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app !catlons in biosensing and biorecognitiof. _os_t of t ese — [r——— NHCHCH |
studies have focused on the structure and activity of proteins, (8:1, vol. ratio) !
including enzymes, on carbon nanotubesCertain small single- MWNT COoH —0— CHy

stranded DNA fragments are also known to possess catalytic o HoN o NHGHCH,
activity, with studies primarily focusing on the endonuclease activity & -x & o-n
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of these DNAzymes? Interfacing these DNAzymes with nano- u Streptavidin ‘J
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materials has resulted in the development of sensors to detect meta
o i ) N .
iong~11 and nucleic acid? and strategies f_or directing nanopatrticle Y o x Streptavidin
assembly%13 A fundamental understanding of DNAzymeano- c—N—x_'ﬁ
material interactions, however, has not been achieved. To that end, o—i & Biotin
we report herein the generation and characterization of DNAzyme DNAzyme
carbon nanotube conjugates, which may provide unique opportuni-(81-CAT CTG TTC TCC GAG CCG GTC GAA ATA GTG AGT TTT TT-(3')-Biotin
ties as templates for nanoscale assembly and as vectors for geny Cleavage site
delivery. FAW-(5")-ACT CAC TAT rAGG AAG AGA TG-(3)(rA: ribonucleic adenosine)
Our strategy to design DNAzymamultiwalled carbon nanotube s
(MWNT) conjugates is depicted in Figure 1a. Briefly, carboxylic [— —
acid groups were introduced onto MWNTSs by acid treatment as Substrate DNA
DNAzyme-MWNT Hybridized complex

described elsewhefé Streptavidin (STV) was attached covalently ) )
onto these cut MWNTSs via 1-(3-dimethylaminopropyl)-3-ethyl- Figure 1. (a) Sequence of the 17E DNAzyme and schematic showing the

. . S procedure for immobilizing it onto MWNTSs. (b) Sequence of 6-carboxy-
carbodiimide hydrochloride (EDC) andl-hydroxysuccinimide fluorescein (FAM)-bound substrate DNA, which contains a single embedded

(NHS) coupling to yield stable amide linkages. The amount of ribonucleotide (cleavage site), along with a cartoon depicting its hybridiza-
immobilized streptavidin was determined by elemental analysis tion with DNAzyme.

(Atlantic Micro Lab Inc., Norcross, GA) of the cut MWNTs and
the STV-MWNT composites. Analysis revealed that the sidewall

coverage of MWNT by streptavidin was about 36% of the available mL conjugate (equivalent to 0.036M active DNAzyme, see
surface area. Biotinylated DNAzyme was allowed to bind to the P€l0W),~15uM substrate DNA was cleaved, resulting in over 400

STV—MWNT to yield DNAzyme-MWNT conjugates that were catalytic turnovers of the DNAzyme. These data, to the best of our
soluble in aqueous buffer. The specific DNAzyme employed in knowledge repregent the h_'ghGSt turnO\_/e_r re_ported to date for
this work (17E, which is activated in the presence dFfpbonsisted DNAzyme catalysis. Inter_estlngly, p_rehybrldlzatlon of_the substrate
of a 38-mer (Figure 1a) obtained through in vitro selectfon. DNA with the DNAzyme is not required. Thqs, there is no pged to
We proceeded to characterize the activity of the DNAzyme heat up and cool the DNAZymeMWNT conjuge_lte to hybridize
MWNT conjugates. To that end, reactions were performed in the and then cleave substrate DNA. The catalytic turnover ceased

presence of 0.15 mM Pb(OAcith ~1.5 nmol DNAzyme/mg because of complete consumption of substrate DNA. Further

conjugate. The substrate (Figure 1b) consisted of a 20-mer labeleg?ddition of substrate DNA at this point resulted in a rate of turnover
with a fluorescein derivative at its'&nd, also incorporating a similar to that achieved initially (data not shown), suggesting a lack

ribonucleotide. The 17E DNAzyme cleaves at the rA position to of noticeable product inhibition under these conditions. Consistent

give two single-stranded DNA fragments (Figure 2a). Aliquots were WiIEh this observation, we were able to fit the d.ata in Figure 2b
periodically removed, and the reaction was terminated by the USiNg the values o¥maandKy calculated from Figure 2a in the
addition of formamide (90%, v/v) containing 15 mM EDTA. The integrated MichaelisMenten expression. The very close fit of
cleaved DNA fragments were separated by polyacrylamide gel substrate DNA consumption as a function of reaction time indicates
electrophoresis, and extents of conversion were quantified usingNat there is essentially no deactivation of the DNAzyme on the
fluorescence imaging. MWNT conjugates. The initial activity also increased linearly with
The DNAzyme-MWNT conjugate observed Michaefidlenten increasing concentration of DNAzym®&IWNT (i.e. with increas-

kinetics under conditions where [S} [DNAzyme] (Figure 2a). ing concer_1tration of DNAzyme) (Figure 3a). Since increasing
Under these conditions, the calculated value¥af, andKy, are concentrations of DNAzymeMWNT conjugates also correspond
0.03 uM/min and 2.21uM, respectively. Furthermore, the to increasing concentrations of SFWIWNTS, these results indicate

DNAzyme—MWNT conjugate showed multiple turnover kinetics, that STV-MWNTs do not interfere with the catalytic activity of
adsorbed DNAzyme.

T Department of Chemical and Biological Engineering and Department of P . . .
Biology, Rensselaer Polytechnic Institute. To compare the intrinsic catalytic efficiency of the DNAzyme

* Department of Chemistry, University of lllinois on MWNTSs to that in the solution state, we endeavored to determine

as depicted in Figure 2b. Specifically, in the presence of 0.1 mg/
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a 80 ; EAM Table 1. Comparison of Activities of DNAzyme—MWNT
5 Conjugates and DNAzyme in the Solution Phase
E /A k KealK
E 60 1 —— (min-1) Ko (M) (min-1-mM-Y)
g s lpb(,,) DNAzyme immobilized 0.83+007  221£057  0.38
¥ 40 Time (min) onto STV-MWNT
S5 a0 l?- EE .32 15_ 2‘2190 — Dissolved DNAzyme 2.85+0.29  2.60+0.80 1.10
;% 20 . 5 in solution phase
SE e 7~ N
% E 0 . , . . . . . ) conjugate. Using the value of 30% and the valu&/gf; obtained
== 0 2 4 6 8 10 12 14 16 in Figure 2a, we calculated the, for the immobilized DNAzyme
[Substrate] (uM) (Table 1). The values d., and the catalytic efficiencykfa/Km),
b -~ for the immobilized DNAzyme were~30% of that for the
25 500 DNAzyme in aqueous solution. Interestingly, tig values for the
g 15 | 400 conjugate and solution-phase enzyme were similar, which suggests
o ] that substrate DNA patrtitioning to the DNAzyme was not influenced
%10 300 E by the MWNT. The reduction irk.,; could result from a lower
7 3 flexibility of the DNAzyme on the nanoscale support, which could
3 o [ 200 o reduce the reactivity of the Pband/or the substrate’s-DH on
b 51 100 ¥ the ribonucleotide that is ultimately responsible for cleaving the
g phosphodiester backbone of the substrate.
20 - " - - - 0 In conclusion, we have demonstrated that DNAzymes are highly
e O 200 400 600 60O 1000 1200 active when conjugated to water-soluble MWNTs and exhibit

Time (min) classical enzyme behavior with high turnover without the need for

Figure 2. Catalytic activity of DNAzyme-MWNT conjugates. (a) Initial substrate: DNAzyme hybridization between each catalytic event.

rate of cleavage of substrate DNA by DNAzymEIWNT conjugates (0.1 : - . .
mg/mL, [Elacuve = 0.0361M) in the presence of 0.15 mM Ph The line The catalytic activity and selectivity of these conjugates may enable

represents a nonlinear fit to the data using the Michadlisnten expression. the directed assembly of nanomaterials into functional 3D archi-
(Inset) Analysis of extent of conversion of fluorescently labeled substrate tectures and the development of cellular therapeutics that rely on
DNA (2.7 uM) by PAGE. The upper band represents uncleaved substrate the RNA cleaving ability of DNAzymes and the delivery capability
DNA and the lower band represents the cleaved fragment containing the of nanotubed?

fluorescent label. (b) Confirmation of multiple turnovers by DNAzyme
catalysis initiated with 0.15 mM Pb at room temperature. The line
represents the calculated substrate consumption based on the integrate
Michaelis-Menten equation using the values obtained from (a).
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