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Transcription Inhibition Using Oligonucleotide-Modified Gold Nanoparticles
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The capture of T7 RNA polymerase using double-stranded promoter DNA on the surface of gold nanoparticles
has been demonstrated. The competitive binding and inhibition of T7 RNA polymerase due to specific interactions
on the nanopatrticle surface represents a transcription factor decoy approach in a model system. The efficiency of
inhibition was determined for various nanoparticle sizes, surface coverage, and linker length for double-stranded
promoter DNA on gold nanoparticles. The experiments provide a basis for determining the accessibility of binding
sites on nanoparticle surfaces for applications involving cell targeting or the use of nanoparticles as binding
agents in solution.

INTRODUCTION EXPERIMENTAL PROCEDURES

Methods for interrupting genetic transcription and translation ~ Reagents Citrate-coated gold nanoparticles (10 and 15 nm)
have become invaluable in studying the molecular biology of were purchased from Ted Pella. NAP-10 columns were pur-
cells and have shown promise as in vivo therapeutic reagentschased from Pharmacia Biotech. In vitro transcription assay kit
(1—-10). Several strategies are available to manipulate geneand RNAP were obtained from Promega. Freeze & Squeeze
expression at the DNA or RNA stages. By introducing whole gel extraction kit, 40% Acrylamide/Bis solution 19:1, TEMED,
genes into cells, gene therap®) (works at the DNA level, and ammonium persulfate were purchased from Bio-Rad.
effectively replacing aberrant mRNA with mRNA that codes Dithiothreitol (DTT) was obtained from Pierce Chem.
for functional protein. In contrast, antisense oligonucleotides  The oligonucleotide sequences used in this study are listed
hybridize to mRNA to alter gene splicing or prevent translation in Table 1. Oligonucleotides were purchased from MWG
(11-14). Yet another strategy for manipulating gene expression Biotech Inc or IDT. The bold sections of the oligonucleotide
is to prevent transcription altogether by interfering with sequence indicate the promoter region for RNAP binding. The
transcription factors1(5—18). This can be accomplished by control strand was a sequence that lacks the promoter region
introducing a competitive binding agent into the cell, for for RNA polymerase.
example a DNA duplex sequence that mimics a transcription  Preparation of Decoy Oligonucleotide-Gold Conjugates.
factor binding site on the gene of interest. The DNA duplex Thiolated oligonucleotides were received as disulfides. The
acts as a “decoy”, competitively binding to a transcription factor disulfide was cleaved using a 100 mM solution of dithiothreotol
so that it is not available to perform its normal role in DNA (DTT) in 0.1 M sodium phosphate, pH 8.3 buffer. The reaction
transcription. was allowed to proceed for 30 min at room temperature, after

A critical limitation in the implementation of nearly all ~ which the oligonucleotide was desalted and separated from DTT
oligonucleotide therapeutic strategies remains the translocationon a NAP-10 column. The purified solution of the DNA was
of the active agent across cell and nuclear membranes. Oligo-quantified using the absorbance at 260 nm and the extinction
nucleotides do not readily diffuse across cell membranes, andcoefficient for each specific sequence.
many transport vectors have been studied to aid in their cellular Decoy oligonucleotide Au conjugates were prepared as
uptake. Nanoparticles with multiple targeting peptides have described in the literature with few modificatior&sly. Briefly,
been observed to transit to both the cytoplasm and the nucleus20 L or 7 uL of a 200uM solution of the oligonucleotide
of HepG2 and HelLa cell linesl®, 20). These observations were added to 50QL of 10 nm diameter or 15 nm diameter
of intracellular internalization of gold nanoparticles (5 nm to colloidal gold solution, respectively. The final concentrations
20 nm in diameter) modified with cell and nuclear targeting of decoy oligonucleotide and gold particles wereN8 and 9.5
peptides provides the impetus to study nucleotide inter- nM for 10 nm diameter particles, andu®1 and 2.3 nM for 15
actions on nanoparticle surfaces. The present study focusesym diameter particles, respectively. The samples were placed
on the interaction of the dsDNA promoter sequence for T7 in a water bath at 37C for 4 h, after which the solution was
RNA polymerase (RNAP) attached to gold nanoparticles diluted with 0.1 M NaCl/10 mM Na phosphate pH 7 to a total
with RNAP in solution. We show that the promoter-modified volume of 80QuL. The samples were incubated in the solution
particles can effectively compete with a template DNA for at least 16 h at 37C. Following this, samples were
sequence for RNAP. This study also addresses the ability of centrifuged at 14 0@®for 30 min and rinsed with 50QL of
gold particles in the 515 nm size range to interact with alarge 0.1 M NaCl/10 mM Na phosphate. After this procedure was
protein. repeated three times, the samples were resuspended in 0.3 M

NaCl/10 mM Na phosphate to a final volume of 20D.
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Table 1. Sequences of Modified Double-Stranded Oligonucleotides Used in This Work

name sequence
template HS-(Ch)s- TAATACGACTCACTATA GGGGGATCGAAGTTAGTAGGCCCC
ATTATGCTGAGTGATAT CCCCCTAGCTTCAATCATCCGGGG
decoy HS-(CH)e-5'-TAATACGACTCACTATA GGGG-3
3-ATTATGCTGAGTGATAT CCCC-3
Rd-DNA 5-ATTATGCTGAGTGATAT CCCC-3-rhodamine
control HS-(CH)e-5'-AACCAGGATTATCCGCTCAC-3

3-TTGGTCCTAATAGGCGAGTG-3

Table 2. Number of Single-Stranded Oligonucleotides per Nanoparticle

10 nm diameter particles: 15 nm diameter particles:
mole fraction of ssDNA during preparation mole fraction of ssDNA during preparation
linker? 1 0.9 0.75 1 0.9 0.75
Ce 148+ 2 131+ 2 122+ 5 220+ 6 207+ 4 1944 2
Cs-As 133+ 1 127+ 4 112+ 2 214+ 2 197+ 5 188+ 1
Ce-EGs 124+ 2 117+ 6 105+ 3 204+ 5 190+ 4 184+ 2
Ce-EGs 111+3 93+ 5 81+1 180+ 1 175+ 3 167+ 2

a Cg denotes six methylene units in the linkers Aenotes six adenine units, and E@enotes the number of ethylene glycol units.

Table 3. Number of Double-Stranded Oligonucleotides per Nanoparticle

10 nm diameter particles: 15 nm diameter particles:
mole fraction of ssDNA during preparation mole fraction of ssDNA during preparation
linker 1 0.9 0.75 1 0.9 0.75
Cs 39+6 47+ 5 50+ 7 94+ 2 100+ 4 130+ 3
Cs-As 54+ 3 60+ 5 75+ 2 122+ 1 138+ 2 151+ 3
Ce-EGs 61+5 77+ 4 98+ 2 142+ 5 155+ 2 179+ 3
Ce-EGs 38+ 7 46+ 3 62+ 1 132+ 3 143+ 2 159+ 5

Table 4. Percentage of ssDNA per Particle That Hybridized To Form dsDNA

10 nm diameter particles: 15 nm diameter particles:
mole fraction of ssDNA during preparation mole fraction of ssDNA during preparation
linker 1 0.9 0.75 1 0.9 0.75
Cs 26% 36% 41% 43% 48% 67%
Cs-As 40% 47% 67% 57% 70% 80%
Ce-EGs 49% 66% 93% 70% 82% 97%
Ce-EGs 34% 49% 77% 73% 82% 95%

nm diameter or 5 mL of 15 nm diameter gold nanoparticles, with 200 uL of 0.3 M NaCl/10 mM sodium phosphate pH 7
respectively, and allowing the reaction to proceed for 8 h. The buffer between centrifugations. Conjugates were resuspended
reaction mixture was subsequently diluted with 0.1 M NaCl/10 into a final volume of 200uL. The fluorophore-labeled
mM Na phosphate pH 7 to a total volume of 4 mL and 9.5 mL oligonucleotides were denatured by addition of NaOH (final
for 10 and 15 nm gold nanoparticles, respectively. The samplesconcentrated~50 mM, pH 11). After 2 h, the conjugates
were incubated in the solution for at least 16 h. The resulting were centrifuged again at 14 000 rpm for 30 min. The pH
nanoparticles were centrifuged three times at 14900 30 of the supernatant was adjusted to 9 with 1.0 M HCI, and

min and washed with S0@L of 0.1 M NaCl/10 mM Na the fluorescence was analyzed by a BioTek FL-600 plate
phosphate between centrifugations. The samples were resusyqaqer.

g? r11d5e ?nll? 0.3 M NaCl/10 mM Na phosphate to a final volume Transcription Assay. A competitive in vitro runoff transcrip-

tion assay was performed utilizing a modification of the

L . - manufacturer’s (Promega) instructions. Five micrograms (194

were oxidatively etched with 0.1 M KCN. The freed oligo- . . .
nucleotides in solution were then quantified using OliGreen pmol) of the T7 DNA te.mpla}te was mixed with 80 units of
ssDNA Quantitation Kit (Molecular Probes) according to _RNAP’ 33.3 mM nucleotide triphosphates (NTPs), ar_lql increas-
manufacturer’s directions. The fluorescence was analyzed by alng concentrations of 10 gnd 15 nm decoy modn‘leo_l gold
BioTek FL-600 plate reader. nanoparticles in a final reaction volume of 100. The reaction

To determine the number of oligonucleotides hybridized per was aIIowectzI ;2 [())roceegofor_li h atlfﬂt't;he rtleo?ctlon mn?ulre
nanoparticle, fluorophore-labeled oligonucleotides, which were was spun a @Xor 30 min to pellet the go hanopartic eso,
complementary to the surface-bound oligonucleotides, were @1d 10 uL of the supematanis was run on a native 6%
allowed to hybridize to the gold nanoparticles. Oligonucleetide ~ Polyacrylamide gel in glycine-HCI buffer at 100 V for 90 min.
gold conjugates were prepared as described above and resusln® MRNA product was revealed by staining the gel with 0.45
sodium phosphate at pH 7.0. 2. of 100 «M fluorophore- RNA was extracted with the Freeze & Squeeze Gel Extraction
labeled complement was added to the decoy oligonuclestide kit (Bio-Rad) according to instructions. The mRNA content of
gold conjugates. The samples were heated t6Gfor 1 h and the excised bands was quantified by measuring the absorbance
then allowed to anneal while cooling to room-temperature at 260 nm in a Hewlett-Packard 8453 Chemstation photodiode
overnight in a water bath. After hybridization, the conjugates array spectrophotometer. All transcriptions were done in
were centrifuged three times at 14 000 rpm for 30 min, washing triplicate.

To quantify surface-bound oligonucleotides, the nanoparticles
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Figure 1. (A) 6% PAGE gel of transcripts after transcription assay. Lanes a) DNA template, b) no gold nanopartigle8,89 nM, 2.3 nM, 7.8
nM, and 11 nM, respectively, of 10 nm gold nanoparticles at 39 decoys/particle. (BjvisWle spectra of mMRNA following gel purification.
Spectra correspond to material extracted from lanes b to g going from highest to lowest absorbance peak.

RESULTS

The effects of decoy surface density on RNAP binding were
first studied by assembling mixed monolayers of the hex-
anethiol-terminated ssDNA decoy sequence (HS&Hecoy)
and mercaptohexanol (MCH) on gold nanoparticles and then
hybridizing the complement to form the fully double-stranded
decoy sequence. Within the mole fractions studied (solution
oligonucleotide mole fractions of 0.9, 0.75, and pure DNA), it
was found that lowering the surface density of sSSDNA increased
the yield of duplex formation on the particle surface for both
10 and 15 nm diameter gold nanoparticles (Tableg)2 A
maximum of 50+ 7 and 130+ 3 duplexes per particle was
found for 10 and 15 nm diameter particles, respectively, using
a mole fraction of 0.75. Smaller mole fractions of DNA were
investigated; however, particle aggregation was observed during T T v T v T v T T T
preparation. -10.0 95 9.0 85 8.0

A transcription competition assay was used to compare in
vitro inhibition of transcription by gold nanoparticles carrying ) o

‘o ; ; Figure 2. Dose-response curves used in the determination gf IC
the T7 transcription factor decoy as a _functlon of particle vagljues for decoy- mgdified 10 nm gold nanopatrticles. The cur%gs are
dlameter and nu.mber of dsDNA transcription factor d(_acoys PEr (black) 1.2 x 10 decoy/cr, (green) 1.5x 10\ decoy/crd, (red)
particle. In a typical assay, the dsDNA template was incubated 1.6 x 1013 dsDNA decoy was bound to particles via a hexanethiol
in solution with increasing concentrations of 10 or 15 nm linker.
diameter decoy-capped gold nanoparticles in the presence of
NTPs and RNAP. After the transcription reaction was com- Transcription of the template was not inhibited in either
pleted, the reaction mixture was centrifuged to separate theexperiment. This suggests that the oligonucleotide-capped gold
nanoparticles from the template and mRNA transcript (super- nanoparticle decoy does play a specific role in the down
natants). The supernatants were eluted on a 6% PAGE gel, andegulation of RNA transcription by RNAP. It was then of interest
the transcript bands were removed and purified by freeze andto quantitatively assess transcription inhibition by nanoparticles
squeeze extraction. Figure 1A shows a representative PAGEof different sizes and decoy coverages.
gel. Lane a in Figure 1A is a sample containing only the dsDNA  To make quantitative comparisons between different nano-
template, while lane b contains the template that had beenparticle decoys, the 1§ was determined. The Kg or 50%
transcribed with T7 polymerase in the absence of nanoparticlesinhibition concentration values, were determined by plotting
carrying the decoy. Lanes—@ are samples in which the relative production of mMRNA vs log nanoparticle concentration
transcription was performed in the presence of increasing (dose-response curves, Figure 2). The desesponse curves
concentrations of 10 nm diameter gold nanoparticles modified showed, for a given patrticle size, only a modest change 4 IC
with 39 + 6 decoy oligocnucleotides per particle. The top band as a function of decoy density (Table 5). The lowest density
in each lane corresponds to the dsDNA template, and the secongbarticles displayed an approximately 50% greater inhibition than
band contains mMRNA transcript. To quantify the amount of the particles that were fully covered with the T7 promoter
MRNA produced in each transcription, the second band from sequence. A much more important parameter appears to be
each lane was excised, and the mRNA was purified and analyzedparticle size. Increasing particle size from 10 to 15 nm in
by UV—visible spectroscopy. diameter decreaseddgby a factor of roughly 5 (Table 5). This

The spectra presented in Figure 1B show that the T7 is not solely a surface area effect since the surface area of 15
promoter-modified nanoparticles inhibited transcription of the nm diameter particles is only a factor of 2 larger than that of
template DNA. At the highest nanoparticle concentration, 10 nm particles.
transcription was inhibited by approximately 80%. To determine  Another potential method for minimizing the effects of sterics
if the inhibition of MRNA observed during the transcription on T7 polymerase binding to decoy-modified nanoparticles is
assay was due to the oligonucleotide-capped gold nanopatrticleto add a longer spacer between the promoter sequence and the
decoy, controls were performed in which unmodified nanopar- particle surface. Three spacers were chosen to test this hypoth-
ticles and nanoparticles modified with duplex DNA lacking the esis, HS-(CH)s-Adening-Decoy (G-As), HS-(CH,)s-[OCH,-

T7 promoter region were added to the transcription assay. CH,OJs-Decoy (G-EG3), and HS-(CH)e-[OCH,CH,OJs-Decoy

Relative Production of Transcripts (%)

Log(Gold Nanoparticle Concentration)
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Table 5. Coverages and IGp Values of Oligonucleotide-Capped Gold Nanoparticles with Different Linkers

mole fraction of ssSDNA dsDecoys/crh ICs0, 10 nm dia. dsDecoys/crh ICs0, 15 nm dia.
during preparation (10 nm dia.)x 10 (nM) (15 nm dia.)x 1013 (nM)
Ce

1 1.2+0.1 53+0.9 1.3+ 0.1 1.4+ 0.6

0.9 1.5+0.2 4.8+ 0.7 1.5+0.1 0.93+0.4

0.75 1.6+0.2 3.2+ 04 1.8+ 0.1 0.85+ 0.4

Ce-As

1 1.7£0.1 5.1+ 0.2 1.7£0.1 0.94+ 0.2

0.9 1.9+ 0.2 46+0.8 20+0.1 0.89+ 0.1

0.75 24+0.1 3.8+£0.6 2.1+ 01 0.85+ 0.5
Ce-EGs

1 1.94+0.1 4.8+ 0.5 2.0+ 0.1 0.90+ 0.3

0.9 24+0.1 4.1+0.8 22+0.1 0.85+ 0.2

0.75 3.1+ 0.2 3.5+ 0.6 25+0.1 0.79£ 0.4
Cs-EGs

1 1.2+0.1 43+0.8 1.9+ 0.1 0.85£ 0.5

0.9 1.5+0.1 3.7£0.9 20+0.1 0.81+ 0.3

0.75 2.0+0.1 3.3+ 04 22+0.1 0.72+ 0.2

(Ce-EGs). Again, it was found that lowering the surface density concentration of ssDNA was diluted by mercaptohexanol
of ssDNA increased the yield of duplex formation on the particle (MCH), a passivating molecule that competes effectively with
surface (Tables 3 and 4). A maximum of #74 and 155+ 2 thiol-labeled ssDNA molecules for the gold surface. The
duplexes per particle were found for 10 and 15 nm diameter importance of dilution in permitting sufficient freedom of the
particles, respectively, for thes@EG; linker at a mole fraction surface-attached ssDNA chains for hybridization was clearly
of 0.75. Surprisingly, the longer chaing€Gs, yielded less total demonstrated on both 10 and 15 nm particles. The implication
hybridized dsDNA per particle than the shorter linkers, and a from Tables 2-4 is that the hybridization increases as the
lower or comparable percentage of hybridized DNA than all surface density of oligonucleotides decreases. Similar observa-
but the G linker. A comparison of |Gy values between linkers  tions have been made on gold nanoparticles, where hybridization
at constant particle size and mole fraction revealed a slight efficiencies approaching 98% were also report2t),(and on
decrease in 16 with increasing linker length in all but two  planar gold surfaces where the maximum hybridization ef-
cases. It is noteworthy that despite the relatively low coverage ficiency was observed for approximately 40% coverage by
of dsDNA for particles modified with EEGg (Table 3), 1Go ssDNA 6). We would expect that the maximum hybridization

values were lowest for this linker (Table 5). yield would occur when the ssDNA chains are behaving as free
nonentangled Gaussian chains. For Gaussian chain behavior the
DISCUSSION average diameter of the ssDNA would 8e= L+/N, wherelL

The present study addresses the effects of steric crowdingS the distance between each successive monomeN éthe
on the ability of proteins to recognize DNA-modified gold number_ of monomers. For ssDNA there are six single bonds
nanoparticles. One advantage of using gold nanoparticles inSeparating each base (€3—P—0—C3—-C4—C5). For the 21-
biological assays is that cooperative effects may enhance theMer sequence with asGpacer (six carbon spacer) used in the
binding of target molecules with biomolecules attached to the transcription factor decoy experiments thereldre 6 x 22=
particles surface. This has been shown to improve internalization 132 bonds (including the spacer) with an average bond length
efficiencies of nanoparticles into celldq-22) and greatly ~ ©f L = 1.55 A, we can estimate the Gaussian chain length to
improve DNA hybridization assay®38, 24). Indeed, dsDNA bed = 1.8 nm. We assume that the projection of the Gaussian
has been reported to be more stable when hybridized on thechain lengthd on the surface gives the radius of gyratior
surface of a gold nanoparticle, yielding binding constants that d cos6. This simple model neglects the radius of curvature of
are enhanced by two orders-of-magnitude compared to thethe gold nanoparticle surface. Given this value, the area swept
identical sequences hybridized in soluti@®), However, when ~ Out by a tethered rotating ssDNA on the surface is approximately
a larger biomolecule such as T7 polymerase interacts with a7d” Cos6? = 4.2 nn?, if the projection angle on the surface
dsDNA promoter sequence attached to a gold nanoparticle, ondS 50" as shown in Figure 3. The surface area of 10 and 15 nm
might expect that steric hindrance could negate any advantagehanoparticles are 314 rfrand 707 nrf, respectively. Dividing
afforded by the high density of DNA decoy strands on the the total surface area by the surface projection per free rotating
nanoparticle. Thus, our main objective was to assess the roleSSDNA monomer gives an estimated maximum surface coverage
of steric interactions in a nanoparticle-based transcription factor Of 74 and 168 ssDNA for 10 and 15 nm gold particles,
decoy approach. respectively. If we assume that the requirement for efficient

The role of oligonucleotides conjugated to nanoparticle hybridization is that the ssSDNA chains are free to rotate so that

surfaces in promoting nanoparticle interactions with proteins they can adopt a full range of conformations, and then maximum
and complementary oligonucleotides has been probed in thedSDNA coverage should correspond approximately to these
present experiments using both differing surface concentrationsvalues. These numbers compare reasonably well to the maxi-
of oligonucleotides and tether lengths. The congestion at the Mum values of 75 and 150 given in Table 2. If the sSDNA
surface of a colloidal gold particle could affect the binding of concentration is higher, then there is entanglement and restriction
proteins and the ability of DNA or RNA to hybridize. Such 0f motion leading to reduced hybridization yield.
congestion will have functional consequences for cell targeting  The effect of spacer length can be to increase the freedom of
experiments. For this reason it is of interest to understand the chains; however, this effect competes with an increase in
whether nanoparticles prepared with a high concentration of the radius of gyration on the surface. TheEG; and G-EGs
surface-bound species are able to interact with biological chains have an increase of 9 and 18 bonds, respectively,
macromolecules. compared to & These linkers increase the Gaussian chain length
The yield of DNA hybridization for three different surface by approximately 0.5 nm per EGnit (i.e. 0.5 nm for EGand
concentrations of ssDNA was considered first. The surface 1.0 nm for EG). The longer chain and higher radius of gyration
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is larger for the small particle, and this may be interpreted as

providing greater access to the surface-attached promoter
sequence for RNAP. This effect is counterbalanced by the

avidity of the larger nanoparticle. On a per nanopatrticle basis,

a 15 nm particle has roughly twice the number of binding sites

per particle.

CONCLUSIONS

The availability of surface-attached ssDNA and dsDNA on
the surface of nanoparticles for binding has been probed both
in terms of surface density and chain length of the linker
between the oligonucleotide and the gold surface. The key
results are that the optimum surface coverage for ssDNA
requires a mole fraction of 0.25 for a relatively short surface
passivation molecule such as MCH, and that the optimum chain
length for both DNA hybridization and RNAP binding includes
an EG spacer adding nine bonds to the linker and greater
conformational freedom of ether (GECH,) bonding compared
Figure 3. lllustration of the Gaussian chain length model for surface- to aliphatic (CHCH,CH,) bonding. However, the enhancement
attached oligonucleotides. The bond length.ihe angle of vectod of DNA hybridization promoted by the E{Gpacer is a modest
with respect to the surface & effect overall of~10% on 15 nm particles and at most 60% on

10 nm particles. The inhibition of transcription has been
tends to decrease the surface coverage at which maximum freelemonstrated and while the binding of T7 to a surface-attached
rotation occurs (if the angle remains the same). For example, promoter sequence is clearly reduced significantly compared
this model predicts that the coverage will decrease from b (C to a free oligonucleotide, the ability of nanoparticles to interact
to 67 (G-EGs) for 10 nm particles and from 168 gCto 151 with DNA-binding proteins has been quantitatively demon-
(C6-EGs) for 15 nm particles due to the longer Gaussian chain strated.
length. To quantitatively explain the coverages given in Table
2 using the tethered Gaussian chain in Figure 3. Specifically, if ACKNOWLEDGMENT
the angled increases to 55for the G-EG; linker, the predicted .
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