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ABSTRACT: Silver clusters consisting of ~10 atoms are readily bound by and encapsulated

within DNA strands to yield strong absorption and emission. The coordination environments,
however, are poorly understood, so cluster adducts can only be empirically tuned. This work

three types of nucleobases with distinct roles—tracts of cytosines that collectively coordinate
the cluster, thymine acting as a junction in the overall strand, and the adenine/guanine pair that  *

describes the C,LAC,TC,G strand that templates a particular cluster adduct. Its sequence has ’%?j{@”m *31\ ~60%
T \
I

0o
PR

exclusively forms the cluster. In relation to the native oligonucleotide, the DNA—silver cluster

complex diffuses faster and is more compact, thus suggesting that the strands fold because of the cluster. The Ag;,*" adduct
emits with 4.,/A.,, = 490/540 nm, a 19% quantum yield, and a biexponential 1.1/2.1 ns lifetime. The electronic environment for
the cluster is controlled by the heteroatoms in the adenine and guanine. Most significantly, the N7 and the N2 in the guanine
change the fluorescence quantum yield by 60-fold and shift the fluorescence lifetime by ~3.8 ns. Thus, our studies discern
distinct spectroscopic and structural roles for the nucleobase ligands in C,AC,TC;G, and these findings may help develop new

DNA templates for other silver cluster adducts.

B INTRODUCTION

Noble metals are prized for their luster, which arises because
the valence electrons efficiently reradiate visible light when
they move between the electronic bands. However, when bulk
metals are shrunk to nm and smaller dimensions, molecular
spectra emerge.' " For example, silver clusters with ~10 atoms
fluoresce because their valence electrons transition between
discrete HOMO-LUMO states, as with organic dyes.’”"
These spectra span the visible and near-infrared spectral
regions because of the distinctive electronic states within silver
molecules. A diverse suite of noble metal chromophores can be
realized by controlling cluster size and shape, as species
differing by only a single atom or those having nearly
isoenergetic isomers exhibit distinct and wide-ranging spec-
tra.'” Our studies focus on ligands that can trap and protect
specific clusters and arrest their agglomeration.'”~"® Because of
the strength of the covalent bond, thiols have been particularly
effective in noble metal nanoparticle creation but often at the
cost of bright fluorescence, as charge transfer interactions often
lead to low quantum yields, large Stokes shifts, and long
luminescence lifetimes.'*™>'

Biopolymers are polydentate ligands that not only stabilize
but also template distinct types of noble metal clusters. These
scaffolds likely harbor distinctive coordination environments
because of their covalently linked backbones and thereby
create new species inaccessible via small molecule ligands. We
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study monodisperse oligonucleotides that bind and locally
concentrate Ag’, which then coalesce following chemical
reduction.”” The DNA protects the metallic cores in aqueous,
7> Beyond acting as a
protective shell, oligonucleotides dictate the cluster size and
geometry, thereby imprinting the optical spectra and photo-
physics of their adducts. Three distinctive features of the
DNA-—Ag interaction have been discovered.”>*>*°™%° First,
altering the primary DNA sequence tunes the cluster spectra
across the violet to near-infrared.”” " These chromophores
are bright with fluorescence quantum vyields of 10—90%,
fluorescence lifetimes of ~2 ns, and extinction coefficients of
~10° M~! cm™1.*** Second, changes in DNA structure can
alter cluster adduct brightness, as complementary strands
hybridize with the DNA host and toggle the cluster adduct
between dark and bright states with turn-on ratios over
~1000.”*** These conjugates are readily synthesized and can
be used in situ, so they are viable alternatives to expensive
molecular beacons that must be prederivatized with organic
dyes.” Third, the Ag—DNA interaction produces us-lived dark
electronic states that can be used to enhance fluorescence
detection.” These dark states are populated via laser excitation

buffered, and biological solutions.”
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and subsequently depopulated via longer wavelength coillumi-
nation. This sequential, two-laser excitation boosts the net
fluorescence and drastically increases sensitivity through
modulation or time-gating that discriminates against back-
ground emission.””**

DNA strands coordinate silver clusters via their nucleobases
that are anchored to the phosphodiester backbone, and the
DNA sequence and structure define binding sites for specific
silver clusters. Individual nucleobase ligands bind silvers with
different affinities that depend on the basicities and
protonation states of the heteroatoms.”*”~** Multiple
nucleobases coordinate a single cluster so that the strands
fold and dimerize around their adduct.>***** Furthermore,
minor sequence changes elicit large spectral changes.”"**
Herein, we describe the sequence and structure of a family of
DNA scaffolds that preferentially form a silver cluster with a
single absorption band at 490 nm. These clusters are part of a
larger suite of chromophores that span the visible and near-
infrared spectral regions, and these DNA-protected chromo-
phores are promising biological labels and sensors with strong
fluorescence brightness that can be further enhanced via
sequential two-photon excitation.***7*¥**7* " Additionally,
they signal changes in their environment with up to 10°-fold
stronger emission via hybridization.””** Our studies consider
how the 490 nm cluster interacts with a specific class of DNA
hosts. The oligonucleotides are single-stranded and thus
eliminate canonical base pairing that could disrupt nucleo-
base—silver coordination. Our key finding is that these
sequences are divided into tracts and three types of nucleobase
ligands appear to control the organization and photophysics of
this hybrid DNA—cluster chromophore.

B EXPERIMENTAL SECTION

Synthesis. Desalted oligonucleotides were purchased from
Integrated DNA Technologies. These samples were dissolved
in deionized water, and DNA concentrations were determined
from the molar absorptivities on the basis of the nearest-
neighbor approximation.*” Most oligonucleotides were single-
stranded, but one was a mixed single-/double-stranded
construct. The strand CCCCACCCCT CCCGTTCGGG
folds at the TT junction to form a CCCG—GCCC duplex
with a CCCCACCCCT overhang (see Figure S1 for
structure). DNA—silver cluster conjugates were synthesized
by combining the oligonucleotide and AgNOj; at a 1:8 relative
ratio, with a DNA concentration of 30 yM in either water or a
1 mM cacodylate buffer at pH 7. An aqueous solution of
NaBH, is added to give a final concentration of 4
BH, :oligonucleotide. The solution is then placed in a high-
pressure reactor with 400 psi of O, for ~3 h.>’ Abasic sites
were introduced at specific locations in the oligonucleotide by
substituting the target nucleobase with a wuracil. This
nucleobase was then excised using uracil DNA glycosylase.”"

Characterization. Absorption spectra were acquired on a
Cary 50 from Varian, and emission spectra were acquired on a
FluoroMax-3 from Jobin-Yvon Horiba. Size exclusion
chromatography used a 300 mm, 7.8 mm inner diameter
column (BioSep, Phenomenex) on a high performance liquid
chromatography system (Prominence, Shimadzu) using a 10
mM cacodylate buffer at pH 7 with 40 mM NaClO, to
minimize matrix adsorption. Absorbance measurements of the
separated species were made using the SPD-M20A detector.
For the thymine oligonucleotides dT o, dT,5, dT,,, and dTsy,
the averages and standard deviations of the retention times

correlated linearly with the hydrodynamic radii, allowing their
use as a size standard to determine the radii of the cluster
conjugates. Mass spectra were collected using Q-TOF G2-S
(Waters) and analyzed with MassLynx V4.1."#>275*

Time-correlated single-photon counting measured the
fluorescence lifetimes and anisotropies. A pulsed 470 nm
laser (PicoQuant) excited the samples at 10 MHz. The laser
was vertically polarized, and the emission was collected with
the emission polarizer set to the magic angle at ~55°. The
fluorescence was collected at 90° relative to the excitation and
was spectrally filtered using a 525 & 20 nm bandpass filter. The
emission was detected by a photomultiplier tube (R928,
Hammatsu), the output of which was inverted before being
processed by a photon counting board (HydraHarp). The
instrument response function (IRF) was recorded using
colloidal silica (Aldrich). The fwhm of the IRF was ~1S50 ps.
The fluorescence decay was determined through IRF
reconvolution fitting of the measured decay (FluoFit). The
anisotropy measurements were made using vertically and
horizontally polarized excitation along with vertically and
horizontally polarized emission. The G-factor accounts for the
detection efliciency of vertically and horizontally polarized
emission and was ~1 for our filter-based instrument. The
fluorescence decays were reconvolved with the IRF and used
to calculate the anisotropy (FluoFit).

Two-focus fluorescence correlation spectroscopy was used
to measure the diffusion coefficients of fluorescent species
freely diffusing through a pair of laterally offset excitation
volumes. These submicron diameter, orthogonally polarized
excitation focal spots were formed using a differential
interference contrast prism (U-DICTHC, Olympus) and a
X60, 1.2 NA water immersion objective (UPLANSAPO,
Olympus) to focus a pair of orthogonally polarized, repetitively
pulsed (~100 ps width) 485 nm laser excitation beams (P-C-
485B, Picoquant) into the liquid sample droplet deposited on a
glass coverslip. The sample emission was spatially filtered using
a 200 pm diameter pinhole located in the image plane of the
inverted microscope (IX-71, Olympus). Sample fluorescence
was isolated from scattered 485 nm excitation light using a 30
nm wide bandpass filter centered at 550 nm. The fluorescence
was split into approximately equal parts using a 50% beam
splitter and focused onto a pair of single-photon-counting
avalanche photodiode detectors (SPCM-AQR-14, PerkinElm-
er). Time-correlated single-photon-counting electronics (Pico-
Harp 300, Picoquant) and software (SymPhoTime 64,
Picoquant) were used to collect and record photon arrival
times from the samples. The samples were excited at 485 nm
using alternating polarization pulsed interleaved excitation at
40 MHz with a total average power of ~10 yW. Arrival times
of the detected fluorescence photons with respect to the
interleaved excitation pulses were used to determine the
identity of the excitation focus from which the emission
originated. This information was used to calculate fluorescence
intensity autocorrelations for each of the excitation spots as
well as intensity cross-correlations between the two foci. The
diffusion coeflicient of the fluorescent species was obtained
from a global fit to these correlations following the methods
developed by Dertinger et al.”> The lateral separation (390
nm) of the excitation foci in our setup was determined by a
global fit of the intensity correlations obtained from a dilute
aqueous solution of rhodamine-110 with a known diffusion
coefficient in water (440 um?/s @ 22.5 °C).°® We corrected
this value to 411 um’/s @ 20 °C using the temperature
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dependent viscosity of water, since our measurements were
made at 20 °C. The global fits to the intensity correlations
were done in MATLAB using routines (FCSFIT.m) obtained
from Jorg Enderlein.

B RESULTS

DNA—cluster complexes were characterized by electronic
spectroscopy, mass spectrometry, and chromatography. Silver
clusters typically exhibit extinction coefficients of ~10° M~
cm™}, so absorption spectra comprehensively distinguish
conjugates at 1—-10 M concentrations.”" Silver clusters can
also fluoresce, and fluorescence spectra, quantum yields, and
lifetimes reveal changes in their electronic environment.
Clusters form within a chiral DNA template, and visible
circular dichroism characterizes the nucleobase—cluster
coordination. The oligonucleotides are monodisperse, so
electrospray ionization mass spectrometry yields the stoichio-
metries of the DNA—Ag cluster adducts. Furthermore, the
polyelectrolyte DNA backbone readily exchanges H" with the
solvent, so the number of phosphate-bound H* indirectly
measures the cluster charge. The DNA has ~4-fold larger mass
and significantly larger physical extent than the cluster, thereby
dominating the overall structure of the conjugate. Size
exclusion chromatography, fluorescence correlation spectros-
copy, and fluorescence anisotropy quantify how the DNA
shape is molded by its cluster adduct.

Primary Sequence-Repeated Cytosine Tracts. Our goal
was to synthesize a bright silver cluster fluorophore with green
emission. One such species has 4.,/1.,, = 490/540 nm, an ~2
ns fluorescence lifetime, and an ~20% fluorescence quantum
yield, and it has been synthesized in a hybrid DNA construct
with a duglex and a dangling C,AC,T appendage (Figures 1A
and S1).>* We sought to synthesize an analogous cluster within
a purely single-stranded DNA, which would allow us to
interrogate the cluster coordination environment.””**>>>” We
began with C,AC,T alone because such appendages control
the cluster spectra in the hybrid duplex/single-stranded
constructs.”® However, this sequence was inadequate, possibly
because it is too short to form clusters (Figure S1).>" We thus
extended this strand by adding an additional C,X motif to
create C,AC,TC,X with X = A, T, G, and C. These strands
differ by a single nucleobase yet yield distinctive chromophores
(Figure 1A). Only the X = G strand produces the target
chromophore with strong absorption at ~490 nm, like the
hybrid duplex/single-stranded construct (Figure 1A). Starting
with this favored strand, the DNA sequence was varied to
optimize cluster absorption at 490 nm, and our studies were
guided by the repeated C,X organization. Specifically, the
number and continuity of the cytosines and the terminating
nucleobases in each tract were varied.

Numbers and Continuity of Cytosines. C,AC,TC,G
produces the target 4 = 490 nm cluster along with a competing
violet-absorbing species, but this spectrum and cluster
environment change with the number of cytosines (empha-
sized with underlining). When the third tract is shortened from
CCCCG to CCCQG, the resulting C,AC,TC;G develops a
stronger 490 nm band relative to the violet absorption (Figure
1B). Further truncation is detrimental, however, as
C,AC,TC,G eliminates the target 490 nm species in lieu of
alternate species. The other tracts behave similarly. Examining
the middle tract, C,AC,TC,G, yields the strongest and most
selective 490 nm band in comparison with its shorter
C4,AC,TC;G and longer C,AC,TC;G counterparts (Figure
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Figure 1. (A) Absorption spectra showing that both the C,AC,T-
duplex and single-stranded C,AC,TC,G produce the target cluster
with 4 = 490 nm, whereas C,AC,TC,X (X =T, C, and A) does not
yield this species. (B) In relation to the shorter C,AC,TC,G (dotted
line) and longer C,AC,TC,G (dashed line), C,LAC,TC5G (solid line)
yields the strongest A,q.

S2A). For the first tract, the DNA strands have a threshold
length needed to support the cluster (Figure S2B). While
C;AC,TC,G reduces the 490 nm absorption, C,AC,TC;G and
CAC,TC;G vyield comparably strong peaks. Therefore, the
minimal C,AC,TC;G sequence was used to understand the
binding site for the 490 nm cluster.

Within the tracts, cytosines were eliminated or replaced to
probe the coordination environment. First, cytosines were
eliminated to create abasic sites in the polymer template
(Figure 2A). Single cytosines in the first and second tracts were
replaced with a uracil that was enzymatically excised, and
neither modified strand produces the 490 nm cluster. Second,
cytosines were replaced with thymines that are weaker ligands
(Figure S3). At neutral pH, the N3 of thymine is protonated,
which quenches cluster emission, whereas the corresponding
N3 in cytosine is deprotonated, which favors fluorescent silver
chromophores.*”** Cytosine—thymine substitutions in each of
the three tracts of C,LAC,TC;G yield the same outcome—a
400 nm band supplants the 490 nm absorption. Thus, either
eliminating a cytosine or substituting it with a poorer ligand
disfavors the 490 nm cluster. Because single cytosine changes
elicit these dramatic spectral changes, we suggest that a
network of contiguous cytosines coordinate the 490 nm
absorbing cluster.
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Figure 2. (A) Absorption spectra using C,AC,TC;G (solid) vs
strands with abasic sites in the first (dotted) and second (dashed)
tracts, as indicated by D. (B) Absorption spectra of C,LAC,TC,G vs
different combinations of nucleobases in the first tract (C,TC,TC;G
[dotted] and C,GC,TC;G [dashed]). The specific changes are
underlined. Additionally, the strong absorption with C,AC,(TEG)-
C;G is highlighted in relation to C,AC,TC;G.

Terminating Nucleobases. Each cytosine tract terminates
with a different nucleobase with a distinct role. We first
consider the thymine. This nucleobase can be replaced with a
guanine or adenine but not with cytosine, which forms a
competing 400 nm cluster (Figure S4). This alternate species
underscores the need to segregate cytosine tracts to favor the
490 nm cluster. This site in the polymer can accommodate
more drastic modifications. The thymine nucleobase was
eliminated, and this sequence with an abasic site still produces
the 490 nm cluster with even stronger absorbance (Figure SS).
This enhanced absorption sharply contrasts with the 490 nm
absorption band that is extinguished due to abasic sites in the
cytosine tracts and thus further supports the chemical
differences between the cytosines and the thymine (Figures
2A vs S5). Beyond DNA-related changes, the entire thymine
nucleotide can be replaced with a triethylene glycol (TEG)
linker while maintaining the 490 nm absorption band (Figure
2B). Because both the abasic site and triethylene glycol are
flexible, we suggest that the thymine site is a junction in a
folded oligonucleotide.

In contrast with the interchangeable thymine, the terminal
adenine in the first tract and guanine in the third tract are an
exclusive pair that favor the 490 nm cluster. These nucleobases
were identified from the nine sequences C,XC,TC;Z with X

and Z individually being adenine, thymine, or guanine (Figures
2B and S6). The sequence with X = A and Z = G selectively
develops the target cluster with the strongest absorption band
at 490 nm. These nucleobases may be a coupled pair because
they may be proximal in a folded C,AC,TC;G (see Figure 3
insets).

Rel. Abs.

7.0 7.5 8.0 8.5 9.0
Time (min)

Figure 3. Size exclusion chromatograms of native C,AC,TC;G
measured at 260 nm (black) and of the C,AC,TC;G—cluster complex
measured at 490 nm (blue). The latter complex elutes later and is
thus more compact than the native DNA. The inset cartoons suggest a
more compact shape for the DNA—cluster (Ag,) complex relative to
the native strand.

Secondary Structure—Cluster Condenses DNA. The
secondary structure of C,AC,TC;G is changed by the cluster,
and chromatography and fluorescence studies show that the
native DNA condenses around the cluster. Size exclusion
chromatography typically resolves DNA strands based on their
strand length and hydrodynamic radii, but this relationship is
altered by silver clusters that fold and assemble DNA
strands.”***”*? For C,AC,TC;G, the cluster conjugate elutes
later and is thus more compact than its unligated counterpart
(Figure 3). These size changes were gauged against a set of
thymine oligonucleotides (Figure S7). Apo-C,AC,TC;G elutes
as a dT); which is similar to its overall length of 14
nucleotides. Thus, the uncomplexed DNA strand behaves as a
random coil polymer like the oligothymines.”” In contrast, the
ligated strand elutes later because it has a 17% smaller
hydrodynamic radius than that for the native strand. A change
in DNA shape was also examined in situ by fluorescence
correlation spectroscopy (FCS). Two-focus FCS measures
crossing times between two laterally shifted laser foci and
thereby determines diffusion coefficients for fluorescent DNA
strands.” A fluorescein-tagged C,AC,TC;G and the
C,AC, TC;G—cluster conjugate have diffusion coeflicients of
118 + 3 and 140 + 7 um?*/s, respectively, so the cluster
conjugate has an ~15% smaller hydrodynamic radius than that
of the native fluorescein-DNA. Fluorescence anisotropy further
interrogated the DNA shape via rotational correlation times.
The native C,AC,TC;G was sparsely labeled with the
noncovalently bound dye SYBR Gold, and its rotational
correlation time of 2.2 + 0.1 ns is consistent with earlier
studies of single-stranded 15-mer oligonucleotides.”*> The
cluster-laden strand has a shorter rotational correlation time of
1.6 + 0.1 ns, which translates to an ~11% drop in the
hydrodynamic radius based on a spherical shape. Taken
together, these chromatography and fluorescence studies show
that C,LAC,TC;G changes from a random coil to a more
condensed and presumably more organized secondary
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Figure 4. (A) Mass:charge spectrum of a C,LAC,(TEG)C;G complex with 4, S, and 10 silvers. (B and C) Expanded view of the complexes with
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CiasH 150081 N3P 3Ag 0~ (B) and CysH 6008 NysP3Ag 0 ~* (C). The precisions between the observed and predicted masses of the isotopologues

are 1.7 + 0.2 ppm (B) and 1.7 + 0.2 ppm (C).
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Figure S. (A) Absorption (solid), excitation (dotted), and emission (dashed) spectra of the C,LAC,TC;G—cluster complex. Time-resolved emission
decays for the (B) C,AC,TC,G—, (C) C,AC,TC;(deazaG)T,—, and (D) C,AC,TC,IT,—cluster complexes (red) with models (black dashes)
based on single exponential decays (blue dots) reconvoluted with the IRF (black dashes). The time constants and the relative amplitudes of the
exponential decays are provided. The * in part C indicates that the amplitude of the fast decay is scaled down by 2.

structure when bound to the cluster and that the
oligonucleotide appears to fold at the flexible thymine site.
Adenine and Guanine Are Crucial to Forming the
Ag,,®* Fluorophore. C,AC,TC;G develops a specific silver
molecule whose stoichiometry and charge were determined by
mass spectrometry (Figures 4 and S8). The analogous
triethylene glycol linked strand C,AC,(TEG)C;G also forms
this cluster and was used because its cluster conjugate best

28386

survives purification via dilution and dialysis. This complex was
then studied by electrospray ionization mass spectrometry to
determine the cluster stoichiometry and charge.*****® This
strand preferentially binds 4, S, and 10 silvers, and these
stoichiometries are consistent with the molecular clusters
identified in previous reports.***>>® These complexes are
distinguished by their oxidation states, which were derived
from the isotope fine structure within the M/Z peaks (Figures
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Table 1. Lifetimes and Fluorescence Quantum Yields of Silver Clusters Bound to C,XC,TC;G Sequences

X in C4XC4TC3G Lifetimes® Quantum Yield®®
b 11=1.12+£0.15ns Or=19+2
N Ny (70 = 5%)
</ ‘ ) 72=2.14+£0.08 ns
T N/ (30 £ 5%)
Adenine
INH(CH;) T71=1.09 £ 0.05 ns dr=21+2
N N (44 £ 12%)
</ | h 72=2.32+0.05ns
T N) (56 £ 12%)
6-methyladenine
/N Sy 11=1.14£0.01 ns dr=21+2
< | )\ (66 + 3%)
T NN 12=2.26+0.03 ns
(34 £ 3%)
2-aminopurine
NH; 11=0.48 £ 0.07 ns dr=11=+1
(54 £ 16%)
/ XN 72=1.08+0.14 ns
| ) @3+ 14%)
N N 13=2.53+£0.55ns
| (3 +£2%)
7-deazaadenine

. S b . . .
“Averages and standard deviations from three or more measurements with different samples. “Quantum yields measured using fluorescein as a

standard.”’

4B,C and S8). These distributions are set by the molecular
formulas with their natural mixtures of isotopes, and we are
particularly interested in the H" because it changes with the
charges of the cluster adducts.*”** The DNA complexes with
four and five silvers have four and five fewer HY, respectively,
than the native oligonucleotide, so these silvers are completely
oxidized and thus optically silent.°* In contrast, the strands
with 10 silvers have 6 Ag* and 4 Ag’, and Ag,,** are optical
chromophores.”” Thus, we assign this Ag;,** cluster within the
C,AC,(TEG)C,G and related strands to be the 4 = 490 nm
chromophore in these studies.

This Ag;,** adduct emits with Agypme = S40 nm when
excited with A, .., = 490 nm (Figure SA). The excitation and
absorption maxima match, which indicates that a single
emissive species is preferred. This fluorescence has a quantum
yield of 19 + 2% and a biexponential decay with lifetimes of
1.1 + 0.2 and 2.1 + 0.1 ns and relative amplitudes of 70 + 5%
and 30 + 5%, respectively (Figure SB and Table 1). These
measurements are consistent with the fluorescence quantum
yields of 0.2—40% and lifetimes of 0.2—4 ns for other green
emitting silver cluster—DNA conjugates.’”*”*® This cluster
also exhibits circular dichroism with €, = 490 nm, which also

matches the absorption maximum (Figure S9). This
correspondence suggests that the cluster is bound by the
chiral C,AC,TC;G template, and the degree of DNA
coordination is gauged by the anisotropy, kx, which measures
the inherent circular dichroism by normalizing the ellipticity
based on the absorbance.® The k of 0.3 X 10~ has been
reported for related DNA-—silver cluster complexes and
suggests that the cluster binds in a similar coordination
environment.>>

The coordination environment for the cluster directly
depends on the adenine and guanine, and derivatives of
these nucleobases alter the cluster photophysics. The variants
of adenine were 2-aminopurine, 6-methyladenine, and 7-
deazaadenine, and the guanine analogues were 8-bromogua-
nine, inosine, and 7-deazaguanine (Tables 1 and 2 and Figures
S10 and S11). These nucleobases behave like their natural
counterparts and produce clusters with 4 ~ 490 nm, although
the cluster yields varied. However, fluorescence quantum yields
and lifetimes are inherent quantities and do not depend on the
chromophore concentration. Clusters made in oligonucleotides
with 2-aminopurine and 6-methyladenine behave similarly to
those with adenine, yielding biexponential decays with
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Table 2. Lifetimes and Fluorescence Quantum Yields of Silver Clusters Bound to C,AC,TC;YT, Sequences

Y in C4AC4TC3Y T4 Lifetimes? Quantum Yield®®
i 11=15+04ns Gr=25+5
\ (67 +4%)
V4 ’ NH 172=2.7£0.2ns
/K (33 £4%)
T N NH,
Guanine
i 11=13£0.3ns ¢r=24+3
N (64 +12%)
Br4</ | )”“\ 1 =2.6+02ns
0
T - (36 = 12%)
8-Bromoguanine
i 71 =0.22 +0.04 ns br=1+0.5
(75 £ 6%)
% [ T=14%02ns
A (16 + 4%)
" 13=3.8+02ns
7-deazaguanine (9 +3%)
i 11=15+02ns hr=63+2
. (25 + 1%)
</ ‘ NH 12=4.0+0.1 ns
75 £ 1%
- P (754 1%)
Inosine

L L b . . .
“Averages and standard deviations from three or more measurements with different samples. “Quantum yields measured using fluorescein as a

standard.”

lifetimes of ~1.1 and ~2.3 ns and fluorescence quantum yields
of ~20%. However, 7-deazaadenine suppresses the cluster
emission ~2-fold and opens a new fluorescence decay pathway
with an ~0.5 ns lifetime. The guanine derivatives produce
larger changes (Figure SC,D). For these studies,
C,AC,TC,ZT, strands were used because they are commer-
cially available and produce clusters with fluorescence quantum
yields and lifetimes that are similar to those in C,AC,TC;G
(Table 1). Although clusters with guanine and 8-bromogua-
nine behave similarly, clusters with 7-deazaguanine and inosine
are distinct with 1 and 63% quantum yields and dominant
lifetimes that are 0.2 and 4.0 ns, respectively. These differences
may arise because of electron transfer between the photo-
excited cluster and the DNA nucleobases, as subsequently
discussed.

B DISCUSSION

The sequence and structure of C,AC,TC,G selectively develop
the Ag,** chromophore with A./A., = 490/540 nm. Our
studies identified three types of nucleobase ligands within the
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coordination environment, and we now discuss how they
control the structure of the DNA host and the spectra of the
cluster adduct.

Consecutive Cytosines and Multidentate Coordina-
tion. Cytosine dominates this sequence with 11 of the 14
nucleobases, but they must be separated to avoid a mixture of
clusters (Figure $4).37%7 We suggest that the three cytosine
tracts in C,LAC,TC;G are collective subunits. When only a
single cytosine is eliminated or replaced in any of the tracts, the
490 nm absorption is extinguished, so the cluster binding site is
compromised (Figures 2A and S3). Thus, the cytosines act
together, as observed for other silver cluster templates. For
example, (C,A) selectively develops a violet Ag,,** cluster,
whereas its permuted analogue (CAC); shifts the absorption
and quenches the emission of its cluster adducts.”’ This
permuted strand recovers the strong spectra by appending a 5’
cytosine, which presumably restores the necessary number of
six CC pairs. Other sequences with consecutive cytosines have
also been identified.”***** We suggest such cytosine tracts are
multidentate ligands that coordinate multiple silvers. A single
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cytosine preferentially binds silver via its deprotonated N3, so
repeated cytosines could bind multiple silvers. Consequently,
the cluster adduct would be dispersed along the DNA contour,
as supported by two observations. First, two Ag;o* clusters
with distinct emission and structures have been studied by X-
ray absorption spectroscopy.52’53 The fluorescent species is
distinguished by its relatively high silver nucleobase and low
silver—silver coordination numbers that support a highly
coordinated cluster. We therefore suggest that nucleobase
ligands in an oligonucleotide imprint the shape of their cluster
adducts, as observed for noble metal—thiolate complexes.'”*
Second, different types of silver clusters with different numbers
of Ag’ have been identified by mass spectrometry.’>>>”%”!
Their distinct spectra can be explained on the basis of
elongated clusters that balance coordination by multiple
nucleobases vs Ag’—Ag’ bonding. Therefore, we propose
that the cytosine tracts in C,AC,TC;G are multidentate
ligands that partially guide cluster geometries along the
contours of the DNA scaffold.

Interchangeable Thymine and Folded DNA. The
thymine acts as a neutral site within the overall polymer
because it can be interchanged not only with other nucleobases
but also with abasic and triethylene glycol linkers (Figures S5
and 2B). Because these latter modifications are flexible, we
suggest that this site is a junction that allows Ag;,** to fold its
host (Figure 3).”>”* Prior X-ray spectroscopy studies establish
that Ag" and Ag’ within a cluster segregate and thus have
different functions.”””® Specifically, we suggest that Ag*
linearly coordinates nucleobases and cross-links nucleobases
in remote parts of a DNA oligomer, as previously suggested for
(C,X)s—cluster complexes.” " (C,A)s and (C,T)s are
strands with a minimal length that can support a Ag;,**
cluster, and the six Ag" in the cluster may form C—Ag"'—C
metallo-base pairs that intramolecularly pull the strand
together. Thus, these results suggest that the thymine in
C,AC,TC,G indirectly controls the coordination environment
because the strand folds at this site. This folded structure may
control the relative positions of the other two terminating
nucleobases.

Terminating Nucleobases and Electronic Environ-
ment. The adenine/guanine pairs in C,AC,TC;G are the only
ligands that selectively develop the cluster, and derivatives of
these nucleobases control the electronic environment of the
clusters (Tables 1 and 2). Among the adenine derivatives, 7-
deazaadenine is distinct because its fluorescence decay favors a
shorter lifetime of ~0.5 ns and has a 2-fold lower fluorescence
quantum yield. The guanine derivatives show greater variation.
From inosine to 7-dezaguanine, the fluorescence quantum
yield drops 60-fold and the time constant for the dominant
component of the fluorescence decay falls by 3.8 ns. Thus,
modified nucleobases reveal a new way to control silver cluster
emission that complements variations in DNA sequence and
structure. A possible mechanism for these fluorescence changes
may be electron transfer from the nucleobases to the
embedded silver clusters. For the nucleobases 7-deazaguanine,
7-dezadenine, guanine, and inosine, the oxidation potentials
increase in the order 1.0, 1.3, 1.3, and 1.5 V vs. NHE.”® Our
studies correspondingly find that the fluorescence quantum
yields and lifetimes of the cluster adducts increase. To
understand this correlation more thoroughly, the relative
energies of the electronic states of the cluster and nucleobases
are needed.”” As a key first step, prior studies establish that the
silver clusters are electronically coupled to nucleobases, as they

emit when the nucleobases are optically excited.”® In addition,
electronically excited clusters reduce cytosine, as supported by
transient absorption spectra of the cytosine anion.’® Our
studies suggest that the 490 nm cluster photooxidizes the
nucleobases, and it may act differently because molecular silver
clusters have widely ranging redox potentials.”” Thus, different
clusters may control the direction of electron transfer with
their DNA host, a possibility that we are now considering.

B CONCLUSION

DNA strands coordinate molecular silver clusters via their
nucleobases. Our studies identify distinct roles for the
nucleobases in the C,AC,TC;G—Ag;,*" complex. The cytosine
tracts collectively stabilize the cluster. The thymine is a flexible
junction within a folded strand. The adenine and guanine
specifically form the 4 = 490 nm cluster and control the
photophysics of this adduct. Importantly, the heteroatoms
within these nucleobases influence the fluorescence lifetimes
and quantum yields of the cluster chromophores. Thus,
modified nucleobases could expand the code of DNA
sequences that control not only the spectra but also the
brightness of a silver cluster chromophore.
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Figure S1: Absorption spectra of C4AC4T duplex (solid) and C4AC4T alone (dashed). Without
the duplex appendage, the target A = 490 nm cluster does not form. The duplex is the hairpin
CCCG TT CGGG that has a melting temperature ~37 °C. !
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Figure S2: Absorption spectra show that the number of cytosines controls the cluster
environment. (A) The second tract with C4T gives the strongest A4 relative to CsT and C4T.
(B) The first tract with C4A and CsA gives stronger A4oo relative to C3A.
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Figure S3: The oligonucleotide C4AC4TC3G (black) yields strong absorption at 490 nm. This
sequence was modified by substituting a cytosine with a thymine, which is a weaker ligand for
silver at neutral pH. Single cytosines in the first (blue), second (green), and third (red) tracts
were replaced with a thymine, and each modified strand yielded the same result, i.e. they
eliminated the 490 nm absorption in favor of transitions at ~380 nm.
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Figure S4: Absorption spectra of C4AC4YC5G sequences with Y = G (dotted), A (dashed), T
(solid), and C (long dashed). The former three sequences yield similar spectra whereas the latter
sequence also favors a violet species and is less selective for the 490 nm cluster.
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Figure S5: Absorption spectra of C4AC4YC3G with Y = D/abasic site (dashed) and T (solid line)
that yield the same 490 nm cluster with similar absorbances.
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Figure S6: Absorption spectra of the nine oligonucleotides that vary the terminal nucleobases in
the first and third tracts while maintaining thymine in the second tract. The underlined
nucleobases were fixed to be adenine (A), thymine (B), and guanine (C) in the first tract. The
starred nucleobases in the third tract were varied.
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Figure S7: Size exclusion chromatograms of the cluster-DNA complex (A) with absorption
measured at 260 (solid) and 490 nm (dotted), of the DNA alone (B), and of the mixture of dT1o,
dTis, dT20, and dT30 (C). The calibration plot (D) is based on the retention times and
hydrodynamic radii of the thymine strands (crosses). The retention time of the oligonucleotide is
indicated by a circle and elutes as a dT13. The DNA-cluster complex elutes as a dT1o and is thus

more compact.
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Figure S8. (A) Mass:charge spectrum of a C4AC4TEG)C3G complexes with 4, 5, and 10 silvers.
(B)-(F) Expanded view of the -4 and -5 charge states for these ions. The blue tick marks represent
the predicted masses based on the following molecular formulas: Ci25H1610s1N43P13Ags™ (B),

Ci2sH160081Ns3P13Ags™  (C),

Ci2sH162081Na3P13Ags™

D),

Ci25H161081N43P13Ags™

(E),

Ci25H159081N43P13Ag10™ (F), and Ci2sHi1600s1N43P13Ag10* (G). Note that the fully protonated
strand has the molecular formula C12sH1700581N43P13. The precisions between the observed and
predicted masses of the isotopologues are 2.2 £0.2 (B), 1.9+ 0.4 (C),2.4+£0.2 (D),2.4+£0.6 (E),
1.7+ 0.2 (F), and 1.7 = 0.2 ppm.
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Figure S9: Circular dichroism spectra (dotted) and absorption (solid) spectra of the silver
cluster with the C4AC4TC3G strand.
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Figure S10: Absorption spectra for C4XC4TC3G derivatives with X = 6-methylyadenine (green),
7-deazaadenine (blue), 2-aminopurine (red), and adenine (black).
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Figure S11: Absorption spectra for the C4AC4TC3sZT4 derivatives with Z = 7-deazaguaine (red),
inosine (green), guanine (yellow), and 8-bromoguanine (blue).
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