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Substitution of natural nucleobases in PNA oligomers with ligands is a strategy for directing metal ion incorporation
to specific locations within a PNA duplex. In this study, we have synthesized PNA oligomers that contain up to
three adjacent bipyridine ligands and examined the interaction with Ni2* and Cu?* of these oligomers and of duplexes
formed from them. Variable-temperature UV spectroscopy showed that duplexes containing one terminal pair of
bipyridine ligands are more stable upon metal binding than their nonmodified counterparts. While binding of one
metal ion to duplexes that contain two adjacent bipyridine pairs makes the duplexes more stable, additional metal
ions lower the duplex stability, with electrostatic repulsions being, most likely, an important contributor to the
destabilization. UV titrations showed that the presence of several bipyridine ligands in close proximity of each other
in PNA oligomers exerts a chelate effect. A supramolecular chelate effect occurs when several bipyridines are
brought next to each other by hybridization of PNA duplexes. EPR spectroscopy studies indicate that even when
two Cu?* ions coordinate to a PNA duplex in which two bipyridine pairs are next to each other, the two metal—
ligand complexes that form in the duplex are far enough from each other that the dipolar coupling is very weak.
EXAFS and XANES show that the Ni#*-bipyridine bond lengths are typical for [Ni(bipy).J** and [Ni(bipy)s]** complexes.
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Bipyridine-Modified PNA Duplexes

Scheme 1. Cartoon Representations of Possible Structures of Metal- Chart 1. Sequences and Numbering Scheme for PNA Oligomers and
ContainingBpy—PNA Duplexe3d Duplexes.

aThese cartoons are not meant to indicate the actual geometry of the
metal center or distortions of nearby nucleobases. Structures are composed
of the PNA backbone (dark rods), natural nucleobases (dark pl&eg),
(light plates), and M* ions (silver spheres). For specific PNA sequences,
see Chart 1.

o . situated in complementary positidh&’{ AB}® (Chart 1) and
A §|gn|f|cantly_smaller_number of duplexes that contain ghowed that Nit binds to the ligands and increases the
multiple metal-binding sites have been reported. To date, giapjjity of the bipyridine-modified duplex, compared to that
Schultz et al. have incorporated two isolated neutral COpper ¢ ihe metal-free duplex. Here, we report how the effect of
complexes with mixed pyridine:pyridine-2,6-dicarboxylate - mea) jons on the duplex stability depends on where in the
coordination into a 12-bp DNA duplex and obtained a crystal duplex the metal is situated. We also show that'Cand
structure of the metal-containing dupl&xShionoya has ¢zt coordinate to bipyridine-substituted PNA duplexes.

demonstrated the incorporation of five neutral Copper rina|ly incorporation of more than two bipyridine ligands
hydroxypyridone moieties between two end-of-duplex natural j, 4qiacent positions within the PNA duplex allowed us to

DNA basepairs by UV titrations and EPR spectrosc8py.  ping multiple metal ions to the same duplex. The properties

Zimmerman et al. have reported a stabilization effect of @ ¢ these duplexes before and after metal incorporation have

stoichiometric amount of metal ions when two or four heen studied using optical and EPR spectroscopy, EXAFS
adjacent ligand pairs of [3 1] type have been incorporated 5,4 XANES.

in adjacent positions in 15-bp DNA duplexg$he thermal
stability of DNA duplexes that contain three pairs of neutral, Results and Discussion
bidentate ligands has been reported to be maximum in the
presence of 3 equiv of Ki, suggesting that up to three
positively charged metaligand complexes can form in
DNA duplexes'® Given the presence of several high-affinity
metal-binding sites within a duplex, the formation of
multiple, stacked metal base pairs is only one of several
modes of coordination (Scheme 1). Therefore, we decided
to systematically investigate the metal binding to peptide
nucleic acid duplexes that contain several ligands and can
act as scaffolds for multiple metal ions.

In a previous study, we replaced an A:T base pair in the
middle of a PNA dupleX AB} with two bipyridine ligands

PNA Monomer and Oligomer Synthesis. The car-
boxymethylated bipyridine nucleoba%evas coupled to the
protected aminoethyl-glycin2to obtain the PNA monomer
ester3, which was subsequently hydrolyzed to obtain the
PNA monomer acid (Scheme 2). This monomer was used
in the solid-phase synthesis of the PNA oligomers using
standard Boc protectiolf. The oligomers were purified by
reverse-phase HPLC and analyzed by MALDI-TOF mass
spectrometry. The sequences of oligomers used in this study
are summarized in Chart 1. In these sequences and elsewhere,
Bpy denotes the bipyridine PNA monomer contained in PNA
oligomers and bipy denotes the unattached-Bi@yridine

(15) Tanaka, K.; Tengeiji, A.; Kato, T.; Toyama, N.; Shionoya,3¢ience Ilgand.
2003 299, 1212-1213.

(16) Switzer, C.; Sinha, S.; Kim, P. H.; Heuberger, B.Ahgew. Chem., (17) Nielsen, P. E., EdReptide Nucleic Acids: Protocols and Applicatipns
Int. Ed. 2005 44, 1529-1532. 2nd ed.; Horizon Bioscience: Hethersett, Norwich, U.K., 2004.
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Scheme 2. Synthesis of the BipyridinePNA MonomerBpy?2

N N=
0 0 (2) N N= ®) 7 N
H 4
7\ ("~ + AN [_’_\\/ 00_>_\/ Oo
=N }\I / OH  BocHN 0'Bu N\)L N\/\
1 ? BoetN” N Y oy Boery” OH
4
a(a) DCC, DhbtOH, DCM, DMF; (b) NaOH, C#HsOH, H0.
Table 1. Melting Temperatures for Bipyridine-Containing PNA incorporated up to seven bipyridine pairs in the middle of
Duplexes {Cy’ DNA duplexes and have observed that the stability of the
Niz* Co?* Cuwt duplexes decreased with an increasing number of bipyridine
none lequiv 2equiv lequiv 2equiv lequiv 2equiv pairst® The decrease observed upon incorporation of a
{AB} 66 66 _ 66 _ 67 _ bipyridine pair into a DNA duplex is smaller than that
{AB}Z 44 58 - 50 - 48 - observed by us for a PNA duplex, which correlates with the
{AB} 65 >85 - 78 - 75 - ; ; e mriminafi
[AB}SS 37 =7 45 50 45 22 37 superior mismatch discrimination of PNA over DNA.
a— indicates not measured. Precisiondid °C for all values except @ (b)
those measured fgiAB}>%-based duplexes for which it i3 °C because =
of broad transitions. °\; g
S =
Thermal Stability of PNA Duplexes Containing Bpy E g
Pairs. Thermal denaturation experiments were performed for § 2
the duplexes listed in Chart 1 in the absence and presenceg §
of transition metal ions. The bipyridine PNA monomer used * 4t £
in our previous studies contained a 5-methyl-substituent F o
(Me-Bpy).2° In the experiments reported in the present paper, % 20" 40 60 80
we have used the unsubstituted bipyridine monoBigy. Temperature (°C) Temperature (°C)

Importantly, the melting behavior of thgAB}®> duplex in Figure 1. Melting curves measured for (a) &M {AB}? (solid line),

the presence of R was the same as that for the analogous {AB}5~_6 (dotted line), an({AB}5v6~7(dasheq line) in the absence of transition
. . metal ions and (b) @M {AB}° duplexes in the absence and presence of 1

PNA duplex that containetfle-Bpy monomers in place of  equiv of N?*, CL?*, or C#*. Solutions were prepared in pH 7, 10 mM

Bpy. This indicates that the methyl group does not exert a sodium phosphate buffer.

measurable steric or electronic effect on the metal binding

to the duplex.

The dupleX AB}° contains two bipyridine ligands in place
of an A:T base pair near the end of the duplex. The melting
temperatureTy) of this duplex in the absence of metal ions
is nearly identical to that of the nonmodified duplgiB}
(Table 1). In contrast, replacement of a central A:T base pair
with a pair of Bpy (as in {AB}®) or Me-Bpy ligandg®
reduced the duplex stability drastically. The influence of the
position of ligand substitution on the duplex stability can be
explained by the fact that terminal base pairs have a higher
tendency for fraying than the central ones. Thus, mismatches
or substitution of base pairs with ligand pairs that cannot
form hydrogen bonds have a smaller influence on the duplex
stability when situated near the duplex terminus than when
placed in the middle of the duplex.

The melting temperature ¢fAB}>8, which contains two
adjacentBpy pairs, is lower than that of the duplexes that
contain a single pair of bipyridines (Figure 1a and Table 1).
Furthermore, a decrease in the absorbance at 260 nm occurg?
upon slow cooling of a 1:1 mixture @&>67andB*5¢from !
95 to 15°C, but the absorption does not reach a plateau
(Figure 1a), which suggests that the dup{éB}>87is not
completely formed at 18C. Therefore, the duplex melting
temperature must be lower than 30. The loss of thermal

stability of duplexes with an increasing number of bipyridine The addii 1 v of I . he th |
pairs can be rationalized by the fact that two bipyridines € addition of 1 equiv of metal lons increases the therma

situated across from each other in the duplex cannot form stability of the{ AB}*® duplex (Figure S2 and Table 1); the

hydrogen bonds and are not size complementary. This result(lg) Brotschi. C.: Mathis, G.: Leumann, C.Ghem—Eur. J. 2005 11,
is in agreement with that of Brotschi et al., who have 1911-1923.

The addition of metal ions increases the melting temper-
ature of{AB}° (Figure 1b and Table 1); the stabilization
decreases from Ki (ATy > 20 °C) to C&t (ATy = 13
°C) and Cé" (ATwy = 10°C). This trend correlates with the
binding constant to bipy being largest for’lNiand the ionic
radius being smallest for Ri (Table S1). The effect of metal
binding onTy is larger for{ AB}° than for{AB}5.1° The
largerATy is likely a consequence of the fact that the metal
complex situated close to the end{#B}° replaces an A:T
nucleobase pair that is subject to fraying. Also, in the
[M(Bpy)2] complexes formed within the duplex, the two
bipyridine ligands cannot be strictly coplanar because of
steric interactions between the 6 arido6otons of the two
ligands (Scheme 3), and this deviation from planarity for
the metat-ligand complex is likely to have a lower desta-
bilization effect when the complex is situated at the end of
the PNA duplex. The UV spectra foAB}° duplexes (Figure
S1) in the presence of €q Ni?t, or C&*t reveal that the
etal ions coordinate to bipyridine at low temperature. At
gh temperature, the latter two metal ions remain at
least partially bound to bipyridine-modified PNA oligomers,
while C@' is not bound (Figure S1). The difference between
the behaviors of these metal ions is in agreement with
the relative order of their binding constants for bipyridine
(Table S1).
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Figure 2. Melting curves measured for (a)81 { AB}>8in the presence of 1 or 2 equiv of Niand (b) 5uM {AB}>67in the absence of transition metal
ions and in the presence of 2 or 3 equiv ofNiSolutions were prepared in pH 7, 10 mM sodium phosphate buffer and transitions were monitored at 260
nm.

Scheme 3. Typical Distortions in [M(bipy)]?t Complexes

effect is again strongest for Ni (ATy = 20 °C). In the of 2 or 3 equiv of Nf* are identical (Figure 2b), suggesting
presence of 2 equiv of R, the melting temperature of that the third equivalent of metal ion does not interact with
{AB}>6 is 45 °C, which is between those measured for the PNA duplex.

{AB}>?in absence of metal iongy; = 37 °C) and in the Stoichiometry of Metal Binding to PNA Duplexes that
presence of 1 equiv of Kif (Tw = 57 °C) (Table 1). The  Contain a Pair of Bpy Ligands. The dominant feature of
melting transitions in the presence of 1 equiv of metal ion the UV spectra of the nonmodified and bipyridine-modified
are also steeper than in the presence of 2 equiv, indicatingpNA duplexes at both low and high temperature is the broad,
a more cooperative transition (Figure S2). The decrease injntense, 260 nm absorption band attributed to the nucleobases
thermal stability of{AB}>® upon addition of a second (Figure S1a). Metal coordination to bipyridine shifts the
equivalent of metal may be caused in part by electrostatic ;—* hands of the ligand from 235 and 280 nm to 245 and
repulsion between the two metal ions situated in close 295-320 nm (Figure S1b and ¢ and Table $Z% The
proximity to each other. Second, the two bipyridines situated absorption band at 295320 nm is the only one not obscured
next to each other within the single strandael® or B>6 by the nucleobase absorption.

create a four-dentate, high-affinity metal binding site, which Titrations with N#* or C&* of {AB}® duplexes, which
can coordinate a metal ion even if no duplex is formed (see contain a pair of bipyridine ligands in compllementary
next section). If both bipyridine ligands present within each positions at the end of the duplex, show isosbestic points at
oligomer coordinated to a metal ion before strand association265 and 295 nm (Figure 3a and’c). An inflection point is

':(;? :oEt’:liﬁu?;ptloe)ihgogrr\?rlwr:i?tlono?f dﬂ"’%?%ﬁ“ggsnw?rﬁ:i observed in the plots of absorption versus metal concentration
Py P ' for M?*:{ AB}°® = 1:1 (Figures 3b,d). The absorption coef-

hypothesis is supported by the fact that no change in . L
. S ficient at 310 nm for the complexes formed after the addition
*
absorbance is observed at 315 nm, which issther* band of 1 equiv of N&* or C#* is 27 000 or 26 700 M- cm?,

. o 56
of the coordinated bipyridine, whepAB}>® duplexes are respectively, which is close to the average of coefficients

annealed from 95 to 20C in the presence of 2 equiv of O o . -
) . for [Ni(bipy)]?" and [Ni(bipyg]?" (i.e., 28 000 M cm™?,
metal ions (data not shown). Furthermore, the melting curve Table S2). These results indicate that both metal ions

5.R5, i
for the {A%B*?%} duplex (Chart 1) in the presence of one coordinate to the pair @dpy ligands, which is in agreement

equivalent of Nit, which contains three bipyridines and a . : L

thc:/mine instead of four bipyridines, is F;)i/milar to that W'th our previous finding that a [N&py)]** complex forms

measured for th¢ AB}>6 duplex under similar conditions in the middle of{AB}® dgplexeslp Absorption F:hanges
observed at Cii:{AB}° ratios larger than 1:1 (Figures 3d

Figure 2a). 2
( ,3 hyper)chromic change is observed at 260 nm for 2d S3) suggest that the [@Hy)2]>" complex originally

: ; i 2+
{AB}>%7in the presence of 3 equiv of Ni, Co**, or Cl*t, formeld n f[hethduplex 'S tra}nsformgflc into. [Ery)]
but only an upper limit can be determined for the melting complexes In the presence of excesstu
temperature, namelyJy < 40 °C, because the duplex

(19) Jorgensen, C. KAdv. Chem. Phys1963 5, 33—146.

formatiop is not complete at 1% (Figure 2p). Interestingly, (20) Sone, K... Krumholz. P.. Stammreich, 81 Am. Chem. Soa955 77,
the melting curves measured fpAB}5%7 in the presence 777-780.
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Figure 3. Spectrophotometric titration of 1M {AB}? solutions in pH 7, 10 mM sodium phosphate buffer witi#Nfa and b) or C&" (c and d).

Stoichiometry of Metal Binding to Bpy—PNA Strands observed in the slope of the absorptiona&:1 Ni#*:{ AB}>6
Containing Two Pairs of Bpy Ligands. The presence of ratio (Figure 4b). This small change suggests that the
several ligands in close proximity to each other within the [Ni(Bpy)s]>" complexes originally formed in the duplex
bipyridine-modified PNA oligomers and duplexes and the may be converted into two [N&py).]>" alternative base-
ability of the metal ions to coordinate one, two, or three pairs. For Cé", the transformation of [NBpy)z]>" into two
bidentate ligands make possible the binding to these oligo- [Cu(Bpy)z]?>* complexes is unambiguous. Indeed, the titra-
mers of multiple metal ions with different coordination tion of the duplex with C& shows inflection points in
modes, such as four-coordinate square planar or six-the absorption at a 2:1 Cu{AB}>® ratio (Figure 4d),
coordinate octahedral (Scheme 1). To distinguish betweenindicative of binding of one Cif ion to each of the two
the potential complexes that may form in PNA duplexes that pairs of bipyridine ligands. The absorption coefficient at 310
contain more than one pair of bipyridine ligands, we have nm for [CuBpy)2]?" (Table 2) is in agreement with that
titrated{ AB}>® and{ AB}>%7 with Cl?" or Ni?". measured for a synthetic [Cu(bip}A" complex (Table S2).

Titration curves for thd AB}>6 duplex with N#* show This is also confirmed by the observation of different
an inflection point at a 1:1 NRi:{AB}>6 ratio (Figure 4a  isosbestic points for C{iAB}>6 ratios below and above
and b). The absorption coefficient at 310 nm of the species 1:1 (Figure S4 a and b). Small changes in absorbance at
formed at the 1:1 inflection point calculated based on 280 nm for CU{AB}>® ratios above 2:1 suggest that the
the NP* concentration is 40 800 M cm™ (Table 2), which [Cu(Bpy)2]?" complexes may be further transformed into
is similar to that reported for the synthetic complex [Cu(Bpy)]?" complexes (Figures 4d and S4c).

[Ni(bipy)s]?" (Table S2):° An inflection point for the change Stoichiometry of Metal Binding to Bpy—PNA Duplexes

in absorption at 280 nm is also observed at one equivalentthat Contain Three Pairs of Bpy Ligands. Changes in the

of C?* per{AB}>8 duplex (Figure 4d). This indicates that absorbance at 260 nm as a function of temperature between
for both NPt and Céd*, one M ion coordinates three of 95 and 20°C for solutions containing a 1:1 mixture &7

the four bipyridines present in ea¢lAB}>6 duplex to form andB#*5€in the absence and presence of metal ions show a
a [M(Bpy)s)?t complex with octahedral geometry, which is transition with low cooperativity and hyperchromicity (Figure
an unusual geometry for a complex formed inside a nucleic 2b). This may be because either a duplex does not form or
acid double helical structure. The lack of an inflection point the hyperchromicity associated with the melting of an
in the titration curves monitored at 253, 304, or 314 nm for {AB}>%7duplex with a limited number of nucleobase pairs
CwW"{AB}>® = 1:1 is likely due to differences in the is low. Therefore, we have conducted titrations of solu-
absorption coefficients for [C&py)z]?>" and [CuBpy)2]?". tions that contain a 1:1 mixture &>87 and B*>8 which

As the NP* concentrations in the UV titrations increase have been slowly cooled from 9&, as it would be typically
beyond that of the{AB}>® duplex, a minor change is done in the preparation of PNA duplexes, and below, we

9802 Inorganic Chemistry, Vol. 45, No. 24, 2006
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Figure 4. Titration of 10um {AB}>6in pH 7, 10 mM sodium phosphate buffer with®i(a and b) and Cif (c and d).

Table 2. Stoichiometry and Absorption Coefficient at 310 nm for Complexes Formed between Metal loBpgreNA Oligomers and Duplexes
Based on M" Concentration at Inflection Points of UV Titrations

Ni2+ cuwt
M:PNA2 M:Bpy2 complex ea1d M:PNA2 M:Bpy2 complex eand

A® 1:2 1:2 [NiBpy)2] 27 000 1:2 1:2 [[CC::Lgpy;]z] Zg 7g8

1:1 11 uBpy 135
AS5S 1:1 1:2 INiBpy)2] 34000 1:1 1:2 [CuBpy)2] 25 200
2:1 11 [CuBpy)] 13 200
A567 1:1 1:3 INiBpy)a] 40 000 1:1 1:3 [CuBpY)sl 33300
{AB}? 1:1 1:2 INi®Bpy)2] 27000 1:1 1:2 [CuBpy)2] 26 700
2:1 1:1 [CuBpy)] 13900
{AB}56 1:1 1:4 [NiBpy)3] 40 000 1:1 1:4 [CuBpy)a] 32200
2:1 1:2 [N@(pr)z] 25000 2:1 1:2 [CuBpy)2] 24 500
{AB}567 2:1 1:3 [Ni®Bpy)4] 40 000 2:1 1:3 [CuBpy)a] 32800
6:1 1:1 [CuBpy)] 12 220

aM:PNA is the M?*:oligomer ratio forA" strands or the MI":duplex ratio forf{ AB}" systems. MBpy is the formal ratio between & andBpy. ® These
values were calculated from UV titration spectra without subtracting the absorbance at 310 nm'*for=[Rl. We have verified that the values calculated
after subtraction of initial absorbance at 310 nm are very close to the ones listed in the table and lead to the same conclusions.

refer to the final state achieved in this procesg AB}>%7 exclude the possibility that eadk? 67 or B4 strand forms
duplexes. one [M(Bpy)s]?>* complex.
In UV —vis titrations of{ AB}>67 duplexes with Ni* and A second small inflection point exists in the titration curves

CW*, the absorption at 368320 nm increases with the for {AB}>67 at a NP {AB}>%7 ratio of 3:1 (Figure 5b),
concentration of M" in solution and reaches a plateau for which is suggestive of a conversion of [Bify)s]?" to
two metal ions per duplex (Figure 5). Isosbestic points are [Ni(Bpy),]?" and of the existence of a triply metal-bridged
observed for both metal ions at concentrations for which {AB}87duplex. Further support for this hypothesis comes
M2+ {AB}>¢7 < 2:1. The absorption coefficient at 310 from the fact that in titrations of>%7with Ni®" no change

nm for the complexes formed at a ratio oPN{ AB}>67 = in absorbance is observed after the Bpf)s]?" complex is
2:1 is 40 000 M?! cm™® (Table 2), which coincides with  formed (see below). The titrations ¢AB}>67 with ClL?*
that for the synthetic [Ni(bipy)?t complex (Table S23° clearly indicate that addition of Ctiin excess of two metal

These data suggest the formation of two By§)s]?" ions per{ AB}>%7duplex leads to binding of additional €u
complexes in eaciAB}>%7 duplex, although we cannot ions to the duplexes (Figure 5¢ and d). The absorbance

Inorganic Chemistry, Vol. 45, No. 24, 2006 9803
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Figure 5. Titration of 10um { AB}>%7in pH 7, 10 mM sodium phosphate buffer with®Ni(a and b) and Ci(c and d). See Figure S4 for spectral changes

at successive Cti concentration regimes.

reaches a plateau for concentrations of>Cat which
Cuw:{AB}>¢7 > 6:1 (Figure 5d), which is suggestive of
the formation of [CuBpy)]?>" complexes, in agreement with
the results fo{ AB}® and{AB}>®.

UV Titrations of Ligand-Containing PNA Oligomers.
We have previously reported in the context of 8-hydroxy-
quinoline-modified PNA oligomers that strong coordinative

observations indicate that forms different complexes with
Cu?* depending on the metal ion concentration. The changes
in absorption as a function of the &uconcentration (Figure
7b) confirm this hypothesis and indicate that [Bpy).]2*
complexes form for Ci:A° < 1:2 and [CuBpy)]**
complexes for Ctr:A® > 1:2. Thex—a* absorption bands

of bipyridine in [CuBpy)]?>" are bathochromically shifted

bonds within a metal-containing alternative base pair can with respect to the corresponding bands for [Buoy),]%*
induce the hybridization of oligomers whose sequences are(inset of Figure 8b). The absorption coefficient at 310 nm

not completely complementafyThis could be the case for
the partly self-complementa®, A>8, andAS%7 It is also
possible that given the presence of multiple ligand& ¥t
and A>87 oligomers, they form intramolecular complexes
with metal ions. To evaluate these possibilities ASr A5,
and A>57, we have performed UV titrations of the single
strands.

Titrations of A® with Ni?* show isosbestic points at 225,

for the bands of [CU&9)] is close to the published value for
synthetic [Cu(bipyJ" (Table S2)° Thus, C@" bridges the

A strands into [Cu&®),] complexes at low Ct concentra-
tions but coordinates to each strand to form [E)]>"
complexes at high concentrations. These results for titration
of A% with Ni?" or C/** are similar to those observed for
titrations of the{ AB}° duplex, in that a [MBpy)2]?" complex
forms followed by its transformation to [Cu(bip¥J]in the

250, and 295 nm (Figures 6a). The absorbance at 280, 300presence of excess &u

and 313 nm shows an inflection point fordiA°® = 1:2 (Fig-

Titrations of A>® with Ni2™ or C./2" indicate the formation

ure 6b). These observations indicate that an interstrandof [M(Bpy),]?>* complexes (Figures 6¢c and d and 7c and d)

[Ni(A%)] complex forms upon addition of Kii to A°. The
absorption coefficient for this complex at 310 nnm~g7 000
M-t cmt (Table 2), which is close to the average of the
values reported for [Ni(bipyj] and [Ni(bipy)]?" complexes
(Table S2), supporting the formation of a [Bjfy)s]*"
complex between twé\° strands.

Titrations of A° with CW?" (Figure 7a) show distinct
isosbestic points for Cti concentrations for which Cu:
A° is below 1:2 (i.e., 264 and 297 nm, Figure 8a) and

and are consistent with binding of either one metal ion to
the two adjacent bipyridine ligands in ea&h® strand or of
two metal ions to pairs ofA> strands. The first process is
intramolecular and thus entropically more favorable than the
second one, although steric interactions may disfavor it. A
thermal denaturation study of the partly complemenfsr§
strand (Chart 1) in the presence of one equivalent &f Ni
per duplex revealed a cooperative transition with substantial
hyperchromicity (data not shown), which suggests the

between 1:2 and 1:1 (i.e., 230 and 250 nm, Figure 8b). Theseformation of interstrand complexes.
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Figure 6. Spectrophotometric titration of 20M A® (a and b), 2Q:M A58 (c and d), and 2@M A567 (e and f) in pH 7, 10 mM sodium phosphate buffer
with Ni2*.

Figureu;.r Spectrophotometric titration of 20M A°® (a and b), 2Q«M A58 (c and d), and 2@M A%67 (e and f) in pH 7, 10 mM sodium phosphate buffer
with Cwt.

Titration of A>®with Ci?™ shows different isosbestic points  in the duplex transform into [CB(y)]?>" ones, a hypothesis
for Cl?™:A%6 < 1:1 and for 1:1< CW*":A%6 < 1:2 (Figure that is similar to that drawn on the basis of the results of
S5). Upon the addition of more than 1 equiv of"Cto A5, titrations of A® and of bipyridine-modified AB}° duplexes
a shift occurs in the position of the absorption maxima from with Cu?*. The direct formation of [MBpy),]?" complexes
303 to 305 nm and from 314 to 315.5 nm. These changesbetweenA®8 and M (M = Ni or Cu) is in contrast to the
suggest that the [CBpyY).]>" complexes originally formed  formation of [MBpy)s]?" complexes between ™M and
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Figure 8. Spectrophotometric titration of 20M A° with Ci?* for samples containing (a) up to 0.625 equiv oP€®NA strand and (b) 0.6251.125
equiv of C#:PNA strand. The inset shows the 28820 nm range spectra for the same range of concentrations.

suggesting that the original [(BiY)s]>" complex undergoes
further transformations, in contrast to titration with?Nfor
which no such changes are observed. The lack of clear
inflection points in the absorbance versus concentration
curves for C&":A557between 1:1 and 3:1 prevented us from
determining the stoichiometry of the complexes formed over
this interval of concentrations (Figure 7f).

Gilmartin et al. have investigated the binding of*Ctto
a trimer that had the same pseudo-peptide backbone as that
of PNA and contained exclusively'-Me-2,2-bipyridine
ligands instead of nucleobas®sThis PNA trimer is the
closest comparison system P67 because it has a similar
(Bpy)s fragment. Gilmartin et al. have reported that the trimer
forms a double-stranded helicate in the presence of 3 equiv
of CW?*, which contains three [Cu(bipyft moieties. Our
titrations do not allow us to determine if such a duplex forms
for A567 This difference may be becaudgpy)s is flanked
by nucleobases iA%57but not in the PNA trimer, the point
of bipyridine ligand attachment in the PNA trimer and in
A587 s different, or the concentration range used in the

Figure 9. (left) EPR spectra oBpy—PNA in the presence of Ct. titration experiments is significantly different (i.es40 uM

Hyperfine units are 10* cm™L. (right) Cartoon representation of each 56,7 :
Cuw*—Bpy—PNA system (gray circles, Cu; black vertical lines, PNA for A and >700uM for the PNA trimer).

backbone; light gray lines, nucleobases; dark gray liBgs). EPR SpectroscopyWe have used EPR spectroscopy to
further characterize thBpy—PNA oligomers and duplexes
in the presence of Cu. Guided by the results of UV
titrations, we prepared EPR samples witi?CBNA ratios
that would lead to complexes with specific numbers of
éoordinateony.

There is general agreement in the literature about the EPR
parameters attributed to mono- and tris-bipyridine>Cu
complexes, but some debate surrounds the existence and
coordination geometry of bis-bipy complexes (Table S3).
Noack and Gordon reported EPR studies of 603%9H40%
EtOH solutions containing a 1:2 ratio of &ubipy at an
unspecified pH? They observed the coexistence of two
Cuw* complexes with differenty, values and attributed
them to the cisd, = 2.23) and transg, = 2.28) isomers of
[Cu(bipy)L,]?" (L is a solvent molecule and will be omitted
in future references to this complex). Walker and Sigel

{AB}>6, This difference is indicative of a supramolecular
chelate effect exerted by the duplex, which brings in close
proximity four bipyridine moieties rather than only two, as
is the case for each oligomer, and suggests that the complexe
formed between Kf and A>® are intramolecular.

Titrations of A587 strands that contain three adjacent
bipyridine ligands with Ni* and C3* clearly indicate the
formation of [MBpy)s]?>* complexes (Figures 6e and f and
7e and f). Inflection points are observed in the titration curves
at a MP":A%67 ratio of ~1:1. Three isosbestic points are
observed for titrations with Ni (Figure 6e) and two
isosbestic points are observed for titrations witt¥ Coelow
a Cu#:A%87ratio of 1:1 (Figure S6a).

The stoichiometry of the MBpy complexes formed at a
M?2t:A567 ratio of 1:1 is consistent either with intrastrand
tris-bipy complexes or the formation of two interstrand tris-
bipy complexes by coordination of the transition metals to - - - —
the sixBpy ligands of two PNA strands. When excesgcu %V ﬁ"gagt'lrﬁ Egg‘.r'sﬁégﬂocs"%%hg’;;;;g%?emer’ R.; Williams,
is added, small changes occur in the UV spectra (Figure S6b),(22) Noack, M.; Gordon, GJ. Chem. PhysL968 48, 2689-2699.
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Table 3. EPR Parameters for Complexes Formed betweett @nd
Bipyridine-Modified PNA in pH 7, 10 mM Sodium Phosphate Buffer,
25% Glycerol

PNA Cu:bipy |
sample ratio ol (x104cm™) gm O

A° 1:1 2.274 173 2.063  2.055
{AB}56 1:4 2.260 164 2.095  2.047
{AB}567 1:3 2.265 164 2111 2.048
{AB}® 1:2 2.235 152 2117  2.019
{AB}56 1:2 2.241 145 2.113  2.030
{AB}567 1:2 2.253 158 2132 2.044

repeated the experiments of Noack and observed a different

spectrum that they assigned to [Cu(bigy)] and

[Cu(bipy)]?*.2® This did not exclude the presence of [Cu-

(bipy)z]?* in solution, provided that it had spectral parameters

similar to those of [Cu(bipy)?". McKenzie suggested that

the series of lines observed by Noack was due to [Cu-

(bipy)2]?" complexes with different numbers of coordinated Figure 10. A, vs g, values for C&* complexes with bipyridine (black
solvent molecule® Marov et al. observed a spectrum similar  triangles, Table S3) and with Bpy-modified PNA.

to that attributed by Noack tais-[Cu(bipy)]?" in either pH

2.2 60% HO—40% EtOH solutions or pH 8.5 borate buffer, N solutions in which the C{AB}® ratio is 1:1 or the
in which the C@*:bipy ratio was 1:25 Recently, Garribba ~ CU1AB}>°ratio is 2:1, the formal Ci@py ratio is 1:2. The
et al. concluded that when the Cu:bipyridine ratio is 1:2, EPR spectra of these samples are similar to each other and

trans[Cu(bipy)]2* is the only species present in aqueous 2r€ significantly different from those for [Capy)]2+ and
solutions and that a square pyraraig{Cu(bipy)L] complex [CuBpy)s]* complexes formed wittBpy-modified PNA,
is present in 60% BD—40% EtOH solutioné® The EPR ~ @nd we assign them to [GBpy)2]** complexes, in agree-
parameters for these complexes (Table S3 and FigureMent with the UV titration results. Theg, and A values
10¥225.25re used for comparison with those measured for &€ intermediate between those reported s and
complexes formed between @uand bipyridine-modified  trans{Cu(bipy)]*". This difference could be caused by the
PNA (Table 3 and Figures 9 and 10). binding of nearby nucleobases or solvent molecules to the
Spectral parameters were determined from simulations of ©therwise four-coordinate €tcomplexes as observed for
the EPR spectra (Figure 9) and are given in Table 3. This CU'-coordinated ligand-modified DNA duplexsr by the

table is organized to group together®tPNA complexes steric effect exerted by the PNA duplex on the metal
that have similagg andA values. As a consequence of this COMPIex.

classification, the species appear also grouped by their formal _ T"€ EfﬁR spectra measured for a sample in which the
Cuw*:Bpy ratios. This is also apparent in t#g versusg Cuf{AB}>®ratio is 2:1 is slightly broader (line widts 400

plot, which contains the values for ucomplexes with G) than that observed for solutions containing Cu fAB}°

Bpy—PNA and those for synthetic €ubipyridine com- in a 1:1 ratio (line width= 375 G), but no transitions are
plexes (Figure 10). observed aB ~ 1650 mT, which would be characteristic of

The g, and A, values for the complex formed between Strong coupling between the tw®= 1/2 Ci#" ions. The
CW?* andA? in a 1:1 ratio are close to those reported for Proadening might be the consequence of weak dipolar

[Cu(bipy)?* complexes (Table S3). The small difference _couplingskgetwee_zn the two [CBOY),]*" complexes present
between thel, values could be caused by weak binding by N {AB}>% but if this is the case, the coupling must be
nearby nucleobases or buffer anions tCar by steric relatively weak. For example, if the complexes were at a

interactions between the PNA oligomer and the Ehy(]2" distance 66 A at anangle of 30 between the normal to
complex. This conclusion is in agreement with that drawn the ligands plane or at a distancesoA at anangle of 43,
on the basis of UV titrations. the splitting of theg, resonance caused by dipolar coupling

EPR spectra for the 1:1 QAB}5¢ and the 2:1 would be~150 G, and the spectrum would be significantly
Cu{AB}567 samples are similar to each other and have Proadened. This result indicates that the [Bluy),]*"

spectral parameters consistent with the formation of either COMPIexes are not stacked (expected distance-34

trans[Cu(Bpy);]2* or [CuBpy)s]?" (Figure 10 and Table A) but that, in a duplex containing multiple adjgcent
S3). On the basis of the results of the UV titrations, we [CU(BDY)]*" complexes, these complexes must be situated

attribute the spectra to the existence of [Bi)s]> in these at distances larger than those between nucleobase pairs in
samples. PNA 2728for example one in the minor groove and the other

in the major groove of the duplex.

(23) Walker, F. A;; Sigel, HInorg. Chem.1972 11, 1162-1164.

(24) McKenzie, E. DCoord. Chem. Re 1971, 6, 187-216. (27) Rasmussen, H.; Kastrup, J. S.; Nielsen, J. N.; Nielsen, J. M.; Nielsen,
(25) Marov, I. N.; Belyaeva, V. K.; Smirnova, E. B.; Dolmanova, I. F. P. E.Nat. Struct. Biol.1997 4, 98-101.

Inorg. Chem.1978 17, 1667-1669. (28) Petersson, B.; Nielsen, B. B.; Rasmussen, H.; Larsen, |. K.; Gajhede,
(26) Garribba, E.; Micera, G.; Sanna, D.; Strinna-Erre Inorg. Chim. M.; Nielsen, P. E.; Kastrup, J. 3. Am. Chem. So2005 127, 1424~

Acta 200Q 299, 253-261. 1430.
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Table 4. EXAFS Curve Fitting Results for Bipyridine-Containing PNA
in the Presence of Rif

sample Nicbipy — Ne R(A) 02 (x103A?) R0

A° 1:1 4 2.06 2.4 40
{AB}5 1:2 5 2.07 3.9 34
{AB}® 1:2 5 2.06 3.9 21
A5G 1:2 5 2.07 3.2 110
{AB}56 1:2 5 2.06 2.6 11
A56.7 1:3 4 2.06 1.3 32
{AB}56 1:4 5 2.06 2.0 143

2 |nteger coordination number giving the best fiGoodness of fit a®
= 1000 x ZiN:1 (xicaled xiobsd? WhereN is the number of data points.

Our titrations indicate tha{AB}%%7 forms a mixture of
complexes in the presence of 3 equiv ofGsome of which
may be [Cu(bipyj]?*. This conclusion is consistent with the
EPR spectrum for this sample (not shown), which is very
broad and has averaggandA, values that are intermediate
between those observed for [@py)s]?>" and [CuBpy)2]>*
complexes formed within PNA duplexes.

EXAFS of Bpy—PNA Systems in the Presence of Rii.

We have further attempted to obtain information about the
coordination of the Ni"—Bpy complexes formed in PNA
duplexes by using EXAFS and XANES. A comparison of
the Fourier transformed EXAFS data for the set of RNA
complexes (Figure S7) shows minor variations throughout
the series. This is reflected in the curve fitting results,
summarized in Table 4, where all NN distances refine to
approximately 2.06 A, suggesting similar total coordination
numbers in all of the complexes, and they do not allow us

to be more precise than to say that the coordination number

is 5+ 1. Attempts to model the data with a heterogeneous
first-coordination sphere, including varying contributions
from nitrogen and oxygen scatterers, did not significantly
improve the fits. The average first-shell-NN distances are
consistent with the NiN distances for the compounds with
Ni(bipy)2X, or Ni(bipy); coordination contained in the
Cambridge Structural Database. These distances range fro
2.05 to 2.11 A, regardless of the identity of the X ligands.
In an attempt to quantify the number of coordinated bipy
ligands to a given Ni center, theoretical EXAFS data were
generated from crystallographic data. The four prominent
outer-shell scattering features predicted from the model

structures, show an almost linear amplitude dependence on, 4.3

the number of coordinated bipyridines (Figure S7, bottom).
In contrast, nearly all of the PNA spectra display a more
complex pattern, and the lack of any simple trend in the

outer-shell amplitudes precludes their use as a quantitativef

measure of metal coordination.
We have also examined the XANES spectra of Biny-

containing PNA strands and duplexes in the presence of;yation of [CuBpy)s)?* at a Cd*

Ni?* (Figure S8a). The XANES region of the XAS spec-
trum is dominated by the electronic structure of the cen-
tral atom. All seven Ni PNAs show weak ts 3d transi-

tions, consistent with octahedral or four-coordinate square-

planar geometry? Comparison of the derivatives of

(29) Colpas, G. J.; Maroney, M. J.; Bagyinka, C.; Kumar, M.; Willis, W.
S.; Suib, S. L.; Mascharak, P. K.; Baidya, Morg. Chem1991, 30,
920-928.
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XANES (Figure S8b), suggests that the complexes formed
between MNi* and PNA fall into several categories. One
category includes the duplex¢£B}®> and {AB}° in the
presence of one Ri equivalent, which are expected to
contain [NiBpy)z]?" complexes on the basis of UV titra-
tion results. The XANES of AB}>¢ in the presence of 2
equiv of NP* and of A6 in the presence of 1 equiv of
Ni%* are also similar to each other, which is in agree-
ment with the fact that UV studies indicate that both sam-
ples contain [NiBpy).]>" complexes. In the presence of 1
equiv of NP*, A>67 and {AB}>® are in the same, sep-
arate category, consistent with the fact that they form
[Ni(Bpy)s]?" complexes, based on the UV titration EPR
spectroscopy.

Conclusions

The effect of ligand substitution of a natural base pair and
subsequent metal binding is dependent on the position of
the modification. The introduction of a ligand pair situated
near the center of a PNA duplex significantly decreases the
duplex’s stability in contrast to a modification near the end
of the duplex. Moreover, the stabilization exerted by metal
ions on terminally modified duplexes surpasses the stabiliza-
tion of duplexes with a central modification. This difference
is the result of the base pairs at the end of the duplex being
subject to fraying. The metaligand bonds reduce the
fraying and significantly stabilize the duplex. The incorpora-
tion of multiple M**—Bpy moieties in the center of a PNA
duplex does not grant greater thermal stability, probably
because of electrostatic and steric interactions between
adjacent, positively charged complexes.

Speciation diagrams for pH 7 aqueous solutions that
contain bipyridine and Ni in micromolar concentrations
are shown in Figure 11. The distribution of species is changed
when the bipyridines are incorporated in PNA. The oligomers
to which Bpys are attached are relatively bulky ligands and

Mjisfavor the formation of complexes with large coordination

number, which would associate the metal ion with several
PNA single strands. For example, the speciation diagrams
indicate that [Ni(bipy3]?" is the dominant complex at a 1:3
Ni?*:bipyridine ratio (Figure 11a), whereas titration Af

with Ni?* revealed that [Ni\°),] is the dominant species at
N#+:A° ratio (Figure 6a and b).

On the other hand, oligomers that contain multiple adjacent
Bpy monomers bring several ligands in close proximity to
each other and exert a chelate effect, which favors the
ormation of complexes in which the metal ion coordinates
the maximum number of accessible ligands. For example,
titration of eitherA%87 or { AB}>87 with C/?* leads to the
:oligomer ratio of 1:1,
in contrast to the behavior indicated by speciation dia-
grams, namely, at micromolar concentrations, [Cu(kj3y)
is a minority species irrespective of the ibipyridine
ratio (Figure 11b). In another example, titration AfS,
which contains two adjacent bipyridine ligands, leads to
[Ni(Bpy),]?" for formal Ni#*:Bpy ratios up to 1:2, whereas
speciation diagrams predict that, beyond &*iiipy ratio
of 1.25:1, [Ni(bipy)F" is the major complex.



Bipyridine-Modified PNA Duplexes

(a) 100

FreeBipy . = . (b) 100

-
Freg Bip Su(Bipy)

60

% Bipy
% Bipy

40

200\~

; j
% 10 20 30 40 50 60 70 80

60 70 80
INi] (M) [Cu] (uM)

Figure 11. Speciation diagrams for (a) Ni—bipy and (b) C&"—bipy pH 7 solutions. The bipyridine concentration was Ad. Binding and acidity
constants used in constructing the speciation diagrams were obtained from ref 30 and 31 (Table S4).

A supramolecular chelate effect occurs when hybridization prevent the binding of several metal ions in adjacent positions
of complementary PNA oligomers brinddpy ligands in in the duplex. For this reason, DNA, which has a negatively
close proximity. For example, titration §AAB} 56 with Ni2* charged backbone, may be a better choice for the incorpora-
leads to the formation of [NEpy)s]2" if the Ni?*:Bpy ratio tion of positively charged complexes. Indeed, a DNA duplex
is 1:4, butA5® forms [Ni(Bpy).]?" complexes at the same modified to incorporate three adjacent [MjEr complexes
Ni?*:Bpy ratio. The same relationship was observed in forms, and it is more stable in the presence of 3 equiv of the
titrations of{ AB}>%or A>6with Cu?*. This duplex-promoted  metal ion than in the presence of two equivalents f N
chelate effect has been previously documented for metal This study brings evidence that ligand-modified PNA
incorporation in ligand-modified DNA and PNA duplexes. oligomers and duplexes can be used to organize several metal
[Ag(pyridine)]* complexes were formed within a 21-bp ions in close proximity to each other within PNA. These
pyridine-containing DNA duplex at which the same com- results and their comparison to those obtained by others for
plexes would not form between Agnd isolated pyridiné. ligand-modified DNA indicate that ligand affinity for metal
In another example of a chelate effect exerted by a duplex,ions, the geometry and charge of the metal complexes, and
titrations of PNA duplexes containing one pair of 8-hydrox- the charge of the nucleic acid must be considered carefully
yquinoline Q) ligands lead to the formation of [@] in the design of such systems. EPR spectroscopy studies
complexes both at low and high temperature, but thesesuggest that even when two metal ions coordinate to a PNA
complexes can be transformed into [@ucomplexes in the  duplex in which two bipyridine pairs are next to each other,
presence of excess &uonly at high temperatures at which  the two metat-ligand complexes are far enough from each
the duplex is dissociated. other that dipolar coupling is very weak. This conclusion

Importantly, the charge and geometry of adjacent, intra- indicates that for applications of metal-containing PNA
duplex metatligand moieties affects the stability of the duplexes for which intermetal interactions are important,
duplex upon metal binding. In titrations AB} 57 we find electrostatic and steric repulsion between the metal com-
clear evidence that nickel ions coordinate to the duplex or plexes must be minimized or the metal ions must be bridged
separated strands to form [Bify)s]>" complexes, but our by ligands.
data does not prove that in the presence of a third equivalent ] )
of Ni2*, three [NiBpy)]2* complexes can be generated in EXperimental Section
{AB}>57 duplexes. In contrast, up to five €uions were Synthesis of the PNA Monomer 42,2 -Bipyridine-5-acetic acid
shown to coordinate to hydroxypyridone-modified DNA 1 was obtained according to previously published procedures
duplexes to form five adjacent [Cu(hydroxypyridogie) (Scheme 4}233 All other chemicals were purchased from com-
alternative base paif8.A difference between the metal mercial sources and were used without further purification.
binding to bipyridine-modified PNA duplexes and hydroxy- ~ Aeg (0.825 g, 3 mmol) was dissolved in 10 mL of DMF. To
pyridone-modified DNA duplexes is expected because the this solution, 0.54 g (3.3 mmol) of DhBtOH and 0.76 g (3.3 mmol)
[Ni(bipy).]2* complexes are positively charged while the of 2,2-b|pyr|d|ne-5-acet|c acidl) were added along with 10 mL
[Cu(hydroxypyridone) complexes are neutral. Furthermore, ©f PEM: The solution was cooled toT, and 0.745 g (3.6 mmol)
hvdroxvovridone forms blanar complexes with Zoin of DCC was added. The react_lo_n mixture was stirred vigorously at

ydre ypy . P . P 0 °C for 1.5 h, followed by stirring at room temperature for 3 h.
solution, whereas bipy and Nior Cl/?" form octahedral or
distorted square-planar complexes, with the typical distortions (31) smith, R. M.; Martell, A. E.Critical Stability Constants, Vol. 4:

from square planarity for [M(bipy) complexes being either 32) lmrgan:gc C/gmplleé{eSADIe\r}_um: t,N_evlg Ygrk,t;9/16.s . o £
. . - ilani, B.; Anzilutti, A.; Vicentini, L.; Santi, A. S.; Zangrando, E.;
twist or bow—step (SCheme 35EleCtrOStat'C repUIS'On may Geremia, S.; Mestroni, @rganometallics1997, 16, 5064-5075.
(33) Ballardini, R.; Balzani, V.; Clemente-Leon, M.; Credi, A.; Gandolfi,
(30) Martell, A. E.; Smith, R. MCritical Stability ConstantsPlenum: New M. T.; Ishow, E.; Perkins, J.; Stoddart, J. F.; Tseng, H.-R.; Wenger,
York, 1982; Vol. 5, First Supplement. S.J. Am. Chem. So@002 124, 12786-12795.
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Scheme 4. Synthesis of 2,2Bipyridine-5-acetic acid

L=
=N

The finely powdered white solid precipitate formed during stirring
was removed by filtration and washed with 10 mL of DCM. To
the combined filtrate, 30 mL of DCM was added, and the solution
was washed successively with dilute aqueous Nakl(3Ox 20
mL), KHSO, (2 x 25 mL), and finally, with brine (2x 30 mL).
The organic phase was dried over anhydrousS{a and filtered.
The solvent was evaporated to a final volume of 5 mL. White solid
DCU precipitated and was discarded. To the new filtrate, 20 mL

A

_ Hy
NH,OAc
H,NCHO

of hexanes was added, and the reaction mixture was refrigerated B*>°

(4 °C) overnight. The yellow soli®, which precipitated, was dried
under vacuum. Yield: 1.06 g (75%JH NMR (500 MHz, in
CD3SOCDy): 6 8.74 (1H, s), 8.60 (ma) and 8.54 (mi) (1H, s), 846
8.33 (m, 2H), 7.97 (1H, m), 7.82 (m, 1H), 7.48 (t, 1H), 7.07 (1H,
br. NH), 4.32 (mi) and 3.97 (ma) (2H, s), 3.90 (ma) and 3.75 (mi)
(2H, s), 1.45-1.39 (18H, 2xs, Boct OtBu). ES-MS (CHCN):
m/z = 471.07 (MH", 100%).

The monomer este8 was hydrolyzed following a previously
reported proceduré.3 (0.470 g, 1 mmol) was taken up in a mixture

Franzini et al.

BuLi, DIA
—_—
CO,/THF

I\ L\
1

Table 5. Mass Characterization &py—PNA Oligomers

calcd exptl

name sequence m'z mz
A9 Lys-CBpyTCTAGTGA 2877 2888
B2 Lys-TCACTAGABpyG 2886 2886
A58 Lys-CATCBpyBpyGTGA 2907 2907
BS:6 Lys-TCACBpyBpyGATG 2907 2908
AS567 Lys-CATBBpyBpyGTGA 2952 2953
Lys-TCACBpyBpyBpyATG 2912 2914

corresponding to ther—x* transitions of the nucleobases. Con-
comitantly, the change in absorbance at 315 nm was recorded to
visualize the temperature dependence of metal binding to the
bipyridine moiety. A Varian Cary 300 spectrophotometer equipped
with a thermoelectrically controlled, multicell holder was used for
the thermal denaturation studies. All samples were prepared by
mixing stoichiometric amounts of PNA strands in 10 mM phosphate
buffer (pH 7) to give a total strand concentration of:d@, which

of 1:2 ethanol/water (28.5 mL). To this suspension, a concentrated corresponds to a BM duplex concentration. The concentration of

aqueous solution of NaOH (25 M, 0.5 mL) was added. The mixture
was stirred at room temperature for 6 h. Then the resulting clear
yellow solution was filtered and carefully acidified to pH 3 by the
addition d 4 M HCI and extracted with & 50 mL of ethyl acetate.
The ethyl acetate fractions were combined, dried oveSg and
filtered. The solvent was evaporated to yield an orange yellow solid,
which was dried under vacuum overnight to obtain a bright yellow
product4. Yield: 0.26 g (63%). mp: 132135°C.H NMR (300
MHz, in CDCk): ¢ 8.78 (1H, d), 8.62 (s, 1H), 8.31 (dd, 2H), 7.84
(dd, 2H), 7.33 (1H, t), 5.6 (1H, br NH), 4.18 (mi) and 4.05 (ma)
(2H, s), 3.84 (ma) and 3.68 (mi) (2H, s), 3.49 (2H, m, LB.27
(2H, t, CH,), 1.44-1.37 (9H, s, Boc). ES-MS (C¥N): miz =
415.0 (MH", 100%).

Solid-Phase PNA Synthesis?NA oligomers were synthesized
on a 10umol scale, using a standard Boc-protection stratégy.
As a solid support, cross-linked polystyrene beads functionalized
with 4-methylbenzhydrylamine were used (280 mesh 0.18
mequiv/g, Peptides International, Louisville, KY). Anlysine

residue was preloaded onto the resin using Boc-Lys(2-Cl-Z)-OH

(Peptides International) by standard procedure to lower the loading

to between 0.10 and 0.05 mequivfgBoc-protected PNA mono-
mers were purchased from Applied Biosystems (Foster City, CA)
and used without further purification. HBTU (Applied Biosystems)
was used as coupling agent, and coupling time was typically 30
min. The coupling of the second or thiBpy monomers required
longer times (1 h). PNA oligomers were cleaved from solid-support
usingm-cresol/thioanisole/TFMSA/TFA (1:1:2:6) and precipitated
with cold diethyl ether. PNA strands were purified by reverse-phase
HPLC using a C18 column (&m; 19 x 100 mm; Waters
Corporation, Milford, MA) and were subsequently lyophilized for

the stock solution was determined by UV absorption at®@bising

the extinction coefficients of the corresponding monomers given
in the literature” The extinction coefficient for the bipyridine
monomer é60 = 9770 M~ cm™! at pH 7) was determined from
the slope of the calibration cur#so vs the concentration of the
monomer acid4. UV melting curves were recorded for both cooling
and heating modes at the rate of@/min. The recorded spectra
were smoothed using an adjacent-point averaging algorithm with
a 5-point window. The melting temperaturéy,) was defined as
the maximum of the melting curve’s first derivative. For all three
metal ions, the melting temperature has been estimated on the basis
of the temperature dependence of absorbance at 260 nm.

UV Titrations. The UV spectra between 315 and 220 nm were
recorded on a Varian Cary 50 spectrophotometer as a function of
the metal concentration. Solutions for titrations contained a total
PNA strand concentration of 20M in 10 mM phosphate buffer
(pH 7); the samples were annealed prior to titrations by slow cooling
from 95 to 20°C. UV titrations were carried out by addition of
standard 50@M metal solutions and were continued after reaching
equilibrium. Kinetics studies showed that metal binding to the
bipyridine-modified PNA oligomers and duplexes occurs within
10 min (Figures S9 and S10). TiRAbs values were obtained by
correcting the absorbance measured after each addition for dilution
and PNA absorption.

EPR Spectroscopy EPR spectra were recorded on an X-band
(9.6 GHz) Bruker ESP 300 spectrometer equipped with an Oxford
ESR 910 cryostat. The microwave frequency was calibrated with
a frequency counter and the magnetic field with a NMR gaussmeter.
The temperature was calibrated using devices from Lake Shore
Cryotronics. Spectra were collected under nonsaturating conditions.

long-term storage. Characterization of the oligomers was performed Samples were prepared in pH 7.0, 10 mM sodium phosphate buffer

by MALDI-TOF (Table 5) on an Applied Biosystems Voyager

Biospectrometry Workstation using-cyano-4-hydroxycinnamic

acid matrix (10 mg/mL in 1:1 water/acetonitrile, 0.1% TFA).
Thermal Denaturation Studies.Hybridization experiments were

performed by measuring the change in absorbance at 260 nm

(34) Koch, T. InPeptide Nucleic Acids2nd ed.; Nielsen, Ed.; Horizon
Bioscience: Hethersett, Norwich, U.K., 2004; pp-30.
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with 25% glycerol as a glassing agent in the presence of SuCl
Cu(NGy),. Samples containing PNA and &uin an appropriate
molar ratio were heated at 9& for 10 min, slowly cooled to room
temperature, transferred into EPR tubes, and frozen in liquid
nitrogen. EPR spectra were simulated using the program SpinCount
written by Prof. Michael P. Hendric}.Spin quantitation was done
relative to a 0.499 mM NfCu(edta)] standard, the copper con-
centration of which was determined by plasma emission spectros-
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copy. Spectra were obtained at 12 K with a microwave frequency exp(—2R.d1) andgadK), were calculated using FEFF version 8300.
of 9.65 GHz B, O B). The Ni—N scale factors: in eq 1, and the threshold energyty,
X-ray Absorption Spectroscopy.PNA samples, containing 10%  were held fixed at 0.8 anet20 eV, respectively. Fits to PNA data
(v/v) glycerol added as a glassing agent, were loaded in Lucite were then obtained for all reasonable coordination numbers, varying
cuvettes with um polypropylene windows and frozen rapidly in  only Ry,s and 0,&. In an attempt to quantify the number of bipy
liquid nitrogen. X-ray absorption spectra were measured at the ligands per nickel ion, we compared outer-shell scattering from
National Synchrotron Light Source (NSLS), beamline X9B, with bipy ligands in the PNA complexes to the calculated EXAFS of
a Si(111) double-crystal monochromator. Fluorescence excitation three crystallographically characterized complexes, generated by
spectra were measured with a 13-element solid-state Ge detectousing the crystallographic coordinates of each compound as input
array, and samples were held-at5 K in a Displex cryostat. X-ray to FEFF. The complexes used were (CCDC codes mono-bipy
energies were calibrated by reference to the absorption spectrumCUPJEC, bis-bipy= GOLSUV, and tris-bipy= WADBOT), which
of a Ni foil, measured concurrently with the PNA spectra. XANES include only water molecules as ancillary ligands.

spectra were normalized by fitting polynomials to the data below Acknowledgment. The National Synchrotron Light Source
and well above the edge, setting the edge jump equal to 1. '

EXAFS data were processed using the program SixPack, IS supp_orted by the U. S. D?partme,m of Energy. T_he Achim
available free of charge from http://www-ssrl.slac.stanford.edu/ Group is grateful to the Natlonal Science Foundation (CHE'
~swebb/index.htm. EXAFS spectra were Fourier transformed over 0347140) and the Camille and Henry Dreyfus Foundation
the rangek = 1-13.6 A1 (E, = 8360 eV). The first shell AR = for financial support of this research. NMR spectra were
0.8-2.1 A] was reverse Fourier transformed over the skwrange. recorded on instruments purchased with an NSF grant (CHE-
The Fourier-filtered first-shell EXAFS data were fit to eq 1 using 0130903). MALDI-TOF and ES mass spectrograms were
the nonlinear least-squares engine of IFEFFIT that is distributed recorded in the Center for Molecular Analysis at Carnegie
with SixPack (IFEFFIT is. open source software available from Mellon University, which is supported by NSF grants CHE-
hitp://cars9.uchicago. eduifeffit). 9808188 and DBI-9729351. We thank Dr. Sebastian A.

_ Stoian for his assistance with collection of the EPR spectra
* = d H Y d Delia P f K in th
NAKS, . and Hyewon Youm and Delia Popescu for work in the
zakT exp(—2K0,2) exp(—2R,JA) sin[kR,+ ¢,{K)] (1) preliminary stages of this project.

° Supporting Information Available: Figures showing UV

spectra, melting curves, spectrophotometric titration, Fourier trans-
forms, XANES, and kinetics and tables of binding constants, UV
bands, EPR parameters for the compounds studied in this paper.
This material is available free of charge via the Internet at
http://pubs.acs.org.

In eq 1,Ns is the number of scatterers within a given radius
(Ras £ 029, A{K) is the backscattering amplitude of the absorber
scatterer (as) pairg is a scale factorg.dk) is the phase shift
experienced by the photoelectrdnis the photoelectron mean free
path, and the sum is taken over all shells of scattering atoms

included in the fit. Theoretical amplitude and phase functigg) 1C0609610
(35) Hendrich, M. P.; Petasis, D.; Arciero, D. M.; Hooper, A. B.Am. (36) Ankudinov, A. L.; Ravel, B.; Rehr, J. J.; Conradson, SPhys. Re.
Chem. Soc2001, 123 2997-3005. B 1998 58, 7565-7576.
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