain efficient catalysts with fast
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reaction rates. These sequences were named Deayamie kinase 1 to 5 (Dk1 to DK5) in order of
abundance. The secondary structures of the two amstdant sequences Dkl (ATP-dependent) and
Dk2 (GTP-dependent) were elucidated and showed $twtictural similarities and differences [73].
Both deoxyribozymes appear to have a central stap-motif that acts to anchor two arms that are
responsible for substrate binding and catalysiss $tem-loop motif was shown to be purely strudtura
and not involved in catalysis, as its base-paiusage could be altered without loss of activityfdat,

it was found that the stem-loops from each deoxyayime could be interchanged between the two
deoxyribozymes without change in function. Furtblesracterization revealed that Dk2 has other base-
pair interactions in its active structure, while ID&oes not. The methylation interference patteons f
the two deoxyribozymes were also different, indrggithey use differing tertiary interactions in erd

to fold into their respective active structures.

Dk3 and Dk4 appeared to share a common secondargtise upon first inspection. Structural
analysis revealed that they did indeed have a ainsiiructural arrangement containing three stem-
loops (Figure 4) [74]. In addition, sequences ia timpaired &region, as well as three junctions
between the stems (one being 14 nucleotides langpe nearly identical for both deoxyribozymes.
Intrigued by this similarity we re-examined prewsbu studied kinase deoxyribozymes to determine
whether they also contain the common sequence atsmbserved with Dk3 and Dk4. This led to the
revelation that Dk2 has a structural arrangemeat th very similar to Dk3 and Dk4: all three
deoxyribozymes contain a common, steni4-nucleotide junction stem motif. Interestingly, this
conserved junction sequence was located in diffgresitions in the sequences of Dk2, Dk3 and Dk4.
Because these deoxyribozymes were selected basttkiorsize, the different location of this same
sequence in Dk2-4 suggests that they are not evnautly related and arose independently from the
original random-sequence pool. The multiple indejeem occurrences of this structural motif suggests
that it may represent the easiest or the mostiefticsolution to DNA self-phosphorylation with the
use of GTP as the phosphate source, similar tadbe that 8-17 is the simplest structural solufibwn
DNA catalyzed RNA cleavage.

Characterization of Dk5 revealed that this deoxyzipme is peculiar: it is capable of using both
ATP and GTP as the phosphorylation substrate andebective for divalent metal-ion cofactor, using
cd*, CU*, Mg**, or Mr*. For comparison, Dk1-4 are all K¥fadependant and use a specific NTP
substrate (either ATP or GTP). These distinct attarestics of Dk5 suggest that this deoxyribozyme
may have a unique structural arrangement. Strdctinaacterization of Dk5 also reveals that this
deoxyribozyme adopts a very distinctive active ctrice [75] containing a two-tiered guanine
quadruplex and two Watson-Crick stem-loop regidfigure 4). More interestingly, two of guanines
involved in the quadruplex are in the loop of orfetlee stem-loops, creating a novel pseudoknot
arrangement. Circular dichroism analysis on mutanistructs indicates that the presence of this stem
is essential for quadruplex formation. To our knedge, this is the only reported case of a guanine
guadruplex and a double-helical region being ingdlgo closely in the same structure.
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Figure 4. Structure diversity of kinase (self-phosphorylajindeoxyribozymes. (A)
Structural model of Dk1, an ATP-utilizing kinaseodgribozyme. Dk1 contains a central
stem flanked by two unstructured regions. Thedditgelf-phosphorylation is shown in red.
(B) Secondary structural model for GTP-utilizingh&se deoxyribozymes Dk2, Dk3, and
Dk4. Red lines indicate base-pairs that are presemk3 and Dk4 but not Dk2. (C)
Structural model of Dk5, an ATP and GTP utilizingdse deoxyribozyme. The structure
contains a two-tiered guanine quadruplex shownlue.bA three base-pair stem (shown in
green) forms a pseudoknot interaction with the qugaléx.

7. Conclusions

Through the examples shown above, it is appareit@NA, despite its lower level of chemical
diversity as opposed to proteins, is still capatflaising many different structural arrangements to
“create” deoxyribozymes. This is true both on thecamdary structure level (with different
deoxyribozymes using different double-helical agements) and on the tertiary structure level (with
some deoxyribozymes employing triplex and guanimedguplex motifs in their active structures). Our
study of structural diversity within deoxyribozymesatalyzing the same chemical reaction, using
kinase deoxyribozymes as a model system, has es/éfalee distinct structural arrangements from a
group of five deoxyribozymes. The revelation thabxlyribozymes adopt various complex structural
arrangements to carry out catalysis on nucleic -aagkd substrates or nucleic acid-containing
substrates suggests that DNA may also be capabieradting” more complex structures needed to
perform more difficult or more diverse reactionattivolve non-nucleic acid substrates.

To increase the likelihood of isolating deoxyriboms with large complex active structures, it may
be necessary to change the way that these deoxyni®s are selected. The libraries that have been
used to select for all known deoxyribozymes haveaioed relatively short random-sequence regions
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(40 to 100 nucleotides). While these libraries hbeen very effective in isolating deoxyribozymes
with small motifs that exhibit some level of struiel complexity, undoubtedly more complex motifs
will have to be derived from DNA libraries contaigi much larger random-sequence domains. In a
study of the effect of random-sequence length loozgme selection, it was found that larger struadtur
motifs were much more readily found in librariesttwlarger random regions [76]. Computational
analysis suggests that completely randomized RAadies mainly contain sequences that fold into
simple structures such as low-branching and liffelds, while more complex structures such as
higher-order helical junctions are underrepresefif@d. As DNA has similar folding properties as
RNA, these conclusions can also be applied to marsiequence DNA pools. In order to obtain
libraries that are not biased towards simple stnest it may be necessary to incorporate some
rationality into the library design at the startasfin vitro selection experiment, such as designing
libraries with a mixture of pre-engineered struatdolds. With such modifications to the poweriul
vitro selection technique, it should be possible toaigolarger and better deoxyribozymes with very
complex structures and increase the repertoire ehctions beyond what has been
currently demonstrated.
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