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A conformational switch can be induced upon the addition of transition-metal ions to oligonucleotides that contain
a row of successive artificial nucleobases flanked by complementary sequences of natural nucleobases, provided
that the artificial bases cannot undergo self-pairing via hydrogen bonding but only via the formation of metal-ion-
mediated base pairs. Such oligonucleotides adopt a hairpin structure in the absence of transition-metal ions, yet
they show a preference for the formation of a regular double helix if the appropriate metal ions are present. We
report here our experimental data on the structure of the oligonucleotide d(A7XsT7) (A = adenine, T = thymine,
X = 1,2,4-triazole) in the absence and presence of silver(l). This study comprising temperature-dependent UV
spectroscopy, CD spectroscopy, MALDI-TOF measurements, fluorescence spectroscopy, and dynamic light scattering
opens up a new approach to the generation of a large variety of metal-ion sensors with the possibility of fine-tuning
their sensing capabilities, depending on the artificial nucleoside that is used.

Introduction to their expected interesting chemical and physical properties
such as electrical conductivity or magneti&t® The ability

to create defined arrays of (different) metal ions in a highly
controllable manner in a chiral environment may also be

Research on nucleic acids containing modified nucleosides
used to be the purview of organic chemists only. Recently

introduced artificial nucleosides are now also attracting e . 16 .
inorganic chemists to this field: In nucleic acids comprising 2PPlied in asymmetric catalysisThe generation of DNA-

these novel nucleosides, complementary nucleobases nd@sed sensors for mercury(ll) ions or for the redox environ-
longer pair via hydrogen bonding but via coordinative bonds Ment has also been reported, making use of the high affinity
to a metal ion that is located in the middle of the double Of the natural nucleoside thymidine toward ¥igons?e*/
helix. Hence, the artificial nucleobases serve as ligands for We have recently reported on the potential use of artificial
the metal ions. Several examples are known to date ofazole nucleosides (azote imidazole, 1,2,4-triazole, tetra-
deoxyribonucleic acids (DNA)° and peptide nucleic acids

(PNA)! that contain such metal-ion-mediated base pairs. A~ (4) (a) zhang, L.; Meggers, B. Am. Chem. So@005 127, 74-75. (b)

few model studies have also appeared in the past y&afs. Zimmermann, N.; Meggers, E.; Schultz, P. Bioorg. Chem2004

i ; ; 32, 13-25. (c¢) Zimmermann, N.; Meggers, E.; Schultz, P.JGAmM.
These bioinspired constructs have sparked great interest due Chem. S0c2002 124 13684-13685. (d) Atwell, S.: Meggers, E.

Spraggon, G.; Schultz, P. G. Am. Chem. So@001, 123 12364~
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Metal-lon-Binding to Triazole-Containing DNA

Scheme 1. Metal-lon-Mediated Base Pair Formed from 1,2,4-Triazole CPGs were purchased from Glen Research. The oligonucleotides

Nucleoside (R, R= Deoxyribose) were prepared using either a Beckman Oligo 1000M synthesizer
NEN /SN —|"+ or an Expe(_jite 8909 machine in the DMT-off mode and pgrified
ARLNGN by HPLC with a Nucleogen 667 DEAE column. The following
R R linear gradients were used during HPLC purification=5min:

100% A, 5-20 min: 100-83% A, 20-30 min: 83-76% A (1.5
zole) for the generation of metal-ion-mediated base pairs mL/min, solvent A: 20 mM sodium acetate (adjusted to pH 6 by
(Scheme 1}2b¢ means of acetic acidy- acetonitrile (4:1), solvent B: solvent A

Out of these nucleosides, the one carrying 1,2,4-triazole plus 2 M lithium chloride). After desalting via NAP 5 columns,
as a nucleobase appears particularly interesting, as it is abldhe identity of the oligonucleotides was confirmed by MALDI-
to discriminate silver(l) against mercury(ll)tH NMR TOF mass spectrometry on Perseptive Biosystems Voyager and

spectroscopy studies had suggested that 1:1 complexes arg(r)g';e:c A”tgfl‘es’é (')'Oi_njtr””}eﬂtsc(ﬂ(ﬁ(:m;wfg'iq 2’;4(3”':"')}
formed with Hgt, whereas the 2:1 stoichiometry of the ; Toung. ; d(AXT7): Caled for (MHH)™ » foung.:

I id d tal ion that i for the f fi 5252;A: Calcd for (M—2H+Na): 5589, found: 5589B: Calcd
nucieosiae ana metal 10n that IS necessary 1or the rforma |onf0r (M—2H+Na)‘: 5453, found: 5442:C: Calcd for (M—

of a metal-ion-mediated base pair is adopted by theé Ag 5 k)~ 036, found: 6034). Unmadified oligonucleotides were
complex'?*<Hence, oligonucleotides containing 1,2,4-tria- purchased from Eurogentec. Prior to all of the experiments with
zole nucleoside should also show a different response to thesgligonucleotides, the solutions have been heated to approximately
linearly coordinating metal ions. We therefore set out to 70 °C and then slowly cooled down to ambient temperature to
investigate the applicability of artificial nucleosides for the ensure a homogeneous hybridization. Oligonucleotide solutions
generation of a metal-ion sensor (using 1,2,4-triazole nucleo-contain 150 mM NaCl@and 5 mM MOPS (adjusted to pH 6.8),
side as an example) whose sensing capability could be tunedinless specified otherwise. Melting temperatufgshave been

depending on the type of nucleoside that is being used.  determined by monitoring the temperature dependence of the
absorbance at 260 nm (heat rate: °@/min, data collection:

Experimental Section 0.2 °C/min) with a Varian CARY 100 BIO spectrometer. The
reportedT,, values correspond to the temperatures at the maximum
1,2,4-TriazoleN1-2'-deoxyribonucleoside and its derivatives values of the first derivatives of the melting curves. CD spectra
suitable for automated DNA synthesis were prepared according towere recorded on a JASCO 810 instrument. Fluorescence spectra
published protocol&i18 all of the other phosphoramidites and were recorded on a Varian CARY Eclipse spectrophotometer at
an oligonucleotide concentration of 20 nM with an excitation
(9) Kuklenyik, Z.; Marzilli, L. G. Inorg. Chem.1996 35, 5654-5662. wavelength of 480 nm. Dynamic light scattering (DLS) measure-
10) SRalf_'te”; ?I;Sﬁlg?ﬁ,%j &gﬁ;g'og%‘."E’Zit26(;(10%2’5‘%6\%_\&%%’.‘6” A ments were performed with a DynaPro Titan Ambient MicroSam-
(11) (a) Franzini, R. M.; Watson, R. M.; Patra, G. K.; Breece, R. M.; Pler atoligonucleotide concentrations of @5 mM. Prior to the
Tierney, D. L.; Hendrich, M. P.; Achim, Qnorg. Chem.2006 45, DLS measurements, the samples were centrifuged at 13 400 rpm

9798-9811. (b) Watson, R. M.; Skorik, Y. A.; Patra, G. K.; Achim,  for 40 min. In all of the measurements, the polydispersity was
C.J. Am. Chem. So@005 127, 14628-14639. (c) Popescu, D.-L,;

Parolin, T. J.; Achim, CJ. Am. Chem. So2003 125, 63546355, around_ 7.5%, showing that all of_tr_le sa_mples were monomodal
(d) Kusel, A.; Zhang, J.; Alvafia Gil, M.; Stickl, A. C.; Meyer- monodispers. The sample containing silver(l) was prepared as
g’iU?CkféZ\/X-:('\/)'egﬁh E Blielc_ifiChf]IQH, giul_r- le_ﬂpfg- CFAGFSIZOOEI follows: Addition of 2 equiv. of AgNQ, heating the solution to

— . (e r, K.; McLaughlin, R. L.; Williams, M. Hnorg. . L . .
Chem 2007 46, 965-974. (f) Gilmartin, B. P.; Ohr, K.. McLaughiin, approximately 70°C and slowly coolmg_ it down again, addition
R. L.: Koerner, R.: Williams, M. EJ. Am. Chem. So@005 127, of Chelex 100 to remove excess silver(l), shaking for 1 h,
9546-9555. centrifuging to remove the Chelex, rinsing the Chelex with water

(12) (a) Muler, J.; Freisinger, E.; Lax, P.; Megger, D. A.; Polonius, F.-A. imi ineti
Inorg. Chim. Acta2007 360, 255263, (b) Miller. J.: Bthme, D.- to recover any remaining DNA, and adjusting the pH to 6.8.

Dipre, N.; Mehring, M.; Polonius, F.-AJ. Inorg. Biochem2007,

101, 470-476. (c) Miller, J.; Bchme, D.; Lax, P.; Morell Cerdav.; Results and Discussion

Roitzsch, M.Chem-—Eur. J. 2005 11, 6246-6253. (d) Muler, J.;

T%%mus, F.-A.; Roitzsch, Minorg. Chim. Acta2005 358 1225~ Having in mind the generation of an oligonucleotide-based
(13) (a) Cao, H. Tanaka, K.; Shionoya, hem. Pharm. Bull200Q 48, metal-ion sensor, we have incorporated the artificial 1,2,4-

1745-1748. (b) Tanaka, K.; Shionoya, M. Org. Chem1999 64, triazole nucleoside (denoted X) into the strands (A7)

5002-5003. (c) Lippert, BJ. Chem. Soc., Dalton Trans997, 3971~ — ; - ;
3976. (d) Metzger, S.; Erxleben, A.; Lippert, &.Biol. Inorg. Chem. and d(AX,4T) (A = adenine, T= thymine). The sequences

1997 2, 256-264. (e) Fusch, E. C.; Lippert, B. Am. Chem. Soc. ~ Were chosen in a way that the oligonucleotides should form

1994 116, 7204-7209. . . a hairpin structure in the absence of any transition-metal ions
(14) (a) Fuentes-Cabrera, M.; Sumpter, B. GopBer, J. E.; Boner, J.; . . .

Petit, L.; Wells, J. CJ. Phys. Chem. 2007 111 870-879. (n) ~ Pecause of the lacking capability to engage in hydrogen

Alexandre, S. S.;(S)gler, J. M, Sgijo, L Zarc?ora, Fhys. Re. B ) bonding. Addition of the appropriate metal ions should

2006 73, 205112. (c) Poner, J.; Sabat, M.; Burda, J. V.; Leszczynski, g ; ; i ;

3. Hobza, P.: Lippert, B, Biol. Inorg. Chem1999 4, 537545, stgblllze a regular double hell>§ with metal-ion-mediated base
(15) (a) Clever, G. H.; Kaul, C.; Carell, Bngew. Chemlnt. Ed. 2007, pairs, leading to a conformational change (Scheme 2) that

46, 6226-6236. (b) He, W.; Franzini, R. M.; Achim, ®rog. Inorg. i i i i

Chem 2007 55, 545-611. (c) Miler. J. Nature 2006 444, 698, (d) c_ou_ld be used to sense the metal ion under investigation. A

Shionoya, M.; Tanaka, KCurr. Op. Chem. Biol2004 8, 592-597. similar effect had already been reported for the natural
(16) (a) Roelfes, GMol. BioSyst.2007 3, 126-135. (b) Roelfes, G.; nucleoside thymidine with respect to mercury@ll).

Boersma, A. J.; Feringa, B. IChem. Commur2006 635-637. (c) . . . . .

Roelfes, G.; Feringa, B. LAngew. Chemint. Ed. 2005 44, 3230- In a first stgp, the melting points of the ohgor_mcleoudes_

3232. were determined by UV spectroscopy depending on their

88 '[\)/'l'ﬁm 5 OHr.‘.O'R/;(')TeTtr.agfdBrg'&e";ngiogﬁ Llsitﬁllé)l.il\zﬂ‘.l'[l?éyaraman respective concentrations. As hairpins display unimolecular

K.; Ravankar, G. RNucleic Acids Resl995 23, 647-653. melting behavior, a concentration-independent melting tem-
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46+ Scheme 3. Structures of the (a) 6-Fluorescein and (b) Dabcyl Labels
Used in Oligonucleotide#\, B, andC (R = Oligonucleotide)
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Figure 1. Concentration-independent melting temperatures ofX(A7) o

(%, n = 3; @ n = 4) confirm the presence of hairpin structures in the o . . L

absence of transition-metal ions. Scheme 4. Principle of How to Differentiate between Hairpin and

Double Helix in an Equimolar Mixture oA andB by Measuring the

Scheme 2. Conformational Change from Hairpin to Regular Double ~ Fluorescence of the Solution

Helix Induced by the Addition of Appropriate Metal lons (Gray FRET

Spheres) Due to the Stabilizing Effect of Metal-lon-Mediated Base Pairs K\

b

X XX
—t .
?
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X
Table 1. Oligonucleotides with Appended Florescence Donor and/or W
P
B AA BB AB

Quencher Moieties

seqguence A
A 5'-d(A7X3T7)-3'-fluorescein . .
B dabcyl-5—d((A77X33T77))-3’ of A and B. Therefore, these nucleic acids must adopt a
C dabcyl-8-d(A7X3T7)-3'-fluorescein hairpin conformation. The above-mentioned quenching due

to FRET is observed for oligonucleotide, in which the
peratureTy, would confirm the presence of this conforma-  fluorophore and quencher are at a close distance, irrespective
tion.*® As can be seen from Figure 1, both oligonucleotides of the nucleic acid conformation.
d(A7XxT7) with n= 3, 4 adopt a hairpin structure. Asaresult  \ve then set out to investigate the influence of transition-
of its higher thermal stability, the sequence gXAT7) was metal ions on the stability of the oligonucleotides. Because
chosen for all further experiments. of steric requirements, only linearly coordinating metal ions

To verify independently the formation of a hairpin such as Ag or Hg?* can be incorporated into azole-based

structure in the absence of transition-metal ions, we synthe-metal-ion-mediated base paifé:c Previous work had sug-
sized various oligonucleotides derived from ekAT7) with gested that 1,2,4-triazole nucleoside forms 2:1 complexes
an appended fluorescence donor and/or quencher moietywith silver(l), which is in line with the formation of a base
(Table 1). 6-Fluorescein was chosen as a donor and dabcybair, whereas 1:1 complexes are formed with mercur{ty.
as a quencher molecule (Scheme 3). In an equimolar mixturewe therefore examined the effect of these two metal ions
of oligonucleotidesA and B, fluorescence should not be on the melting temperature of d{&sT). Not unexpectedly,
quenched if a hairpin conformation is adopted by the nucleic the addition of Hg" to the oligonucleotide leads to a

acids because fluorophore and quencher are never presemdestabilization (Supporting Information, Figure S1), which
within the same molecule. In case of the formation of double could be due to the preferential formation of a 1:1 adduct

helices, however, three different duplexes are expected towith the artificial nucleobas®. The addition of Ad,

be present in solutionA:A, B:B, andA:B (Scheme 4). however, has a large stabilizing effect on the oligonucleotide.
In adductA:B, which is expected to form with a prob- Interestingly, theT,, values are now dependent on the

ability of 50%, the fluorescein and dabcyl moieties are oligonucleotide concentration (Figure 3).

located at close distance from each other, hence fluorescence Hence, the melting behavior is no longer unimolecular,

resonance energy transfer (FRET) should lead to efficient which is a first indication that the rearrangement toward a

quenching of the fluorescence. As can be seen from Figureregular double helix takes plaé&wWhen plotting the stability

2, no such quenching is observed in an equimolar mixture increase against the equivalents of added Aaps (as in

(19) Cantor, C. R.; Schimmel, P. Biophysical ChemistryPart Ill: The (20) Because of the high affinity of thymidine towards #drefs 8 and
Behavior Of Biological Macromolecules; W. H. Freeman: New York, 9), the undesired formation of such adducts might also be responsible
1980, Chapter 23. for the observed destabilization.
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Figure 2. Fluorescence spectra of oligonucleotileof an equimolar mixture oA andB, and ofC.
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Figure 3. Increase in melting temperaturel, of d(A;X3T7) upon the
addition of increasing amounts of AgNGConditionsn «M oligonucleotide 25
(x, n=1; %, n = 3), 150 mM NaClQ, 5 mM MOPS pH 6.8. Inset: b)
Melting curves of 3uM d(A7zX3T7), from left to right: O, 1, 2, 3, and 5 *
equiv of AgNG;. 2t 20
Figure 3)?! a higher oligonucleotide concentration automati- o
cally translates into a higher silver(l) ion concentration. To <
make sure that the observed increase in stability is not merely k= 101
an effect of this increased silver(l) concentration, the ‘
experimental data also need to be plotted against the Ag *]
concentration (part a of Figure 4). This plot clearly shows 0 X
that it is not solely the Ag concentration that influences 0 5 10 15 20
the melting temperature. The different slopes found for the [Ag/ M

two oligonucleotide concentrations suggest that the metal Figure 4. Increase in melting temperatureTy, of (a) modified oligo-
ions bind specifically at the desired locations, that is, in nucleotide d(AX3T7) and (b) unmodified oligonucleotide df@AAT7) upon
between the complementary triazole nucleosfdégentical Lhuilzgggg”& 0:] E°{;e3f'?,g:aé'}f"l‘gésn?ﬁ,l’ﬁ’?cﬁ";dr',i'&”i;lgé“s" [329;_;3.
slopes for varying concentrations of nucleic acid on the other

hand would be expected if nonspecific binding took place. @Pplying CD and UV spectroscopy. The CD spectra of
Indeed, such behavior is found for the sequencerd(A d(A7XsT7) show a steady transition upon increasing silver-
GAAT-), which contains the natural nucleobases guanine and(l) concentrations (Supporting Information, Figure S3). At
adenine instead of the artificial ones (part b of Figure 4). the beginning of the titration, the CD spectrum resembles
The GAA sequence is well-known to stabilize hairpin that of poly[d(A)}poly[d(T)], as can be expected on the basis
structure<3 of the sequenc#. The spectra recorded upon the addition

Additional experiments were performed to gain further Of Ag* show a trend similar to that observed for a titration

insight into the changes in oligonucleotide conformation by Of Poly(A)-poly(U) with Ag*.?*In the latter case, this change
had been attributed to the binding of the metal ion to all of

(21) One equiv of metal ions represents the amount that is necessary forthe nucleoside residues and subsequent alteration of the

the formation of a regular double helix in which each potential metal- : : : . :
jon-mediated base pair contains one metal ion, electronic configuration of the bases and their interactions

(22) The labeled oligonucleotidds, B, andC cannot be used to confirm  Within the polynucleotidé® At first glance, these results are

the conformational change. In these, the fluorescein and dabeyl iy contradiction to those from the melting experiments, which
moieties stabilize the hairpin conformation to such an extent, that no

regular double helix is formed upon the addition of silver(l). This can suggested specific binding of the silver(l) ions. UV spectra
be seen for example from the concentration-independent melting of d(A;X3T7) with various amounts of AgN§present in the

23) femperature gc %’ﬁgf’@g \',r\‘,';otg?]zggnlf '.g‘,f,[ﬁjgz)k._i.. Hirao. 1. SOlution, recorded concomitantly with the CD spectra, help

Biochemistry1997, 36, 4761-4767. to shed light on this apparent contradiction. As can be seen

Inorganic Chemistry, Vol. 46, No. 24, 2007 10117
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Figure 5. Changes in the UV spectrum of d&sT7) upon the addition

of AgNQOs. The abrupt change in the slope at 1 equiv of Atgarly indicates
that the first equiv interacts differently with the oligonucleotide than the
subsequent ones. Conditions: @M d(A7X3T7), 150 mM NaCIlQ, 5 mM
MOPS pH 6.8.
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Figure 6. Sections of MALDI-TOF spectra of d(#sT7) in the absence
(blue) and presence of 5 equiv of A¢red). Selected calculated values for
m/z (z = +1) are as follows: single strand, 5002; single strand\g*:
51009; single strand- 2 Ag™: 5216; single strane- 3 Ag*: 5323; double
helix: 10 003; double helix- Ag*: 10 110; double helix- 2 Ag*: 10 217;
double helix+ 3 Ag': 10 323. In addition, N& and K" adducts are
observed { 22 and+ 38, respectively, with regard to the original peak).
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from Figure 5, no changes are observed in the UV spectrum
upon the addition of the first equivalent of silver(l), whereas
additional silver(l) leads to significant changes.

This clearly shows that the first equiv of Agnteracts
differently with the oligonucleotide than excessAgoing
along well with the preferential formation of three metal-
ion-mediated triazole base pairs prior to a different interaction
of the excess silver(l). As triazole nucleoside does not have
any significant absorbance above 220 nm (Supporting
Information, Figure S4), no changes are expected in that
spectral region upon the formation of metal-ion-mediated
triazole base pairs.

The results of MALDI-TOF mass spectrometric studies
can also be explained in terms of a silver(l)-induced
stabilization of the double helix, with the most likely
explanation being the formation of metal-ion-mediated base
pairs. The mass spectrum of d¢fsT-) in the presence of 5
equiv of AgNGQ; indicates that most of the double helix

Bohme et al.
Table 2. Results of the DLS Measuremehts

oligonucleotide r (nm) mass (%) % polydispersity
d(A7X3T7) 1.60+0.10 100 7.3
d(A7XsT7) + Ag* 2.10+£0.05 99.9 7.4
reference hairpin 1.5%0.05 99.9 8.4
reference double helix ~ 2.060.05 99.9 7.0

aThe hydrodynamic radius given in this table corresponds to the average
value from at least four measurements. Reference hairpinyGRAT?7);
reference double helix: d(GGAAAAGGAGAGAAGAAN(TTCTTCTC-
TCCTTTTCC).

— albeit at lower intensity- peaks that can be assigned to
the respective regular double helix (calculated for
(Mo+H)*: m/z = 10 003 Da), again including silver(l)
adducts. Although MALDI-TOF measurements are known
for their tendency to produce casual binary adducts such as
(2M;+H)* that cannot be distinguished from specifically
formed binary adducts like the double helix {ivH)*, such

a behavior is unlikely in the case discussed here, as can be
seen from a comparison with the MALDI-TOF spectrum of
the same sample, prior to the addition of silver(l) (Figure 6,
blue spectrum). Under these conditions, only the hairpin
structure is formed, hence any peak around = 10 000

can only be due to a casual adduct. Indeed, the spectrum,
displaying various Naand K" adducts for the single strand,
shows a much smaller peak corresponding to the binary
adduct. Hence, the increase in intensity of the peaks around
m/z = 10 000 in the presence of silver(l) clearly shows that
the addition of these metal ions induces double-helix
formation. The MALDI-TOF spectra of a different batch of
d(A;X3T>) illustrate this trend in an even more pronounced
fashion, albeit at a lower spectral resolution and with more
alkali metal-ion adducts (Supporting Information, Figure S5).

Final proof for the conformational change from hairpin
to regular double helix comes from dynamic light scattering
(DLS) experiments. Table 2 shows the results of these
measurements.

In the absence of any transition-metal ions, whenE&;)
adopts a hairpin conformation, a solution of €KAT7)
comprises 100 mass% of a particle with a mean hydrody-
namic radius of 1.60t 0.10 nm. This value lies in the
expected range for a hairpin structure, considering an average
helical rise of 0.34 nm between individual base pairs and a
considerable contribution of the loop to the overall size of
the particle. The addition of AgNgIo the solution leads to
a mass distribution with 99.9 mass% belonging to a particle
with a mean hydrodynamic radius of 2.#0.05 nm. This
increase in size is expected when going from a hairpin with
7 base pairs to a regular double helix comprising 17 base
pairs, as can be seen from the concomitantly performed
reference measurements (Table 2). In the latter, oligonucleo-
tides that do not contain artificial nucleobases and that form
a hairpin and a double helix, respectively, show mean
hydrodynamic radii of 1.55 0.05 (hairpin) and 2.05 0.05
nm (double helix). Within the error limits, these values are

dissociates under the experimental conditions, as it showsin excellent agreement with those of the nucleic acids

peaks corresponding to the single strand (calculated for
(My+H)*: m/z = 5002 Da) with distinct silver(l) adducts

(24) Gray, D. M; Ratliff, R. L.; Vaughan, M. RMethods EnzymolL992
211, 389-406.

(Figure 6, red spectrum). However, the same spectrum showg25) Arya, S. K.; Yang, J. TBiopolymers1975 14, 1847-1861.
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containing triazole nucleoside, hence confirming the con- addition of metal ions provides the opportunity to generate
formational change from hairpin to double helix upon the a large variety of metal-ion sensors, with the possibility of

addition of silver(1)?® fine-tuning their sensing capabilities depending on the
_ artificial nucleoside that is used, or on the sequence of the
Conclusions hairpin stem that is built from regular nucleosides. Work is

in progress in our laboratory to exploit this conformational

We have shown that artificial nucleosides can be used to -
change in terms of a fluorescent turn-on sensor.
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