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Abstract:

Enantioselective catalysis utilizing G-quadruplex DNA-based artificial metalloenzymes has emerged as :
new approach in the field of agueous-phase homogeneous catalysis. Recently, a catalytic asymmetri
Michael addition employing a covalently modified G-quadruplex in combination with Cu(ll) ions ha
been reported. Here we assess by systematic chemical variation and using various spectrometri
techniques a variety of parameters that govern rate acceleration and stereoselectivity of the reaction
such as the position of modification, the topology of the quadruplex, the nature of the ligand, the lengtl
of the linker between ligand and DNA, the chemical identity of monovalent ions and transition meta
complexes. The DNA quadruplex modified at position 10 (dU10) with hexynyl-linked bpy ligand showe
twice the initial rate as the the DNA strand derivatized at position 12 (dU12). The strikingly differen
dependence of the stereoselectivity on the linker length, and their different spectroscopic propertie:
indicate large differences in the architecture of the catalytic centers between the dU10-derivatized ant
the dU12-modified quadruplexes. Upon addition of Cu(ll), both types of bpy-derivatized DNA strand
form defined 1:1 Cu-DNA complexes stable enough for mass-spectrometric analysis, while th
underivatized strands exhibit weak and unspecific binding, correlated with much lower catalytic rate
acceleration. Both dU10 and dU12-derivatized quadruplexes could be re-used 10 times withou
reduction of stereoselectivity.

Introduction

Asymmetric Michael addition reactions are important carbon-carbon or carbon-heteroatom bon¢
forming reactions, which have been widely used to construct valuable building blocks in organi
synthesis.m During the last decades, elegant approaches using various Lewis acid catalysts ant
organocatalysts have been developed to perform the asymmetric Michael addition reactions in aqueous

media aimed at green & sustainable chemistry.m

The development and application of DNA-based artificial metalloenzymes has become an attractive new
approach in aqueous-phase homogeneous asymmetric catalysis, where a (typically double-stranded - ds)
DNA has been commonly used to control the stereochemical outcome of different transition metal-
catalyzed reactions.® This approach has already been successfully applied to perform different
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asymmetric reactions.” In this context, the Roelfes group reported the first catalytic asymmetric
Michael addition in water using a DNA-based artificial metalloenzyme, which was (non-covalently)
composed of double stranded (ds) DNA and different Cu(ll)-ligand complexes.”* Later, the Li group
applied a similar dsDNA-based artificial metalloenzyme for the Michael addition varying a wide range of
substrates.*! Besides the application of dsDNA, recently DNA hairpins were also utilized as scaffold for

enantioselective catalysts.[S]

Among the various DNA structures'®, the G-quadruplex is particularily interesting due to its high
structural diversity, which is based on various combinations of parallel and antiparallel strand pairing
and the associated different loop shapes of the connector sequences. These feature make G-
quadruplexes a favorable candidate to create artificial metalloenzymes.”! Applying these artificia
metalloenzymes, asymmetric Diels—Alder, Friedel-Crafts and sulfoxidation reactions were performed it
which two different well-known G-quadruplex-forming sequences, namely the human telomeric G
guadruplex (h-Tel) and a region of the c-kit promoter (c-kit) were utilized, whereby h-Tel showed highe
catalytic activity.[sl Most of these studies utilized Cu(ll) as a Lewis acid catalyst, however, the binding o
Cu(ll) to the G-quadruplex sequences occurs in an unspecific, most likely electrostatic, manner, whicl
makes it impossible to pinpoint the exact location of the metal-binding catalytic site as well as the
substrate binding pocket. This limitation prevents prediction and detailed understanding of the factor
that determine activity and selectivity. To overcome these problems, a specific covalent attachmen
strategy is an alternative in which the transition-metal ligand complex is covalently attached to DNA
allowing to more precisely localize the metal binding center and to study the structure-functiol
reIationship.[4" 3

In a recent communication, we reported a new class of DNA-based metalloenzymes, namely G
qguadruplex DNA with covalently attached bipyridyl (bpy) ligands in combination with Cu(ll) ions whicl
efficiently and selectively catalyzed asymmetric Michael additions in water."% The catalytic activity anc
stereoselectivity of the G-quadruplex based artificial metalloenzymes was found to depend on severa
factors, such as the position of modification, the topology of the quadruplex, the nature of the ligand
and — importantly - the length of the linker that connects ligand and DNA. Surprisingly, this latte
parameter turned out to be of prime importance for stereoselective bond formation within the
investigated structure space (from propargyl to hexynyl linkers). Herein, we present a comprehensiv
study in which we extend the linker length further, and investigate a variety of other parameters tha
influence the catalytic activity and selectivity.

Results and discussion:

Synthesis

For the design of G-quadruplex based artificial metalloenzymes, the c-kit wild-type (wt) sequence
(5"-AGGGAGGGCGCTGGGAGGAGGG-3’), which is known to form a unique all-parallel G-quadruplex
structure (as shown in Figure 1a), was our primary choice. As in our previous study[lol, positions 12 and
10 were chosen as modification sites based on the high-resolution 3D structure obtained from X-ray

[11] [12]

crystallography™™ and NMR spectroscopy . Position 12 is placed in an apical loop region, while

position 10 is crucial for forming the unique all-parallel folding topology. In case of position 12,
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crystallographic investigations suggested that attachement of a bulky group may have little impact on
the quadruplex folding. On the other hand, mutating G10 with T, namely c-kit-T10 induces an alternative
folding. The exact structure of the c-kit-T10 mutant is unknown, but several lines of evidence suggest a
mixed parallel-antiparallel topology.™® A hypothetic structure of this quadruplex is drawn in Figure 1d.
Bulky groups attached to T10 are expected to have a stronger influence on folding. In order to
systematically investigate catalysis by these new metalloenzymes, we replaced T12 and T10,
respectively, by various deoxyuridine derivatives systematically modified at position 5 of the
nucleobase. The deoxyuridine derivatives were transformed to phosphoramidites, and the target
deoxyoligonucleotides assembled by solid—phase synthesis and purified by HPLC (Figure S1, see the
Supporting Information for details).
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Figure 1. Folding of different G-quadruplex DNA sequences in the presence of Cu(II).

a) Folding of c-kit(wt) DNA as observed.!'"' b) Schematic representation of hypothetical folding and metal binding of dU12-modified DNA. b) Schematic representation
hypothetical folding and metal binding of ethynyl-bpy-dU12 DNA. d) Schematic representation of hypothetical folding of c-kit-T10 DNA. e) Schematic representation ¢
hypothetical folding and metal binding of dU10-modified DNA. f) Schematic representation of hypothetical folding and metal binding of ethynyl-bpy-dU10 DNA.

Catalytic properties

The catalytic activity of the modified G-quadruplexes with covalently linked bpy-moieties in combinatior
with Cu(ll) was evaluated in an asymmetric Michael addition of 1-(1-methyl-1H-imidazol-2-yl)-3
phenylprop-2-en-1-one (1) as Michael acceptor and dimethyl malonate (DMM, 2) as nucleophile. Fo
dU12-modified G-quadruplexes it was noticed previously that the increase in stereoselectivity wa
almost linear from the propargyl linker (n=1) to the hexynyl linker (n=4), from 31% to 52% ee (Table 1
entries 3-6) in favor of the (+)—enantiomer.[1o] This counter-intuitive trend led us to investigate longe.
linkers (n>4, Table 1, Figures S2-6). Surprisingly, reversal of stereoselectivity was observed for the
heptynyl to nonynyl linkers, ranging from -34 to -45% ee (Table 1, entries 7-9). For the decynyl linker, the
(+)-enantiomer was again (slightly) preferred with 15% ee (Table 1, entry 10).

For the dU10-modified G-quadruplexes, the previous data had revealed a similar linear increase in
stereoselectivity from n=1-4, however, in favor of the other isomer, the (-) enantiomer (Table 1, entries
3-6).1"% The best system (hexynyl) yieled remarkable 95% conversion and 92% ee. For the linkers with
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n>4, this systematic trend is broken. Enantioselectivity varies unsystematically between 52 and 83%, but
unlike the dU12-quadruplexes, no reversal of enantioselectivity is observed (Table 1, entries 7-10). Thus,
the influence of the linker length on the stereoselectivity of the reaction is quite different for the two
attachment sites. In contrast, all catalysts yield quite similar conversions under these conditions.

Table 1: Results of the Michael addition reaction catalyzed by dU12/dU10-modified c-kit DNA and Cu(II).®

o O CH(CO,Me),
&j)v\(j DNA Nﬁ)K/'{@
Q N +  CHy(CO,Me), ool G, Q\/N\
1 2 3
dU12-modified DNA dU10-modified DNA
Entry DNA/linker n
conv (%)™ ee (%)M conv (%)™ ee (%)
114 c-kit(wt) - 6 -9 - -
2l c-kit-T10 - - - 8 -11
3l Propargyl-bpy 1 94 +31 92 -32
4 Butynyl-bpy 2 92 +40 92 -57
5] Pentynyl-bpy 3 94 +43 91 -69
69 Hexynyl-bpy 4 95 +52 95 -92
7 Heptynyl-bpy 5 92 -34 94 -46
8 Octynyl-bpy 6 95 231 96 -83
9 Nonynyl-bpy 7 97 -45 96 -52
10 Decynyl-bpy 8 96 +15 97 -59
11 Ethynyl-bpy - 94 +51 9 <5

[a] See the Experimental Section for detailed reaction condition. All experiments were performed in triplicate. [b] Both conversion and ee were calculated by using chiral HPLC
[10]

results are reproducible within +5%. [c] (+) and (-) symbols refer to isomer with low and high retention time respectively from chiral HPLC column. [d] see reference.
In all previous experiments the bpy ligand was attached to the deoxyuridine base via long flexible linker
with up to 10 rotatable atoms (sp>-hybridized C, ether-0), offering extensive translational and rotationa
freedom and limiting the positioning of the ligand relative to the DNA only by the length of the linker
We next compared these flexible systems with a rigid one, in which the bpy ligand was attached to C5 o
the deoxyuridine via an ethynyl bridge with no translational and very little rotational freedom. For botl
attachment sites, we observe high catalytic activity, however only in case of the dU12 quadruplex wt
observe significant (51% ee) enantioselectivity (Figure S7). The favored enantiomer (+) is the same tha
is preferred by other dU12 quadruplexes with short linkers, and remarkably, the enantioselectivity fo
the rigid ethynyl bridge is higher than for the more flexible propargyl derivative (compare entries 3 ant
11 in table 1). Thus, for the dU12 quadruplex the chiral induction appears optimal when the distance
between DNA and bpy ligand is short, but it never reaches the high ee values (92 and 83%) seen for the
dU10 quadruplexes, which depend on optimized long linkers. These differences in stereoinduction
suggest quite different architectures of the respective catalytic centers.
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CD spectroscopy

To better understand these differences and the relationships between structure and catalytic
performance (shown in Table 1), circular dichroism (CD) spectra of different modified quadruplexes
along with Cu(ll) were recorded (Figure 2, see also Figure S8-9). For all dU12 quadruplexes, these spectra
are nearly identical and show a minimum around 240 nm and a maximum around 260 nm, which are
typical features of parallel quadruplexes. Neither the attachment of the bpy-linker, nor the addition of
Cu(ll) ions induce significant changes to the spectrum (Fig. S8). Overall, the attachment of flexible linker-
bpy conjugates to the dU12 position has — according to the CD spectra — very little influence on the
guadruplex folding. The bpy ligand may interact, e.g. by stacking, with an intact and autonomously
folded DNA quadruplex. The spectra of the dU10 quadruplexes reveal three differences: they show ar
additional shoulder at 290 nm, which is a feature of antiparallel quadruplexes, they exhibit a mucl
stronger influence of the attached linker on the CD spectrum, and thus, presumably on the folding, anc
the spectra are also much more sensitive to copper ions. Interestingly, for longer linkers the 290 nn
band decreases and the 240 and 260 nm bands increase. (Figure 2b, see also Figure S9). These spectr:
showed the features of either hybrid structures with mixed parallel/anti-parallel strands, or of a mixec

population of parallel quadruplexes and antiparallel quadruplexes.m]

These observations and considerations also hold true for the rigid ethynyl linkers (Figure S10).
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Figure 2. Comparison of different 12 or 10 position modified quadruplexes folding in the presence of Cu(II).
a) CD spectra of c-kit(wt) and different dU12 position modified quadruplexes in the presence of Cu(Il). b) CD spectra of c-kit-T10 and different dU10 position modifie
quadruplexes in the presence of Cu(Il).

One possible structural interpretation is that in the dU12 quadruplexes, the catalyst is the bpy-bount
copper ion which is only weakly associated with the DNA. The DNA influences mainly the stereochemica
outcome by restricting the approach of substrates from certain directions, and the linker lengtt
modulates which orientations the weakly bound bpy can assume. In the case of dU10, on the othe
hand, copper, bpy, and tightly bound DNA may all become integral parts of the catalytic center, whicl
may even resemble a catalytic pocket. The linker length only slightly modulates the stereoselectivity,
and reversal of enantioselectivity is never observed, again supporting tight binding and a pocket-like
architecture. Key difference between the dU12 and dU10 quadruplexes might be the architecture of the
copper binding site. In terms of catalytic activity, the dU10 derivatives are the better catalysts, which

gave much higher conversions than the dU12 derivatives at reduced catalyst Ioading[m].
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To further investigate the role of the individual components for the formation of catalytically competent
structures, we next investigated the system by UV-Vis absorption spectroscopy, thermal denaturation
studies, and mass spectrometry.

UV-Vis absorption spectroscopy

UV-Vis absorption data were collected for the hexynyl-bpy modified dU12 and dU10 quadruplexes as
well as for the unmodified c-kit(wt) and c-kit-T10 quadruplexes and are shown in the Figure 3 (see also
Figure S1la-d). The absorption spectra for both the unmodified quadruplexes (wt and c-kit-T10) are
virtually identical with or without Cu(ll), indicating that the unspecific binding of Cu(ll) to the unmodified
guadruplexes has no effect on the absorption characteristics. Modification with the hexynyl-bpy linker
for the dU12 and dU10 quadruplexes gives a small increase in absorption at around 310 nm. The
addition of copper ions to both the hexynyl-bpy-dU12 and hexynyl-bpy-dU10 quadruplexes displays
small shoulder at around 317 nm. Similar effects are observed with the respective nucleoside, hexynyl

.. . 14
bpy-deoxyuridine (Figure S11e, f).
a) b)
37 - - - Cu(NO), 3 - - - Cu(NO)),

c-kit(wt) c-kit-T10
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Figure 3. UV-Vis absorption spectra.
a) UV-Vis spectra of c-kit(wt) and hexynyl-bpy-dU12 in the absence and presence of Cu(Il). b) UV-Vis spectra of c-kit-T10 and hexynyl-bpy-dU10 in the absence and presence ¢

Cu(Il).

Thermal denaturation analysis

To investigate the influence of the covalent modification and the addition of Cu(ll) on the
thermodynamic stability of the quadruplexes, we carried out temperature-dependent CD measurement
for the two unmodified quadruplexes (c-kit(wt) and c-kit-T10) and their two hexynyl-bpy derivatives a
the characteristic maximum at 260 nm (Figure 2), as is common for the investigation of quadruplexes.[15

The obtained melting temperatures (T,,) are shown in Table 2.

Quadruplex c-kit(wt) is more stable than the T10 mutant, and the same applies to their bpy derivatives
For none of the four oligonucleotides a significant effect of copper ions is observed. Derivatization witl
the hexynyl-bpy moiety has a strongly stabilizing effect in case of position 12 (AT, = 10.6 °C), while th«
effect is much smaller for position 10 (AT, = 0.8 °C). Polyacrylamide gel electrophoresis (Figure S12) and
HPLC analysis (Figure S13-16) of the quadruplex solutions before and after the denaturation analysis
confirmed that heating the samples in the presence of copper ions did not cause significant degradation.
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Table 2: Melting temperatures (7},) of different quadruplexes in the absence (-) and presence (+) of Cu(Il).

Entry DNA Cu(NOs), T [°C]

1 c-kit(wt) - 64.2
2 c-kit(wt) + 64

3 c-kit-T10 - 57.4
4 c-kit-T10 + 57.2
5 Hexynyl-bpy-dU12 - 74.8
6 Hexynyl-bpy-dU12 + 74.8
7 Hexynyl-bpy-dU10 - 58.2
8 Hexynyl-bpy-dU10 + 58.2

[a] T\ values are averaged over three separate measurements and are reproducible within +1.0 °C.

Mass spectrometry

To corroborate the binding of Cu(ll) to the bpy-moiety of the hexynyl-bpy modified dU12 and dU1(
guadruplexes, the oligonucleotides were analyzed by ESI-mass spectrometry. The mass spectra o
hexynyl-bpy modified dU12 and dU10 quadruplexes in the absence and presence of Cu(ll) are shown ii
the Figure 4. For hexynyl-bpy-dU12, the deconvoluted spectrum contained the signal [M] = 7261.313:
Da, and after incubation with Cu(ll) the signal was shifted to 7323.2180 Da, which is the indication o
formation of [M+Cu(ll)-2H"] (Figure 4a). Similarly, for hexynyl-bpy-dU10 the main signal is shifted fron
[M] = 7236.2802 Da to 7298.2380 Da (Figure 4b). These are clear indications for the formation of :
stable Cu(ll) adduct with both the hexynyl-bpy-dU12 and the hexynyl-bpy-dU10 quadruplexes. Accordin;
to the integrated signal areas, less than 5% of the oligonucleotides remained in a copper-free form.

In contrast, the mass spectra of the unmodified c-kit(wt) and c-kit-T10 quadruplexes displayed the mas
of different unspecifically bound Cu(ll) species (Figure S17c, d). In these cases, only a fraction of th
guaduplexes are attach to Cu(ll), and also show a single to multiple Cu(ll) binding. These results shov
that Cu(ll) can bind to the quadruplexes weak and unspecifically, whereas the attachment of a bpy
moiety drives the system towards DNA derivative tightly bound to a single Cu(ll) ion. The reason for the
tight binding is the covalent bpy ligand, as corroborated using the nucleoside derivative hexynyl-bpy
dUrd, which yielded a near-quantitative mass shift upon Cu(ll) addition, while no changes could be seer
in the mass spectrum of unmodified deoxyuridine (Figure S17e,f).
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Figure 4. ESI-mass spectra.
a) Mass spectra of hexynyl-bpy-dU12 quadruplex in the absence and presence of Cu(II). b) Mass spectra of hexynyl-bpy-dU10 quadruplex in the absence and presence of Cu(II).

Since among all the bpy-linkers tested, from the propargyl-bpy to the decynyl-bpy, the best results wert
achieved with the hexynyl-bpy modified dU12 and dU10 quadruplexes, we chose these two catalysts t«
explore the Michael addition further under different catalytic conditions.

Initial rate and enantioselectivity

The conversion and enantioselectivity of Michael additions were monitored over 1-6 h time rang
(Figure 5). The initial rate of the reaction using the hexynyl-bpy-dU10 was about twice the rate o
hexynyl-bpy-dU12, while in all cases the enantioselectivity was unaltered during the course of thi
reaction. In agreement with our earlier data on the dependence of conversion and ee on the catalys

(10]

loading'~, these results demonstrate that the hexynyl-bpy modified dU10 quadruplex is catalyticall

more active than the dU12-quadruplex.

50 =

—&— Hexynyl-bpy-dU12 (conv) [l Hexynyl-bpy-du12 (ee) [- 100

—@— Hexynyl-bpy-dU10 (conv.)

I Hexynyl-bpy-dU10 (ee)
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ee (%)

» +—— 777711 -0
o 1 2 3 4 5 & 71

Time (h)

Figure 5. Conversion and ee over time using the hexynyl-bpy modified dU10- and dU12-quadruplexes.
Line represents the conversion and bar shows the enantioselectivity.

Role of monovalent ions

Monovalent ions are known to stabilize the structure and control the formation of G-quadruplexes.[16]
The ability of alkali metal ion to stabilize G-quadruplexes follows the order: K" >> Na* > Rb" > Cs* >> Li*
(16cl or K* > Rb* > Na* > Li* or Cs* 1*®*). Among the alkali metal ions, K* which can coordinate optimally

with eight carbonyl oxygen atoms present in two adjacent stacked G quartets, is preferred due to the
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combined effect of relatively high hydration energy and coordination factor.” A G-quadruplex folding
not only depends on the type of monovalent ions but also on its concentration.™ The folding topology
of a G-quadruplex can be switched from one form to another form just by changing the monovalent

ions.[19]

We used different monovalent ions (in combination with 100 uM Cu(ll)) to tune the G-quadruplex
folding and applied those in the Michael addition of 1 with 2 to analyse their effects on the product
formation and stereoselectivity (Table 3, Figure S18). CD spectra were recorded to detect different G-

quadruplex foldings (Figure 6).

Table 3: Dependence of the DNA-catalyzed Michael addition of 1 with 2 on the monovalent ions.”

MO R ot o
1 - 3 n.d. 19 26
2 LiCl 34 +49 33 31
3 NaCl 47 +66 36 15
410 KCl 95 +52 95 9
5 RbCl 83 145 74 50
6 CsCl 81 +50 37 45
7 NH,CI 63 +46 49 39

[a] All the experiments were performed in MOPS buffer (20 mm, pH 7) containing 100 mM MCI, where M = Li", Na*, K*, Rb*, Cs", NH,". [b] Both conversion and ee wei
calculated by using chiral HPLC; results are reproducible within £5%. [c] (+) and (-) symbols refer to isomer with low and high retention time respectively from chiral HPLt
column. [d] Performed in pure water (pH 7). [¢] n.d. = not determined. [f] see reference.!'”

a) b)
101 10 1
B 5 D 54
1) ]
k] ©
E E
o =]
O 04" O 0
Y
Hexynyl-bpy-dU12 + Cu(ll) Hexynyl-bpy-dU10 + Cu(ll)
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Figure 6. Dependence of the quadruplex folding on different monovalent ions.
a) CD spectra of the hexynyl-bpy-dU12 quadruplex with Cu(II) in the presence of different monovalent ions. a) CD spectra of the hexynyl-bpy-dU10 quadruplex with Cu(II) in th

presence of different monovalent ions.

In the absence of the monovalent ions, the hexynyl-bpy-dU12 shows a negligible product formation, anc
low conversion and stereoselectivity were also noticed for hexynyl-bpy-dU10 (Table 3, entry 1). The
corresponding CD spectra show a labile parallel quadruplex folding for the latter case (Figure 6). In casc
of Li*, both the conversion and stereoselectivity were improved (Table 3, entry 1 vs entry 2), CD spectra
indicate a similar folding pattern for the hexynyl-bpy-dU12 (Figure 6a), and on the other hand little more
stability was observed in case of the hexynyl-bpy-dU10 (Figure 6b). Among all alkali metal ions, K" was
found to be the most efficient in terms of both the product formation and stereoselectivity (Table 3,
entry 4), and also yielded the most intense CD signal, which may indicate the highest proportion of
folded G-quadruplex relative to other conformations (Figure 6a, b). The catalytic efficiency of NH,"
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(Table 3, entry 7) was lower in comparison to K, although NH." (ionic radius 1.45 A) has a similar size as
K* (ionic radius 1.33 A).

To trace the source for these variations in rate and stereoselectivity, we also measured catalysis of the
Michael reaction by the modified hexynyl-bpy-dUrd in the presence of Cu(ll) and different monovalent
cations, applying the same catalytic conditions (Table S1). Low conversions (18 — 26%) and negligible ee
(always in favour of the — enantiomer) were observed. In combination with the CD data (Fig. 6), these
findings demonstrate that the monovalent ions control the stability and the structure of the
guadruplexes, rather than modulating the Cu(ll)-bpy interaction.

Properties of different transition metal complexes

To investigate the effect of various anions and transition metal cations on the Michael addition, the
reaction of 1 and 2 was explored using different transition metal complexes (MX;, 10 mol%) witl
hexynyl-bpy-dU12 and hexynyl-bpy-dU10 quadruplexes. The influence of anions (X) was analyzed b
employing different complexes of the same transition metal (M). For this purpose, a series of Cu(ll
complexes were taken, having a range of anions, and a minor effect on the stereoselectivity wa
observed without affecting the conversion (Table 4, entries 1-6). These results indicate that the anion
of Cu(ll) exert a negligible influence on the Michael addition, which is similar to the results previousl
reported for the Diels-Alder reaction.’® This missing effect of the anion is not surprising, as in all case
the [Cu(H,0)¢]** complex should form in aqueous solution. On the other hand, applying variou
transition metal complexes of the same anion (NOs’ in this case) we found that the transition metal itsel
exerts a huge effect on both the conversion and stereoselectivity (Table 4, entries 1, 7-9). We observe«
that Cu(ll) complexes are the best choice to accomplish the Michael addition.

Table 4: Influence of the transition metal complexes on the Michael addition reaction.!

Entry MX; corl;lj )(%ﬁ-bii_g’z;“’zl [C] corl;IVe )((‘%r;%;’%-bi};-g’z)l[g [C]
14 Cu(NOs), 95 +52 95 -92
2 CuCl, 96 +51 94 92
3 CuBr, 95 +51 97 -88
4 Cul, 94 +47 96 -84
5 Cu(OAc), 93 +48 96 -86
6 Cu(OTf), 94 +44 97 -85
7 Co(NO3), 7 <+5 12 <5
8 Ni(NOs), 15 +16 23 -10
9 Zn(NOs), <5 n.d. 5 <5

[a] See the Experimental Section for detailed reaction condition.. All experiments were performed in triplicate. [b] Both conversion and ee were calculated by using chiral HPLC;
results are reproducible within £5%. [c] (+) and (-) symbols refer to isomer with low and high retention time respectively from chiral HPLC column. [d] see reference.l'” [e] n.d. =
not determined.

According to the Irving-Williams studies, the stability order for the first transition series bivalent ions is
Mn < Fe < Co < Ni < Cu > Zn irrespective of the ligand nature.?® This can explain why the Cu(ll)-
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complexes were more effective in terms of catalytic activity than the Ni(ll)-complexes. Moreover, the
exchange rate of [Cu(H,0)e]*" is also greater than those of other first row divalent transition metal ions,
which is due to the axial ligands labilization via Jahn-Teller distortion. Cu(ll) shows a tendency to form
square planar or elongated tetragonal complexes.m] Furthermore, Lewis-acidity may contribute to rate
enhancement, and is highest for copper and nickel among the investigated transition metals. These
physical properties make the Cu(ll) an effective ion in both binding substrates and activating them for a
nucleophilic addition.

Catalyst recyclability

Organic chemists often consider nucleic acid-based catalysts as too fragile for practical applications. To
investigate the long-term stability and re-usability of the catalyst, a series of succesive Michael addition
of 1 and 2 were carried out using either hexynyl-bpy-dU12 or hexynyl-bpy-dU10 in the presence of Cu(ll
under standard Michael addition condition. After each cycle, the product was removed from the
reaction medium by extraction with Et,0, the aqueous solution containing the catalyst was recovered
followed by the addition of the fresh substrates 1 and 2. Conversion and ee were analyzed over 1l
cycles of reaction and extraction, and the results are shown in Figure 7. An almost linear decrease ii
conversion, from 95% to 57% and practically no change in stereoselectivity was observed fo
hexynyl-bpy-dU12 as catalyst (Figure 7a). In the case of hexynyl-bpy-dU10, conversion declined fron
95% to 74% without any noticeable loss of stereoselectivity (Figure 7b). Likely, the reason for the decline
in conversion is the loss of part of the catalyst during the product extraction. These results indicate tha
the hexynyl-bpy-dU10 is more effective than the hexynyl-bpy-dU12 in terms of catalyst recyclability.

a) Hexynyl-bpy-dU12 + Cu(ll) b) Hexynyl-bpy-dU10 + Cu(ll)
100 = 100

80 1 804

60 60

= conversion (%)

40 u ee (%) 404
20 = 20 -
0 - 0
1 2 3 4 5 6 7 8 9 10 12 3 4 5 & 7 8 9 10
Number of cycles Number of cycles

Figure 7. Catalyst recyclability.

a) Conversion and ee of the Michael addition product 3 in each catalytic cycle of hexynyl-bpy-dU12 catalyst. b) Conversion and ee of the Michael addition product 3 in each catalyti
cycle of hexynyl-bpy-dU10 catalyst.

Conclusions

In conclusion, we have developed a new class of G-quadruplex DNA-based artificial metalloenzymes an«
applied these in an asymmetric Michael addition. We found that the position of modification, the
topology of the quadruplex, the nature of the ligand, the linker length between ligand and DNA, the
monovalent ion, and the chemical nature of transition metal complex are all crucial for the catalytic
performance. Applying these newly synthesized metalloenzymes, up to 83% ee for the product was
obtained. Moreover, the quadruplex modified at position 10 with a hexynyl-bpy linker showed twice the
rate and a better recyclability compared to a DNA strand derivatized at position 12. In case of the dU12-
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guadruplexes, comparison of catalytic assays with CD-spectrometric data indicates that the linker length
has a very little influence on the quadruplex folding. The bpy-ligand may stack on the folded quadruplex
which might influence the substrate accessibility and thus results in different enantiomeric preferences.
For the dU10-quadruplexes, on the other hand, both linker length and Cu(ll) addition impact on the
folding and thus have an influence on the catalytic pocket formation. In addition to the (temperature-
dependent) CD spectroscopy, other spectroscopic methods, such as UV-Vis absorption spectroscopy,
and mass spectrometry were employed to investigate the interaction of Cu(ll) with the bpy-linker
modified G-quadruplexes. These findings are highly important to glean some guiding principles for new
asymmetric DNA-based hybrid catalysts.

Acknowledgements
This work was supported by the Deutsche Forschungsgemeinschaft, SFB 623 “Molecular Catalysis”. The
authors thank Sandra Suhm for support in the synthesis.

Figure for the Table of Contents

o O CH(CO,Me),

CH,(CO,Me), up to -83% ee

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201700632

References

(1]
(2]

(3]

(4]

(5]
(6]

(7]

(8]

(9]

(10]
(11]
[12]
[13]
(14]
[15]
(16]

a) D. A. Evans, D. Seidel, J. Am. Chem. Soc. 2005, 127, 9958-9959; b) J. S. Johnson, D. A. Evans, Acc. Chem.
Res. 2000, 33, 325-335.

a) D. A. Evans, M. C. Willis, J. N. Johnston, Org. Lett. 1999, 1, 865-868; b) J. Zhou, Y. Tang, J. Am. Chem.
Soc. 2002, 124, 9030-9031; c) G. Desimoni, G. Faita, K. A. Jgrgensen, Chem. Rev. 2006, 106, 3561-3651; d)
Y. Zhang, W. Wang, Catal. Sci. Technol. 2012, 2, 42-53; e) B. List, P. Pojarliev, H. J. Martin, Org. Lett. 2001,
3,2423-2425.

a) A. J. Boersma, R. P. Megens, B. L. Feringa, G. Roelfes, Chem. Soc. Rev. 2010, 39, 2083-2092; b) S. Park,
H. Sugiyama, Angew. Chem. Int. Ed. 2010, 49, 3870-3878; c) S. K. Silverman, Angew. Chem. Int. Ed. 2010,
49, 7180-7201; d) J. Bos, G. Roelfes, Curr. Opin. Chem. Biol. 2014, 19, 135-143.

a) G. Roelfes, B. L. Feringa, Angew. Chem. Int. Ed. 2005, 44, 3230-3232; b) G. Roelfes, A. J. Boersma, B. L.
Feringa, Chem. Commun. 2006, 635-637; c) A. J. Boersma, B. L. Feringa, G. Roelfes, Org. Lett. 2007, 9,
3647-3650; d) J. Wang, E. Benedetti, L. Bethge, S. Vonhoff, S. Klussmann, J. J. Vasseur, J. Cossy, M.
Smietana, S. Arseniyadis, Angew. Chem. Int. Ed. 2013, 52, 11546-11549; e) A. ). Boersma, B. L. Feringa, G.
Roelfes, Angew. Chem. Int. Ed. 2009, 48, 3346-3348; f) S. Park, K. Ikehata, R. Watabe, Y. Hidaka, A.
Rajendran, H. Sugiyama, Chem. Commun. 2012, 48, 10398-10400; g) D. Coquiere, B. L. Feringa, G. Roelfes,
Angew. Chem. Int. Ed. 2007, 46, 9308-9311; h) R. P. Megens, G. Roelfes, Chem. Commun. 2012, 48, 6366-
6368;i) Y. H. Li, C. H. Wang, G. Q. Jia, S. M. Lu, C. Li, Tetrahedron 2013, 69, 6585-6590; j) N. Shibata, H.
Yasui, S. Nakamura, T. Toru, Synlett 2007, 1153-1157; k) A. J. Boersma, D. Coquiére, D. Geerdink, F. Rosati
B. L. Feringa, G. Roelfes, Nat. Chem. 2010, 2, 991-995; I) S. Park, |. Okamura, S. Sakashita, J. H. Yum, C.
Acharya, L. Gao, H. Sugiyama, ACS Catal. 2015, 5, 4708-4712; m) K. Amirbekyan, N. Duchemin, E.
Benedetti, R. Joseph, A. Colon, S. A. Markarian, L. Bethge, S. Vonhoff, S. Klussmann, J. Cossy, J.-J. Vasseur,
S. Arseniyadis, M. Smietana, ACS Catal. 2016, 6, 3096-3105; n) A. Rioz-Martinez, J. Oelerich, N. Ségaud, G.
Roelfes, Angew. Chem. Int. Ed. 2016, 55, 14136-14140; o) A. Garcia-Fernandez, R. P. Megens, L. Villarino,
G. Roelfes, J. Am. Chem. Soc. 2016, 138, 16308-16314.

1. J. Marek, R. P. Singh, A. Heuer, U. Hennecke, Chem. Eur. J. 2017, 23, doi: 10.1002/chem.201606002.

a) R. D. Wells, J. Biol. Chem. 1988, 263, 1095-1098; b) R. D. Wells, Trends Biochem. Sci. 2007, 32, 271-278;
c) S. C. Raghavan, M. R. Lieber, Front. Biosci. 2007, 12, 4402-4408; d) A. Bacolla, R. D. Wells, J. Biol. Chem.
2004, 279, 47411-47414; e) A. Majumdar, D. J. Patel, Acc. Chem. Res. 2002, 35, 1-11.

a) Y. Qin, L. H. Hurley, Biochimie 2008, 90, 1149-1171; b) S. Burge, G. N. Parkinson, P. Hazel, A. K. Todd, S.
Neidle, Nucleic Acids Res. 2006, 34, 5402-5415; c) A. N. Lane, J. B. Chaires, R. D. Gray, J. O. Trent, Nucleic
Acids Research 2008, 36, 5482-5515.

a) S. Roe, D. J. Ritson, T. Garner, M. Searle, J. E. Moses, Chem. Commun. 2010, 46, 4309-4311; b) C. H.
Wang, Y. H. Li, G. Q. Jia, Y. Liu, S. M. Lu, C. Li, Chem. Commun. 2012, 48, 6232-6234; c) C. H. Wang, G. Q.
Jia, J. Zhou, Y. H. Li, Y. Liu, S. M. Lu, C. Li, Angew. Chem. Int. Ed. 2012, 51, 9352-9355; d) M. Cheng, Y. Li, J.
Zhou, G. Jia, S.-M. Ly, Y. Yang, C. Li, Chem. Commun. 2016, 52, 9644-9647; e) Y. Li, M. Cheng, J. Hao, C.
Wang, G. Jia, C. Li, Chem. Sci. 2015, 6, 5578-5585; f) Y. Li, C. Wang, J. Hao, M. Cheng, G. Jia, C. Li, Chem.
Commun. 2015, 51, 13174-13177; g) M. Wilking, U. Hennecke, Org. Biomol. Chem. 2013, 11, 6940-6945.
a) N. S. Oltra, G. Roelfes, Chem. Commun. 2008, 6039-6041; b) L. Gjonaj, G. Roelfes, ChemCatChem 2013,
5,1718-1721; c) S. Park, L. Zheng, S. Kumakiri, S. Sakashita, H. Otomo, K. lkehata, H. Sugiyama, ACS Catal.
2014, 4, 4070-4073; d) P. Fournier, R. Flammengo, A. Jaschke, Angew. Chem. Int. Ed. 2009, 48, 4426-4429
e) Z. Tang, D. P. N. Gongalves, M. Wieland, A. Marx, J. S. Hartig, ChemBioChem 2008, 9, 1061-1064; f) M.
Caprioara, R. Flammengo, M. Engeser, A. Jaschke, Chem. Eur. J. 2007, 13, 2089-2095.

S. Dey, A. Jaschke, Angew. Chem. Int. Ed. 2015, 54, 11279-11282.

D. G. Wei, G. N. Parkinson, A. P. Reszka, S. Neidle, Nucleic Acids Res. 2012, 40, 4691-4700.

A. T.Phan, V. Kuryavyi, S. Burge, S. Neidle, D. J. Patel, J. Am. Chem. Soc. 2007, 129, 4386-4392.

E. Y. N. Lam, D. Beraldi, D. Tannahill, S. Balasubramanian, Nat. Commun. 2013, 4, 1796.

A. Draksharapu, A. J. Boersma, W. R. Browne, G. Roelfes, Dalton Trans. 2015, 44, 3656-3663.

A. Dumas, N. W. Luedtke, Chem. Eur. J. 2012, 18, 245-254.

a) C. C. Hardin, E. Henderson, T. Watson, J. K. Prosser, Biochemistry 1991, 30, 4460-4472; b) D. Sen, W.
Gilbert, Nature 1990, 344, 410-414; c) F. Cesare Marincola, A. Virno, A. Randazzo, F. Mocci, G. Saba, A. Lai,

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201700632

(17]

(18]
[19]

[20]
(21]

Magn. Reson. Chem. 2009, 47, 1036-1042; d) J. R. Williamson, M. K. Raghuraman, T. R. Cech, Cell 1989,
59, 871-880.

a) N. V. Hud, F. W. Smith, F. A. L. Anet, J. Feigon, Biochemistry 1996, 35, 15383-15390; b) J. Gu, J.
Leszczynski, J. Phys. Chem. A 2000, 104, 6308-6313; c) J. Gu, J. Leszczynski, J. Phys. Chem. A 2002, 106,
529-532.

A. Ambrus, D. Chen, J. Dai, T. Bialis, R. A. Jones, D. Yang, Nucleic Acids Res. 2006, 34, 2723-2735.

a) Y. Wang, D. J. Patel, Structure 1993, 1, 263-282; b) G. N. Parkinson, M. P. H. Lee, S. Neidle, Nature 2002,
417, 876-880; c) A. T. Phan, D. J. Patel, J. Am. Chem. Soc. 2003, 125, 15021-15027; d) K. N. Luu, A. T. Phan,
V. Kuryawyi, L. Lacroix, D. J. Patel, . Am. Chem. Soc. 2006, 128, 9963-9970.

H. Irving, R. J. P. Williams, J. Chem. Soc. 1953, 3192-3210.

B. J. Hathaway, D. E. Billing, Coord. Chem. Rev. 1970, 5, 143-207.

This article is protected by copyright. All rights reserved.



