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Transmetalation for DNA-Based Molecular Electronics

Arpan De, Brandon Lu, Yoel P. Ohayon, Karol Woloszyn, William Livernois, Lara Perren,
Chu-fan Yang, Chengde Mao, Antia S. Botana, Joshua Hihath, James W. Canary,

Ruojie Sha, M.P. Anantram,* and Simon Vecchioni*

The rational design of molecular electronics remains a grand challenge

of materials science. DNA nanotechnology has offered unmatched control
over molecular geometry, but direct electronic functionalization is a challenge.
Here a generalized method is presented for tuning the local band structure
of DNA using transmetalation in metal-mediated base pairs (nmDNA). A
method is developed for time-resolved X-ray diffraction using self-assembling
DNA crystals to establish the exchange of Ag* and Hg?* in T:T base pairs
driven by pH exchange. Transmetalation is tracked over six reaction phases
as crystal pH is changed from pH 8.0 to 11.0, and vice versa. A detailed
computational analysis of the electronic configuration and transmission

in the ensuing crystal structures is then performed. This findings

reveal a high conductance contrast in the lowest unoccupied molecular
orbitals (LUMO) as a result of metalation. The ability to exchange single
transition metal ions as a result of environmental stimuli heralds a means of
modulating the conductance of DNA-based molecular electronics. In this way,
both theoretical and experimental basis are established by which mmDNA
can be leveraged to build rewritable memory devices and nanoelectronics.

1. Introduction

The advent of DNA nanotechnology came
from Ned Seeman’s 1982 proposal of the
self-assembling, three-dimensional (3D)
crystal for the determination of biomolec-
ular structures.!) In 1987, Seeman and
Robinson proposed the scaffolding of
electronic moieties in such lattices for the
development of nanoelectronics.l’l The
evolution of DNA nanotechnology has seen
remarkable progress in the ensuing four
decades, aided in part by solid-phase syn-
thesis techniques that obviated early syn-
thetic challenges, and ever more complex
modeling tools for structure design.>™!
Complex two-dimensional (2D) tile motifs
and crystals were developed, enabling the
realization of programmable matter in
solution and on surfaces.l®’! Principles of
computer science enabled the algorithmic
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self-assembly of aperiodic crystals from

DNA Wang tiles, as well as the birth of

DNA origami and meta-origami arrays.[®’]
DNA has further been used to demonstrate reconfigurable struc-
tures of varying complexity, including DNA tweezers, nanome-
chanical lattices, DNA walkers, DNA Mgbius strips, and compu-
tation from DNA neural networks—all based on the reconfigura-
tion of whole oligonucleotides.!'*5] Though such systems have
been used for complex, thermodynamically-driven algorithms,
this reconfigurability has not been leveraged toward dynamic
switching in intrinsically-conductive electronic devices and sys-
tems, nor has reconfiguration been streamlined at the atomic
level.

Significant attention has been paid to optical devices from
nanoparticles or dyes,['®7] and surface functionalization for
photonic applications,!'® but band engineering in DNA mate-
rials to tune its electrical and optical properties has seen lit-
tle progress. With the aggressive scaling of solid-state devices,
DNA-based nanoelectronics as suggested by Seeman and Robin-
son presents a promising alternative to conventional lithogra-
phy. The small geometry of DNA strands—0.34 nm nucleotide
pitch, 2 nm diameter—is appealing for device implementation
as this addressability resides at the state-of-the-art fabrication lim-
its of commercial semiconductor devices.!'?] Proposals have been
made to use DNA to build resonant tunneling diodes and super-
lattices akin to those in conventional semiconductors.[2*%] We
have previously shown that two DNA strands with comparable
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lengths can have nearly two orders of magnitude difference in
conductance, leading to proposals for read-only memory (ROM)
based on assembling DNA into 2D and 3D crossbars.[26:27]

Although progress has been made in electrically characteriz-
ing DNA, the fundamental bottleneck in experimentally realiz-
ing state-of-the-art comparable electronic behavior is the large
bandgap of DNA (3—4 eV), weak electronic coupling between
stacked bases, and the lack of doping strategies to tune the Fermi
energy—all of which lead to low electrical conductivity. Recent
proposals to increase the electrical conductivity include struc-
tural transformation from B- to A-form,[?®) twisting and stretch-
ing of DNA,[?l modifying the base stacking via organic molecule
intercalation,[**) and base pair modification by redox reactions.!!
An alternate strategy to modify DNA for electronic and optical
properties involves the metalation using nanoparticles or thin
films that disperse across the surface of the double helix, which
is a powerful nanometer-scale design tool but lacks the isomor-
phism essential for electronic devices.3273¢] Specifically, interac-
tions between metal ions and DNA have been widely explored
in the past five decades. As early as 1952, Katz observed an in-
teraction between Hg?* and nucleic acids extracted from calf
thymus.?”] In 1993, Gao et al performed crystallographic stud-
ies that elucidated the diverse binding modes of Co?**, Cu’*,
and Ba’?* to Z-DNA.I®®] Subsequently, in 1999, Aich et al. de-
veloped a molecular wire by intercalating divalent metals into
DNA in alkaline environments.>*] Following up, in 2003, Tanaka
et al built a magnetic chain leveraging ferromagnetic coupling
between Cu?* mediated adjacent base pairs.*"l A notable strat-
egy to modify DNA emerged from the work of Miyake et al,
where they showed specificity of Hg?* ion binding to T:T mis-
matched base pairs in dsDNA, with stability tested across a wide
pH spectrum (3.0 to 11.0).1*Y Similarly, Ono et al demonstrated
the specificity of Ag* ions in C:C base pairs.[*?] Reveguk et al fur-
ther explored the impact of metal binding to cytosine chains at
low (5.5) and high (9.0) utilizing steady state as well as time-
resolved fluorescence and absorption methods.[*}] They found
that the average fluorescence lifetime increases considerably at
low pH. Schmidt et al investigated the kinetics of metal binding
to mismatched base pairs, observing that T-Hg?*-T complexes
exhibit notable stability due to their low dissociation constants,
potentially enabling the construction of stable single-molecule
electronics.*l Furthermore, Bethur et al have demonstrated
the formation of stable Ag*-mediated G-duplex.[* However, all
these studies are more focused on expanding the versatility of
nucleic acid and not on building electronic devices. More im-
portantly, none of these studies demonstrate reconfigurability or
transmetalation.

To this end, we recently demonstrated, using self-assembled
DNA crystals,*] that the structures of mmDNA base pairs could
be swiftly and reliably solved in a variety of aqueous conditions,
and further showed the effect of metalation on the bandgap of
the surrounding DNA chain.l*’} Specifically, we demonstrated a
pH-based titration effect in T:T base pairs, in which competition
between Ag* and Hg?* caused homo- and heterobimetallic metal
base pairs. At neutral pH (8.0), two Hg?* ions bind to form a ho-
mobimetallic (two identical metal ions) base pair; while at slightly
alkaline pH (9.5), a mixed, heterobimetallic (two different metal
ions) Ag*/Hg?* base pair forms; and finally at high pH (11.0),
two Ag" ions dominate.[*8! The base pairs further change from
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mononuclear to dinuclear pairs, depending on the choice of Tris
or MOPS buffers. This result suggested a means both of con-
ductance modulation by pH change, as well as the possibility
of reconfigurable electronics based on DNA-based transmetala-
tion between Ag™ and Hg?". This metalation technique provides
a means of moving single atoms in response to environmental
stimuli as an alternative to thin films and particles, and it over-
comes the conductance bottleneck by direct injection of states
into the bandgap of DNA.

In this study, we develop a crystallographic method to cap-
ture structural intermediates in DNA-based transmetalation, ef-
fectively capturing the “structure” of a nearly-reversible chemi-
cal reaction. We further theoretically model silver- and mercury-
doped DNA at a variety of pH values to show that while the
HOMO levels primarily reside on the base pairs, the LUMO lev-
els are significantly influenced by the metal atoms. We calcu-
late the conductance of crystallographically derived mmDNA and
provide insight into the conductance contrast theoretically possi-
ble in such a system. The reversibility of metal atom intercala-
tion and the accompanying conductance contrast offer promise
for bio-electronic memory research and rewritable memory ele-
ments.

2. Results

2.1. Experimental and Theoretical Overview

The predictable behavior of metal coordination at varying pH
points asserts the reconfigurability of Ag* and Hg?* ions between
thymine bases as pH changes. To investigate the reconfigurabil-
ity of mmDNA base pairs and to carry out the ensuing electronic
fingerprinting, we employ the tensegrity triangle, a DNA mo-
tif that readily self-assembles into 3D crystals in programmable
space groups;***% here we employ a motif that consistently
yields space group R3.51753] These crystals are amenable to X-ray
diffraction and have been used to solve the biomolecular struc-
ture of mmDNA base pairs in various configurations.*!] Here,
we self-assemble DNA tensegrity triangles with T:T base pairs
in the presence of both Ag* and Hg?* and solve the structures of
the mmDNA pairs undergoing pH-based reconfiguration (Figure
la—c). We then consider the most critical region in crystal struc-
tures generated from the tensegrity triangle, which includes the
seven base pair (bp) regions surrounding the metal ion, to un-
derstand the ensuing charge transport properties (Figure 1d). Af-
ter partial optimization of the structure using density functional
theory (DFT), the Hamiltonian is obtained along with the energy
levels. This Hamiltonian is used to calculate the transport proper-
ties using the Green’s function approach.3*>*] Subsequently, the
transmission profile, conductance, and density of states are com-
puted. All experimental and simulation methods are discussed
in Sections S(1-4) (Supporting Information).

2.2. Time-Resolved Crystallography and Reconfiguration
To test the metal exchange processes, we performed time-

resolved crystallography of pH exchange by flash-freezing crys-
tals in liquid nitrogen after a significant pH change at specific
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Figure 1. Metal-mediated DNA a) T-T base pairs bind Ag* and Hg?* in dinuclear conformations at different pH values. The N3 and O4 positions are
annotated, blue. N3-metal bonds are known to be strong, linear coordination bonds, while O4-metal bonds are weaker and more fluid. b) Tensegrity
triangles are designed with one T-T mmDNA pair per edge (red) and self-assemble into macroscopic crystals of diffraction quality (inset). c) Reconfigura-
tion scheme is shown. Crystals are first grown at pH extrema (8.5, 11.0), then cryoprotected in buffers of different pH (crystal colors here are schematic,
not indicative of real color change). The crystals are soaked at the new pH from 5-300 s and then flash frozen in liquid nitrogen to capture the reaction
intermediate. Structure determination is carried out with £’ refinement to quantify the metal occupancy and identity at each time point. d) Computational
setup: step1: mmDNA structure extracted from the DNA tensegrity triangle; step2: the structure is cut to consider the 7 bp region surrounding the metal;
step3: the structure is DFT optimized; step4: DFT calculations are performed on optimized structures; and step5: transport calculations are carried out.
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Figure 2. Transmetalation: Time-resolved crystallography of transmetalation reactions in dT:Hg?* /Ag*:dT as pH was decreased from 11.0 to 7.0 (left
column) and increased from 8.5 to 11 (right column). All ions are recruited locally from within the crystal. a,e) Metal occupancy at N3 and O4 sites
for Hg?* are plotted on the positive y axis and occupancy of Ag* on negative y axis over log-scaled time. These reactions are articulated over six (left)
and four (right) distinct phases. Shape of occupancy curves roughly matches (b,f) f* plots of each site over log time. Horizontal dotted lines show
calculated Hg?* and Ag* f at 12307 eV (10.17 and 2.06, respectively). c,g) Crystal structure shown at each time point, with transparency of ions (Hg?*:
red spheres; Ag*: black spheres) set to the normalized occupancy at each site. Time before quenching in liquid nitrogen and PDB ID are indicated for
each structure. d,h) A reaction scheme for the pH-based transmetalation is proposed.

time points, thereby quenching the atomic displacement reac-
tions (Figure 1c). Crystals were grown in the presence of both
Ag* and Hg?* at each pH boundary (8.5 and 11.0) and immersed
in the buffer with reversed pH values (11.0 and 7.0, respectively).
pH 7.0 was chosen to increase the occupancy of Hg** during
the transmetalation reaction and improve quantification of re-
action progress, as we have previously seen relatively low occu-
pancy at pH 8.5. Transmetalation reactions, when pH changes
from alkaline (11.0) to neutral (7.0) and from neutral (8.5) to alka-
line (11), are shown in Figure 2a—d and 2e-h, respectively. Heavy
atoms were characterized through f'’ refinement (Tables S2-S3,
Supporting Information) as established previously.*’! In brief,
the anomalous scattering signal coming from metal ions is cal-
ibrated to the collection wavelength, allowing the occupancy of
Ag* and Hg?* to be quantitatively derived from the data. By first
solving, and then fixing the X, Y, and Z coordinates and B factors
of the molecule, we can identify the occupancy (Q factor) from
the known "’ of a fully occupied metal at the collection energy.
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The occupancy and f’ relationship are plotted in Figure 2 across
the reaction snapshots. We find that the tensegrity triangle allows
for atomistic levels of detail when it comes to heavy atom posi-
tion, enabling the measurement of a ~4 A atomic motion in these
atomic displacement reactions.

Crystals grown at pH 11.0 and immersed in pH 7.0 cryoprotec-
tant are diffracted to resolutions between 3.9 and 5.0 A (occupan-
cies and anomalous signal can be found in Figure 2a,b, Table S2
(Supporting Information); structures can be found in Figure 2c.
We observed that the metals are coordinated at the N3 position,
where protonation of thymine occurs. It immediately switches
from Ag* to Hg** upon pH exchange and remains Hg?* there-
after. In comparison, the O4 position contains Ag* at 5s, then
loses its bound metal until finally switching to Hg?* 120 s after
starting the reaction. These states can be seen in the proposed re-
action scheme (Figure 2d). The difference in the transition time
of the N3 position and the O4 position between these two datasets
reinforces the hypothesis that Ag* binds comparatively weakly at

© 2025 Wiley-VCH GmbH
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pH 11.0 to N3 compared to Hg?* binding to N3 at neutral pH
levels. This affinity difference appears to outweigh the impact of
greater accessibility of the O4 site to solvent ions in this experi-
ment.

The crystals grown at pH 8.5 and immersed in buffered cry-
oprotectant solution at pH 11.0 were diffracted to resolutions be-
tween 4.4 and 6.1 A (occupancies and anomalous signal can be
found in Figure 2e,f, Table S3 (Supporting Information); struc-
tures can be found in Figure 2g; proposed reaction scheme in
Figure 2h. In these data, we observed that the N3 position did
not always contain any metal after pH change, which shows that
at pH 11.0, the ability of the N3 position to bind Hg?* sharply
decreases. However, we do not observe Ag* binding, which indi-
cates that Ag™ binds very slowly in the N3 position and requires a
much longer timescale to observe, or is not regenerated in these
buffer conditions. In contrast, a high occupancy Ag* appears in
the O4 position after the 60 s, with occupancy increasing over
time. This may be due to the increased accessibility of the major
groove O4 position to the surrounding solvent compared to the
solvent-protected N3 site. The absence of N3 Ag* regeneration
could also indicate that the major groove, O4 Ag* presents a dif-
fusion barrier to regenerating the dinuclear Ag* base pair. These
states can be seen in the proposed reaction scheme (Figure 2d).

The data also contained instances of heavy atoms with '’ val-
ues that are in between the theoretical values of silver (2.06) and
mercury (10.17) at 12307 eV.>>] These metal sites were refined to
have the best agreement with 2F -F, and F-F, electron density
maps. Specific information on ambiguous sites can be found in
Section S1.6 (Supporting Information). We emphasize that these
sites are ambiguous and cannot be characterized as only Hg**
or Ag* and contain significant contributions from both metals.
As such, we posit that these molecular structures contain Hg?*
within some crystallographic unit cells and Ag* in others as an in-
termediate in the slow atomic displacement reaction. Despite the
much longer timescales, our process is similar to time-dependent
crystallography, which has been used to determine reaction dy-
namics and intermediates.[**>’ We anticipate that future studies
can leverage these results to investigate the mechanistic details
of mmDNA reactions.[®®>?! Overall, we have shown two avail-
able, solvent-accessible, and programmable sites on thymine that
freely interact with environmental Hg?* and Ag* with distinct
characteristics.

2.3. Conductance Analysis of mmDNA Structures

To study the effect of metal ion placement and identity on the vi-
ability of mmDNA-based molecular electronics, ten DNA struc-
tures from tensegrity triangles are considered with environmen-
tal pH ranging from 7.0-11.0 as reported here and previously.*]
Band gaps are generated in Figure 3. Structures with a sin-
gle metal ion (see Figure 2c-1V, Figure 2g-VI) are modeled in
Figure 4, while dinuclear base pairs are considered in Figure 5.
These specific two metal base pairs were chosen to reflect the
start and end points of transmetalation from low pH (8.5) to high
pH (11.0). Pristine DNA without metalation is analyzed at low
(7.0-9.0) and high (10.0-11.0) pH to provide a baseline and is con-
structed by removing a metal ion from a mmDNA structure. A
previous structure of a pristine T-T pair is isomorphic at neutral
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pH.[*] The simulation methodology is detailed in Section S4.1
(Supporting Information).

For a comprehensive understanding of the impact of
metal coordination, we have considered three categories
of conformations: i) single metal coordinated (PDB IDs:
7SLG, 7TG6) ii) dinuclear coordinated (PDB IDs: 7SMO,
7SM1,7SM2,7SM3,7SM4,7SM5) and iii) non-metalated. When
the pH is elevated from low (7.0-9.0) to high (10.0-11.0), all
canonical A-T base pairs lose the H3 hydrogen attached to the
N3 site of all thymines due to its pKa value (see Figure 3a). In
metalated motifs at low pH, mismatched thymine base pairs
tend to adopt the enol configuration to accommodate the metal
atom. This causes the H3 hydrogens to move toward the O4
sites as depicted in Figure 3b.*”] At high pH, where the T-T
base pair lacks H3 hydrogens, the metal can coordinate with
the bases (Figure 3c). Since pH controls the protonation state
of the thymine nucleobase (pKa of 9.7), we consider both fully
protonated and deprotonated structures from pH values between
9.0 and 10.0. The sequence under study contains five thymine
nucleobases (including the T-T mismatch); therefore, we have
removed five H3 hydrogens to represent the deprotonated states.

We have examined the bandgaps of all the metalated and non-
metalated motifs with definite protonated or deprotonated states
in Figure 3d. The bandgaps of the pristine structures at neu-
tral and high pH are calculated at 4.12 and 3.80 eV, respectively
(‘No metal’ of Figure 3d), matching expected values from previ-
ous studies.[*’] Metal ion coordination—N3-Hg?* at pH 7.0, and
O4-Ag* at pH 11.0—leads to the addition of new LUMO levels,
which causes the bandgap to shrink as shown in ‘Single metal’
of Figure 3d. The corresponding LUMO values are listed in Table
S6 (Supporting Information). When a single ion is bound, the
bandgap shrinks by 13.8% (0.57 V) for Hg** and 31.1% (1.18 eV)
for Ag*. This state is achieved experimentally as the stable struc-
ture of T:T mismatches in MOPS buffer when presented with a
single metal ion species, as well as a reaction intermediate (see
Figure 2c-1V,g-V).147:60]

By contrast, the choice of Tris buffer enables the dinuclear
states reported here (Figure 2) and previously,*¥] highlighting
the effects of solvation on metal speciation, and further on the
high solvent-accessibility of the secondary O4 site in the major
groove of DNA. This two-metal coordination leads to a bandgap
shrinkage of 52.7% (1.95 eV) and 44.7% (2.10 eV) for Hg?" and
Ag* respectively as depicted in the ‘Double metals’ of Figure 3d.
From the bandgap variation in all the motifs, we can note three
interesting trends: first, in non-metalated and single metal motifs
the bandgap reduces in alkaline pH, while it remains compara-
ble in double metal cases (x0.15 eV difference between pH 8.5
and 11.0 in dinuclear coordinated motifs). Second, the change in
bandgap between the initial (7.0 in single metal motifs and 8.5 in
double metal motifs) and final pH (11.0 in all motifs), is highest
in single metalated motifs, indicating that the charge transport in
single metalated motifs is more sensitive toward nature of coordi-
nated metal. Finally, moving left to right in Figure 3d reveals that
a higher number of metal coordination leads to a lower bandgap
at both low and high pHs, which is a promising lead for develop-
ing metalated DNA-based electronics.

At intermediate pH values, the bandgap modulation is deter-
mined by the metal ion locations and heterometallic coordination
(Figure 3e). For every pH level in Figure 3e, we observe that the

© 2025 Wiley-VCH GmbH

85U80|7 SUOWIWOD aAIeaID 3(cedljdde au Aq pausenob ae sejoffe VO ‘@SN JO s3I 10j A%eiq18uluO A1 UO (SUORIPUOO-pUe-SWLBILIY" A3 1M AfeIq U1 |UO//SANY) SUORIPUOD pUe SWe 1 8y} 89S *[5202/S0/yT] uo Ariqitauliuo Ae|im ‘uoiBuiusem JO A1sRAIUN AQ 8TSTTHZ0Z [IWS/Z00T 0T/I0p/Loo" A8 Areiqjeul|uoy/sdny wo.j pepeojumod ‘0 ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED. $imidll

www.advancedsciencenews.com www.small-journal.com

Thymine with no metal Thymine with metal

(b), < (0,

Hg?* pH=38.0 Ag* l pH=28.0
[
)\ L
pH=28.0 pH=11.0
(e)
T T T T T 24 T T
: : | Protonated Deprotonated
S Xy | e | ] 32 o
236 ' ' g o %X B
as. ! x ! E a
932} i | - 1 2 e
28} i W * 1 S 16}
A ! X 1 o H o .
ol . I s | %
2| : : -
1.6 . . . - i ! " . . 1.2
8.0 11.0 7.0 11.0 8.5 9.0 10 9.0 10.0
pH pH

Figure 3. Band calculation for different DNA structures exhibiting the impact of metal coordination on the DNA bandgap. To perform DFT calculation for
motifs at low (7.0-9.0) and high (10.0-11.0) pH, we have considered the protonation and deprotonation states of thymine as shown in (a-c). Thymine
without metal a) loses the H3 hydrogen bounded to N3 site at high pH (> 10.0). However, due to metal coordination at low pH (< 9.0), mismatch
T-T base pair results in shift of H3 hydrogen to O4 site. b); while that at high pH results in removal of those hydrogens from all thymine locations c).
Bandgaps of motifs at (pH < 9.0 and pH > 10.0) are shown in d) that includes no metal, single and double metal coordination with Hg?* (red circle)
and Ag" (black circle). At intermediate pH 9.0 and 10.0, two structures of the same mmDNA system have been considered to reflect the protonated
and deprotonated cases near the pKa of thymine (pH 9.7). It is to be noted that presence and absence of H3 hydrogens are termed as protonated and
deprotonated respectively. (a)-(c) show only the fourth base pair but the calculations in (d) and (e) are for the seven base pair calculations.

bandgap is reduced in the deprotonated state in comparison to  maps for Hg?* and Ag* coordination as shown in Figure 4a,b re-
the protonated one. Due to the removal of N3 hydrogens, alarge  spectively. While the lowest unoccupied orbital in the Hg** coor-
shift in occupied energies between protonated and deprotonated  dinated motifis localized on the metal/metalated base pair, in the
states is seen: 0.75 and 0.59 eV at pH 9.0 and 10.0, respectively. ~ Ag* coordinated case, it is found on a non-metalated base pair.
Although bandgap shrinkage is indicative of enhanced conduc-  The reason can be attributed to the significantly reduced partial
tance, a quantitative estimate of increased conductance can be  charge of Ag*. We posit that the proximity of Ag* with one of
done only by carrying out transport calculations. the O4 atoms (1.85 A) facilitates strong conjugation, resulting in

We first investigate the effect of single metal coordination on  considerable electron transfer from O4 to Ag. Consequently, the
conductance, using T:Hg?":T and T:Ag™:T base pairs (Figure 4  available density of states in Ag is reduced, causing the LUMO to
top and bottom panels, respectively). The impact of metal atoms  be on the DNA. To corroborate this hypothesis, we investigated
in modulating charge transport hinges on two factors apart from  the Ag™ coordinated motif by replacing Ag* with Hg?* as shown
the metal type, namely, i) the charge of the metal and ii) their rel-  in Figure S4 (Supporting Information). We calculated the par-
ative spatial position with respect to the atoms in the base pair.  tial charge on Hg?* to be 1.61 and observed the LUMO shifting
In Figure 4a, we notice that Hg?" is positioned almost centrally  back to the metal while LUMO+1 was on the DNA. For complete-
within the T-T base pair with mean distances of 2.48 and 2.40  ness, we have replaced Hg?" in Figure 4 top panel with Ag* as
A from the O4 and N3 sites. In contrast, Ag* in Figure 4b, is at  demonstrated in Figure S5 (Supporting Information). The par-
an average distance of 2.20 and 4.40 A from the O4 and N3 sites  tial charge of silver further decreased to 0.59 due to increased
respectively. Therefore, the charge transfer can be considered to  conjugation with additional atoms, resulting in both LUMO and
mainly prevail between N3/Hg and O4/Ag in the top and bot- LUMO+1 residing on the DNA. Additionally, silver coordination
tom panels of Figure 4, respectively, leading to a reduction in the ~ leads to a LUMO peak near the conduction band edge (—0.91 V),
partial charges of the metal atoms (Hg?**: 1.48 & Ag*: 0.73). Asa  while mercury adds a LUMO peak deeper within the bandgap
result, we notice a difference in the LUMO and LUMO+1 orbital ~ (—1.51 eV) when compared to the baseline case. On the other
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Figure 4. Single metal results: mmDNA with (top row) Hg?* and (bottom row) Ag* coordination. Corresponding LUMO & LUMO+1 orbital maps are
shown in a) and b), respectively. Wavefunctions with absolute value larger than 0.02 are shown. Conductance variation with Fermi energy is plotted c)
for Hg?* and d) for Ag* coordination. Density of states (DOS) for both structures are in () and (f). In (a, b), the numbers at bottom left corner in green
color represent partial charge on the metal. The black lines in (c, d) show no-metal cases. In the DOS plots e, f), the white dotted line represents the

corresponding HOMO energies.

hand, after coordination, the HOMO orbital continues to be
primarily located on the nucleobases. While Hg?* coordination
changes the HOMO peak by 0.11 eV, the coordination of Ag*
causes a more substantial change by 0.90 eV.

To characterize the conductance changes, a useful figure of
merit is the conductance contrast, or the ratio of conductance in
the metalated and unfilled T:T base pair. In the single-metal atom
case, the conductance contrast is 3.22 and 6.47 for Ag*™ and Hg?*
coordinated base pairs, respectively, when the Fermi energy is set
at LUMO. Overall, the density of states (DOS) is large at the metal
base pair site (Figure 4e,f) when compared to non-metalated mo-
tifs (see Figure S6, Supporting Information) and is therefore di-
rectly responsible for the increased conduction. Figure S6 (Sup-
porting Information) illustrates the universality of this feature for
all cases. When the Fermi energy is close to HOMO or LUMO,
conduction is higher in THg*":T than T:Ag*:T. The reason can
be attributed to the combined effects of higher charge and co-
ordination site of Hg?* compared to Ag* as seen in Figure 2a,b
and Figure 4a,b. Furthermore, the difference between the HOMO
and HOMO-1 energy levels for Agt and Hg?* base pairs are
0.45 and 0.05 eV respectively. The small energy level separa-
tion in the case of Hg?* helps enhance transmission across the
duplex.

Increasing the concentration of metal ions or the buffer com-
position can lead to the coordination of two ions to form a din-
uclear mmDNA base pair. The composition of the T-T base
pair containing metal ions is shown in Figure 5, first row, de-
rived from static experiments in crystals grown at a particular
pH.[*®l The stable configuration at pH 8.5 is a homobimetallic,
Hg?* /Hg?* base pair. But as pH is increased to 10.0, the O4
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Hg?* is replaced by Ag*. Further, an increase to pH 11.0 leads
to the coordination of two Ag* atoms. These states correspond
to the alkaline-to-neutral transitions observed in Figure 2c, and
to a lesser extent the neutral to alkaline dynamics in Figure 2g.
Computationally we find that the number of unoccupied peaks
in the bandgap is larger in the case of dinuclear coordination
compared to single metal coordination, and the lowest two un-
occupied peaks for homobimetallic Ag* /Ag* coordination are at
—2.11 and —1.22 eV, while that for homobimetallic Hg?*/Hg**
are at —3.05 and —2.58 eV. The two lowest unoccupied molecu-
lar orbitals are shown in Figure 5 for each case. These orbitals
are primarily at the metal atoms and correspond to the peaks in
the bandgap in the conduction plots (see Figure 5 second row).
From the orbital distributions at the lowest unoccupied orbital in
the third row, we note that Hg?* causes the LUMO to be broad-
ened over N3 and O4 metals whether hetero- or homobimetallic
but dinuclear Ag* coordination results in localization over only
O4-metal. This observation is consistent with the partial charge
analysis (see third and fourth rows in Figure 5). We found that
the partial charges of metals coordinated to O4 are consistently
higher than those coordinated to N3 in homobimetallic motifs
(pH 8.5 and 11.0). Correspondingly, the wavefunction at the low-
est unoccupied orbital is more localized on the metal at 04 coor-
dination sites. With respect to the heterobimetallic motifs (pH
10.0), in the fully protonated state (Figure 5b), the LUMO or-
bitals are well-broadened over both N3- and O4-coordinated met-
als, while in the deprotonated state (Figure 5c), the LUMO or-
bital is predominantly localized over the O4-coordinated Ag*. In
the deprotonated state, the loss of hydrogens from the thymines
increases the negative charge of the DNA, leading to a reduc-
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Figure 5. Dinuclear coordination: Computational analysis of charge transport in two ion mmDNA systems at a) pH 8.5 b,c) pH 10.0 d) pH 11.0 are
shown. First row: Composition of metal coordination in the T-T base pair. Second row: Conductance variation with various position of Fermi energy
in the metal-DNA structures. Third and fourth rows: The first and second LUMO levels are shown (LUMO, LUMO+1) for each case. Wavefunctions
with absolute value of more than 0.02 are shown. We have considered two extreme protonated states at pH 10.0 with fully protonated in (b) and fully

deprotonated in (c). The black lines in second row show no-metal cases.

tion in the partial charge of the N3-coordinated Hg?*. This re-
sults in a highly asymmetric LUMO distribution between the two
metals. To more precisely elucidate the broadening of orbitals, we
have calculated the probability (|y|?) on each metal and DNA as
shown in Table 1. First, we observe the HOMO to mainly delo-
calize over the DNA at all pH levels. Next, moving from left to
right in Figure 5 (panels a to d), we note the partial charge on N3-
coordinated metal to be 1.60 (Hg?*), 1.65 (Hg?™), 1.44 (Hg?*)
and 0.49 (Ag*) respectively (see Table 1). The corresponding val-
ues of |y|? are 8%, 44%, 9%, and 1% suggesting that the broaden-
ing of the lowest unoccupied orbitals between the two metals in a
dinuclear coordinated motif is directly proportional to the partial
charge of N3-coordinated metal. The broadening is larger when
the partial charges of N3- and O4- metals are comparable (see
Figure 5b) as reflected in |w|? values. Additionally, it is observed
that the contribution of O4-metal to the lowest unoccupied orbital
is dominant (84%/86%/92% in Figure 5a,c,d). However, for the
protonated heterometallic motif in Figure 5b, the contribution of
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O4-metal (46%) is comparable to N3-metal (44%). Therefore, in a
dinuclear coordinated motif, while the lowest unoccupied orbital
predominantly resides on the O4-coordinated metal, the extent
of broadening is governed by the nature and partial charge of the
N3-coordinated metal.

For the case of Fermi energy being close to the HOMO, we find
that conductance is largest for pH 10.0 (see Figure S9a, Support-
ing Information). The underlying mechanism is elucidated by
plotting the five highest-occupied energy levels (see Figure S9b,
Supporting Information). These energies lie within a window of
250 meV for pH 10.0 while the energy window is larger in the
other three cases as seen in Figure S9b (Supporting Informa-
tion). The closer energy level spacing implies a stronger conduc-
tion pathway for electrons. However, LUMO orbitals are always
centered around the metal-coordinated base pairs as shown in
Figure S7 (Supporting Information). Finally, we clarify that while
the conductance results presented above were calculated between
the two 3’ ends of the DNA, we have also calculated the conduc-
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Table 1. Probability (|'¥|?) on DNA, N3- and O4-metal at HOMO (H), LUMO (L) and LUMO+1 (L1) energies. The colored numbers represent significant
contribution. All numbers are rounded to the nearest integer.

Orbital N3-metal O4-metal
Map [W|? (in %) Nature Charge Nature Charge
Broadening ) L w
85 High 100 8 17 Hg?t 1.60 0 8 Hg?t 1.92 0 10
10.0 Very High 100 10 7 Hg2* 1.65 0 Ag* 0.96 0
10.02) Low 100 5 19 Hg?* 1.44 0 9 Agt 0.95 0 13
11.02) Very Low 100 7 17 Agt 0.49 0 1 Agt 0.85 0 2

3 Deprotonated; & Broadening between N3- and O4- coordinated metals.

tance between the two 5’ ends, and between all atoms at the two
ends (see Figure S8, Supporting Information). Our theoretical
estimates for the conductance contrast are robust in these cases
and the results have been summarized in Table S5 (Supporting
Information).

In Table 2, we present the summary of computationally esti-
mated conductance modulation ratio at the HOMO and LUMO
energy levels due to both single- and two-metal mmDNA. Trans-
port is modeled between the 3’ ends of the DNA in Table 2.
The metal-intercalated structures lead to good conductance mod-
ulation at HOMO and even better conductance contrast at the
LUMO. In particular, the conductance contrast for dinuclear
metal pairs increases with pH from 8.85 at the LUMO level at
pH 8.5 to 15.9 at pH 11.0. We further note at intermediate pH
10.0, the conductance ratio can be expected to vary between 4 to
11. From a fundamental perspective, our calculations show that
the coordination of metal ions adds a new conduction channel in
the LUMO. But in most cases, it disrupts the conduction path-
way through the nucleobases at the HOMO level due to distor-
tion to accommodate the metal atom. This can be seen in Table 2
and Table S5 (Supporting Information) which demonstrates the
robustness of the assertion of different contact configurations.
These calculations demonstrate a significant change in conduc-
tance as a result of pH-induced mmDNA configuration. While a
read-only memory with a high resistance contrast is theoretically
possible with DNA,[262761] pathways to create a rewritable mem-
ory have remained a challenge. Sequence-based encoding has
been developed, though these approaches use a slow sequencing
or nanopore readout and have limited ability to re-write bits.[6%63]
The method established here informs the ability to build tunable,

metalated DNA networks that can compete with current tech-
nologies.

We observed different metal coordination at either the N3 or
04 sites of T:T mismatched base pairs due to the neutral-to-
alkaline transition and vice versa. Additionally, Liu et al have
shown the removal and addition of metal atoms to mismatched
DNA base pairs upon application of EDTA at a constant pH.[%4]
Hence, such metalated DNA motifs offer two types of switch-
ing: 1) modulation at a fixed pH by removing and binding metal
atoms; and 2) modulation by switching between alkaline and neu-
tral pH to drive transmetalation and generate at least two resis-
tance states.

3. Discussion

In this work, we have demonstrated a metal ion coordination-
based method in which one or more transition metal ions can
be dynamically positioned inside base pairs to modulate the con-
ductance. We develop a means to carry out pH-based transmeta-
lation within single base pairs without disrupting the topology
of the DNA double helix. Using crystallographic analysis, we
can solve the structure of the forward and reverse chemical re-
actions, yielding a fundamental advance both in the determina-
tion of structures from self-assembled crystals and in the recon-
figurability of DNA-based molecular electronics. We note that
the transmetalation observed here does not fully regenerate the
starting state—while the alkaline to neutral reconfiguration sees
homobimetallic, T:Ag* /Ag*:T fully convert to homobimetallic T:
Hg?* /Hg?"T, the reverse reaction begins with homobimetallic
T Hg?* /Hg?* /T and yields only a single metal, 04 T: Ag*:T base

Table 2. Conductance contrast for mmDNA at HOMO and LUMO levels with 3’- 3’ contacts. Green and Yellow rows represent fully protonated and

deprotonated states.

Metal lons

Gv(v:a—netal (HOMO, HOMO + 1) Gcmetal

geta o_rmet

1. Single Metal Coordinated Motifs

7TG6 7.0 Hg?*
7SLG 11.0 Agt

1. Dinuclear Coordinated Motifs

7SMO 8.5 Hg?t, Hg*
7SM3 10.0 Hg?*, Ag*
7SM5 11.0 Agt, Agt

0.82,0.74 6.47
7.69,0.73 3.22
1.35,0.72 8.85
1.06, 0.77 4.04
1.04, 0.67 10.78
3.85,0.64 15.91
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pair (Figure 2). With the crystal method developed here, future
experiments may be carried out to tune buffer and metal ion con-
centrations to enable a fully cyclic reconfiguration, which would
be key to a memory device. In particular, changing metal concen-
trations, buffer composition, and pH step size may assist in ob-
taining a transmetalation loop. Finally, we observe that O4-metal
bonds have higher crystallographic B-factors, yielding a wider
binding site. Indeed, the structure of single-metal T: Hg**:T re-
lying on N3-metal bonds showed measurably better conductance
than the O4-Ag* analog. We conclude that molecular electronics
based on mmDNA will likely require an N3 metal in pyrimidine-
pyrimidine base pairs to ensure the planarity of the base pair and
good orbital alignment.

Our computational findings reveal that even a single metal
atom can induce a LUMO energy level while also modifying
the conduction pathway at the HOMO level. While conductance
modulation at LUMO is primarily driven by charge transport
through the metal atom, at HOMO it is determined by the dis-
ruption of the charge transport through DNA caused by the metal
atom. From our results, it can be extrapolated that the effect of
metal ions will be more pronounced with more metalated bases.
For dinuclear coordinated motifs, we observed that the zero-bias
conductance contrast at the HOMO is ~1 to 4, whereas at the
LUMO, it ranges from 8 to 16, indicating that metal ion doping
predominantly influences the LUMO energy levels (Table 2). This
influence is further evidenced by the broadening of LUMO or-
bitals on metal and metalated base pairs (Figure 5). The interplay
between the nature of the coordinated metal and the coordination
site plays a crucial role in governing the extent of LUMO orbital
broadening (Table 1, Figure 5). While the LUMO orbital primarily
resides on O4-coordinated metal, its broadening toward the N3
site is largely dictated by the N3-metal partial charge. In homo-
bimetallic coordination, the LUMO orbital extends to the N3 site
at pH 8.5 but not at pH 11.0, due to the higher partial charge of
coordinated Hg?* compared to Ag*. Deprotonation leads to bet-
ter conjugation between the bases and the N3-metal, reducing
the partial charge of N3-metal. Consequently, the LUMO orbital
exhibits less broadening in the deprotonated motif compared to
the protonated one (pH 10.0 in Figure 5, Table 1). From our sin-
gle metal intercalation results, we determined that the nature of
coordination significantly affects charge transport, with N3-N3
coordination having a greater impact than 04-04 (Figure 4). Fur-
thermore, our results highlight the pronounced effect of protona-
tion states on charge transport. During the neutral-to-alkaline pH
transition, at intermediate pHs (9.0, 10.0), deprotonation leads
to reduced bandgap (=200 to 500 meV) in comparison to proto-
nated states (Figure 3). Consequently, a large conductance vari-
ability is expected at these intermediate pHs, as controlling the
protonation states of thymine is difficult. Overall, analysis of the
resulting structures reveals that metal ion doping in DNA facili-
tates advancements in the design of nanoelectronics. Unlike con-
ventional semiconductor technology, it is difficult to dope a DNA
structure to enhance its conductivity. The proposed method lever-
ages the pH-dependent activity of modified DNA base pairs to
reconfigure Ag* and Hg?" ions, leading to measurable changes
in the DNA energy levels and resulting in conductance switch-
ing and amplification. The ability to environmentally control the
conductance of DNA provides a method for rewriteable memory
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devices. With appropriate electrical contacts, we anticipate build-
ing switchable bits based on pH-controlled transmetalation.

We anticipate that these experiments can serve as a template
for time-resolved crystallography in self-assembled DNA crystals
to elucidate the kinetics of drug release, molecular switching, and
other metal-mediated phenomena. Specifically, we imagine this
method will enable the tracking of slow chemical reactions in the
porous DNA crystals described here by tracking the loss or gain
of heavy atoms by guests in the minor groove, by halogenated
strands undergoing strand displacement, or other mmDNA phe-
nomena. Even in systems unable to handle high pH values, the
clear and precise placement of silver(I) and mercury(II) allows
for specific and measurable changes with subtle pH differences.
Indeed, the observation that Hg?* causes orbital broadening to
neighboring metals may inform the design of DNA nanowires,
where the placement of Hg?* at strategic positions along an axial
chain of extended metal arrays may enable electron delocalization
and highly efficient conductance. These data suggest that trans-
metalation may be possible in other nucleobase pairs, with differ-
ent pKa setpoints tunable to the application or desired buffer con-
ditions. We believe our findings make the prospect of building
an array with mmDNA for data storage applications appealing.
The transmetalation-driven conductance reconfigurability, which
enables modulation of individual mmDNA conductance states
within an array, paves the way for a scalable bioelectronic plat-
form capable of performing analog computing—catering to a wide
range of edge applications. In summary, the combination of com-
parable conductance, smaller dimensions, ease of fabrication, ex-
tended lifespan, and transmetalation-driven conductance recon-
figurability underscores the potential of mmDNA-based technol-
ogy in the near future.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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