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Abstract: RNA cleaving tris(2-aminobenzimidazoles) have been attached to DNA oligonucleotides via
disulfide or amide bonds. The resulting conjugates are effective organocatalytic nucleases showing substrate
and site selectivity as well as saturation kinetics. The benzimidazole conjugates also degrade enantiomeric
RNA. This observation rules out contamination effects as an alternative explanation of RNA degradation.
The pH dependency shows that the catalyst is most active in the deprotonated state. Typical half-lifes of
RNA substrates are in the range of 12—17 h. Thus, conjugates of tris(2-aminobenzimidazoles) can compete
with the majority of metal-dependent artificial nucleases.

Tris(2-aminobenzimidazoles) and 2 (Chart 1) have been  Chart 1. Sequences of Oligonucleotides 4—13. For Complete
recently identified as powerful cleavers of ribonucleic adids. Linker Structures, See Scheme 1

The reaction involves nucleophilic attack by thehgdroxy

groups at phosphorus and the formation §B2cyclic phos- Q Q

phates. Thus, catalysisand2 are completely specific for RNA Q HN);N HN);N

and do not hydrolyze DNA. Unfortunately, tris(2-amino- N,t'l HN N N,'Nk HN N oR
benzimidazoles) tend to aggregate in a pH-dependent way,  H NH\/N iy H NQ/N iy 0
thereby preventing deeper mechanistic insight from pH-rate ~ ~ A
correlations and similar experiments. For future applications, it 1 2R=CH; 3R=H

is also required to determine the catalytic efficiency in the . )

nonaggregated state. This issue has not yet been fully resolved. ~ conugates with catalyst 2:

Here we describe the conjugation of catal®stith a series of 3GATCGGCTGACGGCT®linker(1)-catalyst 4

DNA oligonucleotides. The resulting conjugatess8 efficiently

cleave complementary RNA strands at submicromolar concen- ¥GATCGGCTGACGGCT®-linker(2)-catalyst 5

trations in the expected positions. They do not aggregate and
allow to complete the characterization of benzimidazole derived
RNA cleavers.

A standard procedure to synthesize DNA conjugates involves
acylation of amino linkers by active esters in aqueous buffer. ¥ TATGGAACAGTCCTCS -linker(1)-catalyst 8
When applied to the charged benzimidaz&es 3, however,
complete precipitation of the oligonucleotide prevented coupling.
To avoid the aggregation of polyionic species, we used two
conjugation methods utilizing protected DNA still bound to the Cy5-T1o-ribo(* CUAGCCGACUGCCGAUCUCGCUGACUGAC)-T,* 9
solid support (Scheme 1). In the first method, a trityl-protected
mercapto linker was attached to thHeghd as a phosphoramidite
building block (4). After removal of trityl, the support was
incubated with compound5. A disulfide linkage of sufficient
stability to survive the subsequent deprotection steps was formed
(for details, see Supporting InformatiohfFractions of 66-70% s
of conjugated versus nonconjugated strands could be typically Cys-TTIrmTTTTTy 12

3GATCGGCTGACGGCTAGS linker(1)-catalyst 6

¥GATCGGCTGACGGCTAGAGCS linker(1)-catalyst 7

RNA substrates 9 - 11 :

Cy5-5CTAGCCGACTGCCGA-ent-ribo(UCUCGCUGACUGAC)-T,* 10

Cy5-T4o-ribo(’ AUACCUUGUCAGGAGAAGAGAGGCCGUUA)-T,* 11

accessory oligonucleotides:

obtained. Pure conjugatdsand 6—8 were finally isolated by TGTGGAATTGTGAGCGGATA® 13
T Goethe University Frankfurt. polyacrylamide gel electrophoresis and characterized by mass
*NOXXON Pharma AG. spectroscopy. Alternatively, we attached a monomethoxytrityl-
(1) Scheffer, U.; Strick, A.; Ludwig, V.; Peter, S.; Kalden, E.:l@4 M. W. pectr py. Al Y Yy
J. Am. Chem. So@005 127, 2211-2217. modified amino linker to the DNA strand that was deprotected
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Scheme 1. Synthesis of Oligonucleotide Conjugates
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and coupled with aci@ in the presence of DIC and HOBt. The
resulting peptide bond of conjugatewas stable under the
conditions of DNA deprotection (coupling yield 70%).

All cleavage experiments were run with the RNA substrates
9—11 The fluorescent label allows convenient detection and
qguantification of products by gel electrophoresis in a DNA
sequencer. Note that the sequence of oligonuclectidés
analogous to that d. However, it is a hybrid formed of DNA
(natural configuration) with an embedded part of enantiomeric
RNA.

To exclude the existence of molecular aggregates of ami-
nobenzimidazole conjugates with noncognate oligonucleotides,

the dye-labeled DNA2 (25 nM, diluted with 175 nM unlabeled

DNA 13) was studied by fluorescence correlation spectroscopy

(FCS)%3 The diffusion time around 15@s at 24°C is consistent
with the size ofL2. Upon addition of conjugate$—8 (1.5uM),

no change in diffusion times and no signs of aggregation could

be observed. Substrat® (200 nM) was then mixed with
complementary conjugates-7 (1.5 uM), again without pro-
ducing significant effects. The gain in molecular mass by
hybridization was not expected to be sufficient to influence the
diffusion time of9. Further experiments with substrdté and
conjugate8 confirmed the general view that higher aggregates
of oligonucleotides beyond the stage of hybridization will not
occur in the experiments shown below.

(2) (a) Zuckermann, R.; Corey, D.; Schultz, Rucleic Acids Resl987, 15,
5305-5321. (b) Niittymi&i, T.; Kaukinen, U.; Virta, P.; Mikkula, S.;
Lénnberg, H.Bioconjugate Chen2004 15, 174-184.

(3) Miller, J.; Chen, Y.; Gratton, BViethods EnzymoR003 361, 69—92.
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Figure 1. Cleavage of RNA9 (150 nM) induced by conjugates-7 at
concentrations of 1.5M (50 mM Tris-HCI, pH 8.0, 37°C, 20 h). Lane e:
hydrolysis pattern of substrafe(Na,COs).

Table 1. Cleavage of RNA 9 by Conjugates 4—7 and Cleavage of
RNA 11 by Conjugate 8. Substrate Degradation within 20 h (%) as
a Function of pHa

pH control® 5¢ 54 4 6 7 control® 8

6.0 <1 20.8 87 253 188 293 <1 18.8
7.0 <1 434 356 469 411 544 <1 411
8.0 <1 55.3 51 68.8 548 69.1 <1 60.4
9.0 <5 46.7 66.9 <5 66.9

aConditions: 150 nM substrate, 1:8M conjugate, 50 mM Tris-HCI,
37 °C. ? Control with substraté® at constant ionic strength (buffer 100
mM NaCl), background at = 0 was subtracted.Experiment without
addition of further saltd Analogous experiment at constant ionic strength
(buffer + 100 mM NacCl).® Control with substratell at constant ionic
strength (buffer+ 100 mM NacCl), background dt= 0 was subtracted.

When substrat&* was incubated with the 15mer conjugate
5 (1.5 uM) for 20 h, strong cleavage occurred that could be
assigned to nucleotides 13, 14, and 15 by comparison with the
hydrolysis pattern 0® (Figure 1, lanes a and e). Almost identical
results were obtained in analogous experiments using the
disulfide conjugaté (lane b). In contrast, the preferred cleavage
sites of the 17mer conjugaéand 20mei7 are nucleotides 17
and 19/20, respectively (lanes c and d). The reaction site thus
correlates with the position of the benzimidazole moiety in each
substrate-catalyst duplex. The preferential formation of 14mer
fragments in the reactions dfand5 may be a consequence of
fraying due to the weak terminal-AT base pair. No significant
turnover could be observed whén(150 nM) was incubated
with a 10-fold excess of substrat® This is a common
observation seen with most RNA cleaving DNA conjugates
when the catalyst is attached to either theos 3-ends. Addition
of EDTA (1 mM) does not change the kinetics and cleavage
patterns of these reactions. A mechanistic role of contaminating
metal ions bound to the benzimidazole moiety therefore can be
ruled out.

The influence of pH on catalyst efficiency was studied next
(see Table 1). Since ionic interactions might play a major role
in the benzimidazole phosphate interaction, experiments initially
were conducted in Tris-HCI buffer (50 mM) without adding
inert salts. Upon variation of pH under such conditions, ionic
strength is not constant. Critical experiments therefore were
repeated in the presence of 100 mM NaCl. Cleavage yield
increases with pH and levels off at pH 8. At high ionic strength,

(4) Hall, J.; Hisken, D.; Pieles, U.; Moser, H. E.;"Har, R.Chem. Biol. 1994
1, 185-190.
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Figure 3. Substrate specificity of conjugatdsand8 (150 nM substrate,
1.5uM catalyst, 50 mM Tris-HCI, pH 8.0, incubation for 20 h). Lane a:

conjugate4 and substrat®. Lane b: conjugatd and substratél. Lane c: .
conjugate8 and substratd1. Lane d: conjugat® and substrat8. Lanes (lanes a and c), they do not react with noncomplementary RNA

e and f: hydrolysis patterns & and11 (N&COs). (lanes b and d). All other combinations of substré&ted 1 and
catalystsA—8 have been tested as well. The results consistently
a slight drop at pH 9 was observed. Since tli pf related fit into the picture (data not shown).
benzimidazoles comes close to 7, the catalyst should be mostly Cleavage kinetics was studied in detail for the reaction of
deprotonated under such conditions. Thus, general base catalysigonjugate8 with substratell (pH 8, high ionic strength).
must be an important mechanistic aspect. Without catalyst, the substrate proved almost stable for several
As shown in Figure 2, RNA cleavage by conjugates8 days (Figure 4, lane b; Figure 5; Figure S8). In contrast,
obeys saturation kinetics. Full activity is reached at concentra- conjugate 8 cleaves significantly within a few hours. The
tions of 206-300 nM. This, together with the positional substrate is almost completely degraded after 56 h. A small
selectivity discussed above, clearly demonstrates that cleavageercentage, however, does not react even after 1 week (Figure
is mediated by hybridization of catalyst and substrate. Increasing5). This may result from structural damages in chemically
ionic strength results in duplex stabilization. Accordingly, in synthesized RNA preventing hybridization with conjug8te
50 mM buffer containing 100 mM NaCl, saturation is reached (e.g., 2,5 linkages, residual protective groups, etc.). Interest-
at slightly lower concentration of conjugate (see Figure S6). ingly, a more defined cleavage pattern arises after longer
Concentrations of 1.xM are far above the saturation value incubation times (Figure 4, lane d; see also lane c in Figure 3
under either low or high salt conditions. The results in Table 1, and Figure S7). Upon standing, secondary cleavage events may
therefore, should not be affected my minor pH-dependent cut off all conformationally mobile ribonucleotides protruding
changes of duplex stabilities. out of the duplex with conjugat8.
An important requirement for artificial nucleases is substrate  Figure 5 shows the decay of RNAL as a function of time.
specificity. Figure 3 shows a cross reactivity experiment with As in all other experiments, the amountXf is calculated by
two nonhomologous RNA substrat@sand 11 challenged by dividing the peak area df1 by the sum of all detectable peak
the conjugated and8. Cleavage fully depends on complemen- areas. The regression line demonstrates the high substrate
tarity. While both catalysts transform their cognate substrates stability in the control reactiortf, ~ 3500 h). For the cleavage

J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006 8065
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Figure 6. Lane a: conjugaté cleaves thenantioRNA insert of substrate
10. Lane b: no cleavage occurs with the noncomplementary conj@yate

Conditions: 150 nM substrate, 1:BM conjugate, 50 mM Tris-HCI, pH
8.0, 37°C, 20 h. Lane c: hydrolysis pattern of substraf(Na,COs).

induced by conjugate3, a proper fit of experimental and

considerably, it seems premature, however, to rule out entirely
a participation of the monoprotonated catalyst. Future experi-
ments have to clarify if general base catalysis is sufficient to
explain trisbenzimidazole-induced RNA degradation.

The study also demonstrates the high catalytic potency of
tris(2-aminobenzimidazoles) in the monomeric form. At con-
centrations far below the critical aggregation threshold of the
nonconjugated catalyst, impressive cleavage rates could be
observed. Conjugates—8 also show saturation kinetics, site
and substrate specificity. In typical experiments;-60% of
the RNA substrate is cleaved within 20 h, corresponding to half-
lifes of 12-17 h or first-order rate constants for substrate
degradation of 0.0420.056 hl. Successful strategies have been
developed to achieve multiple substrate turnover with metal

calculated data (solid curve) is obtained by assuming a first- complex conjugates Adopting such strategies seems to be a

order rate law K, = 0.056 b, t;, = 12.4 h). Analogous

promising way to further optimize the RNA cleaving potential

experiments were conducted to characterize the cleavage ofof tris(2-aminobenzimidazoles.

substrated by conjugateb (k; = 0.042 It ty, = 16.5 h).

It is interesting to compare the efficiency of DNAdenz-

Trace contaminations by natural ribonucleases are a constantmidazole conjugategt—8 with other oligonucleotide-based
threat to all experiments with artificial RNA cleavers. We artificial nuclease$>*7 14 Most often used are metal complexes.
reported earlier on the difficulty to rule out false positive Among such conjugates, complexes of lanthanide ions are
effectsl®> Substrate specificity (Figure 3) is already a strong especially successful with typical first-order rates of-6023
argument against contamination. As a further control, we have h™1.2° Even faster RNA cleavage was recently achieved by the

investigated the cleavage of substra@ an oligonucleotide
analogous t® that consists of two major parts. A 15mer DNA

(7) Haner, R.; Hall, J.; Pftzer, A.; Hisken, D.Pure Appl. Chem1998 70,
111-116.

sequence (natural configuration) allows formation of duplexes (8) Reviews: (a) Niittyriigi, T.; Lénnberg, H.Org. Biomol. Chem2006 4,

with catalysts4 or 5. The second part, 14 nucleotides long and
prepared from enantiomeric ribonucleotides, is completely
resistant against natural ribonuclea%¢towever, it should be
degraded by achiral catalysts, such as aminobenzimidazoles
and2, with the same efficiency as natural RN/Aince duplexes

of conjugate4 with substrates9 and 10 are not simply

enantiomers, similar but not identical cleavage patterns are
expected in both experiments. Results are shown in Figure 6.
The reaction occurs after nucleotide 16 selectively, the first
ribonucleotide placed in close proximity to the benzimidazole

moiety (lane a). Note that the DNA part df0 cannot be
degraded. The preferred cleavage sites of the dupghkix
(nucleotides 13, 14, and 15) are thus inert in dupgled0. No
reaction is seen with the noncomplementary catalyéane
b).

Discussion

The present study was in part motivated by the difficulties
in characterizing the catalytically relevant protonation state of

trisbenzimidazol€. In contrast to compound® and 3 them-

selves, all conjugate$—8 did not aggregate with complemen-
tary or noncognate oligonucleotides. Under conditions ensuring
complete hybridization of substrates, it was thus possible to

15-25. (b) Trawick, B.; Daniher, A. T.; Bashkin, J. IChem. Re. 1998
98, 939-960. (c) Cowan, ACurr. Opin. Chem. Biol2001, 5, 634-642.
(d) Haner, R.Chimia 2001, 55, 1035. (e) Komiyama, M.; Sumaoka, J.;
Kuzuya, A.; Yamamoto, YMethods EnzymoR001, 341, 455-468. (f)
Morrow, J. R.; Iranzo, OCurr. Opin. Chem. Biol2004 8, 192—-200.

(9) For oligonucleotide conjugates of RNA cleaving proteins, see: (a)
Zuckermann, R. N.; Schultz, P. @. Am. Chem. S0d.988 110, 6592
6594. (b) Zuckermann, R. N.; Corey, D. R.; Schultz, PJGAmM. Chem.
So0c.1988 110, 1614-1615. (c) Torrence, P. F.; Maitra, R. K.; Lesiak, K.;
Khamnei, S.; Zhou, A.; Silverman, R. HProc. Natl. Acad. Sci. U.S.A.
1993 90, 1300-1304. (d) Kanaya, S.; Nakai, C.; Konishi, A.; Inoue, H.;
Ohtsuka, E.; lkehara, MJ. Biol. Chem.1992 267, 8492-8498. (e)
Uchiyama, Y.; Inoue, H.; Ohtsuka, E.; Nakai, C.; Kanaya, S.; Ueno, Y.;
Ikehara, M. Bioconjugate Chem1994 5, 327—332. (f) Ma, W. P.;
Hamilton, S. E.; Stowell, J. G.; Byrn, S. R.; Davisson, VBborg. Med.
Chem.1994 2, 169-179.

(10) Oligonucleotide conjugates of lanthanide complexes: (a) Magda, D.; Miller,
R. A.; Sessler, J. L.; Iverson, B. U. Am. Chem. S0d.994 116, 7439-
7440. (b) Magda, D.; Crofts, S.; Lin, A.; Miles, D.; Wright, M.; Sessler, J.
L. J. Am. Chem. S0d.997 119 2293-2294. (c) Magda, D.; Wright, M.;
Crofts, S.; Lin, A.; Sessler, J. L1. Am. Chem. Sod 997 119, 6947
6948. (d) Hall, J.; Heken, D.; Haer, R.Nucleic Acids Res1996 24,
3522-3526. (e) Haer, R.; Hall, JAntisense Nucleic Acid Drug Del997,

7, 423-430. (f) Canaple, L.; Hsken, D.; Hall, J.; Haer, R.Bioconjugate
Chem.2002 13, 945-951. (g) Matsumura, K.; Endo, M.; Komiyama, M.
Chem. Commurll994 2019-2020. (h) Baker, B. F.; Lot, S. S.; Kringel,
J.; Cheng-Flournoy, S.; Villiet, P.; Sasmor, H. M.; Siwkowski, A. M.;
Chappell, L. L.; Morrow, J. RNucleic Acids Resl999 27, 1547-1551.
(i) Huang, L.; Chappell, L. L.; Iranzo, O.; Baker, B. F.; Morrow, J. R.
Biol. Inorg. Chem200Q 5, 85—92.

(11) Oligonucleotide conjugates of Cu(ll) complexes: (a) Bashkin, J. K.; Frolova,
E. I.; Sampath, UJ. Am. Chem. S0d994 116, 5981-5982. (b) Bashkin,

J. K.; Xie, J.; Daniher, A. T.; Sampath, U.; Kao, J. L.F.Org. Chem.
1996 61, 2314-2321. (c) Daniher, A. T.; Bashkin, J. K. Chem. Soc.,
Chem. Commurl998 1077-1078. (d) Putnam, W. C.; Bashkin, J. K.

Chem. Soc., Chem. Comm@®0Q 767—768. (e) Trawick, B. N.; Osiek,

establish the pH dependency of cleavage rates. Unexpectedly, T, A Bashkin, J. KBioconjugate Chen2001 12, 900-905. (f) Putnam,

rates were found to increase with increasing pH, leveling off

W. C.; Daniher, A. T.; Trawick, B. N.; Bashkin, J. Wucleic Acids Res.
2001 29, 2199-2204. (g) Inoue, H.; Furukawa, T.; Shimizu, M.; Tamura,

around pH 8. This suggests that the highest activity is associated T Matsui, M.; Ohtsuka, EChem. CommurL999 45-46. (h) Inoue, H.;

with the fully unprotonated state, in contrast to our initial design
idea. Tris(aminobenzimidazoles) were considered to combine

Furukawa, T.; Tamura, T.; Kamada, A.; Ohtsuka,Nkicleosides Nucle-
otides Nucleic Acid2001, 20, 833-835. (i) Sakamoto, S.; Tamura, T.;
Furukawa, T.; Komatsu, Y.; Ohtsuka, E.; Kitamura, M.; InoueNtdcleic

general base and general acid catalysis together with electrostatic, , Acids Res2003 31, 1416-1425.

stabilization of pentacoordinated transition states. Since conju-

gation with the polyanionic DNA may shift the catalyst'K$p

(5) Pitsch, S.; Scheffer, U.; Strick, A.;"®el, M. W. Helv. Chim. Acta2003
86, 3740-3752.

(6) Klussmann, S.; Nolte, A.; Bald, R.; Erdmann, V. Ajrie, J. PNat.
Biotechnol.1996 14, 1112-1115.
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Oligonucleotide conjugates of Zn(Il) complexes: (a) Matsuda, S.; Ishikubo,
A.; Kuzuya, A.; Yashiro, M.; Komiyama, MAngew. Chem., Int. EA.998

37, 3284-3286. (b) Hovinen, J.; Guzaev, A.; Azhayeva, E.; Azhayev, A,;
Lénnberg, H.J. Org. Chem.1995 60, 2205-2209. (c) Niittynii, T.;
Lénnberg, H.Bioconjugate ChenR004 15, 1275-1280. (d) Astion, H.;
Strémberg, R.Nucleosides Nucleotides Nucleic Acig801 20, 1385—
1388. (e) Ast‘r‘m, H.; Williams, N. H.; Stionberg, R.Org. Biomol. Chem.
2003 1, 1461-1456. (f) Whitney, A.; Gavory, G.; Balasubramanian, S.
Chem. Commurk003 36—37.
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concerted action of two Cu(ll) terpyridine complexes bound to molecules that exhibit affinity for selected RNA sequences.
oligonucleotidesK; = 0.8 hr1).21i The majority of metal ion Conjugates oB and such RNA ligands may become valuable
conjugates with DNA, however, exhibit reactivities in the range tools to identify their binding sites by affinity cleavagfe'®
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