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Abstract: We report a group of new DNA enzymes that possess a synchronized RNA-cleavage/
fluorescence-signaling ability and exhibit wide-ranging metal-ion and pH dependences. These DNA catalysts
were derived from a random-sequence DNA pool in a two-stage process: (1) establishment of a catalytic
DNA population through repetitive rounds of in vitro selection at pH 4.0, and (2) sequence-diversification
and catalytic-activity optimization through five parallel paths of in vitro evolution conducted at pH 3.0, 4.0,
5.0, 6.0, and 7.0, respectively. The deoxyribozymes were evolved to cleave the phosphodiester bond of a
single ribonucleotide embedded in DNA and flanked immediately by two deoxyribonucleotides modified
with a fluorophore and a quencher, respectively—a setting that synchronizes catalysis with fluorescence
signaling. The most dominant catalyst from each pool was examined for metal-ion specificity, catalytic
efficiency, pH dependence, and fluorescence-signaling capability. Individual catalysts have different metal-
ion requirements and can generate as much as a 12-fold fluorescence enhancement upon RNA cleavage.
Most of the DNA enzymes have a pH optimum coinciding with the selection pH and exhibit a rate constant
approximating 1 min~* under optimal reaction conditions. The demonstration of DNA enzymes that are
functional under extremely high acidity (such as pH 3 and 4) indicates that DNA has the ability to perform
efficient catalysis even under harsh reaction conditions. The isolation of many new signaling DNA enzymes
with broad pH optima and metal-ion specificities should facilitate the development of diverse deoxyribozyme-
based biosensors.

Introduction to take advantage of metal-tbhand small-molecule cofactof3,

Although double-stranded DNA is best known as the material prowdlnbg new platform technologies for the detection of such
that stores genetic information for living organisms, many species.

single-stranded DNA molecules have been shown to haveoI The lat‘Ck of a f—hydéoxyltﬁrouptln tI.DNA ;elatlve to E'\:A th
catalytic or binding capabilitie’.6 Despite very limited chemi- 0€s Not appear 1o recuce the catalylic performance, but rather

. " . provides advantages that include ease of preparation and better
Zilzynr:ggogz?u“,t&ezil,rnrre]znzrcztea:)lig(rziti) ';lsriézl)sﬁaflloév:eisiszll\ﬁe d resistance to chemical and enzymatic degradation. Therefore,

: ' L ) properly engineered and catalytically efficient DNA enzymes
from random-sequence DNA pools by in VItI’O. selectiband are particularly attractive molecules for practical applications.
have .been shown to. be capable OT catalyzing a number o The extraordinary chemical stability, in particular, should make
chemical transformatiorts;'® some withke values above 1

A X DNA suitable for the development of robust catalysts to operate
min—=2"=* A variety of DNA enzymes have also been evolved i, chemically demanding situations such as under conditions

of high pH, low pH, or high temperature.
As all known deoxyribozymes have been created to function
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(5) Breaker, R. RScience200Q 290, 2095. was to.determlne whether DNA has thg ability tn. carry out
EGg Emil.?(scgl, ((33 m.; Bsreaker, FSQEESIIQMO(I). Life Sci.2002, 59, 596. catalysis under more demanding reaction conditions. More
7) Tuerk, C.; Gold, L.Sciencel 49, 505. e .
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a random-sequence DNA pool that could perform catalysis in imager, Molecular Dynamics) and a fluorimage (taken on a Typhoon
a highly acidic solution. Jayasena and Gold have demonstrated®200, Molecular Dynamics) were obtained following gel electrophoresis
that self-cleaving ribozymes that are functional at low pH can t© examine for radioactivity and fluorescence in the DNA bands.

be isolated from a random-sequence RNA pdothereby DNA molecules used in fluorescence experiments were produced
establishing a precedent for low-pH compatible nucleic acid- N @ Similar way except that standard ATP was used to repace]-
based enzymes. Given the fact that DNA and RNA have very ATP in the phosphorylation step. Fluorescence measurements were
similar chemical structures and that DNA is inherently stable made on a Cary Eclipse Fluorescence Spectrophotometer (Varian) using

. . . a microvolume cuvette containing 2@ of a 100 nM DNA solution.
we hypothesized that it should also be feasible to create DNA The excitation was set at 490 nm and emission was monitored at 520

enzymes that are functional at low pH. _ nm over the time course of an experiment.

The second goal of this study was aimed at creating g described in more detail below, the optimal metal ions and pH
fluorescence-signaling DNA enzymes with a broad range of pH for each catalytic DNA were as follows: 500 mM Nand pH 3.0 for
optima to allow biosensing applications to be done in solutions pH3DZ1 (ps= 0.023 mirr%); 400 mM Na", 10 mM Cd* and pH 3.8
of varying pH. We have recently shown that a catalytic event for pH4DZ1 (kops = 1.1 mirt); 250 mM Na’, 25 mM Mr?* and pH
involving the cleavage of an RNA linkage embedded in DNA 4.8 for pH5DZ1 kobs = 0.72 mirt); 800 mM Na', 8 mM Mn*, 2
by a DNA enzyme can be directly coupled to a fluorescence- MM Ni?* and pH 6.0 for pH6DZ1Kos = 0.25 min); 100 mM K,
signaling event? In that study, we created an efficient DNA 14 mM Mr#* and pH 8.0 for pH7DZ1Kops = 1.3 min™).
enzyme, DEC2218, using selection and evolution at pH 7.0, In Vitro Selectign. (_Zatalytic DNAs were isolated using the selegtion
which was capable of cleaving a single RNA linkage im- scheme shown in Flgure 1A that was apl_apted from a previously
mediately flanked by a fluorophore-containing nucleotide and established protoctiwith the changes specified below. (1) 275 pmal

her-beari leotide. Such . t itt f DNAs each containing a 70-nt random-domain (see Figure 2A) were
aguencher-bearing nucieotice. such a unique setting permittea ;o 4 the initial pool. (2) The RNA cleavage reaction in the first 8

the synghronization of the cleavagt_a W?th fluorescence signal ., nds (GO-G7) was allowed to proceed f® h at pH4.0. (3) G8
generation. However, further examination of DEC23 led DNA was split into 5 pools with which 5 parallel paths of selection
to the finding that this catalytic DNA had a rather narrow pH were carried out at pH 3.0, 4.0, 5.0, 6.0, and 7.0, respectively (denoted
optimum near pH 7.0 and a change of 1 pH unit in either pH3 path, pH4 path and so on). A hyper-mutagenic PCR pratttol
direction resulted in a serious decrease in catalytic efficiency was used to introduce a high rate of mutations in each path for five
(unpublished data). Herein, we report the isolation of many consecutive rounds following the pool splitting (i.e., ©812). The
fluorescence-signaling DNA enzymes with a wide range of pH cleavage time was progressively reduced from the iritib (G7) to
optima and metal ion specificities. These deoxyribozymes were :éolgnigu(gﬁ; ?;;){hz')' Ft)(?tf:]OS)s’ (tg :43”1“2 E)?ﬂlj—(ilpesz;tﬁg)sop:tshéglli
created using a two-stage selection and evolution strategy that>_>" o ' e

involved an initial series of selection rounds at pH 4.0 followed 624, pHE-7 paths; G17G21, pHS path), and finallyt 1 s (G22-

by furth lecti d luti H val ing f G24, pH5 path). Each selection was discontinued if no significant
y further selection and evolution at pH values ranging from increase of cleavage activity was observed over at least 3 consecutive

3.0t0 7.0. The implications of these finding for the development o ngs at a given cleavage time. DNA sequences from each terminal
of robust reporters that can function under extreme conditions round (G16 for pH3-4 paths; G24 for pH57 paths) were amplified

are discussed. by PCR, cloned and sequenced using previously described protécols.

Experimental Section Sequence TruncationFull-length DNA catalysts and their shortened
Materials. Standard and modified oligonucleotides were prepared Versions (with one or several nucleotides truncated from ten@ of

and purified using previously described procedifesucleoside 5 each deoxyribozyme each time) were compared for cleavage activity

triphosphates, y-3P]JATP and [t-3P]dGTP, were purchased from  under the original selection conditions.

Amersham Pharmacid@aqDNA polymerase, T4 DNA ligase and T4 Metal Specificity. Each catalyst was studied for metal ion require-

polynucleotide kinase (PNK) were purchased from MBI Fermentas. ments in a 10-min cleavage reaction except for pH3DZ1, for which a
All other chemical reagents were purchased from Sigma and used40-min reaction was conducted. The metal ion specificity was
without further purification. determined by monitoring the ability of the DNA enzyme to undergo
General Protocols.The cleavage reaction during in vitro selection  self-cleavage, as demonstrated by the presence of cleavage product on
and subsequent kinetic analysis was carried out at room temperaturea 10% denaturing PAGE gel. Specific metal ion concentrations that
(23 °C) in the presence of the following metal ions if not otherwise Wwere tested are listed in the caption to Figure 3.
specified: 400 mM NaCl, 100 mM KCl, 8.5 mM Mg&b mM MnCh, pH Profiles. Each catalyst was allowed to undergo the RNA cleavage
1.25 mM CdC} and 0.25 mM NiCJ. The total DNA concentration in reaction under the optimal metal ion conditions (as well as under
each reaction was between 0.1 and @N8. The solution pH was selection metal ion conditions; data not shown) at several different pH
controlled with the following buffering reagents (each used at 50 values. Aliquots of a reaction mixture were collected at various time
mM): citrate for pH 2.5-5.5, MES for pH 5.5-6.5, HEPES for pH points within 15% completion, and the resulting DNA fragments were
6.5-8.0. analyzed by 10% denaturing PAGE. The rate constant was determined
Each full-length, cis-acting DNA catalyst used in PAGE-based as the negative slope of a plot of the natural logarithm of the fraction
kinetic analyses was pieced together by ligation of the substrate Al of DNA that remained unreacted vs the reaction time. Experiments
with a 100-nt synthetic deoxyribozyme using DNA template T1 and were run in duplicate (with less than 20% variation) and the average
T4 DNA ligase (all DNA sequences are shown in Figure 2A). Prior to rate constants at each pH value were determined for the dominant
DNA ligation, each deoxyribozyme was phosphorylated with PNK in  DNAzyme from each selection.
the presence ofyF*?P]JATP using a previously described protoébl. Real-Time Signaling. Each catalyst was first incubated in the
Each ligated DNA catalyst was further purified by 10% denaturing absence of metal cofactors for 120 s, followed by the addition of metal
PAGE. The cleavage reaction was stopped by the addition of 30 mM jons and a further incubation for 2000 s. The fluorescence intensity
EDTA and 8 M urea and the mixture was analyzed using denaturing was recorded evgr2 s for the first 600 s and then every 10s afterward.
10% PAGE. Both a phosphorimage (taken on a Storm 820 Phosphor-

(28) Vartanian, J.-P.; Henry, M.; Wain-Hobson, ucleic Acids Res1996
(27) Jayasena, V. K.; Gold, [Proc. Natl. Acad. Sci. U.S.A.997 94, 10612. 24, 2627.
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A L1 (100 nt) B
4.0% cleavage in 5 min
N ) /-’: E ~ v]I::IPAGE | G16 11 sequences isolated
I-'Iuor_?‘::m'eo";r“c e A ( )\2] PNK f
Ligase T1 o,/
‘ A ’ m ﬂ "’)}, 4,2% cleavage in 30 s
: 123 nt § G616 Gemenea o
D
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- i 10" X
$} PAGE {V‘ll“ NaOH molecules {/:g’
. 123bp pH4.0 14.0% cleavage]g” PH5.0 2.5% cleavage in 15
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Ii“ Metal ions/ P3 4 \‘6'@"0
m Specific pH P2 ™= (vI) PCR2 N Y _
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Ribonucleotide (), V) pera | G24 1.3% cleavage in 5 s
- 4 es isolated
108 nt
L—p

Figure 1. Selection of signaling catalytic DNA4A) Selection scheme. Each selection cycle consists of steg#ll () 100-nt DNA L1 is ligated to
acceptor DNA A1 (ll) Ligated 123-nt DNA is isolated by PAGHII) Purified DNA is incubated with divalent metal ions for RNA cleavai®) 108-nt
cleavage fragment is isolated by PAQK) The recovered 108-nt DNA is amplified by PCR using primers P1 and\RP.123-bp PCR product in (V) is

further amplified by PCR using primers P2 and P3 to introduce a ribonucleotide linkage embedded withitMDNAhe resulting double-stranded DNAs

are treated with NaOH to cleave the RNA lir(Ill) 100-nt cleavage fragment is purified by PAGE, phosphorylated-ah8, and used to initiate the next
round.(B) Selection progress. During the first eight rounds of selection (GO to G7), DNA was incubated at piH 30 ffr RNA cleavage. G8 DNA was

split into 5 pools with which 5 different selections were carried out each under a given pH (i.e., pH 3.0, pH 4.0, pH 5.0, pH 6.0, and pH 7.0). Detailed
procedures are given in “Material and Methods”. The percentage of RNA cleavage in a given reaction time is indicated for the listed selectiohgounds. T
number of unique DNA sequences revealed from the cloning and sequencing experiments is also shown for each terminal pool.

A control sample was also examined over the same timespan in which establishment of a diverse catalytic DNA pool for subsequent
Al was used to replace the deoxyribozyme. Fluorescence enhancemengyolution experiments. A catalytic population was obtained after
was calculated ab/Fo, whereF is the fluorescence intensity of the eight rounds (G8-G7) of selection and amplification at pH 4.0.
_deoxy_ribozyme solution at any given time point dﬁais_ the initial _ The DNA population obtained at pH 4 was split into five
|nten§|ty. The data were obtained under optimal metal ion and optimal individual pools for carrying out five parallel selections each
solution pH values. conducted at a defined pH (pH 3, 4, 5, 6, and 7). An error-
Results _ _ prone PCR protocol with up to 10% mutation rate per cfcle

~ In Vitro Selection. An established prqtoc%f‘l was used to  \yas used during the first five rounds (6612) in each
isolate the DNA enzymes reported herein (see Figure 1A). In gejection to create diversit§23Such a high level of mutagenesis
addition to Mg', Na", and K', three transition metal ions  gjjows catalytic DNA molecules to acquire the essential
Mn2*, CcP*, Ni*'—were also used as potential metal-ion mations necessary to respond to the pH change. The reaction
cofactors b.ased on a finding t.hat Q|yalent transition metal ions time was reduced to 10 min during these mutagenic rounds and
are able to improve the catalytic efficiency of deoxyribozyfes.  hen progressively decreased to as little as 1 s, provided that a
These metal ions were used along with*Cin our previous  rejevant catalytic population was responding positively by
study that led to the isolation of an efficient signaling DNA  rq4ycing an increase in the cleavage activity. The decrease in
enzyme named DEC22182 Because DEC2218 showed @ yeaction time was done so that only the most efficient catalysts
preference for C8 as the metal ion cofactor, we deliberately i, each round would proceed to the next. If there was no
omitted this metal ion in the present study, with the intention sticeable increase in activity for at least three consecutive
of isolating new signaling deoxyribozymes that utilized different 5 ,n4s at a given reaction time, then the selection was
divalent metal ions (such versatile metallodeoxyribozymes might §iscontinued. For pH3 and pH4 pools, 8 more rounds were

be quite useful as selective metal ion senddrs conducted after pool splitting, whereas for pHB pools, 16
In vitro evolution has previously been used to alter the more rounds were performed. In the end, we derived five
properties of ribozymes, including metal ion specificfe® catalytic DNA populations that underwent efficient cleavage

and substrate recognition pattefisWe were interested in nder the selection pH settings (the selection progress in each
determining whether a similar technique could be utilized t0 556 is summarized in Figure 1, Panel B).

alter the pH dependence of signaling deoxyribozymes. The Sequence Diversity11, 8, 6, 3, and 4 unique sequences were
general selection strategy b_egan with a single-path se_lection ateyealed from the pH37 pools, respectively, after20 clones

pH 4.0 to produqe a population of DNAzymes frgm which pH- \yere sequenced from each terminal pool (the sequences of all
dependent species could be generated. A starting pH of 4 wasp\a catalysts are given in Supporting Figure 1). Most DNA
chosen since this value was in the acidic range (the range in¢atq)ysts appeared in a single pool and only five deoxyribozymes
which we desired to create our new signaling DNA enzymes) \yere observed in two or more pools, suggesting that we isolated

but was slightly greater than th&pvalues of N1 of adenine  gjyerse deoxyribozymes with wide-ranging pH dependences.
and N7 of guanin so that the DNA would still be anionic | total, our efforts led to the identification of 22 different
and thus bind divalent metal ions. A long reaction time (5 h) deoxyribozymes from-90 sequenced clones.

was used in these initial rounds of selection to facilitate the As to the five deoxyribozymes seen in two or more pools

one appeared in four pools (as pH3DZ11, pH4DZ7, pH5DZ5,

(29) Lehman, N.; Joyce, G. Nature1993 361, 182.

(30) Frank, D. N.; Pace, N. Reroc. Natl. Acad. Sci. U.S.A997, 94, 14 355.

(31) Johnston, W. K.; Unrau, P. J.; Lawrence, M. S.; Glasner, M. E.; Bartel, D. (32) Blackburn, G. M., Gait, M. J., Eds. Nucleic acids in chemistry and biology
P. Science2001, 292, 1319-1325. (2nd edition). Oxford University Press: 1996; p 18.
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A 5’ Acceptor Al (23 nt)
TGTCCGTGCFROGGTTCGAOH pGGAAGAGATGGCGACN70AGCTGATCCTGATGG Library L1 (100 nt)

CTACAcAééc':AéGATA CAAGCT---CCTTCTCTAL o, Template T1

GAATTCTAATACGACTCACTATA— --GGAAGAGATGGCGAC Primer 1 (P1)
5GAATTC'I‘Z-\A'I‘ACGI-\CTCACTATR Primer 3 (P3) TCGACTAGGACTACCg> Primer 2 (P2)

10 20 30 40 50 60 70
B pH3DZ1 1-\GTTGGCGI\ZEXGATCGG"T."l-\G’i’ACGAGGAJ-\A’.;.‘I-\GGGGGTGI-\CI-}’.T.‘GG'.T.‘GCII'I-\GGCl!TTGI\AGG'I.‘G(ECACGTCGAGI
pH4ADZ1 TGTATGCTAGCTCGGGGAGAAACATCTTTGCGGGATAAGGCCGCCGATAGAGCGGAAGCGACTTGGTTGT
pPH5DZ1 TGAATAGGGTCTCGGGCATAAATTACGGAAACGGTTTTAATTTTCTAGTGGAAAGGTCCGATAACGAGgtL
PH6DZ1 ATCGGACAAGGGAGGCACTGGAGGTTGAGGTAGTGAGCGTTGGTTAACGCCGGACAAAGGgaagcatggt
PH7DZ1 GTGGAACCCATGATGAGCCGAGTITGGGGTGTGTCTCTCGTATATGGCGGAAGTGGGACAATAgttgagt

Figure 2. (A) DNA molecules used for in vitro selection. L1: random-sequence DNA pool; Al: modified substrate; T1: template for ligati@n; P1
primers for PCR. N70 is the random doma(B) Sequences of the dominant deoxyribozymes (only the random domain is shown). Each catalyst also
contains GATGT GTCC GTGCF RQGGT TCGAG GAAGA GATGG CGAC (F: fluorescein-dT; R: ribo-A; Q: DABCYL-dT) at thenl and AGCTG
ATCCT GATGG at the 3end. Nucleotides shown in small letters (as well as nucleotides after them) in pH5DZ1, pH6DZ1 and pH7DZ1 are not required
for catalysis. All of the 15 nucleotides in the fixetrg@gion of pH3DZ1 are not needed for catalytic activity while the first 6 nucleotides (AGCTGA) in the
same region are required by pH4DZ1.

A pH3DZ1 B pH4DZ1 o pH5DZ1
12345678910 12345678910 12345678910 12345678910 12345678910 12345678910
b2 S=szz==zzzE oo pemeazeRseg T -—---- Dzagegasaeeg ~ ———----
P1 b L T P1 S s ss-m P1 - - -
Phosphorimage Fluorimage Phosphorimage Fluorimage Phosphorimage Fluorimage
D pH6DZ1 E pH7DZ1 1:Noreaction  6: M(I) + Mg(II)
12345678910 12345678910 12345678910 12345678910 | 2 M) +MID)  7: M(T) + Mn(II)
DZ Ssesssmmes - _ DZ egegsegEeg - ——————— 3: M(I) 8: M(I) + Cd(“)
P2 P2 il 4: Na + M(II) 9: M(I) + Ni(II)
5: K + M(II) 10: Optimal metal ions
M(I) = Na + K; M(II) = Mg/Mn/Ni/Cd
DZ: Precursor DNAzyme
P1 s smn - P1 . s & » P1: Cleavage fragment 1
P2: Cleavage fragment 2
Phosphorimage Fluorimage Phosphorimage Fluorimage

Figure 3. Metal-ion specificities of the optimal deoxyribozymes. Each DNA catalyst contaifée-phosphodiester bond linking the 23rd and 24th nt and

was tested for RNA cleavage under various salt conditions. Reaction products were analyzed on 10% denaturing PAGE, which was scanned for both
radioactivity (left image) and fluorescence (right image). DZ stands for the full-length DNA, P1 and P2 fdrahe 3 cleavage products, respectively.

Metal ions present are as follows (all in mM): no metal ions (lane 1); 400 @0 K*, 8.5 Mg+, 5 Mr?*, 1.25 Cd* and 0.25 Ni* (lane 2); 400 N& and

100 K* (lane 3); 400 N3, 8.5 Mg, 5 Mn?t, 1.25 Cd" and 0.25 Ni* (lane 4); 100 K, 8.5 Mgt, 5 Mn?*, 1.25 C@* and 0.25 Nit (lane 5); 400 N&,

100 K*, 15 M@" (lane 6); 400 N&, 100 K*, 10 M¢?*, 5 Mr?* (lane 7); 400 N&, 100 K*, 13.75 Mg" and 1.25 Cé&" (lane 8); 400 N&, 100 K, 14.75

Mg?t and 0.25 M+ (lane 9); the optimal metal ions and pH listed in the “General Protocols” (lane 10).

and pH6DZ3), another turned up in three pools (as pH3DZ10, appeared to require moré Bucleotides for catalytic activity,
pH4DZ2, and pH5DZ1), and the remaining three were seen in suggesting that these two low-pH deoxyribozymes might require
two neighboring pH pools (pH3DZ9 and pH4DZ8, pH5DZ6 more complex tertiary structures to achieve catalytic activity.
and pH6DZ2, pH6DZ1 and pH7DZ?2). No single deoxyribozyme Metal-lon Specificity. The dominant deoxyribozyme from
was observed in all DNA pools. For each of these DNA each selection was labeled wittP at the phosphodiester bond
catalysts, nucleotide variations were observed at many sequencéinking the 23rd and 24th nucleotides in addition to the
locations. For example, for pH3DZ11 and its variants in the fluorescein-dT (14th nt), ribo-A (15th nt), and DABCYL-dT
other 3 DNA pools, base variations were observed in a total of (16th nt). This labeling pattern made the uncleaved deoxyribo-
13 positions throughout the original random-sequence domainzyme (denoted DZ) both fluorescent and radioactive. Upon RNA
(data not shown). It remains to be determined whether all or cleavage, two products were expected: a large DNA fragment
only some of these mutations bear any structural or catalytic (P2) that was only radioactive and a small DNA fragment (P1)
significance. that was only fluorescent. Moreover, for a given reactipe

Sequence Truncation.The dominating sequence from each Rpz (R stands for radioactivity) should be significantly smaller
selection (Figure 2, panel B) was chosen for further character- than Fpi/Fpz (F stands for fluorescence), since fluorescence
ization. To determine whether these deoxyribozymes could be dequenching was expected to occur upon cleavage. When each
shortened from the '@&nd, various truncated mutants were deoxyribozyme was assessed for the cleavage activity and
produced by chemical synthesis and tested for catalytic activity scanned for both radioactivity (left image for each deoxyribo-
(data not shown). All of the dominant deoxyribozymes could zyme, Figure 3) and fluorescence (right image), the expected
be shortened to a certain degree without causing a significantfragmentation and signaling patterns were indeed observed,
reduction in their catalytic ability (the nonessential nucleotides indicating that each deoxyribozyme cleaved the embedded RNA
are shown in small letters in Figure 2B). pH3DZ1 and pH4DZ1 linkage and produced a highly fluoresceffiagment.
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The data shown in Figure 3 indicate that the five deoxyribo- 0.023 1.1 0.72 0.25 1.3
zymes (one per pool) exhibited broad metal-ion specificities. max (3.0) (3.8) (4.8 (6.0) 8.0
All the deoxyribozymes except pH3DZ1 required divalent metal |~e—pH3DZ1|
ion cofactors (lane 1: no metal ions; lane 2: full set of divalent 11 e hhsom
metal ions and monovalent metal ions; lane 3: only monovalent -0~ pHEDZ1
metal ions). pH7DZ1 was extremely specific for Mn(lane L 0751 A PH7DZ |

7). In contrast, pH5DZ1 was a nonselective metalloenzyme with &
only a slight preference for Mn. pH4DZ1 also appeared to S 0.5 1
be nonmetal-selective; it had a high catalytic activity witha%n
and Cd" and a reduced activity with Ki but was inactive in
the presence of only Mg. pH6DZ1 is perhaps most intriguing
as it appeared to require both Krand N#* for optimal activity
and was incapable of using Migand Cd*. It is noteworthy ) ' T pH
that all four divalent _metal |(_)r_1-dependent_ de_'oxy”bozymes were Figure 4. Normalized catalytic rates vs pH for the five chosen deoxy-
capable of performing efficient catalysis in the presence of ribozymesk is the rate constant at a given pH akighy is the maximum
Mn2*. Many other deoxyribozymes have been reported that rate observed in each data seriggx (r_nin*l) values are listed above the
either are extremely specific for Mh or have a significantly ~ 9raPh (the number in parentheses is the pH wherekiag value was

. N 5123 observed for each deoxyribozyme).
enhanced catalytic activity in the presence ofaViP: The

existence of such a variety of Mnutilizing deoxyribozymes ot are in all cases at or near the selection pH. Second, pH
seems to suggest that this metal ion may play a special structural; systems show relatively narrow pH windows, bracketing
or electronic role that is important for supporting catalysis by ; 5,5 g pH units. The only system that does not show a pH
DNA enzymes. maximum is pH7DZ1, whose catalytic rate rose with pH up to
We performed additional experiments to establish the metal the highest tested pH of 8.0. These findings clearly indicate
ion concentrations that supported the optimal catalysis for eachthat the pH dependence of the final DNA enzyme was controlled
deoxyribozyme (see discussion below; the optimized conditions to a large degree by the pH used during the selection step,
are given in Material and Methods section). Lane 10 of each jndicating that the setting of solution conditions is important in
gel in Figure 3 shows the maximum catalytic efficiency for each djrecting the evolution of DNA enzymes. A third feature of the
of the dominant deoxyribozymes under the optimized metal ion pH dependence is the variation in maximum catalytic rate
levels. constants. In most cases (pH4 deoxyribozymes) the enzymes
pH Profiles. A cursory assessment of the pH dependence of showed fairly large rate constantgys values ranged from 0.2
the above five dominant deoxyribozymes under the salt condi- to 1.3 mirrt). However, pH3DZ1 was a factor of 10 less
tions used for in vitro selection revealed that nearly all the efficient, likely because many bases would be expected to be
deoxyribozymes had the highest catalytic activity at or near the protonated and thus the DNA molecule might have experienced
selection pH. The only exception was pH7DZ1 which had a a reduced ability to fold into catalytically active structures. This
significantly enhanced activity when the solution pH was raised speculation draws support from the fact that pH3DZ1 did not
from 7 to 8 (data not shown). On the basis of this finding and require a divalent cation for catalytic activity (see Figure 3 and
our desire to establish an optimal salt condition for each catalyst discussion above).
for subsequent fluorescence-signaling experiments (see discus- To examine whether the pH profile obtained above for each
sion below), we carried out a series of experiments to optimize deoxyribozyme holds true only for the optimal metal ion
salt concentrations for each deoxyribozyme at the selection pH.conditions, we also determined the pH profile for each deoxy-
First, a specific metal ion (or a combination of metal ions) was ribozyme under the metal ion setting used for the in-vitro-
chosen for concentration optimization based on the results selection (which is quite different from each optimal metal ion
shown in Figure 3. For example, Nand K were chosen for  condition in terms of metal identities and concentrations). We
optimization for pH3DZ1 because this deoxyribozyme does not found that the normalized pH profiles obtained under the two
require any divalent metal ion for catalytic activity. Second, metal ion settings are essentially identical for each deoxyribo-
the cleavage activities of a particular deoxyribozyme were zyme (data not shown), suggesting that the pH profiles shown
compared in the presence of different amounts of chosen metalin Figure 4 largely reflect the intrinsic pH dependence of each
ions. For example, different concentrations of 'Nand Kt deoxyribozyme.
(alone and in combination) were tested for the support of the  sjgnaling Properties. We next examined the real-time
cleavage ability of pH3DZ1. This led to the finding that 500  flyorescence signaling capabilities of the deoxyribozymes under
mM Na" supported the most efficient catalysis for pH3DZ1. conditions at which optimal catalytic rate constants were
Similar procedures were used for the selection and optimization phserved (see Materials and Methods). Each deoxyribozyme was
of metal ions for other DNA catalysts (the optimized salt ncubated alone for 120 s before the essential metal ions were
conditions are given in the Material and Methods section).  added to initiate catalysis. Figure 5 plots the fluorescence ratio
Following the establishment of optimal metal ion concentra- F/Fo, whereFg is the initial fluorescence intensity arfdis the
tions, we carried out another series of experiments to establishintensity measured at different points throughout the incubation.
a pH profile for each deoxyribozyme under optimal metal A striking feature of the signal response is that the net increase
concentrations (Figure 4). Several features merit special atten-in fluorescence intensity is dependent on the pH of the solution
tion. First, enzymes selected at pH values of63show utilized for the analysis, with increased signal intensity being
corresponding maximum catalytic rate constants at pH valuesobserved at higher pH values. This can be rationalized by
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Figure 5. Real-time signaling capability of the deoxyribozymes. Each
deoxyribozyme was incubated without the required metal ions for 120 s,
followed by the addition of metal ions and a continued incubation for 2000
s. F is the fluorescence intensity of deoxyribozyme mediated reaction at
any given time andr is the initial reading.

sample mixing method when the metal ions were introduced
into the sample cells (we noticed a small lag in signal response
in the initial 20 s). The largekops for pH3DZ1 likely results
from the assumption that the reaction was completed at 2000 s
(this assumption is less true because pH3DZL1 is a relatively
inefficient catalyst).

Secondary Structures.Several secondary structures were
predicted for each deoxyribozyme by the mfold program (data
not shown; the mfold program can be accessecdtgi://
bioinfo.math.rpi.edu/~mfold/dna/form1.cgi). Various syn-
thetic DNA molecules were used to test two key aspects of the
predicted structures: (1) the effect of changing the identities of
selected base pairs in the predicted stems and (2) the effect of
replacing large loops with 3- or 4-nt loops. Although most of
the altered DNA molecules were no longer catalytically active,
one of the predicted secondary structures for pH7DZ1, as shown
in Figure 6A (a structure with two stem-loop motifs; stem 1/loop
1 and stem 2/loop 2), was indeed supported by our experimental
data, as shown in Figure 6B and 6C. A significantly shortened
version of pH7DZ1, denoted pH7DZ1S, in which a 19-nt
original loop 1 was replaced by a GAA triloop and a 13-nt loop

considering the inherent pH response of fluorescein. In cases2 by a TTTT tetraloop along with the deletion of 20 nucleotides
where analysis is done at pH 7, fluorescein exists predominantly from the 3-end, maintained full catalytic activity (Figure 6B,
in the dianionic form, and as such has a large emission yield lanes 3 and 4).

(® = 0.93). At pH 5, fluorescein exists predominantly as a

The existence of stem 1 was confirmed through the use of

monoanion, and thus has a quantum yield that is 2.5-fold lower an engineerettans-acting DNA enzyme denoted E1 that was

than the dianion® = 0.37)33 At pH values of 3 and 4 the

shown to cleave the matching external substrate S1 (lanes 5

probe exists predominantly as a nonfluorescent neutral speciesand 6). Similarly, the existence of stem 2 was verified through
which is able to undergo deprotonation in the excited state to the use of a bipartite deoxyribozyme assembly, E2A/E2B, that
elicit monoanion emission. Because quenching by energy was able to cleave S1 (lanes 9). Finally, the twatrans-acting

transfer to DABCYL must compete with all other forms of systems were examined for fluorescence-signaling capability
quenching (including internal conversion, which is enhanced (Figure 6C). Each system exhibited the expected signaling
for the monoanionic and neutral forms relative to the dianionic behavior: for E1/S1, a rapidly increasing fluorescence signal
form®), the degree of quenching by the energy transfer was observed upon the addition of E1 to a Si-containing
mechanism is reduced at lower pH values, leading to a reductionsolution (diamonds, E1: S% 10:1; circles, E1:S% 1:10); for

in the overall intensity enhancement upon cleavage of the RNA the E2A/E2B/S1 system, fluorescence signaling could only be

linkage. Even so, the 2-fold intensity enhancement at lower
pH values is sufficient to provide a useful pH-dependent signal.

achieved when both E2A and E2B were added to the S1-
containing solution (triangles, E2A:S1:E2B 1:10:10).

To determine whether the rate of the fluorescence response  several previously identified RNA-cleaving deoxyribozymes
reflected the catalytic rate constant revealed by PAGE analysispind their substrates through the formation of two long stretches

for each deoxyribozymekgax in Figure 4), we estimated the
signaling rate constankps for each deoxyribozyme using the
data taken from the linear signaling range in Figure 5. The

of Watson-Crick base pairs that flank the cleavage 3te?2
For example, 1623 deoxyribozyme uses two single-stranded
arms to grab its all-RNA substrate while placing the catalytic

following procedures were used: (1) we assume that the reacFioncore across the cleavage sifeAlthough the mfold program
was completed at 2000 s; (2) each data series was normalizectorrectly identifies two stem regions within pH7DZ1 one of

using the equatior = (F — Fo)/(F — F2000), whereF,gpois the
fluorescence intensity at 2000 5,and F, are defined above,
and x is equivalent to the fraction of cleaved DNA; (3) the
natural logarithm of the fraction of DNA that remained
unreacted [i.e., In(t x)] was plotted versus the reaction time
and the negative slope was taken as kg for each deoxy-

which links the substrate S1 to the deoxyribozyme EL1, it does
not predict any helical interactions that involve the nucleotides
in the two single-stranded regions in E1 and unpaired nucleotides
in S1. Itis quite possible that E1 uses some tertiary interactions
to engage the other half of S1. The complete elucidation of the
secondary structure of pH7DZ1 may require the creation of

ribozyme. From the above data manipulation, we determined mutant deoxyribozymes and will be the subject of our future

the signalingkops values for pH 3-7 deoxyribozymes to be
0.061, 0.56, 0.19, 0.13, and 0.65 minrespectively. These rate
constants overall reflected the relative catalytic efficiency of

the deoxyribozyme. In comparison to the rate constants deter-, : ) X )
p interest in studying DNA enzymes mainly stems from their

mined by PAGE, the estimated signaling rate constants for p
4—7 deoxyribozymes are smaller by a factor of 2 or more. We
attribute this discrepancy to the use of an inefficient manua

(33) Sjiback, R.; Nygren, J.; Kubista, Mspectrochim. Acta A995 51, L7.
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research efforts.
Discussion
Catalytic DNAs are not known to exist in nature and the

potential practical applications, particularly considering the fact

| that DNA has exceptional chemical stability and DNA enzymes

are easy to obtain through in vitro selection. Although many
deoxyribozymes have been reported to catalyze chemical
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Figure 6. Proposed Secondary Structure of pH7DZA) DNA constructs tested. pH7DZ1S is a shortewédacting deoxyribozyme where the original
loops 1 and 2 in pHD7Z1 were replaced with two small loops. E1/Sltiar&-acting system in which E1 binds S1 through 10-bp stem 1. E2A/E2B/S1 is
anothertrans-acting system in which E2B binds E2A through 9-bp stem 2 which in turn binds S1 through 10-bp stem 1. Arrows indicate the cleavage site.
(B) Cleavage products. pH7DZ1 (M) was treated in the reaction buffer without (lane 1) and with Mn(ll) (lane 2); pH7DZ1@Mlwas treated in the
reaction buffer without (lane 3) and with Mn(ll) (lane 4); S14W) was incubated in the Mn(ll)-containing buffer in the absence of E1 (lane 5) and in the
presence of 2.xM of E1 (lane 6); S1 (l«M) was incubated in the Mn(ll)-containing buffer in the absence of E2A and E2B (lane 7) and in the presence
of 2.5 uM of E2A (lane 8) and in the presence of 2«4M of E2A and 5uM of E2B (lane 9). Unfilled arrowhead indicates cleavage product and filled
arrowhead indicates precursor DNE) Real-time signaling capability of E1/S1 and E2A/E2B/S1 systems. For E1/S1 (circles), the substrateV$ Wk
incubated at room temperature in the absence of E1 for 10 min, followed by the addition of ELAd @sid a further incubation for 3000 more minutes
(only the first 60 min are shown); a similar experiment was conducted with S1 atN0.&nd E1 at 1uM (diamonds). For E2A/E2B/S1 (triangles), S1

(1 uM) was incubated at room temperature in the absence of both E2A and E2B for 10 min, followed by the addition of E2ANbahd a 10-min
incubation, followed by the addition of E2B toi@M and a 3000-min incubation (again only the first 60 min are shoWwny (F — Fo)/(Fso00 — Fo), where

Fo andF3og0 are the fluorescence readings taken at the beginning and the end of each reackos #rmelreading at any given time. The reaction solution
contained 50 mM HEPES (pH 8.0, at 2@), 100 mM K" and 14 mM M@+,

transformations under relatively mild reaction conditions, no optimization for more stringent metal-ion selectivity and tighter
DNA enzymes have been generated that can function undermetal-ion binding affinity, these DNA enzymes could be
harsh reaction conditions, such as high acidity, high basicity, developed into sensitive signaling probes to detect specific
or high temperature. This void has now been partially filled by divalent metal ions at a given pH. Second, the DNA enzymes
the DNA enzymes described in this report. As we have shown could be used as unique pH-reporting probes, either in solution
above, DNA enzymes can be selected to perform efficient or after immobilization onto a surface. Another potentially
catalysis even at pH values as low as 3. This has significant interesting application is the use of these signaling probes as
implications because it shows that DNA has the ability to pH-dependent fluorogenic reagents to follow chemical or
catalyze reactions under extreme pH conditions and suggestenzymatic reactions that alter the pH of a reaction mixture.
that “extremophile” DNA enzymes (which are akin to the Many recent studies have shown that ribozy¥hesnd
proteins that are produced by organisms that exist under extremedeoxyribozyme%-35can be designed into allosteric nucleic acid
temperature, pressure, pH or ionic strength conditions) can beenzymes and used as effective reporters for the detection of
created for unique applications which demand acidic pH values. important biological targets. It is conceivable that the signaling
The successful creation of a large number of DNA enzymes DNA enzymes described above can be further engineered into
with pH optima covering 5 pH units (pH-33) from a single signaling allosteric deoxyribozymes and used as catalytic and
catalytic pool originally selected at pH 4 indicates that the real-time reporters in a variety of detection-directed applications
combined in vitro selection and in vitro evolution approach used over a range of pH values. A significant advantage of using
herein is very powerful when used for fine-tuning and altering these signaling DNA enzymes is that both the catalytic and
a given property of a pool of DNA catalysts. signaling components are present in a single molecule. Thus,
A patrticularly interesting finding from this work was that the potential exists for the development of “reagentless” sensors
metal ion specificity was dependent on the selection pH. based on immobilization of the DNAzyme onto a suitable
Although divalent metal ions are required by most of the surface such as that of an optical fiber or a microarray.
dgoxyribozyme; that we exam.ined, pH3DZ1 does not require Acknowledgment. This work was supported by funds to Y.L.
d|valeqt metal |0ns.for. pataly5|s. We speculate that smce.the and J.D.B. from MDS Sciex and partially by research grants to
bases in DNA are significantly protonated at pH 3 (protonation y | from the Canadian Institutes of Health Research, Natural
is expected to occur at N1 of adenine, N3 of cytosine, and N7 ggijences and Engineering Research Council of Canada and

of guanine, which have I values of 3.9, 4.6, and 3.6,  canadian Foundation for Innovation. Y.L. and J.D.B. are Canada
respectively?), the DNA molecule may have enough internal Raesearch Chair holders.

cations (positively charged bases) for structural folding or

catalysis, and thus divalent metal ions become unnecessary.
The isolation of a variety of signaling DNA enzymes with

broad pH optima and metal ion dependences could lead to

several potential applications. First, many of the deoxyribozymes JA035208+

optained exhibiF catalytic activity on]y in the presence of selected (34) Breaker, R. RCurr. Opin. Biotech2002 13, 31.

divalent metal ions, such as ¥t Ni2*, or Cc#*. With further (35) Levy, M.; Ellington, A. D.Chem. Biol.2002 9, 417-426.

Supporting Information Available: DNA sequences from all
five pH pools (Supporting Figure 1). This material is available
free of charge via the Internet at http://pubs.acs.org.
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