Downloaded via FURMAN UNIV on June 26, 2022 at 13:20:44 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCB

Tug-of-War between DNA Chelation and Silver Agglomeration in
DNA-Silver Cluster Chromophores

Jeffrey T. Petty,*’i David Lewis,” Savannah Carnahan, Dahye Kim, and Caroline Couch

I: I Read Online

Article Recommendations |

O

Cite This: J. Phys. Chem. B 2022, 126, 3822-3830

ACCESS | [l Metrics & More | @ Supporting Information

ABSTRACT: Supramolecular chromophores form when a DNA traps silvers that then
coalesce into clusters with discrete, molecular electronic states. However, DNA strands
are polymeric ligands that disperse silvers and thus curb agglomeration. We study this
competition using two chromophores that share three common components: a dimeric
DNA scaffold, Ag*-nucleobase base pairs, and Ag” chromophores. The DNA host C,-

A,-iC,T mimics structural elements in a DNA-cluster crystal structure using a 3+

phosphodiester backbone with combined 5’ — 3’ and 3’ — S’ (indicated by “i” Ag14

directions. The backbone directions must alternate to form the two silver clusters, and Ox Red

this interdependence supports a silver-linked structure. This template creates two 3% o c (SO}L
]

chromophores with distinct sizes, charges, and hence spectra: (C4-A,-iC,T),/Ag;,”
with Apy/Aem = 430/520 nm and (C4-A,-iC,T),/Ag,* with /A = 510/630 nm.

The Ag" and Ag’ constituents in these partially oxidized clusters are linked with structural elements in C,-A,-iC,T. Ag" alone binds
sparsely but strongly to form C,-A,-iC,T/3—4 Ag" and (C,-A,-iC,T),/7—8 Ag" complexes, and these stoichiometries suggest that
Ag" cross-links pairs of cytosines to form a hairpin with a metallo-C,/iC, duplex and an adenine loop. The Ag® are chemically
orthogonal because they can be oxidatively etched without disrupting the underlying Ag"—DNA matrix, and their reactivity is
attributed to their valence electrons and weaker chelation by the adenines. These studies suggest that Ag" disperses with the
cytosines to create an adenine binding pocket for the Ag” cluster chromophores.

Bl INTRODUCTION

DNA is a robust chemical platform for a range of
nanostructures.' The base pairs and grooves in duplex DNA
sequester organic dyes and precisely regulate the spectra and
photophysics of these multichromophore arrays.” Stacked base
pairs are sets of ligands that chelate and spatially organize
metal cations, and these metal-laden strands are potential
building blocks for molecular electronic devices.”~’ Repeated
functional groups in a polymeric DNA can be selectively
modified and yield peripheral networks of chromophores that
efficiently harvest light.® In addition to the opportunities
afforded by duplex DNA, single-stranded DNA is a template by
which hybridization guides and efficiently screens new
chemical reactions.” Here, we use an oligonucleotide to
synthesize molecular silver chromophores.

Single-stranded oligonucleotides are scaffolds for reduced
silver clusters because they act as a brake—they coordinate
and trap silvers and prevent unrestrained agglomeration that
leads to nanoparticles."”™"® Clusters are synthesized when a
DNA locally concentrates Ag’; then, these DNA-bound Ag*
are partly reduced and coalesce within the confines of their
DNA host (Figure 1A).1916722 The resulting clusters with 6—
30 silvers are optical chromophores due to their valence Ss
electrons, and they survive precipitation in aqueous buffers and
degradation in serum solutions presumably because they are
encapsulated and protected by their DNA host.”>~*° These
strands have a critical length of 10—20 nucleotides, and four
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factors control how a polymeric DNA holds its cluster
cargo.m_28 First, DNA sequence sets specific coordination
environments. Nucleobases preferentially coordinate silvers
but with different affinities, so a particular pattern of
nucleobase ligands encodes the cluster spectra.'”?®*7>%733
Second, DNA structure shapes binding sites. A single-stranded
oligonucleotide can both encapsulate a cluster and hybridize
1634740 Complementary base pairs block
cluster binding sites on nucleobases and force a DNA-bound

with a complement.

cluster to reorganize, which can enhance emission by <10°
fold. Third, a flexible DNA wraps around a cluster to give
compact and emissive conjugates because hinge sites allow the
oligonucleotide to fold."' ™ Fourth, DNA strands assemble
around a shared cluster. DNA homo- and heterodimers control
the fluorescence spectrum and ns kinetics in addition to the
slower sub-ms relaxation from long-lived excited states.***~*°
Because natural DNA has a 5’ — 3’ direction, dimers can have

either an antiparallel, as in the folded lid of a box-like DNA

Received: February 12, 2022
Revised:  April 27, 2022
Published: May 20, 2022

https://doi.org/10.1021/acs.jpcb.2c01054
J. Phys. Chem. B 2022, 126, 3822—3830


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeffrey+T.+Petty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Lewis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Savannah+Carnahan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dahye+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caroline+Couch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.2c01054&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01054?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01054?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01054?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01054?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01054?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/21?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/21?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/21?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/21?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c01054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(A)
Ag* .o.
Aas e,
N = s g
00 o
(B)
0.15 4

0.10

Absorbance

i
W 19y

0.00 —
©
0.20 _l)\’ n - .-—
abs’ em .
—430/520nm  C4-Ap-iCy-T
137 .“ )“abs/ )"em
8 =510/620 nm
g
2 0.10 1
2
Na)
< 7
¢
0.05 — -
=1
0.00 0
350 450 550 650 750 850
Wavelength (nm)

Figure 1. (A) Schematic of synthesis for DNA-bound silver clusters.
Open and closed circles represent Ag" and Ag’, respectively. (B, C)
Absorption (left axis) and emission (right axis) spectra of the C,-A,-
C,T/cluster (B) and C,-A,-iC,T/cluster (C) chromophores. Arrows
depict backbone polarity.

construct, or a parallel configuration, which is a focus of our
studies.”’ ="

Atomically detailed maps of DNA coordination sites are
revealed through crystal structures, and two observations
suggest that DNA is a pliable template that can be shaped by
silvers. First, DNA is plastic because specific nucleobases
contact silvers while others are pushed out of the coordination
site.’”" Thus, silver adducts reconfigure their polydentate
DNA hosts. Second, DNA chelation and silver agglomeration
compete, as highlighted in the crystal structure of the green-
emitting (A,C,),/Ags complex.*® The silvers arrange as in the
Big Dipper asterism because a handle-like array disperses with
the cytosines and a dipper-like subcluster develops with the
adenines. Guided by this structure with both dispersed and
clustered silvers, we studied how silver clusters with Ag" and
Ag constituents organize with a DNA host.

Within DNA-bound silver clusters, the Ago garner the most
attention because their valence electrons produce strong
emission.' ”*>°>>* However, the clusters are partially oxidized,
and mass spectra have measured the Ag* and Ag” constituents
for specific chromophores.”"**** Extended X-ray absorption
fine structure (EXAFS) and X-ray absorption near-edge
structure (XANES) spectra of DNA/Ag;,*" complexes reveal
distinct scattering paths that were attributed to a Ag’-rich core
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within a Ag*—~DNA shell.”**° Mass and optical spectra of the
green emissive (C,A)s-Ag,** complex show that Ag' is
decoupled from the Ag’ chromophore.”® Longer strands such
as (C,A)g form larger clusters such as Ag),*', and the added
Ag" do not disrupt the Ag® spectra. Electronic spectra and
theoretical calculations indicate that Ag" and Ag’ form small
clusters that disperse along DNA templates.”’ We consider
how Ag" is tied to and shapes distinct parts of a DNA host.

We studied two partially oxidized DNA-—silver cluster
chromophores using a DNA template with a modified
backbone. The phosphodiester linkages of a DNA have a
direction or polarity because adjacent deoxyribonucleotides are
connected via their respective 5’ and 3’ hydroxyl groups.
Besides the natural 5' — 3’ orientation, the opposite 3" — §’
order is achieved with synthetic variants and can be used to
create parallel duplexes.”” Such a duplex is found in the
(A,C,),/Agg complex, whose two strands line up side by side
to create a cytosine—cytosine duplex and an adenine binding
pocket.*® In the present studies, these two structural elements
were mimicked by an oligonucleotide with an adenine bridge
between two cytosine tracts, whose backbone linkages were
flipped to favor a parallel duplex. This template creates binding
sites for two cluster adducts with distinct Ag" and Ag’
constituents. The Ag" cross-links cytosines to build a common
Ag*—DNA scaffold that supports the two Ag’ chromophores.
These latter adducts are both optically and chemically distinct,
as one can be preferentially etched. We discuss how the DNA,
Ag', and Ag’ are organized to understand their spectra and
reactivity.

B METHODS

Oligonucleotides (Integrated DNA Technologies) were
synthesized using the phosphoramidite method, and sequences
with inverted polarities switched the positions of the
dimethoxytrityl group to protect the 3’ hydroxyl group and
the diisopropylamino group as the leaving group on the §’
hydroxyl group of the deoxyribose.”” Molar extinction
coefficients for the single-stranded oligonucleotides were
calculated based on the nearest-neighbor approximation, and
the concentrations of these DNA stock solutions were
determined using the Lambert—Beer law.”® The following
oligonucleotides were used: CCCCAAiCiCiCiCT,
CCCCAACCCCT, CCCCAAICiCiCiC, CCiCiCAACCi-
CiCT, CCiCiCAAiCiCCCT, CCCCAAICiCiCiC-teg-
CCCCAAICICiCiCT, GCTCAGCCCTCTTAT-CCCCAAi-
CiCiCiCT, and CCCCAAiCiCiCiC-ATAAGAGGGCT-
GAGC, where i indicates nucleotides with inverted polarities.
The last two strands were designed to form a canonical duplex
with C,-A,-iC, appendages and were slowly annealed in a
solution with 60 mM NaClO,.*’

A typical synthesis used a 150 uL sodium cacodylate buffer
(5 mM, pH = 7) with 30 uM C,-A,-iC,T and 120 uM AgNO;
(4 Ag*/DNA)." The mixture was heated to ~80 °C for 5 min
and then cooled with tap water. Prior calorimetry studies
measured a Ag® affinity of ~6 X 10° M (oligo); so, our
conditions of 30 yuM DNA and 120 yM Ag"* suggest ~93% of
the added Ag® complexes with the oligonucleotide.”’ An
aqueous solution of NaBH, was added to give a concentration
of 120 uM (4 BH, /DNA). The resulting solution was then
treated with 400 psi O, at 0 °C for 2—3 h in a high-pressure
reactor to favor stable, partially oxidized clusters.”” Clusters
were etched with freshly prepared KMnO, and then purified
by dialysis via a 2000 MWCO filter (Vivaspin 20-Sartorius)
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that retains the DNA—silver complexes and eliminates weakly
bound silvers. The resulting samples were supplemented with
1.7 equiv Ag" and then exposed to H, at 400 psi, which was
chosen because it is a weaker reducing agent than BH,”.%

Absorption spectra were collected on a Cary 50 UV—vis
spectrophotometer (Varian), and steady-state emission spectra
were collected on a Fluoromax-3 spectrofluorometer (Jobin-
Yvon Horiba). Electrospray ionization mass spectrometry (Q-
TOF G2-S, Waters) was collected by diluting samples with 2
mM ammonium acetate (pH = 7) to ~2 uM oligonucleotide
and infused at 30 pL/min. The spectra were collected in the
negative ion mode with a capillary voltage of —2.7 kV, a
sampling cone voltage of —15 V, an extraction cone voltage of
10 V, a cone gas flow of 45 L/h, and a desolvation gas flow of
450 L/h. The source temperature was 80 °C, and the
desolvation temperature was 150 °C. Mass calibration was
performed using aggregates of sodium formate in the 400 < m/
z < 2000 range. The spectra were analyzed using MassLynx
V4.1.

B RESULTS

Two DNA—silver cluster chromophores were synthesized, and
we generally describe how these complexes were dissected to
identify their components. The DNA scaffold is distinguished
by its phosphodiester backbone with both normal 5" — 3" and
inverted 3’ — 5’ internucleotide linkages, and the coordination
environments were characterized by the optical spectra of their
cluster adducts. These clusters are partially oxidized with sizes
and charges that were measured by mass spectrometry. Their
Ag" and Ag’ constituents were studied from both bottom-up
and top-down perspectives. Ag" alone forms specific DNA
complexes whose Ag" and DNA stoichiometries were
measured using mass spectrometry. The Ag” are chemically
labile, and etched clusters were identified via their size and
charge using optical and mass spectra.

Reversed Backbone. Two oligonucleotides with identical
sequences but different backbones are distinct templates. We
considered the phosphodiester backbone because it serially
links and orients the nucleobase ligands that coordinate silvers.
C,A,-C T is a typical oligonucleotide with §' — 3’
internucleotide connections, whereas C4-A,-iC,T has the
same sequence but its backbone runs §' — 3’ for C;-A4 and
switches to 3" — 5’ for iC-iC,, using a 3'—3’ internucleotide
linkage, where underlined subscripts represent the nucleobase
positions in the strand (Figure 1B,C). The T,; was added
because it is more economical to synthesize strands that begin
with a normal phosphoramidite. This nucleobase is a weak
ligand for silver; so, strands with and without the T, form the
same two clusters (Figure S1).””%* The two strands differ
because C,-A,-C,T yields a cluster with 4, = 430 nm and A,
= 530 nm, while C,-A,-iC,T produces clusters with A,,/Ae, =
430/520 and 510/610 nm. These spectral signatures were used
to probe how the phosphodiester backbone shapes the cluster
coordination site.

The backbone and the associated cluster binding sites were
further reconfigured by varying the positions, types, and
mixtures of internucleotide connections. The 3'—3’ junction
was moved to the Cy-iAs junction, and this C,-iA,-iC, T mimics
the original C,-A,-iC,T with the same two absorptions (Figure
S2). Besides a 3'—3' junction, a S'—5’ connection also flips the
backbone direction, and this junction was inserted between iC,
and A to give iC,-A,-C,T. Although it is oppositely phased
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relative to C4-A,-iC,T, this new strand yields the same spectra
(Figure S3). Mixed 3'—3’ and 5'—5’ junctions were also
combined to further segregate the DNA backbone. C,-iC,-A,-
C,-iC,T mimics C4-A,-iC,T with two absorptions, while C,-
iCy-Ay-iC,-C,T parallels the normal C,-A,-C,T with one
dominant absorption (Figure S4). Thus, the C, and C, tracts
require alternating polarities for the dual absorption/emission,
and this interdependence suggests a silver-dependent DNA
structure. The silvers that create this structure were counted
using mass spectrometry.

Partially Oxidized Silver Molecules. The C,-A,-iC,T/
silver cluster chromophores have precise numbers of silvers
and DNA strands, and these stoichiometries were measured by
electrospray ionization mass spectrometry.”"®* Oligonucleo-
tides become partially protonated and neutralized during
desolvation and develop multiple ions, and C4-A,-iC,T/silver
cluster complexes form three sets of ions with overall —4, =5,
and —6 charges (Figure 2). These conjugates have two DNA

7 . 8+.-5
[(C4A,iC, T)-Agyy ]
S

. 7+,-5 h
2| [(CoAriCyT)Agy, ] N
1] e
8 //,/
g ottt sttt
) Agy,
2 -
()
I~

Relative Intensity

(=1

T T T T T T T T T T 1
1506 1507 1508 1509 1510 1570 1571 1572 1573 1574 1575

M/Z M/Z

Figure 2. (Top) Mass/charge spectra of (C,-A,-iC,T),/Ag;,”* and
/Ag,** with overall —5 charges. The insets show how the partially
oxidized clusters displace H* from the DNA backbones of the two C,-
A,-iC,T strands to maintain an overall —S charged ion. (Bottom)
Expanded view of the isotopic fine structure with red tick marks that
represent the predicted masses based on the following molecular
formulas [C204H256N720126P20(Ag117+)]75 (left) and
[Cy04H,55N5,0156P50(Ag,*) ] (right). The precisions between the
observed and predicted masses of the isotopologues are 1.0 and 1.7
ppm, respectively.

strands that share 11 and 14 silvers, ie., (C4-A,-iC,T),/Ag;,
and (C4A,-iC,T),/Ag,. These silver clusters are partially
oxidized, and their oxidation states were derived from the
number of phosphate-bound H* in these complexes.

The complexes are synthesized in an oxygen atmosphere to
favor partially oxidized and chemicallg stable clusters, but Ag*
adducts change their DNA host.”"****** When Ag* conjugates
with DNA, the host strand maintains its overall charge by
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Figure 3. (A) Mass/charge spectra of monomeric C4-A,-iC,T (labeled M) prepared with initial concentrations of 2 Ag"/DNA and 8 Ag*/DNA,
respectively. The favored complexes are [C,-A,-iC,T/3—4 Ag"]™>. (B) Mass/charge spectra of dimeric [(C,-A,-iC,T),/7—8 Ag*]™* with dilutions
of 200x and 8,000,000%, respectively. Higher dilution shifts the dimeric to monomeric DNA complexes, consistent with the dissociation of an
intermolecular complex. (C) Proposed hairpin structure of monomeric and dimeric [C4-A,-iC,T/3—4 Ag*] complexes with 4 cytosine—Ag"—
cytosine base pairs. The * indicates the proposed binding site for the Ag’. (D) Proposed model for a C—Ag*—C base pair with N3 chelation of the
silvers. The parallel strands allow complementary hydrogen bonding between cytosines.

shedding acidic H" from its phosphates, and the number of
displaced H* matches that of Ag®, in accordance with XANES
spectra.”® These displaced H* are counted using the isotopic
fine structure in the mass spectra (Figure 2). A DNA-cluster
ion has an envelope of peaks that is prescribed by its molecular
formula with its natural distribution of isotopes, and the peak
positions and distributions of these isotopologues can be
predicted within +1 H" based on our ~2 ppm m/z precision,
and we compared the unligated (C,-A,-iC,T), dimer with its
like-charged DNA-cluster counterparts. For example, the —5
charged [(C,-A,-iC,T),]™° dimer has the molecular formula
C104H63N7,0156P50, whereas the silver-laden [(Cy-A,-iC,T),/
Ag;1]7° and [(C4-A,-iC,T),/Ag,]™° counterparts have the
respective molecular formulas C,y,H,(N,0,,4P50Ag;; and
Ci04Hp5sN7,0156P20Ag 4, where the changing number of
hydrogens is emphasized by underlining (Figure 2). The latter
two formulas with +1 H' do not match the observed
distribution (Figure $5).°* Thus, in relation to the DNA
dimer alone, [(C4-Ay-iC,T),/Ag;;]™® and [(C4-A,-iC,T),/
Ag,,]”° are missing 7 and 8 H* because they are displaced by 7
and 8 Ag’, respectively. This difference is also observed for the
—4 and —6 charged ions (Tables SI and S2). Thus, the Ag;,”*
and Ag,,*" clusters have similar numbers of Ag" (7 vs 8,
respectively) and different numbers of Ag’ (4 vs 6,
respectively) that yield the dual absorption/emission (Figure
1C). The mass spectra not only identify the number and
charge of the silvers but also show that the DNA host is a
dimer, and we intentionally linked two strands to recreate the
binding sites.

3825

The DNA pair was replicated in solution by preassembling
C4-A,-iC, scaffolds in two ways. First, two C,-A,-iC, scaffolds
were covalently linked with a flexible triethylene glycol (teg).*”
This C,-A,-iC,-teg-C4-Ay-iC,T intramolecularly assembles and
also produces the A,,, = 430 and 510 nm clusters (Figure S6).
Second, C,-A,-iC, strands were separately appended to the 5’
terminus of one strand and the 3’ terminus of its complement
(Figure S7). These studies were based on two well-established
characteristics of canonical DNA duplexes. One, duplexes with
210 nucleotides are thermally stable, so the appended C,-A,-
iC,T strands are pulled together when the duplex anneals.
Two, the canonical duplex is antiparallel, so opposite 5" and 3’
placements of the C,-A,-iC, appendages precisely position the
strands. Like its teg-counterpart, this DNA-forced (C4-A,-iCy),
dimer again yields A,,; = 430 and 510 nm clusters. Thus, in
solution, we suggest that an intermolecular (C,-A,-iC,T),
dimer shares Ag;,”* and Ag;,** clusters. We next consider
how this dimer organizes with its Ag* and Ag® adducts.

Low Ag*/DNA Stoichiometries. (C,-A,-iC,T), forms
Ag,,”* and Ag,,** clusters that are significantly oxidized, and
related complexes form when Ag" alone coordinates with C,-
A,-iC,T. Ag" and DNA were mixed, diluted 40,000X to
dissociate weaker adducts, and finally reconcentrated via
centrifugal dialysis. These samples produce five sets of ions
with overall —2 — —6 charges whose isotope distributions
show that the Ag" adducts remain fully oxidized (Figure
S9D,E). A range of Ag" concentrations identify specific Ag*/
DNA complexes (Figures 3A and S8). With an initial
concentration of 8 Ag"/C,-A,-iC,T, most of the added Ag"
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Figure 4. Oxidation and reduction of Ag,,*" are reversible. (A/B)MnO,~ oxidation: (A) absorption spectra show the conversion of A, = 510 nm
t0 A = 430 nm clusters with 0 = 0.3 equiv MnO,~. The circled (blue) isosbestic point supports direct conversion between these two clusters. (B)
Mass/charge spectra before (top) and after (bottom) adding 0.3 equiv MnO,". The Ag,,** cluster loses 2 Ag® and 1 Ag*. (C, D) H, reduction: (C)
absorption spectra show the conversion of A, = 430—510 nm clusters with 0 — 5 h H, and 1.5 equiv Ag*. The circled (blue) isosbestic point

supports direct conversion between these two clusters. (D) Mass/charge spectra before (top) and after (bottom) H,. The Ag;,”* cluster gains 2 Ag

and 1 Ag".

0

is lost to yield conjugates with only 3—4 Ag" (Figure 3A). The
stability of these adducts is challenged using less Ag*. An initial
concentration of 4 Ag*/DNA is only slightly pared down to 3
Ag"/DNA, while an initial 2 Ag*/DNA behaves oppositely by
climbing up to and favoring 3 Ag" (Figure S8). This
concentration series shows that dilution effectively eliminates
weak adducts to reveal the strongest Ag"'—DNA adducts.
Because the polydentate C,-A,-iC,T is rich with nucleobase
ligands, the recurring 3—4 Ag*/DNA stoichiometry suggests
that Ag" recruits nucleobases to fill its coordination sites
(Figure 3C)."*

Ag* also assembles a higher-order dimer (C,-A,-iC,T),/7—8
Ag* that is reminiscent of the chromophores (Figures 3B and
S9). Relative to the monomeric C,-A,-iC,T/3—4 Ag', this
dimer has the same empirical stoichiometry and thus may be
stabilized by twice the Ag*—DNA contacts. The stability of the
intermolecular dimer was challenged by progressively stronger
dilutions from 200X to 40,000X to 8,000,000X. Over this
range, the complex tightly secures its 7—8 Ag" without

shedding individual Ag’, and only the overall abundance of the
(C4-A;-iC,T),/7—8 Ag" diminishes. It also forms with a
relatively lower starting stoichiometry of 4 Ag*/DNA (Figure
S9F). Thus, this complex cannot be dissected because all 7—8
Ag" collectively stabilize this DNA dimer. Because these
numbers of Ag" are also found in the chromophores, we
suggest that a network of Ag*—DNA contacts anchors and
frames the (C,-A,-iC,T),/Ag;,”* and /Ag,,*" chromophores.

Ag° Etching. With similar numbers of Ag®, the (C,-A,-
C,T),/Ag,,”" vs (C4A,-C,T),/Ag*" chromophores are
principally distinguished by their 4 vs 6 Ag’. These numbers
of reduced silvers not only yield distinct spectra but also react
differently because MnO,~ directly converts the 510 nm band
to its 430 nm neighbor with an isosbestic point (Figure 4A).
Oxidation is supported by two observations. First, the (C4-A,-
iC,T),/Ag;,”" and /Ag,,*" mixture was combined with MnO,~
and washed to eliminate byproducts. As result, the Ag,,*" is
eliminated, and the Ag,,”* is preserved, showing that 2 Ag’ are
etched away along with a Ag" (Figure 4B). By comparing the
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optical and mass spectra, the A,;, = 430 and 510 nm
chromophores are thus assigned to the Ag;,”* and Ag*
clusters, respectively, and prior studies have identified other
Ag, and Ag’ chromophores with similar spectra.***"**%*
These chromophores have different numbers of Ag’, again
supporting distinct Ag® and Ag* that comprise the composite
clusters. Second, this change is reversed by replenishing the
lost silvers (Figures 4C,D and S9). The etched sample with
only the 1., = 430 nm cluster was supplemented with Ag*, and
the reducing agent H, recovers the (C,-A,-iC,T),/Ag14*" /Ay
= 510 nm cluster at the expense of its (C,-A,-iC,T),/Ag;,”*/
Aws = 430 nm partner (Figures 4C,D and S10). This cycle
suggests that MnO,~ oxidation and H, reduction target only
the Ag’ in these complexes. Through these changes, the
dimeric DNA and its Ag* adducts are conserved.

B DISCUSSION

DNA-bound silver clusters balance a competition—multiple
nucleobases strongly bind and can disperse silvers, while a
subset of silvers agglomerate into molecules with discrete
electronic states. These interactions are revealed with atomic
details using X-ray diffraction, and our studies were motivated
by the (A,C,), dimer whose cytosine—cytosine duplex forms
an elongated silver array and adenine pocket chelates a
trapezoidal silver subcluster. These DNA structural elements
were integrated into a synthetic template that forms two
optically and chemically distinct silver clusters.

Hairpin Structure. C,-A,-iC,T is a polymer with three
subunits—C, and iC, tracts joined by adenines. As a linear
chain, the two cytosine tracts are separated, but they are
interdependent from a cluster perspective. Their backbones
must point in opposite directions to form the A, = 430 and
510 nm clusters, and either C,/iC, or iC,/C, order is
equivalent. This alternating pattern also holds when the
backbone is further segregated into shorter C, tracts, and this
interdependence is attributed to the DNA structure. The two
cytosine tracts could fold to replicate the two structural
elements in the (A,C,), dimer—a parallel cytosine—cytosine
duplex with an adenine pocket (Figure 3C). Mass spectra
suggest that this DNA hairpin forms because Ag" links the C,
and iC, tracts.

Ag"*—DNA Framework. Ag" alone binds strongly but
sparsely with C,-A,-iC,T to form monomeric and dimeric
DNA complexes. Over a wide Ag" concentration range, 3—4
Ag" sequester with monomeric C4-A,-iC,T, but this is a
relatively low concentration given the 11 possible nucleobase
ligands. To understand these complexes, the coordination
chemistry of Ag® with DNA is considered.'® First, Ag* has a
stronger affinity for cytosine vs other nucleobases and targets
the deprotonated N3 site.® Second, it linearly coordinates two
cytosines, and the resulting base pairs can stack into
thermodynamically stable, extended arrays (Figure 3D).*°”%
Within a flexible C,-A,-iC,T, Ag" could cross-link the
polydentate C, and iC, tracts to yield four sets of stacked
cytosine—Ag" pairs, consistent with our mass spectra (Figure
3C).*” These direct metal-DNA contacts can be further
anchored via hydrogen bonds. Within a C,/iC, duplex, the
opposing cytosines have inversion symmetry with spatially
proximal C2—O and C4—NH, groups (Figure 3D).%*%” The
resulting hydrogen bonds would buttress the complex;
however, they may be perturbed by their large Ag" partner,

as suggested by nonplanar and propeller twisted base
pairs 7,g4§,67,69—72y P prop
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Ag" also forms dimeric (C4-A,-iC,T),/7—8 Ag* complexes
with the same empirical stoichiometry as their monomeric Cy-
A,-iC,T/3—4 Ag" counterparts, and this twofold difference
suggests that the dimer has twice the Ag'—cytosine base pairs
(Figure 3C,D). Prior studies suggest that four-stranded
complexes with cytosine sequences can form, so the (C,-A,-
iC,T),/7—8 Ag" hairpin dimer may be a related structure.”
With progressively stronger dilutions, these complexes
dissociate as a single unit without shedding individual Ag"
adducts, and this collective stability highlights a strong
connection between Ag® and DNA.V*Z*#485L7% ot
importantly, these (C4-A,-iC,T),/7—8 Ag" complexes mimic
the (C4-A,-iC,T),/Ag;,”* and /Ag,,*" chromophores because
they both have two DNA strands and 7—8 Ag" adducts. Thus,
we propose that the Ag® in the chromophores are stably bound
via Ag'-cytosine base pairs and thereby form a DNA/Ag"
framework for these chromophores. Because the favored N3
binding sites on the cytosines are now saturated with Ag*, we
next consider where the Ag” locate within their dimeric (C,-
A,-iC,T), host.

Labile Ag°. After accounting for Ag', Ag,,”* and Ag*"
have 4 and 6 Ag’, respectively, and these two clusters not only
have distinct spectra but also react differently. Silver molecules
can be selectively oxidized because their HOMO—LUMO gaps
vary significantly with cluster size.”> These clusters bound with
homopolymers can be etched with appropriate redox partners,
and specific DNA-bound clusters can be eliminated via the
oxidizing agents O, and H,0, to yield more pure solutions of
stable complexes.””’® Red-emitting silver chromophores are
converted to their green counterparts using reactive oxygen
species, but these changes can be reversed with BH, """~
In our studies, MnO,~ converts (C,-A,-iC,T),/Ag;,*" with 4,
= 510 nm to (C,4-A,-iC,T),/Ag;,”* with Ay, = 430 nm, and
isosbestic points in the absorption spectra suggest that this
change is direct with no intermediates (Figure 4).5%%" The
etched silvers were removed via dialysis, and then the lost
silvers were replenished with Ag" and reduced using H,, a
weaker reducing agent than BH,.°"*> Without replacing the
Ag*, no conversion is observed (Figure S10). Analogously,
gold—thiolate nanoclusters can be reductively enlarged but
these grow as a snowball by adding both gold and thiol
adducts.”” DNA scaffolds are short polymers, and their finite
silver capacity may regulate cluster growth and etching.

The Ag’ in Ag,* may react because of not only their
valence electrons but also their location. In the C4-A,-iC,T
hairpin, Ag" saturates the cytosines, and three observations
suggest that the Ag’ are relegated to and loosely restrained in
the adenine loop (Figure 3C). First, in relation to cytosine,
adenine has a lower affinity for silvers.'”*” For example, five
silvers in the (A,C,),/Agg crystal structure coalesce in the
adenine binding pocket, suggesting that silver agglomeration
outcompetes DNA chelation.” Second, adenine is linked with
fluorescence. (C,X)4 strands produce Ag,,** clusters, which
strongly emit only with X = adenines and not X = thymines,
imidazoles, and abasic sites.”® Derivatives of adenine also
induce emission. Relative to other nucleobases, X = adenine, 6-
methyladenine, 2-aminopurine, and 7-deazaadenine in
C,XC,TC;G all yield emissive silver clusters.”> Third, DNA-
bound Ag,,*" is pared down using MnO,~. When its 2 Ag” are
oxidized, the resulting Ag" do not stay with the DNA but are
readily washed away through dialysis. Weakly bound Ag*
dissociate with dilution, which suggests that the Ag" capacity
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of C4-A,-iC,T has been exceeded. Again, Ag" and Ag’ are
distinguished.

B CONCLUSIONS

Competing forces can shape supramolecular DNA-—silver
cluster chromophores. Multiple nucleobases can chelate and
disperse silvers, while silvers coalesce and segregate into
molecularly sized clusters. We studied how C,-A,-iC,T and its
embedded Ag,,”* and Ag,,*" adducts are organized. This DNA
favors these two partially oxidized clusters because its mixed
phosphodiester backbone controls how the nucleobases
chelate the Ag" and Ag’ constituents. The Ag® are active
adducts because they migrate to the cytosines to create a stable
network of Ag*—cytosine base pairs. The Ag’ are more passive
adducts because they are relegated to the adenines where they
can be oxidatively etched without disrupting the underlying
Ag'—DNA scaffold. This connection between the sequence
and structure of a DNA and the organization of its Ag+/Ag0
adducts is guiding our efforts to tune the spectra and reactivity
of these supramolecular chromophores.
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Figure S1: Absorption spectra of C4-A»-iC,T (solid) and C4-A,-iC, (dashed) show that 3’ terminal
thymine preserves the cluster binding sites for both the A,,; = 430 and 510 nm clusters.
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Figure S2: Absorption spectra of C4-A»-iC4T (solid) and Cy-iA,-iC4T (dashed) show that the position of
the 3’-3’ linkage is does not alter the coordination site for the two clusters. Polarities are indicated with
arrows above the sequences.
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Figure S3: Absorption spectra of C4-A»-iC,T (solid) and iCy-A,-C,T (dashed) show that the position of
3°-3’ and 5°-5’ linkages, respectively, both yield the same coordination sites for the two clusters.

Polarities are indicated with arrows above the sequences.
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Figure S4: Absorption spectra of C,-iC,-A,-C,-iC,T (solid) and C,-iC,-A,-iC,-C,T (dashed) show that
alternating backbone polarities yield the two clusters. Polarities are indicated with arrows above the
sequences.
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Figure S5: Isotopologue distributions for the -5 charged state based on the molecular formula
[C204H256N720126P20(Ag11 )] for (C4-Ag-iCyT)2/Agi”" (A/B) and
[C204H255N720126P20(Ag1437)]? for (C4-As-iC4T)2/Agy”" (C/D). The predicted peaks are
indicated by triangles and the standard deviation for the intensity distribution (o) is based on
\/Z v(Imeasured — Imodet)”

N-1
where 1,.u5cq 18 the measured intensity, 7,,,4.; 1S the predicted intensity, and N is the number of peaks in
the distribution. Standard deviations with -1 H* (red crosses and dotted line) and +1 H* (blue circles and

dotted line) are larger.
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Figure S6: Absorption spectra of C4-A,-iC,4T (solid) and Cy-A,-iCy-teg- Cy-A,-iC4T (dashed) show that
preassembling two C4-A,-iC, scaffolds also yields the two clusters.
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Figure S7: Absorption spectra of C4-A,-iC,T (solid) and (C,4-A,-iC4),-Duplex (dashed) show that
preassembling two C4-A,-iC,4 scaffolds with parallel C4/C, tracts also yields the two clusters.
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Figure S8: Mass:charge spectra of C4-A,-iC4T prepared with 8, 4, and 2 Ag* (A-C, respectively). This
range shows that C4-A,-iC,T/3-4 Ag" is a favored stoichiometry.
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Figure S9: Mass:charge spectra of C4-A,-iC4T prepared with 8 and diluted 200X, 40 000X, and 8 000
000X (A-C, respectively). This range shows that the dimeric (C,;-A,-iC,T),/7-8Ag" dissociates at higher
dilution, consistent with an intermolecular complex. (D) Fine-structure mass spectra of the C,-A,-
iC4T/3Ag" complex. The formula (Co,H;25N36063P10Ag3)3 is missing 3 H*, showing that the silvers are
fully oxidized. . (E) Fine-structure mass spectra of the (C4-A,-iC4T),/8Ag" complex. The formula
(Ca04H255N7,0126P20Agg) is missing 8 H*, showing that the silvers are fully oxidized. (F) The (C4-A,-
iC4T),/8Ag" complex is also observed with a starting stoichiometry of 4 Ag":DNA.
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Figure S10: Absorption spectra of C4-A,-iC,T/Ag;,”" shows that C4-A,-iC4T /Ag;,3* only forms when
both Ag" and H, are used.
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Table S1: Summary of differences between observed and predicted M/Z values (A) for the [(C;-

Ap-1CyT)-Ag * T4, [(C4-Ag-1C4T)-Agyy 17, and [(Cy-Ag-1CyT),-Agy, 10 complexes.?

[(C4-Ar-iC4T),-Ag, 17+]_4 A(ppm) | [(Cs-Ar-iC4T),-Ag, 17+]_5 A [(Cs-Ar-iC4T),-Ag, 17+]_6 A
1883.004 1.5 1506.204 | 0.1 1255.003 1.2
1883.255 1.0 1506.405 | 0.7 1255.170 | 1.4
1883.506 0.3 1506.606 | 1.3 1255.333 1.8
1883.756 0.6 1506.806 | 1.3 1255.502 | 0.1
1884.007 0.2 1507.006 | 1.3 1255.667 | 1.3
1884.257 0.2 1507.206 | 1.2 1255.835 | 0.2
1884.507 0.2 1507.406 | 1.2 1256.002 | 0.1
1884.757 0.1 1507.606 | 1.4 1256.169 | 0.1
1885.008 0.2 1507.806 | 1.1 1256.335| 0.4
1885.258 0.2 1508.006 | 1.1 1256.502 | 0.1
1885.508 0.4 1508.206 | 1.3 1256.669 | 0.2
1885.757 0.3 1508.406 | 1.2 1256.835 | 0.5
1886.008 0.1 1508.607 | 1.6 1257.003 | 0.4
1886.258 0.0 1508.807 | 1.2 1257.169 | 0.2
1886.507 0.4 1509.006 | 0.6 1257.336 | 0.4
1886.759 0.3 1509.205 | 0.0 1257.503 | 0.4
1887.006 1.3 1509.407 | 1.2 1257.669 | 0.5

2 Average A =0.7 ppm
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Table S2: Summary of differences between observed and predicted M/Z values (D) for the [(C;-

Ar-iCaT)-Ag1s¥ 14, [(Ca-Ar-iCyT)r-Ag 4%, and [(C4-Ar-iC4T)r-Ag 4% complexes.?

[(Ca-AriCiT)r-Ag P T4 | A [(Co-AriCyT)-Agi®17 | A [(Ca-Ar-iCiT)-Ag T | A
1963.433 0.0 1570.546 0.8 1308.622 1.7
1963.683 0.4 1570.748 1.5 1308.781 4.0
1963.933 0.3 1570.948 1.7 1308.958 3.8
1964.182 0.6 1571.148 1.5 1309.118 1.2
1964.434 0.1 1571.347 1.3 1309.286 0.8
1964.683 04 1571.548 1.6 1309.456 1.9
1964.933 04 1571.748 1.6 1309.620 0.2
1965.184 0.2 1571.948 1.5 1309.787 0.3
1965.434 0.3 1572.148 1.5 1309.955 1.5
1965.684 0.1 1572.348 1.4 1310.121 0.3
1965.934 0.1 1572.549 1.8 1310.288 0.6
1966.184 0.2 1572.749 1.7 1310.456 2.2
1966.435 0.2 1572.948 1.6 1310.621 0.3
1966.686 0.6 1573.149 2.1 1310.788 0.4
1966.935 04 1573.349 2.1 1310.958 33
1967.185 0.3 1573.550 2.3 1311.122 0.8
1967.437 1.1 1573.750 2.2 1311.286 1.4
1967.687 1.2 1573.950 2.3 1311.468 10.9

*Average A =1.4 ppm
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