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of molecular biological technology and drug developmient.
+ Metal complexes as cleaving agents of nucleic acids have been
RN widely investigated and found to be quite effici@ryt their
Supercoiled DNA Linear Form pharmic use is hampered by concerns over the lability and

toxicity due to free-radical generation during the redox processes

A novel phosphodiester receptor 1-(2-guanidinoethyl)-4-(2- of some transition metdl,such as Cu. Recently, metal-free
hydroxyethyl)-1,4,7-triazacyclononane hydrochlorideas cleaving reagents have been put forward byb@oand co-
synthesized. DNA cleavage efficiency bexhibits remark- workers? they are considered safer for their hydrolytic pathway

able increases compared with its"Zoomplex and corre- of cleaving the P-O bond of phosphodiester in nucleic acids

sponding nonguanidinium compouré(2-hydroxyethyl)- (2) (a) Erkkila, K. E.; Odom, D. T.; Barton, J. KChem. Re. 1999 99,
1,'4,7jtr|azacyclononane and parent 1,4,7—tr|azac_yclononane2777_2795. (b) McMillin, D.; McNett, K. M.Chem. Re. 1998 98, 1201
Kinetic data of DNA cleavage promoted hy fit to a 1219. (c) Ren, R.; Yang, P.; Zheng, W.; Hua,l@org. Chem.200Q 39,

i i _ ; ; 1 5454-5463. (d) Hurley, A. L.; Mohler, D. LOrg. Lett.200Q 2, 2745
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acceleration is driven by the spatial proximity of the Sumaoka,J.; Tobey, S.; Lynch, V. M.; Anslyn, EAm. Chem. So2002

i i vati 124,1373%+-13736. (g) Yang, M.-Y.; Richard, J. P.; Morrow, J. Rhem.
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113-116.(i) Worm, K.; Chu, F.; Matsumoto, K.; Best, M. D.; Lynch, V.;
Anslyr)_, E. V.Chem. Eur. J2003 9, 741-747. (j) Gupta, T.; Dhar, S;
The artificial nucleic acid cleaving agents have attracted Nethaji, M., Chakravarty, A. RDalton Trans.2004 1896-1900. (k)

. . . . s . . Boseggia, E.; Gatos, M.; Lucatello, L.; Mancin, F.; Moro, S.; Palumbo,
extensive attention due to their potential applications in the fields \; "Sisei " ' Tecilla, P+ Tonellato, U : Zagotto, G. Am. Chem. Soc.

2004 126, 4543-4549.(]) Jin, Y.; Cowan, J. AJ. Am. Chem. So2005

T State Key Laboratory of Coordination Chemistry. 127, 8408-8415. (m) Shao, Y.; Zhang, J.; Tu, C.; Dai, C.; Xu, Q.; Guo, Z.
* State Key Laboratory of Pharmaceutical Biotechnology. J. Inorg. Biochem2005 99, 1490-1496. (n) Feng, G.; Mareque-Rivas,
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248,147—-168. (b) Burger, R. MChem. Re. 1998 98, 1153-1169. (c) 2005 127, 13470-13471. (0) Feng, G.; Mareque-Rivas, J. C.; Williams,
Pogozelski, W. K.; Tullius, T. DChem. Re. 1998 98, 1089-1107. (d) N. H. Chem. Commur2006 1845-1847. (p) Li, Q.-L.; Huang, J.; Wang,
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FIGURE 1. (a) Agarose gel (1%) of pUC 19 DNA (0.05 mM bp)
incubated for 18 h at 37C with 0.130 mM1 in different pH buffer:
lanes +-9, pH 6.2, 6.5, 7.0, 7.2, 7.5, 7.8, 8.0, 8.5 and 9.0, respectively.
(Agarose gel o2 and Zrf —1 see Figure S13, Supporting Information.)
(b) pH-dependent profile for DNA cleavage promotedibi), 2 (»),

and zi' -1 (O).
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FIGURE 2. Time course of pUC 19 DNA (0.05 mM bp) cleavage
promoted byl. (a) Agarose gel (1%) of the time-variable reaction
products: lane 1, DNA control; lanes-3, reaction time of 3.00, 4.08,

5.67, 7.33, 8.50, 12.50, 15.42, and 21.67 h, respectively. (b) Plot of 7

In(% supercoiled DNA) vs reaction time. Inset of Figure 3b is the plot
of % DNA vs time.
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FIGURE 3. Saturation kinetics plot dfps versus various concentra-
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FIGURE 4. Time course of pUC 19 DNA (0.05 mM bp) cleavage
promoted byl (0.10 mM) and Z#—1 (0.10 mM) at pH 6.0 (37C) in
50 mM Tris—HCI/10 mM NaCl buffer.

phosphodiester. It is known that guanidinium is the arginine
residue and the key functionality at the active site in staphy-
lococcal nuclease (SNase) which impart&®%6ld rate enhance-
ment for DNA hydrolysi€. Some guanidinium receptors as
nuclease mimics for cleavage of active phosphodiester, such as
bis(p-nitrophenyl) phosphate (BNPP) and bis(2,4-dinitrophenyl)
phosphate (BDNPP), have been reported by several laboratories
(e.g., Anslynti3asb.c Ggbel>d Hamilton®®f and their co-
workers), and a few of them were identified as powerful cleavers
of RNA 3a4bcwe report here, for the first time, the design and
synthesis of a novel phosphodiester receptor 1-(2-guanidinoeth-
yI)-4-(2-hydroxyethyl)-1,4,7-triazacyclononane hydrochlorde
and the studies of its DNA cleavage activity. As comparison,
the DNA cleavage activities oN-(2-hydroxyethyl)-1,4,7-
triazacyclononan®, 1,4,7-triazacyclononane (TACN, and
—1 complex are also studied.

In compoundl, the guanidinium group serves to recognize,
bind, and electrophilically activate the anionic phosphodiester

and have shown clinical potential. Such small organic molecules through hydrogen bonding and electrostatic interactiofhe

as guanidinium derivative’s; cyclodextrin derivative§,mac-
rocyclic polyamined,and dipeptideshave been used to cleave

(4) (&) Muche, M.-S.; Gbel, M. W.Angew. Chem., Int. Ed. Endl996
35, 2126-2129. (b) Scheffer, U.; Strick, A.; Ludwig, V.; Peter, S.; Kalden,
E.; Gtel, M. W.J. Am. Chem. So@005 127, 2211-2217. (c) Gnaccarini,
C.; Peter, S.; Scheffer, U.; Vonhoff, S.; Klussmann, S'h&pM. W.
J. Am. Chem. So006 128 8063-8067.

(5) (@) Schug, K. A.; Lindner, WChem. Re. 2005 105 67—113. (b)
Perreault, D. M.; Cabell, L. A.; Anslyn, E. \Bioorg. Med. Chem1997,
5, 1209-1220. (c) Piatek, A. M.; Gray, M.; Anslyn, E. \d. Am. Chem.
So0c.2004 126, 9878-9879. (d) Gbel, M. W.; Bats, J. W.; Diner, G.
Angew. Chem., Int. Ed. Endl992 31, 207—-209. (e) Jubian, V.; Veronese,
A.; Dixon, R. P.; Hamilton, A. DAngew. Chem., Int. Ed. Endl995 34,
1237-1239. (f) Linton, B. R.; Goodman, M. S.; Fan, E.; van Arman,
S. A.; Hamilton, A. D.J. Org. Chem2001, 66, 7313-7319. (g) Oost, T.;
Kalesse, M.Tetrahedron1997 53, 8421-8438. (h) Kato, T.; Takeuchi,
T.; Karube, I.Chem. Commuril996 953-954.

(6) (&) Anslyn, E.; Breslow, RJ. Am. Chem. Sod 989 111, 5972~
5973. (b) Breslow, RJ. Mol. Catal.1994 91, 161-174.
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hydroxyl group works as a nucleophilic grddijm the transphos-
phorylation reaction, which is expected to be highly efficient
because of the proximity effe¢t5d A “couple hardness with

(7) Wan, S-H.; Liang, F.; Xiong, X.-Q.; Yang, L.; Wu, X.-J.; Wang, P.;
Zhou, X.; Wu, C.-T.Bioorg. Med. Chem. LetR00§ 16, 2804-2806.

(8) (&) Du, J.-T.; Li, Y.-M.; Wei, W.; Wu, G.-S.; Zhao, Y .-F.; Kanazawa,
K.; Nemoto, T.; Nakanishi, Hl. Am. Chem. So2005 127, 16350-16351.
(b) Feng, Y.; Cao, S.; Xiao, A.; Xie, W.; Li, Y.; Zhao, Yeptides2006
27, 1554-1560.

(9) (a) Cotton, F. A.; Hazen, E. E., Jr.; Legg, M.Rroc. Nat. Acad.
Sci. U.S.A1979 76, 2551-2555. (b) Kianer, R.Coord. Chem. Re 1999
182,243-261.

(10) (a) Schmidtchen, F. P.; Berger, Ii@hem. Re. 1997, 97, 1609~
1646. (b) Zafar, A.; Melendez, R.; Geib, S. J.; Hamilton, ATetrahedron
2002 58, 683-690. (c) Schmuck, C.; Geiger, . Am. Chem. So2004
126, 8898-8899. (d) Zepik, H. H.; Benner, S. A. Org. Chem1999 64,
8080-8083. (e) Liu, F.; Lu, G.-Y.; He, W.-J,; Liu, M.-H.; Zhu, L.-G.; Wu,
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softness” TACN is designed to connect these two grodps.

[enzyme]/Kq + [enzyme])), wherekops IS the apparent first-

was synthesized via a three-step reaction (nucleophilic substitu-order rate constant at various concentrations,khg is the

tion, hydrazinolysis, and guanylation) starting fr@% (Scheme

maximum rate constant at saturation concentration, ki

1). Guanylation of the primary amino group was carried out by the apparent dissociation constant for the enzysubstrate

using the guanylating reagentHipyrazole-1-carboxamidine
hydrochloride!® The crude product was purified by column

complex!* The saturation kinetics profiles of the supercoiled
DNA cleavage at various concentrationslodnd2 are shown

chromatographic separation on strong base anion exchange resiim Figure 3. The kinetic data are linearized through a double-

followed neutralization by 10% hydrochloride acid to given
good yield. All new compounds are characterizedtdyNMR,

13C NMR, and ESI-MS spectra (see the Supporting Information).

reciprocal plot of I,s vs 1/[enzyme] ([enzyme] is the
concentrations ofl or 2), giving the first-order rate constant
kmax Of 0.160 T2, 0.063 It and the association constdfy of

Figure 1a is the agarose gel of pH-dependence assays whict9.052 mM, 0.038 mM, respectively (Figure S16, Supporting

indicates that the supercoiled DNA (form I) relaxes to form a
nicked circular DNA (form 1) in the presence df and then
the linear DNA (form IIl) forms when the pH is in the range of
6.5 to 7.8. pH dependence datalgfFigure 1b) presents a bell-
shaped profile which indicates that pH 7.2 is the optimal pH
for DNA cleavage in the presence &f The pH dependence
profile of 2 is similar to1 (Figure 1b). A relatively low NaCl

Information). The non-substitutiv® shows very low cleavage
activity (Figure 3), and the cleavage efficiency2has a 30-
fold enhancement thaB, which indicates that the pendent
hydroxyl group effectually increases the DNA cleavage activity.
Furthermore,1 has remarkable rate acceleration over non-
guanidinium compoun@, which is due to the binding and
electrophilic activation for the phosphodiester of DNA by the

concentration (10 mM) was selected to control the ionic strength guanidinium group ofl.
in all experiments. (For the ionic strength assays, see the As comparison, the DNA-cleaving behavior of'Znal (1:1)

Supporting Information.)

was also investigated under the same conditions and was

Figure 2a shows the agarose gel of supercoiled plasmid DNA expected to be higher DNA cleavage activity thanlt is

cleavage promoted by (0.144 mM) in Tris-HCI/NaCl buffer
(pH 7.2) at 37°C into nicked and linear forms. The kinetic

surprising that the kaxof Zn"—1is only 0.039 h! (Figure S17,
Supporting Information); that is, the cleavage activity reduces

plot indicates that the extension of supercoiled DNA cleavage instead. Why does the activity reduce? Kimura and co-workers
varies exponentially with the reaction time, giving a pseudo- reported that the pendent guanidine of (2-guanidinyl)ethylcyclen
first-order kinetics with an apparent first-order rate constant of is a good ZH-binding ligand (Scheme 2b) at neutral pH in

0.131+ 0.002 h! (Figure 2b). The apparent first-order rate

aqueous solution, so thab did not catalyze the hydrolysis of

constants of DNA cleavage reactions promoted by a series of4-nitrophenyl acetat®. The structure ofl is similar to (2-

various concentrations df 2 and5 under the same conditions

guanidinyl)ethylcyclen except for the 2-hydroxyethyl arm.

as described above are summarized in Tables S1 and SZTherefore, the inhibition of DNA cleavage activity can be

(Supporting Information). Data df and 2 were fit to a curve
based on a MichaelisMenten-type equationkfps = Kmax

(11) (a) Kimura, E.; Nakamura, |.; Koike, T.; Shionoya, M.; Kodama,
Y.; Ikeda, T.; Shiro, M.J. Am. Chem. Sod994 116 4764-4771. (b)
Kimura, E.; Kodama, Y.; Koike, T.; Shiro, Ml. Am. Chem. Sod.995
117, 8304-8311. (c) Koiket, T.; Kimura, EJ. Am. Chem. S0d.991, 113,
8935-8941.

(12) Chong, H.-S.; Brechbiel, M. W8ynth. Commur003 33, 1147
1154.

(13) (a) Bernatowicz, M. S.; Wu, Y.; Matsueda, G. R.Org. Chem.
1992 57, 2497-2502. (b) Ghosh, A. K.; Hol, W. G. J.; Fan, B. Org.
Chem.2001, 66,2161-2164. (c) Porcheddu, A.; Giacomelli, G.; Chighine,
A.; Masala, SOrg. Lett.2004 6, 4925-4927.

ascribed to the formation of Zrbinding complex with the
pendent guanidine group. However, the pH dependence of
Zn'—1 is quite different from1 (Figure 1), ZA—1 shows
extraordinarily high DNA cleavage activity at the weakly acidic
conditions. We compared the first-order rate constanfisasfd
Zn"—1 (1:1) at pH 6.0 under the same conditions (Figure 4).

(14) (a) Ordoukhanian, P.; Joyce, G.F.Am. Chem. So2002 124,
12499-12506. (b) Sreedhara, A.; Freed, J. D.; Cowan, 1.AAm. Chem.
Soc.200Q 122,8814-8824. (c) Flynn-Charlebois, A.; Prior, T. K.; Hoadley,
K. A.; Silverman, S. KJ. Am. Chem. So2003 125, 5346-5350.

(15) Aoki, S.; Iwaida, K.; Hanamoto, N.; Shiro, M.; Kimura, E. Am.
Chem. Soc2002 124, 5256-5257.
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The rate constants of 2/-1 (0.155 h?) is 10-fold thanl (0.015 of 2686 bp length. The DNA fragments after cleavage assays were
h=1). According to Kimura’s report¥; guanidinium group does ~ separated and monitored by agarose gel electrophoresis. The
not bind with Zi' at weakly acidic conditions; thus, the Supercoiled DNA in 50 mM TrisHCI buffer containing 10 mM
guanidinium group of Zt—1 could promote the phosphodiester NaCl was treated with different compound concentrations followed

; ot by dilution with the buffer to a total volume of 14.. The sample
cleavage freely by electrostatic activation. Moreover, the hy- X - N
droxyl group can be a better nucleophile because of the was incubated at 37C. The loading buffer (30 mM EDTA, 0.05%

. . . (w/V) glycerol, 36% (V/V) bromophenol blue) 3L was added to
C!eprotonatlon 1bby the nearby Zrirapped in the macrocyclic end the reactions and the mixture was Ioade% on 1% agarose gel
ring at pH 6.0 . containing 1.Qug dnv 2 EB. Electrophoresis was carried out at 80

To study the cleavage mechanism, BDNPP was used as they for 1.5 h in 0.5 M Tris-acetate EDTA (TAE) buffer. Bands were
DNA mimics. BDNPP and were dissolved in DMF/LD, and visualized by UV light and photographed. The proportion of DNA
after 0.5 h equilibration time at room temperature, ESI-MS in the supercoiled, nicked, and linear forms after electrophoresis
analysis was carried out. In ESI-MS spectrum, the peakszt was estimated quantitatively from the intensities of the bands using
504.87 and 184.82 show the [M H]* signals ofc (calcd TotalLab analysis software. _
505.18) and 2,4-dinitrophenol (DNP) (calcd 185.01), respec- __Synthesis: 1-(2-Guanidinoethyl)-4-(2-hydroxyethyl)-1,4,7-tri-
tively (Figure S15, Supporting Information). The generation of 2zacyclononane Hydrochloride (1).A mixture of compound4
c indicates that the phosphodiester bond of BDNPP would be (0.09 g, 0.41 mmol), t-pyrazole-1-carboxamidine hydrochloride

. . 0.06 g, 0.41 mmol), and DIEA (diisopropylethylamine) (0.06 g,
cleaved byl via a transphosphorylation pathway (Scheme?2a). 8.46 rgrj1mol) in Dl\/?F (10 mL) (was Ztir?gd foy8 h at)rgom 9

Thus, similar to BDNPP, transphosphorylation is one of the temperature under a dry nitrogen atmosphere. After anhydrous ether
possible mechanisms for the DNA cleavage promoted by (25 mL) was added, the brown oil deposition appeared immediately.
pH 7.2, which is schematically depicted in Scheme 2b. The crude product was dissolved in deionized water and chromato-

In conclusion, design and synthesis of a novel phosphodiestergraphed on a strong base anion-exchange resin column (eluted with
receptorl containing guanidinoethyl and hydroxyethyl side arms deionized water). Subsequently, the eluent was evaporated under
was achieved successfully. Kinetic data of DNA cleavage reduced pressure to remove water, and the residue was washed with
promoted byl are fit to a Michaelis-Menten-type equation ~ &ther (3x 30 r}:_L) tOT?]"m'”@tg the “”“Er?deg_rea‘l:taaaf‘d gther_ §

: 1 \which i : organic impurities. The residue was then dissolved in deionize
\cl)v\llt:raukr?g;?;lgizo g:)uvgg?;rglr\ﬁ:dmgﬁf r?;&%?; (lef!e_rrahtil;)n water (15 mL) and neutralized to pH 7.0 with 10% hydrochloric

- : LA acid. Water was removed in vacuum to give compoliag strong
substantial acceleration of cleavage reaction is due not only tohygroscopic brown solid (0.11 g, 0.37 mmol). Yield: 90%. (For
the spatial proximity of the nucleophilic hydroxyl group but \j\R and ESI-MS data, see the Supporting Information.)

also the electrophilic activation for the phosphodiester of DNA

by the binding guanidinium group. Acknowledgment. We acknowledge support of this work
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Plasmid DNA Cleavage.DNA cleavage experiments were
performed using 500 ng per reaction of pUC 19 derived plasmid ~ Supporting Information Available: Detailed descriptions of
experimental procedures, spectra for all new compounds, photo-
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