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A DNA-based artificial metalloenzyme (ArM)
consisting of a copper(II) complex of 4,4’-dimethyl-2,2’-bipyridine
(dmbipy-Cu) bound to double-stranded DNA (dsDNA) as short
as 8 base pairs with only 2 contiguous central pairs (G for guanine
and C for cytosine) catalyzes the highly enantioselective Diels—
Alder reaction, Michael addition, and Friedel—Crafts alkylation in
water. Molecular simulations indicate that these minimal
sequences provide a single site where dmbipy-Cu is groove-
bound and able to function as an enantioselective catalyst.
Enantioselective preference inverts when p-DNA is replaced with
L-DNA. When the DNA is conjugated to a hydrophobic tail, the
obtained ArMs exhibit enantioselective performance in a
methanol—water mixture superior to that of non-amphiphilic

Diels-Alder reaction
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dsDNA, and dsDNA-amphiphiles with more complex GeC-rich sequences.

artificial metalloenzyme, DNA catalysis, asymmetric catalysis, catalysis in methanol—water, DNA-amphiphile

rtificial metalloenzymes (ArMs) can combine the chiral

environment of biomolecular scaffolds with the catalytic
properties of a transition metal.' ~ Since the introduction of
DNA-based ArMs in 2005, enantioselective catalysis by metal
ions or metal ion complexes assembled on a DNA scaffold has
been demonstrated for Diels—Alder,’™"® Friedel—Crafts
all<ylation,l4_18 Michael addition,’”™** and other reac-
tions.”> ™ Despite progress in correlating the catalytic
performance of DNA-ArMs with their DNA se-
quence,g_12’15_18’21’24_28’3’0 pinpointing which of the many
possible chiral microenvironments created by the interaction
between the DNA and the bound metal, or metal complex, is
responsible for enantioselective catalysis remains elusive. As a
result, our ability to design catalysts based on minimal DNA
sequences with localized catalytic sites is limited. Minimal
DNA sequences may enable cost-effective implementation of
DNA scaffolds as well as their facile incorporation in extended
constructs, like DNA-ampbhiphiles, aiming at efficient catalysis
in complex solvent environments. Here, it is demonstrated that
DNA-ArMs consisting of a Cu(II) complex with 4,4’-dimethyl-
2,2-bipyridine (dmbipy-Cu) bound to minimal dsDNA
sequences, containing only two contiguous GeC base pairs,
can be as highly active and selective as ArMs based on more
extended DNA sequences. Based on these findings and
molecular simulations of dmbipy—Cu interactions with DNA,
a single catalytic site is proposed. Moreover, to establish
possible practical implications, it is shown that the minimal
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TTTGGTTT and AAACCAAA DNA sequences can be
conjugated to hydrophobic tails to create DNA-amphiphile
ArMs, which in methanol—water solvents outperform their
corresponding DNA ArMs, as well as DNA-amphiphile ArMs
based on the G-rich sequence HT21.

The Diels—Alder reaction between aza-chalcone (1a) and
cyclopentadiene (2) was used to probe the catalytic perform-
ance of different dsDNA sequences (Figure 1 and Figure S1).
There are four possible products for (3-phenylbicyclo[2.2.1]-
hept-S-en-2-yl) (pyridin-2-yl)methanone (3a): Re-endo, Si-endo,
Re-exo, and Si-exo (Scheme S1) out of which the two endo
enantiomers are dominant.*** The ability for enantioselectiv-
ity by the DNA-ArM catalyst is determined by the
enantiomeric excess (ee) of the Si-endo versus Re-endo. Earlier
reports show that both 4,4'-dimethyl-2,2’-bipyridine (dmbipy)
and 2,2'-bipyridine (bipy) are groove binders to natural
salmon testes DNA (st-DNA) with dmbipy exhibiting higher
enantioselectivity and rate acceleration for the Diels—Alder
reaction between (1a) and (2).** Therefore, dmbipy was
selected as the achiral ligand to bridge the Cu(Il) catalytic

November 15, 2021
January 20, 2022

https://doi.org/10.1021/jacsau.1c00513
JACS Au 2022, 2, 483—-491


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danyu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evangelia+Pantatosaki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huihui+Kuang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="George+K.+Papadopoulos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Tsapatsis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Tsapatsis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Efrosini+Kokkoli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.1c00513&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00513?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00513?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00513?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00513?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00513/suppl_file/au1c00513_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00513/suppl_file/au1c00513_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00513?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/2/2?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/2?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/2?ref=pdf
https://pubs.acs.org/toc/jaaucr/2/2?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.1c00513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

JACS Au pubs.acs.org/jacsau
Diels-Alder Reaction
dmbipy-Cu
7N
\
o =N_ N / N
No ", dsDNA 2
| + @ cu 7\ + 7\
Z =N [¢] [e} N=—
1a 2 3a (Si-endo) 3a (Re-endo)

mconversion mee

100 1 r 100

90 4 F 90

80 4 F 80
- 70 4 F 70
°\°
5 60 602
2 50 - L 50 &
>
s
S 40 F 40

30 30

20 | L 20

10 A 10

0 - + 0

st-DNA HT21 21 21-6 21-6,7

21-6,7,8 21-6,7,8,9 21-10,11

12-6, 7 84,5 6-3,4

Figure 1. Conversion and ee for Diels—Alder reaction catalyzed by different dsDNA sequences with dmbipy-Cu. ee% = (moles of Si-endo — moles
of Re-endo)/(moles of Si-endo + moles of Re-endo) X 100%. All reactions were carried out in MOPS (20 mM, pH 6.5) at 4 °C for 3 h, st DNA:
0.68 mg/mL (1.05 mM base pairs); synthetic dsDNA: SO uM; [dmbipy-Cu]: SO uM; aza chalcone (1a): 1 mM (ie, 5% catalyst loading);
cyclopentadiene: 5.6 uL (67 equiv). See experimental section (SI) for reaction procedure details. All data are averaged over three independent
experiments. Parameters were determined for all displayed products by high-performance liquid chromatography (HPLC) analysis on a chiral
stationary phase. The conversion and ee were not detectable in the absence of dsDNA under the conditions cited above (longer times were

required to achieve detectable conversion).

center and the dsDNA scaffold.”* We include for comparison
the performance of st-DNA and a GeC-rich dsDNA sequence
composed of the 21 nucleotide G-rich human telomeric
sequence HT21. The ArM catalysts based on st-DNA and
HT21 exhibit high conversion and enantioselectivity with
preference for the Si-endo (Figure 1) in agreement with
expectations from a previous report.

dsDNA GeC-rich sequences have been verified as active and
enantioselective catalysts for the Diels—Alder reaction of (1a)
and (2). However, the presence of multiple secondary
structures in samples of HT21 and its complementary
sequence make efforts to identify catalytic sites a complicated
task. Figure S2a shows that in the conditions of the reaction,
multiple secondary structures, like antiparallel G-quadruplex, i-
motif, and B—form,35 coexist. Moreover, variations among
independently produced samples (i.e., prepared on different
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days using identical procedure) are evident. Our results are in
agreement with reports from the literature where they showed
that a completely hydrogen-bonded one-to-one complex from
a double-stranded polyGepolyC sample had to be prepared
enzymatically, as otherwise the sequences could also form self-
complexes.’® Addition of 0.1 M NaCl, not present in the
reaction condition, was required to stabilize the B-form (Figure
S2b). Therefore, in order to narrow down the catalytically
active chiral microenvironments in the DNA duplex and
explain the origin of asymmetric catalysis achieved by the
GeC-rich dsDNA-based ArMs, we tested a series of synthetic
21-base-pair dsDNA sequences including the “21” sequence,
which consists of 21 base pairs of adenine (A) and thymine
(T), the “21-6”, “21-6,7", “21-6,7,8", and “21-6,7,8,9”
sequences, which contain one to four contiguous GeC pairs
(see Table S1 and Scheme S2 for naming the DNA sequences
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Figure 2. Probability density functions of finding the copper atom (a) and pyridine methyl carbon C15 (b) of the dmbipy-Cu, at various distances
from the minor groove base atoms in “21” (red) and “21-10,11” (blue) sequences, computed over the equilibrated MD trajectory (for a similar
graph for pyridine methyl carbon C9, see Figure $22; the notation of carbon atoms is indicated in Figure S17). Indicative configurations rendered
from the MD trajectory depicting the dmbipy-Cu binding to the DNA in “21” (c) and “21-10,11” (d). The reactant (1a), added by following the
bidentate coordination pattern® of the enone to the copper atom of the dmbipy-Cu, is shown in (e): the 5-coordinated triagonal bipyramidal
complex has the N of (1a) and a N of dmbipy in the axial positions, while the three equatorial positions are occupied by the other N of pyridine,
the O of (1a), and an O from water (not shown)). This configuration is depicted in (f) for “21” and (gh) for “21-10,11”. (g, h) depict the same
configuration in two rotated views for clarity. Water molecules in the rendered pictures are omitted for clarity; configurations including the water
molecules are depicted in Figure $24. Color code for the dmbipy-Cu and reactant (1a): Cu (magenta), N (blue), C (cyan), H (white), O (red);
color code for the DNA: guanine (green), cytosine (cyan), adenine and thymine (yellow).

used in this study). The CD results confirmed that all DNA
sequences used in Figures 1 and S1 hybridized in the buffer
used for catalysis and that the presence of dmbipy-Cu had no
notable effect on the secondary structure of the dsDNA
(Figures S4—S16). For comparison, the CD of st-DNA is
shown in Figure S3. Sequence “21” showed four peaks between
245 and 285 nm (Figure S4), two maxima at 260 and 282 nm,
and two minima at 248 and 267 nm, characteristic of the B’
heteronomous DNA-form adopted by poly(A)epoly(T)
sequences.”>”” The presence of just one G has been shown
to interrupt the A-track by decreasing the ellipticity at 260 nm,
as shown in Figure $5.°7**

It has been stated earlier that three contiguous G are
correlated with high ee for the Diels—Alder reaction of (1a)
and (2).° Indeed, while the “21” sequence (consisting only of
AeT pairs) was almost inert toward this reaction, after
introducing one GeC pair to the duplex, ee increased from
27% to 60%. When two contiguous GeC pairs are present in
the “21” sequence, a notable increase in both conversion and
enantioselectivity was observed for the “21-6,7” sequence (94%
ee with preference for Si-endo at 80% aza-chalcone
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conversion). With the dsDNA sequences containing three or
four GeC base pairs in a row, highly active hybrid catalysts
were acquired, which provided the Si-endo isomer with
excellent enantioselectivities (98% for both “21-6,7,8” and
“21-6,7,8,9”). These results indicate that in order to obtain a
highly enantioselective ArM catalyst for the Diels—Alder
reaction of (la) and (2), a minimum of two contiguous
GeC pairs are at least required.

The position of the two GeC pairs is consequential. A
comparison among 21-base-pair dsDNA sequences containing
two GeC base pairs at different positions is shown in Figure
SI. A “21-6,16” sequence with two separate GeC pairs
provided only moderate enantioselectivity (68%) further
emphasizing the importance for the GeC pairs to be
contiguous. When the two contiguous GeC pairs were
moved to the end of the sequence (“21-20,21”), the
enantioselectivity dropped to 21%. However, after moving
the two GeC pairs by two nucleotides inward (“21-18,19”), the
ee was restored to 90%. By moving the two contiguous GeC
pairs further toward the center zone, both conversion and
enantioselectivity were increased again, with the best results
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given by the “21-10,11” sequence (84% conversion and 95%
ee). The significant effect of the two GeC pairs’ position on
the catalytic results indicates sensitivity of the enantioselectiv-
ity to the chiral microenvironment created by the binding
position of the bipyridine complex to the dsDNA scaffold.

The simplicity of our system allowed us to propose the
active site configuration by performing statistical mechanics-
based modeling. Molecular dynamics (MD) simulations for the
binding of dmbipy-Cu on two representative sequences: “21”
and “21-10,11” in ionic aqueous solution were conducted
(details in SI).*” The MD simulations show that the dmbipy-
Cu complex (Figure S17) in both sequences binds to the
minor groove of DNA without intercalating its double helix. As
shown from the time evolution of the distance between the
dmbipy-Cu and the DNA in Figure S18, the molecules remain
bound along the entire equilibrated MD trajectory. Figure S19
presents the rise per base pair along the helix axis, namely, the
distance between adjacent bases in the same DNA strand,
computed over the entire MD trajectories. It is seen that, in
both sequences, the average rise per base pair fluctuates around
the crystallographic value denoting no increase, and thus no
dmbipy-Cu intercalation. In Figure S20, the probability of
finding dmbipy-Cu at various distances from the minor or
major groove base atoms indicates that the dmbipy-Cu is a
minor groove binder in both sequences. In particular, in “217,
the dmbipy-Cu complex resides in the minor groove covering
five nucleotide pairs, from T8 to T12, while in “21-10,117, it
bounds in the vicinity of the GeC pairs covering a four-
nucleotide sequence, from T7 to G10, as shown in Figure S21a
depicting the minimum distance between the dmbipy-Cu and
each of the 21 DNA nucleotide pairs. More specifically, the
dmbipy-Cu forms close contacts with the electronegative
minor groove atoms N2 and N3 of guanines and the N3 of
adenine and O2 of thymine atoms residing in the proximity of
the GeC pairs, as shown in Figure S21b (the notation of the
base atoms follows the standard IUPAC-IUB numbering
convention for the nucleic acid bases*’). The computation of
the electrostatic potential energy between the dmbipy-Cu and
the DNA for both the “21” and the “21-10,11” systems (Figure
S21c) shows that electrostatic interactions are more attractive
in the “21-10,11”, indicating that electrostatics are a key
parameter in the dmbipy-Cu binding of the DNA sequence
containing the two contiguous GeC pairs.

The dmbipy-Cu to DNA binding pattern was further
investigated by computing the probability of finding the
copper atom or the pyridine methyl carbons at various
distances from the minor groove base atoms, as depicted in
Figure 2a and b, and Figure S22 (details in SI). In “21”, the
position of the dmbipy-Cu was found to be highly localized,
with both methyl carbons residing at short distances from the
minor groove base atoms (cumulative probability p (03<s<
0.5) approximately 0.93 and 0.80 for C1S and C9,
respectively). Also, copper lies at large distances into the
solvent (p (0.7 < s < 1.1) about 0.90). These findings indicate
that the ligand orients both pyridine methyls into the groove as
shown in the indicative configuration rendered from the MD
trajectory (Figure 2c). This configuration is enabled by the
quasi-planar structure of dmbipy-Cu which allows for the fit of
the molecule in between the minor groove wall. By contrast, in
“21-10,117, the respective distributions are considerably wider
denoting enhanced dmbipy-Cu mobility, in agreement with
previous suggestions regarding dmbipy-Cu and GeC-rich st-
DNA.” We found that the pyridine methyls may be located in
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or out (p (0.5 < s < 1.2) approximately 0.70 and 0.80 for C15
and C9, respectively) of the minor groove. Also, the copper
atom may reside in the groove or in the DNA hydration shell
close to the edge of the groove (p (0.5 < s < 0.7) value about
0.55). The above findings show that the dmbipy-Cu may direct
one of its pyridine rings in the groove, and the other in the
solvent with the copper atom close to the minor groove edge
(Figure 2d).

The distinct configuration for dmbipy-Cu-dsDNA “21-
10,117 is due to the presence of the GeC pairs, and the
GeC-induced local widening of the minor groove, while on the
contrary, the narrow minor groove of the pure AeT-sequence
“21” does not enable such behavior (Figure S23). In other
words, the groove size is sequence-dependent, and the
widening is not induced by the dmbipy-Cu, as shown by
calculations of the minor groove width for the two initial DNA
structures (Figure S23). The above computations are in
agreement with experiments showing that AeT-rich sequences
exhibit narrower minor grooves than GeC-rich DNA.*"*

The dissimilar binding patterns of the dmbipy-Cu in “21”
and “21-10,11” result in a different hydration level for copper,
as revealed by the computed radial distribution functions
shown in Figure S25a. In “21-10,11”, the coordination of water
molecules around copper is partially restricted because of the
“volume” occupied by the DNA, which reduces the accessible
surface of the copper atom by the solvent; in “21-10,11” the
Cu atom was found to coordinate with the oxygen atoms of the
DNA phosphate groups with higher probability (cumulative
probability p (s < 0.3) approximately 0.7 and 0.4, respectively)
than in the “21” sequence (see Figure S25b). Changes in the
coordination of Cu in the presence of DNA have been
suggested earlier.”

As shown in Figure 2e, the experimentally determined
catalytic outcome requires a preferential acceleration of the
cyclopentadiene attack through the Si-face of (la) when
attached to dmbipy-Cu bound to “21-10,11”, while no such
acceleration is observed for “21”. We propose that this is
accomplished by the distinct sequence-dependent binding
patterns of the dmbipy-Cu in the sequences “21” and “21-
10,11” as predicted by MD, which in turn can impose different
orientations of the reactant (1a) with respect to DNA upon its
bidentate coordination to the copper atom. Here, we do not
undertake the task of simulating the coordination of (1a) with
dmbipy-Cu in the presence of dsDNA in ionic aqueous
solution, on the basis of density functional theory (DFT); such
simulations are currently computationally extremely expensive
because of the high number of atoms N involved; standard
DFT algorithms scale with O(N°).** Instead, we use the
dmbipy-Cu and dsDNA configurations determined by MD and
assume that the bidentate coordination of (1a) to dmbipy-Cu
occurs with the two quasi-planar molecules orienting their
planes to form a S-coordinate trigonal bipyramidal complex, as
predicted by previous DFT calculations in the absence of both
the DNA and the solvent™ and shown in Figure 2e. We show
schematically in Figure 2f and Figure 2gh possible
configurations of DNA-dmbipy-Cu-(1a) based on the above
assumption (see also Figure S26 for alternative configurations).
In the “21” sequence, both faces of the (1a) are away from the
DNA double helix and in contact with the bulk solvent (Figure
2f), whereas in the sequence “21-10,11”, one face of the (1a) is
close to the DNA double helix with the other face being in
contact with the bulk solvent (Figure 2gh). Consistent with
the experimental findings, the “21” configuration cannot
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provide preference for Si-face vs Re-face attack of (2) to (1a).
In the “21-10,11” configuration shown in Figure 2g and h, the
Si-face is near the DNA. Therefore, in this configuration, the
Si-face attack of (2) to (1a) will take place with (2) present in
the pocket created between (1) and the DNA. In a recent
study of the same reaction catalyzed by Cu’*-adenosine
triphosphate, density functional theory gas-phase calculations
suggested that the Si-face attack was favored due to hydrogen
bonding of (2) with phosphate oxygen atoms leading to a
reduced energy barrier for the cycloaddition.” One possible
explanation for our system is that DNA—(2) interactions in the
pocket created between the Si-face of (1a) and dsDNA lead to
a free energy transition state reduction causing the observed
rate increase and high ee observed experimentally for “21-
10,11”. An alternative explanation for the observed ee is that
the relevant configuration for catalysis is with (1a) oriented as
shown in Figure $26, i.e., with (1a) rotated by 180° compared
to its configuration in Figure 2g and h. In this configuration,
the Re-face of (1a) is near the DNA and is being shielded
against Re-face attack. In this scenario, the rate acceleration
observed experimentally can be attributed to an increase in
local concentration as suggested in a previous study.” At this
point, we cannot provide definite support for one of the two
aforementioned mechanisms, as they can both be consistent
with the observed ee in favor of the Si-endo isomer.

The above experiments and simulations suggest that a
catalytic site can be localized at two contiguous GeC pairs.
Next, we investigated minimal sequences containing 12, 8, and
6 base pairs. As Figure 1 shows, the “12-6,7” and “8-4,5”
sequences maintain high enantioselectivity. However, when the
sequence was truncated to 6 base pairs (“6-3,4”), lower
conversion (24%) and ee (78%) were observed. Thus, the
catalytic results indicate that to maintain high enantioselectiv-
ity, the dsDNA sequence with two central contiguous GeC
base pairs can be as short as 8 base pairs (“8-4,5”). We note
that the highly enantioselective functionality of the “8-4,5 is
obtained despite the increase in configurational disorder in 8
base pair sequences containing GeC pairs suggested by crystal
structures and potential energy minimizations."*™*

The melting temperatures (Figure S27 and Table S6) of st-
DNA, HT21, “8-4,57, and “8” were measured at two
concentrations (3 and 15 uM) which are lower than the 50
UM concentration used in the catalysis experiment. At 15 uM,
all sequences exhibit melting temperatures that are higher than
4 °C. Results show that as the concentration increases the
melting temperature increases in agreement with literature
reports’” and the melting temperatures increase in the
following order: “8” < “8-4,5” < HT21 < st-DNA.

Although the role of DNA sequence®*”*" and length'® has
been discussed before, to the best of our knowledge, the highly
enantioselective performance of only two contiguous GeC
base pairs in a sequence as short as eight nucleotides has not
been demonstrated. Our short dsDNA sequences are
comparable in size and performance with catalysts consisting
of dmbipy-Cu and short (14-nucleotide) sequences that fold
into hairpin structures containing a minimum of three GeC
pairs.52

The binding constants of dmbipy-Cu based on DNA base
pair concentrations are shown in Figure S28. The binding
constant for st-DNA ((9.25 + 0.75) x 10° M™) is consistent
with that reported by the Roelfes group (7.26 x 10> M~").°
According to our results, the dmbipy-Cu can bind strongly to
both “8” ((9.99 + 0.79) x 10* M, corresponding to 78.3% of
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the dmbipy-Cu complex bound to “8”) and “8-4,5” ((10.34 +
1.03) x 10* M, corresponding to 78.8% of the dmbipy-Cu
complex bound to “8-4,5”) sequences, indicating that the
enantioselective catalytic performance differences (i.e. rate
acceleration in favor of the Si-endo isomer) are not due to
differences in binding but differences in configuration. This is
consistent with the MD simulations discussed above. We note
that as stated in the caption of Figure 1, free dmbipy-Cu
exhibits negligible activity under the experimental conditions
we used.

The ability for inverting the enantioselectivity by switching
from right-handed pD-DNA to the left-handed L-DNA,
introduced earlier,”* was confirmed for the “8-4,5” sequence
(HPLC chromatograms are shown in Figure $29). The left-
handed “8-4,5” sequence was confirmed by contrasting the CD
spectra of L-DNA (Figure S30) with the CD spectra of the
natural right-handed p-DNA (Figure S11). As shown in Table
S7 (entry 1 and entry 2), by switching the duplex backbone of
“8-4,5” from right-handed to left-handed and providing a
microenvironment of opposite chirality, the enantioselectivity
was reversed. When using D-DNA, cyclopentadiene addition
from the Si-side is favored forming the Si-endo product, while
for L-DNA, addition from the Re-side is favored to form the Re-
endo product. By using equimolar amounts of L-DNA and p-
DNA, a racemic endo product was obtained (Table S7, entry
3) as expected based on identical catalytic activities of the
mirror images of the catalytic sites.

We also examined a series of 8-base-pair variations (Figure
3), which further confirmed the importance of two contiguous
GeC pairs. Hybridization and the presence of the B-form
conformation were verified for all of these dSDNA sequences
by CD (Figures S11 and S31—S34). Activity and selectivity
decreased by switching the G and C base groups of one of the
two contiguous GeC pairs (group B, Figure 3). Further
highlighting the importance of two contiguous GeC pairs, a
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Figure 3. Conversion and ee for Diels—Alder reaction catalyzed by
different 8-base pair dsDNA sequences with dmbipy-Cu. Reaction and
conditions are the same as in Figure 1.
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sequence of 8 alternating GeC pairs (group C, Figure 3) also
exhibited reduced activity and selectivity.

In addition to the Diels—Alder reaction, the “8-4,5” dsDNA
sequence exhibits significantly enhanced enantioselectivity
compared to the enantioselectivity achieved by the “8”
dsDNA sequence for Friedel—Crafts alkylation (Figure 4a)
and Michael addition (Figure 4b) in water. This finding further
highlights the functionality of the short sequence with two
contiguous GeC pairs.

The minimal sequences with a localized enantioselective site
presented above are sufficient to match the performance of
ArMs with more complicated sequences allowing for better
assessment of the location of the catalytic site. Moreover, they
may enable cost-effective utilization of DNA by complement-
ing other approaches toward practical applications like the
ones using bound DNA on solid matrices®>® as well as
exploring immobilization and imprinting approaches and
hybrid catalysts.”’~>” We demonstrate next a case where the
performance of a minimal DNA sequence with 2 GeC pairs
(“8-4,5” sequence) exceeds the performance of the HT21
sequence with 4 GeC triplets, highlighting the practical
significance of the minimal sequences introduced herein. The
“8-4,5” sequence and the HT21 sequence were used in a
methanol—water mixture (v/v = 50/50) for the Diels—Alder
reaction of (1a) and (2). As shown in Figure S, both dsDNA
sequences lost their enantioselective ability. This finding is in
agreement with previous reports that the highly enantiose-
lective DNA-based ArM has limited tolerance toward organic
cosolvents.** %

To recover the asymmetric catalytic performance of the
synthetic dsDNA sequences in the methanol—water (v/v = 50/
S0) system, we introduce an additional driving force for
assembly of the DNA strands. Earlier studies have demon-
strated that conjugation of DNA to polyethylene glycol can
improve its solubility, assembly, and catalytic function in
organic solvents, albeit without showing enantioselectivity.”> A
hydrophobic tail was synthesized®* and conjugated to both the
S’ end of the ssDNA sequence and the 3’ end of the
complementary ssDNA sequence (Scheme $3).%° Successful
conjugation was confirmed by matrix-assisted laser desorption
ionization-time-of-flight mass spectrometry (Table S3). CD
spectra showed that tail conjugation did not have an effect on
the secondary structure of the sequences in methanol—water
(Figures S35—S36). “8-4,5” and its amphiphile showed B-form
conformation. HT21 and its amphiphile in methanol—water
had a strong positive peak at 291 nm and a negative peak
around 260 nm, characteristic of antiparallel G-quadruplex and
i-motif.>> However, the presence of the B form cannot be
excluded for HT21, as the negative hump around 245 nm
could result from cancellation of a negative peak from B-form
and a positive peak from antiparallel G-quadruplex at this
wavelength. The catalytic performance of the dsDNA
amphiphiles in the methanol—water (v/v = 50/50) system is
shown in Figure S. A first observation is that the amphiphiles
exhibit improved enantioselectivity compared to the free
dsDNA sequences. This could be attributed to stabilization
provided by the tails as supported by the increase in melting
temperature for the amphiphiles. Figure S37 shows that the
melting temperatures of “8-4,5” and “8-4,5-amph.” in
methanol—water were 7.2 + 0.6 °C and 35.0 + 0.1 °C,
respectively. In addition, we found that the enantioselectivity
achieved by the “8-4,5-amph.” dsDNA ampbhiphiles (41%) was
significantly higher than that given by the “HT21-amph.”
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Figure 4. (a) Conversion and ee for Friedel—Crafts alkylation
catalyzed by “8” or “8-4,5” with dmbipy-Cu. ee% = (moles of R
enantiomer — moles of S enantiomer)/(moles of R enantiomer +
moles of S enantiomer) X 100%."° (b) Conversion and —ee for
Michael addition reaction catalyzed by “8” or “8-4,5” with dmbipy-Cu.
ee is negative for this reaction. —ee% = (moles of R enantiomer —
moles of S enantiomer)/(moles of R enantiomer + moles of S
enantiomer) X 100%.”° All reactions were carried out in MOPS (20
mM, pH 6.5) at 4 °C for 7 days; synthetic dsDNA: 50 uM; [dmbipy-
Cu]: 50 uM; a,f-unsaturated 2-acyl imidazole (1b): 1 mM (ie., 5%
catalyst loading); pyrrole: S mM; dimethyl malonate: 11.4 uL (100
equiv). See Experimental Section (SI) for reaction procedure details.
All data are averaged over three independent experiments. Parameters
were determined for all displayed products by HPLC analysis on a
chiral stationary phase.

(29%). Further work is required to decipher the structure of
the amphiphiles, the distribution of solvents and reactants, and
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Figure S. (a) Chemical structures of “HT21”, “8-4,5”, “HT21-amph.”, and “8-4,5-amph.” (b) Conversion and ee of Diels—Alder reaction catalyzed
by different dsDNA sequences with dmbipy-Cu in methanol—water mixture (v/v = 50/50). All reactions were carried out in MOPS (20 mM, pH
6.5) at 4 °C for 48 h, dsDNA: 15 uM; [dmbipy-Cu]: 15 uM; aza chalcone (1a): 1 mM (ie., 1.5% catalyst loading); cyclopentadiene: 5.6 uL (67
equiv). See Experimental Section (SI) for reaction procedure details. All data are averaged over three independent experiments. Parameters were
determined for all displayed products by HPLC analysis on a chiral stationary phase.

their effect on reaction rates and selectivities. However, this
serves as a first example of an ArM based on a short dsDNA
sequence with only two contiguous GeC pairs outperforming
dsDNA with extra and more extended G-tracts in a catalytic
system that benefits from contiguous GeC pairs. The findings
reported here, and in earlier studies,”” justify further
exploration of minimal sequences with localized catalytic
sites incorporated in ArMs, from both the fundamental and
practical standpoint.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c00513.
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