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Abstract: Efficient recognition of DNA is a prerequisite for the development of biological effectors, including
transcription and translation regulators, transfection vectors, and DNA sensors. To provide an effective scaffold
for multivalent interactions with DNA, we have fabricated mixed monolayer protected gold clusters (MMPCs)
functionalized with tetraalkylammonium ligands that can interact with the DNA backbone via charge
complementarity. Binding studies indicate that the MMPCs and DNA form a charge-neutralized, nonaggregated
assembly. The interactions controlling these assemblies are highly efficient, completely inhibiting transcription
by T7 RNA polymerase in vitro.

Creation of synthetic systems possessing DNA binding
affinities comparable to repressor proteins is a long-standing
goal in both bioorganic and medicinal chemistry.1 The successful
development of such systems would allow direct control of
cellular processes through regulation of transcription, with
concomitant modulation of protein production. Additionally, this
efficient binding, combined with charge compensation, is a
prerequisite for the creation of efficient transfection vectors for
gene therapy.2

Gene regulation by synthetic systems requires a DNA binding
affinity similar to those found in repressor protein-DNA
interactions. A key requirement in the design of synthetic
systems with sufficient affinity to affect DNA expression is the
creation of efficient multivalent host-DNA interactions. Recent
studies have shown that small molecules,3 nanoparticles,4

dendrimers,5 and polymers6 are capable of efficient DNA

recognition, and in some cases, inhibition of transcription
machinery. In these systems, however, the creation of suitably
preorganized scaffolding for the controlled display of recognition
elements presents a significant design challenge. For small
molecules, this challenge arises from the detailed synthesis
required for a rigid scaffold containing several functional groups.
For polymer systems, precise placement of substituents along
the backbone as well as polymer macroconformation in solution
can be difficult to control.

One alternative scaffold for the creation of DNA-binding
systems is Mixed Monolayer Protected Gold Clusters (MMPCs).7

The self-assembled monolayer covering of these nanoparticles
presents a highly organized surface for the recognition of
biomacromolecules that is of a similar size scale (6-10 nm)8

to that of DNA-binding proteins.9 The central metal core
rigidifies the particle, limiting the organic components to a much
smaller subset of structures than a similarly sized polymer
counterpart. In addition to providing a suitably sized scaffold
for biomacromolecular recognition, the gold core allows the
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presentation of recognition elements on the nanoparticle surface
to be controlled in subsequent templation steps due to the
mobility of the thiols on the metal surface.10

To explore the application of gold nanoparticles to the
recognition of double-stranded DNA,11 we synthesized MMPC
1 via Murray place displacement12 of 2 nm octanethiol-
functionalized Au nanoparticles with 11-trimethylammonium-
undecanethiol units (Scheme 1). The mixed monolayer of this
MMPC system is designed to interact with DNA based on the
electrostatic attraction of the positively charged quaternary
ammonium salt and the negatively charged DNA phosphate
groups (Figure 1).13 We anticipated that the charge comple-
mentarity of the nanoparticles and DNA would bind with a high
affinity,14 as many proteins involved in gene regulation dedicate
the majority of DNA-bound amino acid side chains to neutral-
ization of the phosphate backbone.15

Methods and Materials

MMPC Preparation. Fabrication of the C8-functionalized nano-
particle and synthesis of the cationic thiol,N,N,N-trimethyl(11-
mercaptoundecyl)ammonium chloride, were completed via previously
reported procedures.16 In a typical preparation of the cation-function-
alized clusters,N,N,N-trimethyl(11-mercaptoundecyl)ammonium chlo-
ride (50 mg, 0.18 mmol) was added to 50 mg of C8-functionalized
nanoparticles in 10 mL of THF and degassed for approximately 30
min. After the mixture was stirred under argon for 2 days at room
temperature, the black precipitate of trimethylammonium-functionalized
MMPC 1 was purified by removal of solvent in vacuo, and repeated
washing with dichloromethane. The MMPC core size before and after
introduction of the trimethylammonium thiol was determined by TEM

to be 2 nm.17 NMR end-group analysis indicated that the ammonium
side chain functionality was 71% of the thiol monolayer, or∼68 thiols
per particle.18 The MMPCs were stable at room temperature as a
particulate compound or in aqueous solution.

DNA Synthesis.Oligonucleotides were synthesized (1.0µmol scale)
on a Perseptive Biosystems Expedite 8909 Nucleic Acids Synthesis
System using standard procedures. Cleavage from the support and base
deprotection was accomplished by treatment with concentrated NH4-
OH (16 h, 37 °C). Strands were purified via elution with 20%
acetonitrile from an Amberchrom CG-161C Synthetic Adsorbant/
Chromatographic Resin column (Toso-Haas). The oligomers were then
concentrated to dryness and redissolved in TE buffer (pH 8.0).
Complementary strands were annealed by combining equivalent molar
amounts of the individual sequences (100 mM final concentration),
heating to 90°C, and slowly cooling to room temperature. DNA was
stored at-20 °C.

Dynamic Light Scattering. MMPC 1 and an MMPC1:DNA
solution (0.9:1 molar ratio) were examined with an argon laser tuned
to 514 nm using ALV-5000 software. The MMPC1 samples were
prepared in distilled, deionized water. Data were collected for 30 s,
and scans repeated until scattering due to transient dust was eliminated.19

UV-Vis Analysis. The UV-vis spectra of the DNA alone (2µM
DNA in TE buffer), nanoparticles alone (2.16µM MMPC 1 in TE
buffer), and the combined particles (0.5µM DNA, 0.45 µM MMPC 1
in TE buffer) were recorded. Absorption at 260 nm was adjusted for

(10) Boal, A. K.; Rotello, V. M.J. Am. Chem. Soc.2000, 122, 734-
735.

(11) For examples of the recognition of single-stranded DNA using DNA-
hybridized nanoparticles, see: Taton, T. A.; Mucic, R. C.; Mirkin, C. A.;
Letsinger, R. L.J. Am. Chem. Soc.2000, 122, 6305-6306. Richter, J.;
Seidel, R.; Kirsch, R.; Mertig, M.; Pompe, W.; Plaschke, J.; Schackert, H.
K. AdV. Mater. 2000, 12, 507-510. Taylor, J. R.; Fang, M. M.; Nie, S.
Anal. Chem.2000, 72, 1979-1986. Hiddessen, A. L.; Rodgers, S. D.; Weitz,
D. A.; Hammer, D. A.Langmuir2000, 16, 9744-9753. For an example of
covalently assembled nanoparticle arrays, see: Novak, J. P.; Brousseau, L.
C.; Vance, F. W.; Johnson, R. C.; Lemon, B. I.; Hupp, J. T.; Feldheim, D.
L. J. Am. Chem. Soc.2000, 122, 12029-12030.

(12) Hostetler, M. J.; Green, S. J.; Stokes, J. J.; Murray, R. W.J. Am.
Chem. Soc.1996, 118, 4212-4213.

(13) Esposito, D.; Vecchio, P. D.; Barone, G.J. Am. Chem. Soc.1997,
119, 2606-2613.

(14) The MMPC:DNA interaction was not anticipated to be selective
for any specific DNA sequence at this stage, but was a necessary first step
to establish the viability of these scaffolds for further development.

(15) Darby, N. J.; Creighton, T. E.Protein Structure; IRL Press: Oxford,
1993; pp 1-99.

(16) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R.J.
Chem. Soc., Chem. Commun.1994, 801-802. Tien, J.; Terfort, A.;
Whitesides, G. M.Langmuir1997, 13, 5349-5355.

(17) TEM pictures available in the Supporting Information.
(18) Hostetler, M. J.; Wingate, J. E.; Zhong, C.-J.; Harris, J. E.; Vachet,

R. W.; Clark, M. R.; Londono, J. D.; Green, S. J.; Stokes, J. J.; Wignall,
G. D.; Glish, G. L.; Porter, M. D.; Evans, N. D.; Murray, R. W.Langmuir
1998, 14, 17-30.

(19) Parameters obtained in DLS scans, including a complete list of radii
obtained, are available in the Supporting Information.

Scheme 1.MMPC 1 Fabrication via the Brust and Murray
Reactions

Figure 1. (a) MMPC 1 and 37-mer DNA counterpart (to scale). (b)
Specific interactions formed between the cationic trimethylammonium
side chains of MMPC1 and the anionic DNA.
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concentration differences and compared. To prepare the combined
sample, 1.5µL of 180 mM MMPC1 was added to the DNA solution.20

Binding Ratio Analysis. The MMPC 1:DNA interaction was
examined using a UV/vis centrifugation assay.5,21 In a typical experi-
ment, DNA was diluted in TE buffer to a final DNA concentration
between 0.3 and 0.5µM (UV absorption between 0.3 and 0.5). The
nanoparticles were added incrementally from a stock solution, and the
UV signal recorded at 260 and 520 nm; 260 nm represents the
maximum absorption for DNA, while the value at 520 nm was recorded
to determine the contribution of the gold nanoparticles to the overall
UV spectrum. By examination of the nanoparticles in the absence of
DNA, it was thus possible to subtract the contribution of the
nanoparticles to the signal at 260 nm. After each scan, the tube was
centrifuged at 4570× g for 5 or 10 min, and then another scan was
taken. Control samples were prepared with the same concentration of
DNA, and observed through time with and without centrifugation. An
additional control assay was performed using a carboxylic acid-
functionalized MMPC.22 These samples showed no indication of
aggregation.

T7 RNA Polymerase Assay.This assay was performed as previously
described.23 Briefly, the DNA template is incubated with the nanopar-
ticles to facilitate binding. The nucleotide triphosphates, present in
excess, include32P-labeled GTP for isotopic detection. The DNA-
nanoparticle solution is mixed with the nucleotide triphosphates (>1
min, 37°C), followed by addition of the enzyme to a final 1:1 enzyme:
DNA ratio (0.2µM). The enzymatic reaction proceeds for 10 min before
being quenched with 15 mmol of EDTA in 95% formamide. The RNA
transcripts are quantified using a Storm 840 phosphorimager to
determine the extent of reaction, with the transcription level attained
in the absence of MMPC1 set to 100% transcription. The experiments
reported here were performed with a range of 1.8-7.2 equiv of MMPC
per DNA strand.

Results and Discussion

Studies of the interaction of MMPC1 with a DNA host were
performed using a double stranded 37-mer: the sequence of
the 37-mer includes a 5′-17-base promoter region recognized
by T7-RNA polymerase, with the remaining 20 nucleotides used
as a template for the RNA products (Scheme 2). Characterization
of the DNA-nanoparticle ensembles in solution was carried
out using UV-vis analysis and dynamic light scattering (DLS).
These experiments indicate that at low colloid equivalents small
assemblies are formed. The absence of extended aggregates is
evidenced by a minimal 6% change in UV-vis absorbance of
DNA upon addition of MMPC1.24 DLS confirms that there
are no large aggregates: the addition of DNA to a solution of
MMPC 1 indicates aggregates with anrg of 9.9 ( 3.6 nm.25

This wide range suggests a dynamic process is occurring which

we attribute to either the reversible binding of MMPC particles
to the DNA strand or the DNA strand itself changing conforma-
tion in solution.26

The stoichiometry of the DNA-nanoparticle complexation
process was established via a UV/vis centrifugation assay.5,21

In this assay, the addition of an agent that binds DNA converts
the coiled strands into condensed strands, which precipitate out
with centrifugation. Determination of the critical mass of the
condensing agent indicates the binding ratio of the two
molecules. From this, it was established that the MMPC1-DNA
37-mer particle ratio is 3.3:1 (Figure 2). This nanoparticle:DNA
ratio is logical based on the relative length scales of the two
molecules: the DNA strand is approximately 12.5 nm in length,
while each MMPC (including the thiol monolayer) is∼6 nm.
This suggests that four nanoparticles could bind to each strand,
two on each “side” of the DNA strand. This assembly agrees
well with the particle sizes observed using DLS.27

Effective demonstration of functional recognition was estab-
lished by exploring the effects of MMPC1-DNA interaction
on T7 RNA polymerase transcription. TheKd of T7 RNA
polymerase is approximately 5 nM; to successfully compete for
the DNA substrate, the affinity of the nanoparticle must be of
similar magnitude.28 Use of a previously described in vitro assay
indicates that the binding affinity is great enough that MMPC
1 is able to inhibit T7 RNA polymerase from producing RNA
oligomers.23 As shown in Figure 3a, MMPC1 completely
inhibits transcription when present above a 4:1 ratio. Transcrip-
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Scheme 2.DNA 37-Mer Sequence Used

Figure 2. DNA absorption observed in the UV/vis centrifugation assay.
The critical mass of nanoparticles necessary for binding all DNA causes
the precipitation of the DNA strands from solution, resulting in a loss
of signal at 260 nm.
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tion levels increase to 40% with a MMPC1-DNA molar ratio
of 3.6:1, while still lower concentrations of1 have little effect
on enzyme activity. The inhibition observed is highly concentra-
tion dependent, evidenced by the sharp transition between
successful inhibition and successful transcription. The mecha-
nism of this inhibition can be explained by the size ratio of the
two molecules. Above a 4:1 MMPC1:DNA ratio, the 12 nm
DNA would be fully bound by the 6 nm nanoparticles,
preventing the polymerase from any interaction that would
promote transcription. Below the 4:1 ratio, the DNA will not
be completely blocked by the MMPCs; those strands whose
promoter bases are not bound to nanoparticles will be accessible
to the enzyme, resulting in limited transcription. As the ratio
drops further below 4:1, increasing quantities of DNA are
available for transcription. The presence of a nanoparticle
concentration that gives intermediate levels of transcription
indicates that the inhibition of the transcription process does
not occur through a highly aggregated, cooperative all-or-none
process in aqueous solution, consistent with the above UV-
vis and light scattering experiments.

To demonstrate that MMPCs are truly inhibiting enzymatic
activity, and not just preventing the correct analysis of RNA
products, controls were performed in which nanoparticles were
added to a completed reaction in which RNA transcripts (in
the absence of any particles) had been successfully produced.
In the presence of up to 4150 equiv of MMPC1, RNA products
were still observed to some extent, either as discrete bands or
as an elongated smear (Figure 3a, lanes a-c). Based on the
ability of the RNA to come off the baseline into the gel under
these very high nanoparticle concentrations, the lack of RNA
products observed in the lower concentrations (Figure 3a, lanes
e-g) must arise from the ability of MMPC1 to stop transcrip-
tion. To determine the origin of the dimer produced in reaction
conditions under which all other transcripts were depleted (lanes
e and f), an additional control was performed (lane i) with no
nanoparticlesand no polymerasepresent. The appearance of a
similar spot in this lane successfully indicates that the dimer
and trimer are not artifacts due to the presence of MMPC1,
but instead may be due to low levels of impurities in the32P-
GTP. The lack of RNA transcripts produced at appropriate
MMPC 1 concentrations, in combination with controls indicating
that the RNA transcripts are not disturbed in other ways during
the course of the analysis, confirms that it is the specific
interaction of the nanoparticles with the DNA that disrupts this
enzymatic process.

Conclusions. The development of systems capable of ef-
ficiently recognizing DNA sequences for biomedical or analyti-
cal purposes remains an important goal in bioorganic chemistry.
Gold nanoparticles represent a versatile scaffold for biologically
relevant molecules. We have demonstrated that MMPC1
displays not only the DNA-binding ability common of multiply
charged systems studied, such as polymers, dendrimers, or small
molecules, but also is capable of inhibiting a transcription
enzyme, T7 RNA polymerase, from producing RNA products.
Nanoparticle1 binds DNA in a stoichiometric, nonaggregated
fashion with sufficient affinity to disrupt recognition and
transcription by a well-evolved enzyme, demonstrating the
viability of these particles for further application to biological
applications, including transfection vectors. We are also explor-
ing the incorporation of additional functional groups into the
MMPC monolayer to provide sequence-specific recognition of
DNA, with the ultimate goal being the creation of efficient gene
regulation systems.
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Figure 3. (a) Representative acrylamide gel electrophoresis of RNA
products produced in the T7 RNA polymerase transcription assay. The
enzyme assay contained 0.2µM DNA substrate and 0.2µM polym-
erase. Lanes a-c: Control assays with either (a) 166µM (830 equiv),
(b) 830µM (4150 equiv), or (c) 0µM nanoparticles added to previously
transcribed RNA. Lanes d-h: Assays completed in the presence of
diminishing amounts of MMPC (d) no nanoparticles and (e) 1.44, (f)
1.08, (g) 0.72, and (h) 0.36µM nanoparticles. Lane i: The assay
performed with only DNA strands and RNA nucleotides. The large
spots at the bottom of the gels are unreacted32P-GTP. (b) The amount
of RNA detected relative to levels produced in the absence of MMPCs
(100% transcription). Slightly higher levels of transcription observed
for low concentrations of nanoparticles (1.8 equiv or less) are
indistinguishable from the control (0 equiv) within experimental error.
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