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Abstract: Optical-based distance measurements are essential for tracking biomolecular conformational
changes, drug discovery, and cell biology. Traditional Forster resonance energy transfer (FRET) is efficient
for separation distances up to 100 A. We report the first successful application of a dipole-surface type
energy transfer from a molecular dipole to a nanometal surface that more than doubles the traditional
Forster range (220 A) and follows a 1/R* distance dependence. We appended a 1.4 nm Au cluster to the
5’ end of one DNA strand as the energy acceptor and a fluorescein (FAM) to the 5' end of the complementary
strand as the energy donor. Analysis of the energy transfer on DNA lengths (15, 20, 30, 60bp),
complemented by protein-induced DNA bending, provides the basis for fully mapping the extent of this
dipole surface type mechanism over its entire usable range (50—250 A). Further, protein function is fully
compatible with these nanometal-DNA constructs. Significantly extending the range of optical based
methods in molecular rulers is an important leap forward for biophysics.

Introduction example, nucleo-protein assemblies with broad biomedical
Recent interest in the study of larger, multicomponent significance often involve a constellation of proteins, which

complexes ranging from the ribosome to various nucleo-protein |nhd|V|duaIIy g_nd r']n Eol\'?;ert |gduce| b othhlarge scal_e topfolgglcal
complexes require the ability to measure distance well-beyond changes within the » andregulate the expression of adjacent

the limits set by present optical methods. While significant genes. . .

progress in the study of such larger complexes has been made SINc€ FRET physically originates from the weak electromag-
using X-ray crystallography, dynamic methods essential for a r,'et,'c COUP"”Q of two d|poles', one can imagine that.the FRET
mechanistic understanding are limited. Dynamic changes areIImIt can b_e circumvented by m_trodumr_]g additional dipoles and
typically addressed by optical methods based oirsteo thus provides more coupl|r_1g |r_1teract|(_)ns. To fully grasp the
resonance energy transfer (FRET) between molecular donorsconsequences of this physical interaction, we must invoke the

and acceptors, either orgahfor metallic3* FRET technology Fermf| GoI(:]enGRlIJ(;e n tk;e dipole .app.rOX|m?t|on o:] energy
is very convenient and can be applied routinely at the single transfer. The Golden Rule approximation relates the energy

molecule detection limit. However, the length scale for transfer rate Ken1) to a product of the interaction elements of
detection in FRET-based methods is limited by the nature of the ‘donor Ep) and acceptor Ra), kenr ~ FoFa. These
the dipole-dipole mechanism, which effectively constrains the interaction elements can be simplified such that their separation
length scales to distances on t’he order@b0 ARy ~ 60 A)5-8 distance ¢) dependencies are sole functions of their geometric

. : s )
Optical methods that do not alter the biomolecular function and arfnglgmer(;t.fFor s?:ng:je: d”lc’o'&” 1@’ fora 2D dlpk(])leharra;]y,
which enable the investigation of both long range static and F ~ 1/d, and for a 3D dipole array; = constantsuch that the

dynamic distances would facilitate studies of many multicom- power of the d|sta_nce fac_tor decrea;es as the c_i|men_3|on
ponent complexes that are presently difficult to measure. For increase8.FRET, which consists of two single dipoles, is easily
derived from this rule such th&grer ~ FpFa ~ (1/d%)(1/d®) ~

' Florida State University. 1/d®. In fact, FRET is commonly written dgret = (1/7p)(Ro/
# University of California. _ R).8 The Faster radius Ro) is a function of the oscillator
(1) Lilly, D.; Wilson, T. Curr. Opin. Chem. Biol200Q 4, 507. .
(2) Weiss, SNat. Struct. Biol.200Q 7, 724. strengths of the donor and acceptor molecules, their mutual
(3) Dubertret, B.; Calame, M.; Libchaber, A. Nat. Biotechnol 2001, 19, energetic resonance, and the vector addition of their dipoles.
365. . : : o
(4) Fritzsche, W.; Taton, TNanotechnolog2003 14, R63. Typically this has a detectable distance limited<td00 A.
(5) Neuweiler, H.; Sauer, MCurr. Pharm. Biotechnol2004 5, 285. i imi i i
(6) Chance, R. R.; Prock, A.; Silbey, Rdv. Chem. Phys197§ 37, 1. USI.ng a similar formalism, Chance, Propk, and SIFbey.
(7) Faster, T.Discuss. Faraday Soc. 21959. described the rate of energy transfer from a dipole to a metallic
(8) Lakowicz, J. R.Principles of fluorescence spectroscognd ed.; Kluwer
Academic: Plenum: New York, 1999. (9) Persson, B.; Lang, NPhys. Re. B 1982 26, 5409.
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Figure 1. Schematic representation of the system we are studying, which
consists of a fluorescein moiety (FAM) appended to ds-DNA of lerigjth
(varying from 15 to 60bp) with a Au nanoparticld € 1.4 nm) appended

to the other end. The flexibl€s linker produces a cone of uncertaintyR)

for both moieties. Addition oM.EcoRIbends the ds-DNA at the GAATTC
site by 128, producing a new effective distan&&.

surfacé&1011interband transition, which was further extended
by Persson and Lafigo the metal’'s conduction electrons, in
what can be called a surface energy transfer (SET) rakeras

~ FpFa ~ (1/d®)(1/d) ~ 1/d* Thus, energy transfer to a
surfacé%follows a very different distance trend and magnitude
of interaction. The exact form of dipole-surface energy transfer
is kser = (L/tp)(do/d)*. The characteristic distance length is

qu)D 1/4
0.5252— Q)
o wdk

dy

and is a function of the donor quantum efficienepy, the
frequency of the donor electronic transitian)( and the Fermi
frequency (s), and Fermi wavevectoiky) of the metaf The
interaction of fluorophores with metal surfaces is different
depending on the distance regifnat very close distances<(10

A), radiative rate enhancement is obser¥@dt intermediate
distances (26300 A), energy transfer is the dominant procgss;
and at very large distances 500 A), fluorescence oscillations
due to dipole-mirror effects take precedefide. general, the
quantum efficiency of energy transfer can be written as

1

O = r\n 2
1+ (—)
I

In the case of dipoledipole energy transfen = 6 andro
Ro, while, for dipole-surface energy transfer= 4 andrg
do. This allows for the identification of the nature of the energy
transfer mechanism from interrogation of the slope of a plot of

energy transfer efficiency versus separation distance of the dono

nanometal behave more like a dipole and be therefore FRET-
like or will it behave more like a metal surface and be SET-
like?

Methods

We can distinguish between FRET and SET processes by monitoring
quenching efficiency by controlling the separation of a gold nanometal
(Au(NM)) from a donor dye. This is achieved by appending fluorescein
onto the 5end of DNA and a 1.4 nm diameter Au nanometal onto the
opposing 5end of DNA using a six carbon spacer on the terminal
phosphoramidite (Figure 1). The Au(NM) is a 1.4 nm single site
monomaleimido-modified particle and was purchased fitanoprobes
The DNA, purchased froriMidland Certified Reagent Cpois coupled
to the Au(NM) through a 5 Cs alkanethiol functionality via a
monomaleimido functional group. The donor dye is coupled in a similar
fashion using a succinimidyl ester modified fluorescein (FAM). By
varying the DNA lengths, the separation distance can be systematically
varied between 62 A and 232 A (62 A (15hp96.4 A (20bp) 130.4
A (30bp), and 232.4 A (60).

“DNA Sequence: 5’FAM CGA CGA ATT CCG AGC; 5’ HS GCT CGG AAT TCG TCG

%5’ HS GCT GAT GCG AAT TCG AGG CG 5’ FAM CG CCT CGA ATT CGC ATC AGC

‘DNA Sequence: 5’FAM CGC CTA CTA CCG AAT TCG ATA GTC ATC AGC; 5’ HS GCT GAT
GAC TAT CGA ATT CGG TAG TAG GCG

‘DNA Sequence: 5’FAM CAC TGA TGC TAT ACG GCT GAT GAC TAT CGA ATT CGG TAG
TAG GCG AGC TCC TTC ATA GGC; 5° HS GCC TAT GAA GGA GCT CGC CTA CTA CCG AAT
TCG ATA GTC ATC AGC CGT ATA GCA TCA GTG .

The persistence length of DNA is100bp and TEM analysis of Au-
(NM)—DNA—Au(NM) systems have shown that the assumption of
persistence length distributions is valid. Buffered water was used to
maintain a predictable DNA persistence length. In addition, water is
also the most physiologically relevant medium for further applications.

All samples were deprotected and annealed according to literature
procedured®4 Continuous-wave photoluminescence measurements
(cw-PL) and U\+visible absorption measurements were carried out
on a Varian Eclipse fluorimeter and Varian Cary 50 Bio ©Y¥s
spectrometer. The complexes were excited at the peak of the FAM
absorption (472 nm).

To verify the change in photoluminescence intensity is a distance
dependent phenomenon related to a SET process between the donor
dye (FAM) and Au(NM), two control experiments were conducted using
site-specific enzymes that recognize a GAATTC sequence located at
the center of each DNA fragmercoRIendonucleaseR. EcoR)was
used to cleave the DNA, thereby allowing the dye and nanometal to
diffuse apart, anéEcoRIDNA methyltransferaseM. EcoR) was used
to induce a bend angle of 12&t the GAATTC sité® (Figure 1). All
experiments were carried out in buffer at rt by standard protocols with
the exception that thiol based reductants were excluded to minimize
the chance of Au(NM) degradation under the reaction conditions.

Results

A plot of the energy transfer efficiency versus separation
distance of FAM-Au(NM) illustrates the distance-dependent
behavior for energy transfer from a molecular dipole to a
nanometal (Figure 2). The efficiency of energy transtg), (
whereE = 1 — l4/l., is monitored by cw-PL spectroscopy of
the FAM moiety. The calculated distance assumes a linear DNA

;strand® 17 with a G spacer between the DNA and the donor

and acceptor. What will be the dominant quenching mechanism dy€ moiety, as well as between the DNA and the Au(NM). The

when a nanometer sized metal is used as the acceptor? Will thqls)

(10) Alivisatos, A. P.; Waldeck, D. H.; Harris, C. B. Chem. Physl1985 82,
541.
(11) Kuhnke, K.; Becker, R.; Epple, M.; Kern, Rhys. Re. Lett. 1997, 79,
6.
(12) Dulkeith, E.; Morteani, A.; Niedereichholz, T.; Klar, T.; Feldmann, J.;
Levi, S.; van Veggel, F.; Reinhoudt, D.; Mer, M.; Gittins, D.Phys. Re.
Lett. 2002 89, 203002.
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Yun, C.; Khitrov, G.; Vegona, D.; Reich, N.; Strouse, GAm. Chem.
S0c.2002 124, 7644.
(14) Alivisatos, A.; Johnsson, K.; Peng, X.; Wilson, T.; Loweth, C.; Bruchez,
M.; Schultz, P.Nature (London2002 382 609.
(15) Garcia, R.; Bustamante, C.; Reich,Rioc. Natl. Acad. Sci. U.S.A996
93, 7618.
6) Shellman, J. ABiopolymers1974 13, 217.
7) Frontali, C.; Dore, E.; Ferranto, A.; Gratton, E.; Bettini, A.; Pozzan, M.
R.; Valdevit, E.Biopolymers1979 18, 1353.
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1.0 radius (lp), calculated using Persson and Lang’s equatimn,

08 | 94.3 A. Thed, value was calculated usigp = 0.8,w = 3.8

: x 108 s wf = 8.4 x 10%s! andk = 1.2 x 108 cm™?
306 1 which are bulk Au and FAM constants, whiR is calculated
§ using the spectral overlap integral calculated from Au(NM)
£ 041 absorbance and FAM PL spectra.

0.2 1 Comparison of the quenching efficiency and slope indicates

poor agreement with a Fster mechanism (Rf) and precise
0.0

agreement with the (R*) plot predicted for a dipole interacting
0 50 190 110 200 2%0 with a metallic surface (SET). To assess the trend in distance
 Distance(%) o independently from the theoretical predictions, the data were
Figure 2. Energy transfer eff_l(:lency plotted versus separation distance fjt tg eq 2 usingro and n as fitting parameters. For the six
between FAM and Au(NM). Filled circles®) represent DNA lengths of licated . ts. th | afere 4.0 with
15bp, 20bp, 30bp, and 60bp. The measured efficiencies of these strandg €P'ICalEd EXpenments, the avgrage valuesa X re - wi
with the addition ofM.EcoRlare represented by the open circley.(The an average, of 92 A, representing 3% quenching efficiency.
ﬁrror bars reflect tITe Sttﬁndaf(: emt)_r in rEPEIatte(zlj tm?ﬁsl;lfem;[]tts ?ftr:heThis is in excellent agreement (2% error) with the theoreti-
uorescence as well as the systematic error relatea to the tiexioility o e H
Cs linker as illustrated in Figure 1. The dashed line is the theoretical FRET Cal!y calculated Va!ues fora SET meChamgd,B €943 A)’
efficiency, while the solid line is the theoretical SET efficiency. while the strong discrepancy between the fit and the FRET
model in terms of slope and distance eliminates FRET as the
error bars along the distance axis in Figure 2 represent thequenching mechanism.
minimum and maximum approach for two conical positions of
the FAM dye relative to the Au(NM)(Figure 1).

The 15bp fragment (62 A) exhibits a 68@quenching of
the emission of FAM relative to a FAMDNA conjugate at
equivalent concentration. The 20bp (96 A), 30bp (130 A), and
60bp (232 A) exhibit quenching efficiencies of 4%016.7%6,

SET does not require a resonant electronic transition, which
is fundamental to a Fster process. The physical origin for SET
is attributed to the interaction of the electromagnetic field of
the donor dipole interacting with the nearly free conduction
electrons of the accepting metal. These conduction electrons

d el (Fi ot of th : 4 behave like a Fermi gas and will interact most strongly with
and 2.86 respectively (Figure 2). A plot of the actual PL data the oscillating dipole if they travel near and perpendicular to

for the FAM appended .DNA cou_pleo_l to the_Au(NM) and N the metal surfacé The dipole does not interact with a discrete

the abse_nce of AU(NM.) 1S shown in Flgur_e 1_'" the Supporting resonant electronic transition, but rather an interaction with the
Information. Upon addition of.EcoRI which |nduces_a_12’8 electronic continuum levels of a metallic system. This is a
bend at the center of these DNA constructs, the efficiency of surprising result, since this suggests a Au(NM) cluster similar

L 0
energy transfer is increased to%3or the 15 bp, 486 for the in size to the FAM moiety can exhibit characteristically metal-

30 bp{ an_ 1%“];(” t|:1e 60 br;h Tr(;e flenha?ce(t:i qufenchm?_ 'S like behavior and the Au(NM) acts like a metal surface with
expected since the change in the duplex structure from a |nearrespect to the FAM dipole.

to a bent structure closes the distance between 'tleads of e . .

each strand, thus bringing the FAM and Au(NM) quencher into The pla_tu3|blllty O_f the proposed mgchanlsm relies on an
closer proximity. This provides an opportunistic internal standard accurate mterpretanqn of the electronic structure qf thg Au-
to test the validity of the nanometal surface energy transfer (NM). To achieve this, we have performed a semiempirical

(NSET) for the donor dye to a nanometal surface. To ensure Simulation of a Au(NM) with radius = 0.7 nm. Using the
no interference in biological activity, the efficiency was Mi€ equation for very small metal particlésye calculate the
monitored at various concentrationsMfECoR| and was found ~ @Psorption coefficient() as a function of size and frequency,
to fit the empirically accepted mass-action law figg.18

Treatment withR.EcoR) which cuts at the center of the DNA K173a)ez(w,r)

sequence, resulted in the FAM photoluminescence intensity at a(w,r) = (e(@) + 2 2)2 + e r)2 ©)
nearly the level of FAM in the absence of Au(NM) for all DNA ! g 2
constructs. This is consistent with quenching strictly arising from
an energy transfer process in the conjugate structure (Supportin
Information Figure 1). This is analogous to a molecular beacon
experiment, in which the turn on of the fluorescence intensity
following cutting is characteristic of the loss of energy transfer
between the dye pait8:2°

whereK = 7.16 x 10%Q(s) and Q is the volume fraction of
gparticles,el is the real part of the dielectric constas,is the
complex part of the dielectric constamt< €; + iey), andy is
the refractive index of the medium (in this case water=
1.33). Empirically obtained bulk Au values fef were used
directly 2223 but for €5, a combination of empirically obtained
Discussion €2 valueg?2 for bulk Au representing primarily interband
Comparison of the experimental energy transfer efficiency transitions were combined with Drude-motadize-dependent
values with the theoretical energy transfer efficiency curves for calculations®>2¢We used the following modéifor the Drude

a pure dipole-dipole (FRET) and dipole-surface (SET) energy C@lculations of a free electron gas using
transfer process is shown in Figure 2. Thagter radius o),

H ’ H i H (21) Kriebig, U.; Genzel, LSurf. Sci.1995 156, 678.
calculated using Fster’s equatior,is 59 A, while the SET (32) Otter. M.Z. Physik1961 161 163,
(23) Theye, M.Phys. Re. B 197Q 2, 3060.
(18) Mashhoon, N.; Reich, NBiochemistry1991, 30, 2933. (24) Ibach, H.; Lth, H. Solid-State Physics: An Introduction to Principles for
(19) Broude, N. ETrends Biotechnol2002 20, 249. Materials Science2nd ed.; Springer: New York, 1995.
(20) Fang, X.; Li, J.; Perlette, J.; Tan, W.; Wang, Knal. Chem200Q 72, (25) Doremus, R. H.; Rao, B. Mater. Res1996 11, 2834.
TATA. (26) Link, S.; EI-Sayed, M. AJ. Phys. Chem. B999 103 4212.
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exr) =B+ A(IFe + 1)(0%3) @)

with fitted empirical value® (A= 4.74x 10746573, B = 0.10),
wherele is the mean free electronic path in a Au crystalline
film. Since the Drude model @, is intrinsically size-dependent,

it crosses the size-independent bulk Au interband transition at
different energies for each given size. These crossing points
were used to determine over what ranges the system was
strongly Drude-like. At small sizes, the Drude behavior domi- .
nates the entire visible and near-IR spectrum and a stiging 0.4 £
trend is observed corresponding to free-electron absorption. At
frequencies higher than the crossing point, interband absorption

dominates and there is no size dependence in the absorption.

; : Figure 3. Comparison of the experimentally obtained absorption spectrum
At larger sizes, the free electron absorption develops coherentOf AU(NM) (top graph, dashed line) with a semiempirical fit (top graph,

character and partly transforms into the surface plasmon sojig line) using the experimentally obtained ligand spectrum (middle graph)
resonance absorption band. The absorption spectrum simulatecind the semiempirical simulation of Au(NM) (bottom graph)

in this way appears in Figure 3 as the bottom graph.

As can be seen, the Drude-interband crossing point appears
as a feature in the curve at 3.6 eV. At energies less than this,
for example, the FAM dye used in this study & 2.5 eV),
free electron behavior strongly dominates over interband transi-
tions. The position of the drude-interband crossing point
demonstrates that, at very small sizes, over the wavelength range
of the emission of the fluorophore, the electronic properties are
dominated by free electron gas behavior. While both dipole
dipole and dipole-metal surface energy transfer theories account
for resonant interstate electronic transitions, only a variation of . . : :
the dipole-surface version accounts for energy transfer to free 0 50 100 150 200 250
conduction electrons. To verify the validity of our semiempirical Distance (A)

simulation, the absorption spectrum of the ligand (Figure 3, Figure 4. Separation distance-dependent length resolution of the FRET

middl? graph) is ad.ded, allowing a complete fit of the 5,4 SET mechanisms. This plots the distance derivatives of the SET (solid
experimental absorption spectrum of the Au(NM) complex- line) and FRET (dashed line) curves of Figure 2. The crossing of the two

(Figure 3, top graph, dashed line). This fit (Figure 3, top graph, curves indicates the distance at which the 2 methods have identical
solid line) is in good agreement with the experimental absorption "€Sution
spectrum. The deviation at higher energies is most likely a result implies that if a size correction to SET exists, it must be a very
of a shift in the electronic structure of the ligand due to binding small correction for this particular system.
to the nanometal surface. In addition, at 2.4 eV, while our  To compare the strengths and weaknesses of FRET and SET,
semiempirical simulation predicts the presence of the surfaceit is beneficial to inspect the first derivative with respect to
plasmon resonance band, it is slightly more pronounced in the separation distanced/fr) in Figure 4, which represents the
actual experimental spectrum. At this size regime, a AU(NM)’s overall length resolution of each method as a function of
electrons are best described as having noncoherent characteseparation distance. The FRET peak is tall, which implies that
with only minor evidence of coherent behavior but clearly have FRET is a highly sensitive method. However, it is also very
negligible interband transitions, specifically over the energies narrow, which suggests the range of detection is also very
of interest. limited and centered about the rangéRefIn addition, the FRET

It is clear that the Au(NM) is not an infinitely wide plane of peak does not extend past 100 A. The SET curve follows a
dipoles and that the true should be slightly greater than 4. different trend, being broader and shorter than the FRET curve.
However, the data set does suggest that, within experimentalAlthough SET does not have the sensitivity of FRET, it more
error, there is a virtual plane of dipoles on the nanometal that than makes up for this limitation in both its total usable distance
the donor dipole interacts with and that while there are range and its maximum limit of detection. Where FRET
undoubtedly other interactions that are present, this appears taesolution essentially drops to insignificance at 100 A, SET
be the dominant interaction. In addition, due to the large surface- continues to provide similar distance resolution even up to 220
to-volume ratio of small clusters and sizes much smaller than A. As can be seen from Figure 4, belov0 A (the point where
the mean free electronic p&f~410 A in Au), the conduction ~ the SET and FRET curves intersect is the distance at which
electrons are very likely to be found near the surface such thatthey have identical resolution), FRET provides the best distance
these small clusters are more accurately described as fragmentsesolution. However, above-70 A, SET provides better
of metal surfaces, rather than fragments of bulk metal crystals. resolution than FRET, and this is clearly the better of the two
This strong surfacelike character is what is most likely methods at extremely long distances. Intuitively we can imagine
responsible for the observed distance dependence. The excellerERET as a very short ruler with finely spaced markings, while
agreement between the theoretical and experimental plotsSET is a very long ruler (more than twice the length of FRET)

3118 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005
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with widely spaced markings (nearly double the spacing of distances to deconvolute such a complex and important interac-
FRET). Although both SET and FRET rely on dipolar coupling, tions. The observation of energy transfer between a dipole and
we intuitively expect SET to have a longer distance dependencea metal nanosurface provides a new paradigm for design of
due to the cooperative effect of more accessible acceptor dipolespptical based molecular ruler strategies at distances more than
yielding more dipolar interactions. The advantage that our DNA double the distances achievable using traditional dipdipole
system affords is that these two effects can be directly comparedcgyiombic energy transfer based FRET methods.

simply by changing the acceptor molecule.
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The power of optical based molecular rulers is the ability to MARTECH-ESU.

measure subtle changes in structure following an event,
particularly in biological systems. For instance, measuring
distances in excess of 150 A is desirable for diverse applications
including nucleo-protein assemblies involving DNA duplexes
where large-scale conformational changes are seen. The NSE
approach described here provides a basis for achieving theJA043940I

Conclusion

Supporting Information Available: Fluorescence spectra of
DNA—Au(NM) constructs. This material is available free of
_Icharge via the Internet at http://pubs.acs.org.
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