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SHELXL-93, all hydrogen-atom positions were found in the Fourier
map and freely refined, C;sHCl,Cu,N,;, M =651.4 gmol~!, ortho-
rhombic, space group Pbca (no. 61), a=28.396(1), b=18.756(1), c=
15.781(1) A, V=24851(4) A3, Z=4, puu=1741gem>3, u=
217 em™!, T=20°C, 30426 observed reflections, 1949 independent
reflections used for refinement (1595 with > 4a(1)), 206 parameters
refined, R1=0.0255, ®R2=0.0522, GOF =0.96, max./min. residual
electron density 0.29/ — 0.25 ¢ A-3,120]

[12] a) X-ray structure analysis of 3: orange prisms from CH,Cl,/pentane,
Moy, radiation (1=0.71073 A), Enraf-Nonius MACH3 diffracto-
meter, structure solution with Patterson methods (SHELXS-86),
refinement with SHELXL-93, all hydrogen atoms were calculated
in idealized positions, CoH;;CLLNsPd, M =368.6 gmol~!, monoclinic,
space group P2,/n (no.14), a=28.4828(6), b=9.4916(8), c=
16.2852(15) A, S=94.087(8)°, V=13079(2) A3, Z=4, pu=
1.872 gem ™3, u=18.1cm™!, T=—-110°C, 2735 observed reflections,
2644 independent reflections used for refinement (2086 with />
40(1)), empirical absorption correction T, =0.939 T, = 1.000, 154
parameters refined, R1=0.0534, wR2=0.0667, GOF=1.05, max./
min. residual electron density 0.62/ —0.69 ¢ A-3. b) Crystallographic
data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-101257. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk).

[13] The AMI calculations were performed on a Silicon Graphics O2
Workstation with the MOPAC 6.0 package and the INSIGHT II
Graphical User Interface (Biosym). a) M. J. S. Dewar, E. G. Zoebisch,
E. F. Healy, J. J. P. Stewart, J. Am. Chem. Soc. 1985, 107, 3902-3909;
b) M.J.S. Dewar, E.G. Zoebisch, Theochem. 1988, 49, 1-21;
¢) M. J.S. Dewar, C. Jie, E. G. Zoebisch, Organometallics 1988, 7,
513-521.

[14] A. L. Spek, Acta Crystallogr. Sect. A 1990, 46, C34—C34.

[15] Y. G. Gololobov, L. F. Kasukhin, Tetrahedron 1992, 48, 1353 —1406.

[16] J. R. Doyle, P. E. Slade, H. B. Jonassen, Inorg. Synth. 1960, 6,216 —219.

Covalent DNA - Streptavidin Conjugates as
Building Blocks for Novel Biometallic
Nanostructures™*
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Peplies

The generation of nanoscale structural and functional
devices by self-assembly of small molecular building blocks
is an important goal of nanotechnology.l'! Owing to its unique
recognition capabilities, physicochemical stability, and me-
chanical rigidity, DNA is a promising construction material®*
for the fabrication of nanostructured scaffolds®! and for the
precise spatial positioning of conducting polymers,’! pro-
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teins,[®) and nanocrystalline gold clusters.! Recently, we
reported the synthesis of covalent conjugates of single-
stranded DNA and streptavidin (STV).[ In these adducts,
the protein’s native binding capacity for four biotin molecules
is supplemented by a highly specific binding site for comple-
mentary nucleic acids, and the conjugates can thus be utilized
as biomolecular adapters for positioning biotinylated compo-
nents along a nucleic acid backbone. Here we report on the
self-assembly of DNA —STV adducts 3 to form supramolec-
ular aggregates § and the utilization of the adapters for the
fabrication of nanostructured biometallic aggregates 8 and 9
from biotin-derivatized metal colloids (Scheme 1).

sSMPB
_—

la-f 2 3a-f

complementary 170-mer RNA
(ca:ner 4)
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5[a-f]

NHS-biotin 0 HN" 'NH
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Scheme 1. Schematic representation of the DNA —protein hybrids. A)
Generation of supramolecular aggregates from DNA -STV conjugates 3,
obtained by covalent coupling of 5'-thiol-modified oligonucleotides 1 and
streptavidin 2. The 3’-end of the oligonucleotide is indicated by an
arrowhead, and the spacer chains between DNA and protein by wavy lines.
The conjugates 3 with nucleotide sequences a—f self-assemble in the
presence of RNA 4, which contains complementary sequence sections, to
form supramolecular aggregates 5. B) Fabrication of biometallic aggregates
by means of DNA-STV adapters 3. Monoamino-modified 1.4-nm gold
clusters 6 are converted into biotin derivatives, and the biotinylated clusters
7 are coupled with DNA-STV adducts 3. The resulting hybrids are
assembled in the presence of helper oligonucleotides 1 and RNA carrier 4
to form supramolecular aggregates 8. (The letters in brackets indicate the
protein components bound to the carrier.) Similarly, an antibody-contain-
ing aggregate 9 was constructed from gold-labeled 3a—e and a conjugate
from 3f and biotinylated IgG, previously coupled in separate reactions.
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Six DNA - STV hybrid molecules 3 were synthesized from
5’-thiol-modified oligonucleotides with different base sequen-
ces 1la—f and recombinant STV (2) by means of the
heterobispecific cross-linker, sulfosuccinimidyl-4(p-maleimi-
dophenyl)butyrate (sSMPB).I% The nucleic acid sequences of
the adapters 3a—f were chosen from a region with about 170
base pairs of the antisense strand of bacteriophage M13mp18
DNA, and were recently studied with regard to their hybrid-
ization characteristics.'’’’” An RNA molecule 4 containing
sequence sections complementary to 3a—f in the order 5'-a’-
b’-¢’-d’-e’-f'-g’-3" was prepared by in vitro transcription as a
template for the supramolecular assembly of the adapters.

To investigate the organization of multiple protein compo-
nents along the carrier molecule and to analyze the resulting
aggregates 5, an instrumental modification of the electro-
phoretic gel-shift assay,'!! widely applied for the study of
biomolecular interactions, was designed. Labeling of the
DNA -protein aggregates with a 5'-fluorescein-derivatized
oligonucleotide probe (G18), which is complementary to
binding site g’ of the RNA carrier, allows the DNA —protein
aggregates to be analyzed with an automated DNA sequenc-
er. Due to the high sensitivity and quantifiability of fluo-
rescence detection, as well as a remarkably enhanced
separation performance for compounds of high molecular
weight compared to conventional electrophoresis, this meth-
od is highly suitable for the analysis of supramolecular DNA -
protein aggregates and the investigation of the self-assembly
processes.

In an initial series of experiments, the successive assembly
of an aggregate of six DNA — STV adducts was investigated. A
mixture of RNA carrier 4, fluorescent probe G18, and an
excess of hybrid 3a (Figure 1 A, lane 1) showed bands of the
free probe, the RNA — G18 heteroduplex, and a single species
of higher molecular weight, which was assigned to the
aggregate 4-3a- G18. In spite of the excess of 3a, no products
with higher molecular weight are formed; this suggests that
aggregation occurs exclusively by specific Watson — Crick base
pairing. In contrast, the addition of further adducts comple-
mentary to the carrier strand, such as 3b (Figure 1 A, lane 2),
led to the formation of new species with lower electrophoretic
mobility. Subsequently, supramolecular aggregates consisting
of up to six protein components, that is, defined molecular
assemblies with relative molecular weights of greater than
400 kDa were assembled (Figure 1A, lanes 3-6). Quantifi-
cation of the fluorescence bands indicated an increase in the
aggregation yield with increasing number of bound conjugates
3. This is an indication for cooperative effects during the self-
assembly process, which are the result of increasing disruption
of the secondary structures of the nucleic acid carrier and the
associated increase in stability of the DNA —protein aggre-
gates.l'”l To further examine this phenomenon, several distinct
aggregates were assembled and compared to control reactions
in which free sequence stretches of the carrier backbone were
saturated with “helper oligonucleotides” 2l (Figure 1B). In
the case of aggregates containing two protein components
(e.g., 5[ad] and 5[bd]) the presence of helper oligonucleotides
resulted not only in a doubling of the signal intensities, but
also led to completion of the previously incomplete common
aggregation of both protein components. These results

2266 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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Figure 1. Investigaton of the supramolecular self-assembly of DNA -STV
hybrids 3 by fluorescence gel-shift analysis. A) Lanes 1-6 correspond to
successive construction of oligomeric aggregates 5. The weak band of
uncomplexed RNA 4 in lane 1 is indicated by an arrow. An increasing
number of protein components bound to 4 leads to an increasing signal
strength (gray scale representation of the originally blue fluorescence
bands). Pentameric and hexameric DNA —protein aggregates (lanes 5 and
6) display enhanced dissociation, likely due to the absence of cations that
stabilize the double helix during electrophoresis. B) Line plots of the gel-
shift analysis of complexes 5[ad] and 5[bd] (lanes 2 and 4, respectively).
The formation of ternary complexes is incomplete. Therefore, binary
aggregates of similar electrophoretic mobility (5[a] and 5[d]) are present in
lane 2 in addition to the ternary aggregate 5[ad]. The presence of helper
oligonucleotides that are complementary to free sequence sections of the
carrier leads to completion of aggregation and also reduces the electro-
phoretic mobility of 5[ad] (lane 3) and 5[bd] (lane 5). Lane 1: DNA
molecular weight marker (GeneScan-2500 Rox, length in base pairs).
Lane 6: overlay plot of five lanes for the successive assembly of a
pentameric aggregate, analogous to the gel-shift analysis shown in A).

demonstrate that oligonucleotide-directed assembly of mo-
lecular devices can be significantly improved by minimizing
secondary structure in the nucleic acid backbone.['’]
Stimulated by recent reports on oligonucleotide-directed
organization of gold clusters,’! we examined the applicabil-
ity of biomolecular adapters 3 for the fabrication of nano-
structured metal aggregates. For this purpose, preparative
quantities of supramolecular aggregates § were prepared from
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combinations of the individual DNA —STV components and
separated from nonaggregated compounds by gel-filtration
chromatography. Calibration of the filtration column gave
approximate molecular weights of the aggregates 5[acf] and
5[a—f] of 240 and 440 kDa, respectively. Commercially
available 1.4-nm gold clusters 6 with a single amino substitu-
ent were used as metal components. Following derivatization
with N-hydroxysuccinimidylbiotin, the biotinylated metal
colloids 7 were coupled to the DNA-STV adapters. The
presence of gold particles within the protein hybrids was
verified during chromatographic isolation by means of the
characteristic absorption at 420 nm.

On analysis of the biometallic aggregates by transmission
electron microscopy (TEM), multiple gold clusters bound to a
single STV molecule could not be differentiated. Average
particle sizes of 1.34+0.2,2.3+£0.3,3.6+£0.3, and 4.5+ 0.3 nm
were observed, depending on the coupling stoichiometry
between 3 and 7. According to model calculations,!' these
dimensions are consistent with mono-, di-, tri-, and tetra-
adducts of 7 with STV. Transmission electron micrographs of
gold-labeled aggregates reveal stretched and sharply bent
structures (Figure 2). Aggregates consisting of three protein

50 nm

50 nm

| .

Figure 2. TEM images of supramolecular aggregates labeled with gold
clusters. A) DNA - protein aggregate containing three DNA —STV adapt-
ers 8[acf]. The central particles of typical aggregates are indicated by
arrows. B) Aggregate 9 containing five gold-labeled adapters 3a—e, anti-
mouse IgG-coupled 3 £, and RNA. Since optical differentiation of the four
STV-bound clusters was not achieved, the individual gold-labeled adapters
are visible as spherical structures of high contrast. The shady areas in the
background result from immobilized protein matrices (poly-D,L-lysine in
A) and mouse IgG in B).
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components, 8[acf], have particle sizes of 4.5nm and
two different interparticle distances of approximately 542
and 10+3nm (Figure 2A). These results are in agree-
ment with the schematic aggregate structure (Scheme 1),
since both nucleic acid spacer regions are flexible due
to the presence of several gaps in the backbone of the double
helix.

Subsequently a functional protein component was incorpo-
rated into the biometallic aggregates. To generate the IgG-
containing construct 9 (IgG = immunoglobulin), DNA -STV
hybrid 3 f was coupled with a biotinylated antibody against
IgG from mice, and hybrids 3a—e were coupled with
biotinylated gold clusters. Following organization of the
components along RNA carrier 4 and subsequent chromato-
graphic purification, the functionality of the product aggre-
gate was tested by coating TEM grids with mouse IgG and
briefly bringing them into contact with a solution of 9. In
control experiments with grid-immobilized rabbit IgG, no
metal colloids were observed, but TEM images of antigen-
coated surfaces showed clear accumulations of clusters in
which isolated chainlike structures were evident (Figure 3 B).
The metal aggregates have average particle sizes and inter-
particle distances of 4.6+0.3 and 2.7 0.4 nm, respectively.
This leads to an estimated length of the nucleic acid domain
within single DNA - STV components of about 7.3 nm, which
is consistent with the theoretical value of 7.1 nm of a double
helix with 21 base pairs. The length of the three chainlike
structures is 33 42 nm, which correlates with the theoretical
value of about 37 nm for a double helix with 108 base pairs
when the flexibility of the 1.2-nm spacers between oligonu-
cleotide and STV is taken into account.

These experiments demonstrate the applicability of cova-
lent conjugates of oligonucleotides and streptavidin as
versatile and convenient adapters for the fabrication of novel
nanostructured molecular assemblies. Further fundamental
studies of structure, stability, formation, and modification of
supramolecular aggregates based on nucleic acids will show
whether biotechnological applications such as sensor and
switching devices, synthetic multienzyme complexes, and
interface structures between electronic and biological systems
can be realized.

Experimental Section

Covalent DNA -STV Adducts were synthesized from 5'-thiolated oligo-
nucleotides (NAPS, Gottingen) and recombinant STV (Boehringer Man-
nheim) by means of the heterobispecific cross-linker sSSMPB (Pierce) in
about 10-15% yield.”! The nucleotide sequences of la—f are as
follows: 5'-thiol- TCCTGT GTG AAATTG TTATCCGCT-3' (1a); 5'-thi-
0ol-GTA ATCATG GTCATAGCTGTT-3' (1b); 5'-thiol-CCG GGTACC-
GAGCTCGAATTC-3 (1c); 5'-thiol-CAG GTCGACTCTAGA -
GGATCC-3' (1d); 5'-thio- AGT GCCAAG CTTGCATGCCTG-3' (1e);
5'-thiol-GTTTTCCCAGTCACG ACGTTGTAA-3' (1f). For the prepa-
ration of RNA carrier 4, a double-stranded DNA fragment with 189 base
pairs was synthesized from M13mp18 DNA by polymerase chain reaction
(PCR) with primers M13T7 (5-GTAATCATGGTCATAGCTGTT-
GTAATCATGGTCATAGCTGTT-3) and MI13G3 (5-GTAATC-
ATG GTCATAGCT-3"). Primer M13T7 contains the promoter region of
T7-RNA polymerase (underlined). In vitro transcription of the purified
PCR product yields approximately 10 molar equivalents of the corre-
sponding 170-mer RNA. The latter was characterized by conventional
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electrophoresis (10 % acrylamide gel containing 7M urea) in the presence
of a DNA molecular weight standard (GIBCO).

Fluorescence gel-shift analysis was carried out with an ABIPrism 377 DNA
sequencing instrument (Perkin Elmer). The nucleotide sequence of the 5'-
fluorescein-derivatized G18 oligonucleotide probe (NAPS) is 5'-fluores-
cein-GTA ATG GTCATAGCT GTT-3'. In a typical experiment, 3 pmol of
the hybrid component (3 um stock solution in tris(hydroxymethyl)amino-
methane (tris) buffer, pH 7.3, 150mm NaCl) was mixed with 0.5 pmol of
RNA 4 and 0.5 pmol of G18 probe and the mixture incubated for 30 min at
37°C. If no temperature-sensitive components are present, the aggregation
may also be carried out for 2min at 50 °C. A volume of 1 pL of the mixture
was applied to a nondenaturing 4% acrylamide gel, and electrophoresis
was carried out at 750 V, 50 mA for 3.5 h at 20°C. The fluorescence bands
were analyzed with ABI Prism GeneScan 2.0.2 software (Perkin Elmer).

Amino-modified 1.4-nm gold clusters (20 nmol; Monoamino-Nanogold,
Nanoprobes) in 100 uL of phosphate buffer were treated with 10 equiv of
NHS-biotin (Pierce) for 60 min at room temperature and subsequently
purified by chromatography on a Superdex Peptide FPLC column
(Pharmacia). Coupling with 3 was performed by mixing typically 100 pmol
of the DNA-STV hybrids with 2—-8 molar equivalents of 7 followed by
incubation for 60 min. The assembly was carried out by the addition of
100 pmol of RNA 4 and incubating the mixture for 60 min. In some cases,
unlabeled aggregates 5 were prepared and purified by chromatography
(Superdex-200, Pharmacia) and subsequently treated with 7. The purified
biometallic aggregates were concentrated by ultrafiltration (Centricon,
Millipore) and quantified photometrically. To prepare aggregate 9, 3a—e
were coupled with 7 and 3f with biotinylated goat anti-mouse IgG
(Dianova) in separate reactions prior to the addition of RNA. For TEM
analysis, 400-mesh copper grids with a thin carbon coating (Plano) were
coated with proteins (mouse or rabbit IgG or poly-D,L lysine, Boehringer-
Mannheim, 1 mgmL~! in phosphate-buffered NaCl solution). For immobi-
lization, a 5-uL drop of the gold-labeled aggregates (1-10nm) was
deposited on the grids for 2 min. TEM analysis was carried out with a
Philipps EM 420 instrument operating at 120 kV.
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The utilization of chiral ansa-zirconocenes as catalysts for
numerous reactions! 2 demands a diastereoselective synthet-
ic access to these complexes.”l One approach to this goal
involves the diastereoselective reaction of ZrCl, with a silyl-
bridged bis(cyclopentadienylstannyl) ligand uniti*> or a
substituted 8-sila-4-stannatetrahydroindacene, a cyclic stan-
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