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Peptide nucleic acid (PNA) oligomers with linear topology
are synthesised with histidines at the central positions in or-
der to provide metal-ion coordination sites within the water
shielded and non-polar environment of a nucleobase stack
that emerges upon duplex formation. Variation of the linker
length used for attachment of the nucleobases to the regular
peptide backbone allows for fine tuning of the distances and
coordination environment at the metal binding site. The ef-
fect of zinc and copper incorporation into the modified ala-
nyl-PNA scaffolds on duplex stability was probed by tem-
perature-dependent UV spectroscopy, and additional insight
was gained from EPR spectroscopy and EXAFS. Whenever
four histidines (two per oligomer strand) are available, ad-
dition of Zn?* significantly enhances double-strand stability,
thus supporting coordination of Zn?* by the histidine-N and

incorporation of the metal ion within the base stack. In con-
trast to Zn?*, however, Cu?* ions do not induce double-strand
formation of an alanyl/norvalyl-PNA oligomer, as confirmed
by EPR and EXAFS, which reveal a mixed {N,O,} donor envi-
ronment. While metal-ion binding to histidine-modified ala-
nyl-PNA oligomers (and homologues) is apparently feasible,
a proper matching of the binding-site geometry and the ster-
eoelectronic requirements of the specific metal ion are essen-
tial in order to mediate double-strand formation. This might
offer new options for alternative pairing schemes in alanyl-
PNA chemistry in which metal coordination substitutes the
common base-pair H-bonding pattern, and for metal-de-
pendent regulation of alanyl-PNA duplex formation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Artificial DNA, in which one or multiple nucleosides is
replaced by so-called “ligandosides” capable of metal-ion
binding, is receiving increasing attention.!!'-31 Inter alia, me-
tal-mediated base pairing is exploited in order to increase
the thermal stability of the DNA duplex, to extend the ge-
netic alphabet for DNA-based information storage, or to
develop novel nanostructured metal-containing architec-
tures with interesting physical properties.! Peptide nucleic
acids (PNAs) are synthetic analogues of nucleic acids with
a non-natural polyamide backbone, most commonly based
on N-(2-aminoethyl)glycine.’! Their particularly attractive
properties comprise self-recognition, high chemical and bio-
logical stability, and strong binding to target DNA or RNA
sequences. Recently, some high affinity metal-binding sites
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such as porphyrins[®  bipyridinest”®! or chelating
aminesl” 'l and organometallic moieties!'”) have been ap-
pended to PNA, and these metal complex/PNA conjugates
have been probed in the context of sequence-specific DNA/
RNA cleavage and detection,[®%13] DNA-templated cataly-
sis,1% and for the development of new antisense drugs.['#]
In most of these systems the ligand site for metal binding
is attached to one end of the PNA strand, but it has also
been shown that metal incorporation in the middle of com-
plementary N-(2-aminoethyl)glycine PNA strands that have
been modified by bipyridine is indeed feasible and leads to
preservation of the helical duplex structure.l”]

In the present contribution we probe hitherto unexplored
metal incorporation into alanyl peptide nucleic acids (ala-
nyl-PNA). Alanyl-PNA is structurally based on a regular
peptide composed of alanyl amino acids with alternating
configuration and nucleobases covalently linked to methyl-
ene side-chains.['>-'7] Double strands are formed by two
complementary alanyl-PNA strands based on base-pair re-
cognition, stacking and solvation. The duplexes need to
adopt a linear double-strand topology since the distance
between consecutive side-chains in an extended peptide is
close to the ideal base-pair stacking distance. The resulting
alanyl-PNA double strand with linear topology is well de-
fined regarding nucleobase orientation and distances and it
is limited with respect to conformational freedom. Further-
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more, chromophores incorporated within the nucleobase
stack are known to be significantly shielded from aqueous
solution.[!®]

Coordination of metal ions within the nucleobase stack
is especially interesting, since the non-polar environment in-
side the base stack should have unique consequences for the
stability and geometry of metal coordination. The alanyl-
PNA framework offers the particular advantage of being
able to use natural amino acids such as histidine as biomi-
metic metal binding sites at different positions of the
strand. Metal ions in such a metalloenzyme-inspired water-
shielded environment might be useful for, inter alia, cata-
lytic applications, while the alanyl-PNA backbone and nuc-
leobases offer additional possibilities for specific substrate
recognition via hydrogen-bonding interactions. This investi-
gation might also be of interest to establish specific metal-
mediated recognition next to hydrogen bonding in double-
strand interactions. Finally, homologation of the side-

A

chains in alanyl-PNA might allow for fine tuning of the
distances and geometries of the metal binding sites or even
the possibility to introduce dinuclear metal arrays.

Here, various alanyl-PNAs and side-chain homologous
oligomers with central histidine metal binding sites are pre-
sented and investigated with respect to their ability to stabi-
lize double-strand formation mediated by metal ions. It
should be noted that in the absence of high-affinity ligands
the amide groups in the PNA backbone and the nucleo-
bases may act as competing binding sites for metal ion com-
plexation,['”! and various spectroscopic and analytical tools
are thus required in order to clearly characterise metal in-
corporation into the modified PNA duplexes.

Results and Discussion

Double-strand formation of an alanyl-PNA hexamer
based on Watson—Crick pairing of six G-C base pairs is

Figure 1. Idealized representation of double strands with a linear topology based on a peptide backbone with alternating amino acid
configuration, four G-C base pairs and central histidines as metal ion coordination sites. Alanyl-peptide nucleic acids (alanyl-PNAs)
should allow for coordination of one metal ion (A) as should alanyl/homoalanyl mixed PNAs (B). The distance of histidine coordination
sites in homoalanyl-PNA might allow incorporation of two metal ions (C); the metal binding geometry in mixed alanyl/norvalyl-PNAs
should be comparable (D). X might be a small bridging ligand such as HO~, CI" or AcO.
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known to be quite stable (T}, = 58 °C).['8] Therefore, it was
likely that an exchange of the central two G-C base pairs
for histidine side-chains would retain the ability for duplex
formation. In alanyl-PNA and mixed alanyl/homoalanyl-
PNA double strands with four central histidines, coordina-
tion of one metal ion can be expected based on a backbone
distance of about 14-15 A (Figure, A and B). The back-
bone distance is extended to about 16.5 A by further side-
chain homologation, possibly allowing for two metal coor-
dination sites. Therefore, homoalanyl-PNA and alanyl/nor-
valyl-PNA with central histidines were prepared (Figure 1,
C and D).

Alanyl-PNA oligomers 1-3 as well as the side-chain ho-
mologous alanyl/homoalanyl-PNAs 4-6, homoalanyl-
PNAs 7 and 8 and alanyl/norvalyl-PNA oligomers 9 and
10 (Table 1) were prepared by manual solid-phase peptide
synthesis based on a Boc strategy.[*’l The respective nucleo-
base-substituted amino acids were assembled on an MBHA
polystyrene support using HATU as the coupling reagent.
The oligomers were purified by HPLC and characterised by
mass spectrometry.

Double-strand formation was investigated by tempera-
ture-dependent UV spectroscopy. This method relies on a
sigmoidal increase of UV absorption with higher tempera-

tures caused by a cooperative destacking of the nucleobases.
It was adapted from oligonucleotide chemistry and has
been used successfully for the characterisation of PNA
double strands.

Alanyl-PNA Oligomers

In the alanyl-PNA series enantiomeric oligomers provide
tridentate G-C Watson—Crick pairing, as has been shown
for an equimolar mixture of hexamers 1 and ent-1 (T, =
58 °C).['%1 In contrast, nucleo amino acids with a different
configuration form the less stable G-C reverse Watson—
Crick base pair (self pairing of 1: T, = 42 °C).['®] Therefore,
the enantiomeric oligomers 2 and ent-2 were prepared, both
of which feature two histidines in central positions. Wat-
son—Crick self-pairing as well as equimolar pairing of
enantiomers 2 and ent-2 turned out not to be stable enough
for detection of double-strand formation. Nevertheless, in
the presence of Zn>* ions UV melting curves clearly indi-
cate self-pairing of 2 and pairing of enantiomeric oligomers
2 and ent-2, both with a stability of about 15 °C (Figure 2,
A). Zinc ions obviously interact with the respective oligo-
mers in order to overcome the low double-strand stability.

Table 1. Synthesized peptide nucleic acid oligomers with their double-strand stabilities in the absence or presence of Zn?* ions.

Oligomers™ No. T T, with Zn**
H-(AlaG-AlaG-AlaC-AlaG-AlaC-AlaC)-Lys 1 58 °CM
Lys-(AlaC-AlaC-AlaG-AlaC-AlaG-AlaG)-H ent-1
H—(AIaG—AIaC-_I-iS_—H!s-AlaG-AIaC)-Q@ 2 <0e°ch 15 oMl
Lys-(AlaC-AlaG-His-His-AlaC-AlaG)-H
H-(AlaG-AlaC-His-His-AlaG-AlaC)-Lys 2 <pect 15 °clbl
Lys-(AlaC-AlaG-His-His-AlaC-AlaG)-H ent-2
H-(AlaG-AlaC-His-Gly-AlaG-AlaC)-Lys 3 13 9GH 13 oM
Lys~(AlaC-AlaG-Gly-His-AlaC-AlaG)-H
H-(AlaG-AlaC-His-His-AlaG-AlaC)-Lys 2 15 ok 14 °CH
Lys-(AlaC-AlaG-Gly-His-AlaC-AlaG)-H 3
H-(AlaC-HalC-AlaG-HalC-AlaG-HalG)-Lys 4 52 °clb!
Lys-(HalG-AlaG-HalC-AlaG-HalC-AlaC)-H
H-(HalG-AlaC-His-His-HalG-AlaC)-Lys 5 <pe°Cct 17 °C™
Lys-(AlaC-HalG-His-His-AlaC-HalG)-H <pe°cll 12 °Cldl
H-(AlaC-Ha|C-AlaG-His-His-HalC-AlaG-HalG)-Lys 6 12 okl 24 o)
Lys-(HalG-AlaG-HalC-His-His-AlaG-HalC-AlaC)-H
H-(HalG-HalG-HalC-HalG-HalC-HalC)-Lys 7 32 oMl
Lys~(HalC-HalC-HalG-HalC-HalG-HalG)-H ent-7
H-(HalG-HalC-His-His-HalG-HalC)-Lys 8 <pe°ck 15 °Cc
Lys-(HalC-HalG-His-His-HalC-HalG)-H <pecll g °cll
H-(AlaG-NvaG-AlaC-NvaG-AlaC-NvaC)-Lys 9 16 °clt!
Lys-(NvaC-AlaG-NvaG-AlaC-NvaG-AlaG)-H ent-9
H-(AlaC-NvaC-AlaG-His-His-NvaC-AlaG-NvaG)-Lys 10 11 °C™
Lys-(NvaG-AlaG-NvaC-His-His-AlaG-NvaC-AlaC)-H 17 °Cld 22 °cll
H-(AlaC-NvaC-AlaG-His-His-NvaC-AlaG-NvaG)-Lys 10  15°cM
Lys-(NvaG-AlaG-NvaC-His-His-AlaG-NvaC-AlaC)-H ent-10 21 °CH 27 °CcH

[a] AlaG = B-(9-guaninyl)alanine, AlaC = B-(1-cytosinyl)alanine, HalG = y-(9-guaninyl)homoalanine, HalC = y-(1-cytosinyl)homoalanine,
NvaG = 9-(9-guaninyl)norvaline, NvaC = 4-(1-cytosinyl)norvaline; nucleobase-substituted amino acids with a b-configuration are under-
lined. [b] Phosphate buffer (0.01 m Na,HPO4,/H;PO,, 0.1 M NaCl, pH 7). [c] HEPES buffer (0.01 m» HEPES, 0.1 m NaCl, pH 7).
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In the absence of zinc, however, the non-coordinating histi-
dines seem to suppress double-strand formation, presum-
ably because of charge repulsion of the protonated side-
chains at physiological pH; one should note that double-
strand formation with considerable stability is known for
G-C alanyl-PNA tetramers.['®

Oligomer 3, which features a histidine next to a glycine
in the central position, was synthesised with the intention
to test oligomers with lower potential for zinc coordination.
Interestingly, self-pairing was now provided with a stability
of T, = 13 °C and it was not possible to increase this sta-
bility by zinc addition. First of all, this is an argument for
the charge repulsion of neighbouring histidines hampering
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Lys-{AlaC-AlaG-His-His-AlaC-AlaG)-H
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Figure 2. UV melting curves of alanyl-PNA (2) in phosphate buffer
(A) and of alanyl/homoalanyl-PNA (5; B) as well as alanyl/nor-
valyl-PNA (10; C) in HEPES buffer in the absence (dark curves)
or presence (light curves) of Zn>*.
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formation of double strands in the case of oligomer 2.
Furthermore, the lack of double-strand stabilisation upon
addition of zinc to oligomer 3 is in agreement with two
histidines not being sufficient for incorporation of zinc. Co-
ordination at the nucleobases can be excluded as a reason
for the stabilisation of double strands formed by oligomers
2 and ent-2, which only occurs in the presence of zinc ions.
This result was confirmed by homochiral Watson—Crick
pairing of oligomers 2 and 3 providing a potential zinc
binding centre of three histidines: in agreement with the
more stable pairing mode and possible charge repulsion of
neighbouring histidines, the double strand 2 + 3 without
zinc ions was formed only with slightly higher stability (7,
= 15°C) than self-pairing of oligomer 3, whereas addition
of zinc had no effect on the overall stability (7, = 14 °C).

Mixed Alanyl/Homoalanyl-PNA Oligomers

Peptide nucleic acid double strands composed of alter-
nating alanyl and homoalanyl nucleo amino acids provide
a backbone distance that is about 1 A larger than alanyl-
PNA duplexes. This should significantly influence metal co-
ordination by the central histidines. Furthermore, in the
mixed alanyl/homoalanyl-PNA series the more stable Wat-
son—Crick G-C base pairs are formed with self-pairing
homodimers.?Y A stability of T}, = 52 °C was found for the
homodimer of hexamer 4. Like in alanyl-PNA, the ex-
change of the central G-C base pairs for four histidines in
the double strand of oligomer 5 prevents double-strand for-
mation. Addition of zinc ions to oligomer 5 leads to stabili-
sation (T, = 17 °C) of the same order of magnitude as ob-
served for the respective alanyl-PNA 2.

Since a possible application of the metal/PNA conjugates
will be the catalysis of, inter alia, phosphodiester hydrolysis,
the double-strand stabilities were also investigated in
HEPES buffer instead of the more common phosphate
buffer in order to evaluate the effect of the medium. In
HEPES buffer double-strand formation of oligomer 5 was
again not observed and zinc ions turned out to be essential
for stabilisation (7, = 12 °C; Figure 2, B). However, the
change from phosphate to HEPES buffer resulted in a 5 °C
decrease of stability.

With the aim of providing double strands with a higher
overall stability, the mixed alanyl/homoalanyl-PNA oligo-
mer 6, which features six nucleo amino acids and two cen-
tral histidines, was prepared. The low double-strand sta-
bility of the homodimer 6 (7, = 13 °C) resembles the effect
of four non-coordinating histidines in the central region, as
mentioned already in the alanyl-PNA series. Addition of
zinc ions leads to a significant increase in stability (7}, =
25°C) even in HEPES buffer, which makes this system a
promising candidate for further studies.

Homoalanyl-PNA and Mixed Alanyl/Norvalyl-PNA
Oligomers

Both homoalanyl-PNA as well as mixed alanyl/norvalyl-

PNA double strands provide a distance between the peptide
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backbones that is determined by the base-pair size extended
by overall four methylene units (Figure 1, C and D). This
might open the possibility for coordination of two zinc ions
within the centre of a linear PNA double strand. In the
homoalanyl-PNA series, double-strand formation with nuc-
leobases having the same configuration (homochiral base
pairing) leads to the more stable G-C Watson—Crick pair-
ing.?% The double strand of homoalanyl-PNA enantiomers
7 and ent-7 with six G-C base pairs provides a stability of
T = 32 °C. The drop of stability compared to the alanyl
and alanyl/homoalanyl-PNAs 1 and 4 is caused by higher
side-chain flexibility and lower stacking contributions.*"!
As a consequence, double-strand formation of homoalanyl-
PNA 8 was not observed since it would only be based on
four poorly stacked reverse Watson—Crick G-C base pairs
with four histidine amino acids in the centre. Considering
the poor situation for self-pairing, it is even more remark-
able that addition of zinc ions to oligomer 8 induced duplex
formation with a similar order of stability as observed for
alanyl/homoalanyl oligomer 5 (7, = 15°C in phosphate
and T,, = 8 °C in HEPES buffer).

The stabilities of the G-C Watson—Crick pairing homo-
alanyl-PNA hexamer double strand 7 + ent-7 (T,,, = 32 °C)
and the respective alanyl/norvalyl-PNA duplex 9 + ent-9
(T, = 16°C) are quite different despite a similar overall
double-strand geometry.?! The lower degree of side-chain
preorganisation in the case of the norvalyl amino acids
seems to be responsible for this effect. In analogy to oligo-
mer 6, the alanyl/norvalyl-PNA oligomers 10 and ent-10,
with six nucleo amino acids and two central histidines, were
prepared for the investigation of zinc binding. Reverse Wat-
son—Crick pairing was provided with a stability of 7}, =
17 °C in the absence of zinc, whereas the stability of the
mixture of enantiomers 10 and ent-10 forming the more
stable Watson—Crick base pairs was even higher at T, =
22 °C. The larger backbone distance in alanyl/norvalyl-
PNA provides reduced charge interaction for opposed cen-
tral histidines. In contrast to oligomers 2 and 5, this allows
for stable duplex formation without zinc binding. For both
alanyl/norvalyl-PNA oligomers 10 and 10 + en#-10 the ad-
dition of zinc leads to a significant increase in double-
strand stability of 5 or 6 °C, respectively.

In order to provide additional information on the metal
ion binding potential of oligomer 10, this particular system
was studied in more detail by spectroscopic methods in
solution. Since Zn?* is spectroscopically silent, Cu?* was
used instead. It should be noted, though, that according to
the temperature-dependent UV spectra, double-strand for-
mation was not induced by the addition of copper salts to
oligomer 10 (data not shown).

EPR spectroscopy was used as a qualitative probe to ver-
ify the binding of Cu®* by PNA 10. Part a of Figure 3 shows
the X-band EPR spectra of a solution of Cu®* only (top)
and of a solution of oligomer 10 with 1 equiv. of Cu** (bot-
tom) in HEPES-buffered water/glycerine (3:1). A much
smaller value for A,(°*°°Cu) in the presence of oligomer 10
is clearly discernible, thus confirming coordination of Cu?".
Both the g, and A, values are within the range expected

Eur. J. Inorg. Chem. 2005, 4317-4324 www.eurjic.org
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Figure 3. a) EPR spectra of Cu?* in the absence or presence of 10:
H,O/glycerin (3:1), HEPES pH 7, 150 K; only Cu?* (top) or Cu?*/
10 (1:1, bottom). b) EPR spectra of Cu?* in the absence or presence
of 10: H,O, HEPES pH 7.4, 150 K; only Cu?* (top), Cu?*/10 (1:1,
middle) or Cu?*/10 (1:2, bottom).
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for some mixed {N,O,} ligation,*!! but no '*N hyperfine
coupling could be detected and no satisfactory simulation
of the data could be achieved because of, inter alia, a rela-
tively low signal-to-noise ratio.??! In addition, the spectra
in water at different ratios of Cu®>* to PNA 10 (Figure 3, b)
indicated the possible presence of several species, leaving
the EPR confirmation of metal ion binding by oligomer 10
only a qualitative one.

Cu?* coordination by the histidine N-atoms of PNA 10
was further substantiated by X-ray absorption spectroscopy
conducted on a frozen sample of oligomer 10/Cu’*. X-ray
absorption spectroscopy allows the element-specific charac-
terisation of metal environments and thus yields infor-
mation about the type and distances of coordinating li-
gands. Ligands with a rather linear arrangement of the
backscattering atoms lead to special features in the spec-
trum due to multiple scattering of the photoelectron wave
that is created upon absorption of photons with energies
larger than the edge energy. Here, a flat plateau at k =
4.5 A" indicates the presence of imidazole groups coordi-
nating the metal ion. This was further supported by the
Fourier transform of the spectrum. The intense contri-
bution at about 4 A arises from scattering events at the re-
mote atoms of the imidazole rings. Their intensity was in-

—— measurement
L fit k-space

FT(x*K")

Figure 4. EXAFS and corresponding Fourier transform for the
PNA 10/Cu®* complex (black). The best fit to the data is shown in
dashed lines and represents coordination by two imidazole groups
and three oxygen atoms.

4322 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

creased due to the multiple scattering events including the
metal coordinating nitrogen atom. The first coordination
shell has a typical distance of about 2.0 A and its high in-
tensity indicates a homogeneous coordination by light
atoms (C/N or O).

With this in mind, different combinations of O and imi-
dazole ligands were modelled to the data. The final model
given in Figure 4 comprises two imidazole groups and three
oxygen ligands at a distance of 1.98 A. In order to keep the
number of free parameters as low as possible the distances
for these ligands as well as their Debye—Waller factors (202
=0.021 A2) were constrained. Thus, the measurement is not
resembled in all details, but any over-interpretation of data
is prevented. Typical errors for the coordination number are
in the range of 20%, whereas the distances have an error of
less than 1% for the first coordination sphere.

Conclusions

A series of alanyl-, homoalanyl- and norvalyl-PNA hexa-
mers or octamers has been prepared in which two central
nucleobase-substituted amino acids are replaced by histi-
dines. While the incorporation of histidine residues is shown
to drastically lower the tendency for self-pairing compared
to the parent PNAs, double-strand formation is still ob-
served for properly chosen systems that provide at least six
G-C pairs framing the central histidines (such as in 6, 10
or 10/ent-10). As soon as four histidines (two per oligomer
strand) are placed at the centre of PNA double strands,
addition of Zn?* significantly enhances the duplex stability,
thus supporting the coordination of Zn>* by the histidine-
N and incorporation of the metal ion within the base stack
(Figure 5). Metal ion binding to the histidine-N of the
modified alanyl/norvalyl-PNA oligomers is further sup-
ported by ESR and EXAFS spectroscopy on the corre-
sponding Cu®* hybrid of 10. In contrast to Zn>*, however,
Cu?* ions do not induce double-strand formation, in ac-
cordance with the mixed {N,O,} donor environment that
was deduced from EPR and EXAFS experiments (Fig-
ure 5). One might speculate that the different geometric
preferences of Zn>* and Cu?* upon binding to four histi-
dine-N (tetrahedral for Zn?*, square planar for Cu®") give
rise to these different effects. It should be noted that for
modified DNA it has also been observed that duplex for-
mation is mediated by only specific metal ions.[*!

The present findings thus confirm the anticipated metal
ion binding capabilities of histidine-modified alanyl-PNA
oligomers (and homologues), i.e. metal binding to conju-
gates of alanyl-PNA and natural amino acids. However,
proper organisation of the metal binding site is essential
in order to match the stereoelectronic requirements of the
specific metal ion upon double-strand formation. This
might offer new options for alternative pairing schemes in
alanyl-PNA chemistry in which metal coordination substi-
tutes the common base-pair H-bonding pattern, and for
metal-dependent regulation of alanyl-PNA duplex forma-
tion.
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Figure 5. Likely binding modes of Zn?>* and Cu?* to histidine-modified alanyl-PNA.

Experimental Section

General Remarks: All reagents were of analytical grade and used
as supplied. Solvents were of the highest grade available. Synthesis
and analytical data of N-Boc-AlaG-OH, N-Boc-AlaC(Z)-OH, N-
Boc-HalG-OH, N-Boc-HalC(Z)-OH, N-Boc-NvaG-OH and N-
Boc-NvaC(Z)-OH were performed as described previously.?” (S)-
N-Boc-His(Bom)-OH and (R)-N-Boc-His(Bom)-OH were pur-
chased from Bachem.

ESI mass spectra were recorded with a TSQ 700 Finnigan spec-
trometer and high resolution mass spectra with a Bruker Apex IV
FT-ICR MS instrument. HPLC was done on a Pharmacia Akta
Basic using YMC-Pack ODS, RP-C18 with a linear gradient of A
(0.1% TFA in water) to B (0.1% TFA in acetonitrile/water, 9:1).
Oligomers were purified using 25020 mm, 5 pm, 120 A for pre-
parative and 250x4.6 mm, 5pum, 120 A columns for analytical
samples. UV melting curves were measured with a Perkin—Elmer
UV/Vis Lambda 10 with a Peltier temperature programmer PTP 1
or a Jasco V-550 UV/Vis spectrometer equipped with a Jasco ETC-
505S/ETC-505T temperature controller. The oligomer concentra-
tion was determined by taking the extinction coefficient at 80 °C
as being the sum of the extinction coefficients of all nucleo amino
acids.’”) Complex formation was achieved by heating to 85 °C, fol-
lowed by slow cooling over a period of three hours to 0 °C and
equilibration for at least three hours at 0 °C. EPR spectra were
measured on a Bruker ELEXSYS ES500 spectrometer, equipped
with a digital temperature control system ER 4131 VT using nitro-
gen as coolant. All spectra at 150 K were recorded at about
9.4 GHz microwave frequency, 5-9 G field modulation amplitude,
100 kHz field modulation frequency, and around 10 mW micro-
wave power. Glycerine was added to some of the samples to im-
prove their freezing behaviour. To induce complex formation, the
same procedure was used as in the case of UV/Vis spectroscopy
immediately before recording the spectra.

General Method for Solid-Phase Peptide Synthesis (SPPS) of the
Oligomers: Oligomerisation was performed as a solid-phase peptide
synthesis on a 4-methylbenzhydrylamine (MBHA)-polystyrene
resin loaded with (S)-N-tert-butoxycarbonyl-lysine(2-Cl-Z)-OH
(0.43 mmol/g) or (R)-N-Boc-lysine(Z)-OH (0.57 mmol/g) in a small
column. For each step, 5 equiv. of N-Boc-protected amino acid
was used and activated by 4.5 equiv. of N-(7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) and 5
equiv. of 1-hydroxy-7-azabenzotriazol (HOAt) in DMF (600—
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1000 pL). After 3 min, 10 equiv. of N,N-diisopropylethylamine was
added.

After swelling the resin for 1 h in CH,Cl,, the following strategy
was repeated for every amino acid unit: 1) Deprotection: The resin
was washed with TFA/m-cresol (95:5, 2 mL) and then treated with
TFA/m-cresol (95:5, 2mL) for 5 min. 2) Washing: CH,CL/DMF
(1:1; 5x2mL) followed by pyridine (2x2 mL). 3) Coupling: The
reaction column was gently moved for 30-90 min with the coupling
reagents (30 min for natural amino acids, 45 min for cytosine-con-
taining amino acids, 90 min double coupling for guanine-contain-
ing amino acids). 4) Washing: CH,CL/DMF (1:1; 5X2 mL), DMF/
piperidine (9:1; 5x2 mL), CH,Cl,/DMF (1:1; 5x2mL). 5) Cap-
ping: 2X5min with Ac;O/NEt;/DMF (1:1:8; 2 mL). 6) Washing:
CH,CL/DMF (1:1; 5x2mL), DMF/piperidine (9:1; 5x2mL),
CH,CI,/DMF (1:1, 5%X2 mL). Finally, the resin was washed with
MeOH and dried for 3 h over KOH. Cleavage from the solid sup-
port was carried out within 2h using trifluoromethanesulfonic
acid/m-cresol/TFA (1:1:8; 2 mL). The dark brown solution was
concentrated to 300 uL and the peptide nucleic acids were precipi-
tated with diethyl ether (10-20 mL) as a white solid. The PNA was
separated using a centrifuge, followed by purification with HPLC
(RP-C18).

H-(AlaG-AlaC-His-His-AlaG-AlaC)-Lys-NH, (2): HPLC (gradi-
ent: 530% B in 30 min): g = 11.54 min. ESI-MS: m/z = 1220.7
[M + HJ*, 611.2 [M + 2HJ?**. HRMS: caled. for CagHgN2oO;; [M
+ 2HP?* 610.76254; found 610.76220.

H-(AlaG-AlaC-His-His-AlaG-AlaC)-Lys-NH, (ent-2): HPLC (gra-
dient: 5-30% B in 30 min): g = 11.67 min. ESI-MS: m/z = 1220.8
[M + HJ]*, 611.2 [M + 2HJ**. HRMS: caled. for C43Hg N2oOy; [M
+ 3H]** 407.51079; found 407.51079.

H-(AlaG-AlaC-His-Gly-AlaG-AlaC)-Lys-NH, (3): HPLC (gradi-
ent: 5-30% B in 30 min): g = 10.19 min. ESI-MS: m/z = 1140.6
[M + HJ*, 571.4 [M + 2H]**. HRMS: calcd. for C4,4Hs7N,,0,; [M
+ 2H]** 570.74382; found 570.74371.

H-(HalG-AlaC-His-His-HalG-AlaC)-Lys-NH, (5): HPLC (gradi-
ent: 5-30% B in 30 min): /g = 12.50 min. ESI-MS: m/z = 1276.9
[M + H]", 639.2 [M + 2H]**. HRMS: caled. for Cs;HgoN2oO,; [M
+ 2HJ** 638.79384; found 638.79362.

H-(AlaC-HalC-AlaG-His-His-HalC-AlaG-HalG)-Lys-NH, (6):
HPLC (gradient: 5-25% B in 20 min): g = 14.19 min. ESI-MS:
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mlz = 1662.8 [M + HJ, 832.2 [M + HJ**. HRMS: calced. for
C66H83N39015 [M + 3H]3+ 55490497, found 554.90492.

H-(HalG-HalC-His-His-HalG-HalC)-Lys-NH,.(8): HPLC (gradi-
ent: 5-30% B in 30 min): g = 12.50 min. ESI-MS: m/z =1276.6
[M + HJ*, 639.5 [M + 2HJ**.

H-(AlaC-NvaC-AlaG-His-His-NvaC-AlaG-NvaG)-Lys-NH,  (10):
HPLC (gradient: 5-25% B in 20 min): tg = 13.55 min. ESI-MS:
mlz =853.2 [M + HJ**, 569.3 [M + 2HJ]**. HRMS: calcd. for
CeoHgoN30015 [M + 3H]?* 568.92062; found 568.92063.

H-(AlaC-NvaC-AlaG-His-His-NvaC-AlaG-NvaG)-Lys-NH,  (ent-
10): HPLC (gradient: 5-25% B in 20 min): tg = 13.69 min. ESI-
MS: m/z =1705.7 [M + HJ*, 853.2 [M + HJ**, 569.3 [M + 2HJ*".
HRMS: caled. for CeoHgoN39O;s5 [M + 4HJ* 426.94228; found
426.94228.

EXAFS Measurements: An X-ray absorption spectrum at the Cu-
K edge for oligomer 10 was recorded in fluorescence mode at the
EMBL beamline D2 (DESY, Hamburg, Germany) equipped with
a Si(111) double crystal monochromator, a focusing mirror and a
13 element Ge solid-state fluorescence detector (Canberra). The
Cu-peptide solution was filled into plastic sample holders covered
with polyimide windows, frozen in liquid nitrogen, and kept at 30 K
during the experiment. Harmonic rejection was achieved by a fo-
cusing mirror with a cut-off energy of 21 keV and a monochroma-
tor detuning to 70% of peak intensity. A dead-time correction was
applied. Saturation was not observed because the dead-time was
always below 20%. The energy axis of each scan was calibrated by
using the Bragg reflections of a static Si(220) crystal in back reflec-
tion geometry.?3] Averaging of 12 scans and data reduction was
performed with the EXPROG software package (C. Hermes and
H. F. Nolting, EMBL, Hamburg) using Ej ¢, = 8979 eV. The EX-
AFS spectrum was analysed with EXCURV98.24
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